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In order to understand fundamental interactions at the interface between immobilized enzymes and

ceramic supports, the authors compare the adsorption features of chymotrypsin on SiO2 and TiO2

colloidal particles by means of a combination of adsorption experiments and molecular dynamics

simulations. While the dependency of the adsorption amount on pH is consistent with the trend

predicted the Derjaguin-Landau-Verwey-Overbeek theory, other effects can only be rationalized if

the atomic-scale details of the water-mediated protein–surface interactions are considered. On both

surfaces, a clear driving force for the formation of a double monolayer at the saturation coverage is

found. Although nearly equal free energies of adsorption are estimated on the two materials via a

Langmuir adsorption analysis, about 50% more proteins per unit of surface can be accommodated

on TiO2 than on SiO2. This is probably due to the lower surface diffusion mobility of the adsorbed

protein in the latter case. Surface anchoring is realized by a combination of direct ionic interactions

between charged proteins and surface sites (more pronounced for SiO2) and distinct structuring of

the surface hydration layers in which the contact residues are embedded (more pronounced for

TiO2). Finally, normalization of the data with respect to particle surface areas accessible to the pro-

teins, rather than determined by means of the Brunauer-Emmett-Teller nitrogen adsorption iso-

therm, is crucial for a correct interpretation of the results.

I. INTRODUCTION

Enzymes are widely exploited for industrial and techno-

logical applications as catalysts in complex chemical proc-

esses operating under mild environmental conditions. Since

free and soluble enzymes pose several handling problems,

they are often immobilized onto solid insoluble supports.1–3

Immobilization confers enzymes higher stability toward tem-

perature variations and solvents,4–6 permits enzyme

reusability in continuous processes,7–9 facilitates their recov-

ery after the reaction without any significant loss to its bio-

chemical properties,4,6 and allows an easier separation from

other dissolved compounds.4,10–13 Immobilization of

enzymes on solid supports via covalent binding, entrapment,

or adsorption via, e.g., hydrophobic and ionic interactions,

may provide stability to the immobilized enzyme structure,

ultimately resulting in an improved enzyme activity and sta-

bility.4,6 Covalent binding permits a stable enzyme fixation to

the carrier material and suppresses enzyme leaching.

However, it often requires several synthesis steps including



surfaces do not correlate with their net charges, but rather

depends on the mutual distribution of charged sites on either

side of the interface.44,45 For the case of chymotrypsin on

SiO2, Zoungrana et al.
33 and Welzel46 were not able to desorb

previously adsorbed molecules neither in phosphate buffer at

pH 7.1 nor in 0.01M sodium chloride solutions,33 and inter-

preted the results in terms of a nonreversible adsorption.

Although several studies on enzyme physisorption on ce-

ramic materials have been reported, the precise effects of dif-

ferent surfaces on the adsorption behavior of enzymes are still

poorly understood. In this study, we perform a systematic com-

parison of the adsorption of chymotrypsin on SiO2 and TiO2

particles, taking into account environmental parameters such

as pH, ionic strength, enzyme concentration, and incubation

time. The obtained experimental results are rationalized by

means of comprehensive molecular dynamics (MD) simula-

tions that give insights into the adsorption orientation, surface

diffusion mobility, and atomistic details of the protein–surface

contact points. The combined experimental and simulation

analyses elucidate the adsorption behavior of chymotrypsin

from single molecules up to a dense protein layer at a satura-

tion coverage corresponding to at least a double monolayer. In

our analysis, we highlight the crucial role played by correct

quantification of the particle surface area accessible to pro-

teins, which we suggest to differ considerably from the one

measured by conventional Brunauer-Emmett-Teller (BET)

nitrogen adsorption. This is especially the case for micropo-

rous materials, such as some types of SiO2 particles.

II. EXPERIMENTAL SETUPAND METHODOLOGY

A. Materials

Silica colloidal particles (SiO2; SiO2P015-01, >99.9 wt.

%, Lot. No. 100618-02V) were obtained from Fibre Optic

Center (USA). Titania colloidal particles (TiO2; PT401L, 78

wt. % rutile and 22 wt. % anatase, Lot. No. 0108) were pur-

chased from Ishihara Sangyo Kaisha, Ltd. (Japan).

Lyophilized a-chymotrypsin type II from bovine pancreas

(molar weight 25 300 g molÿ1, purity 94.1 wt. %, Lot. No.

60M7007V), p-nitrophenol acetate (CAS No. 830-03-5, Lot.

No. 0001422901), potassium dihydrogen phosphate (�99 wt.

%, CAS No. 7778-77-0), sinapic acid (Lot. No 1392702

32008266), and 1,4-dioxan (>99.8 wt. %, CAS No. 123-91-1,

Lot. No. STBB3939) were obtained from Sigma-Aldrich

(Germany) and used without any modifications. Pierce
TM

bicinchoninic acid protein assay kit (BCA assay) was

obtained from Thermo Fisher Scientific GmbH (Germany).

All other chemicals were purchased from Fluka (Switzerland)

or Merck (Germany) at analytical grade. For all aqueous solu-

tions double deionized water (ddH2O) with a conductivity of

0.04lS cmÿ1 was used as the solvent (Millipore Synergy
VR
,

Millipore Corporation, Germany).

B. Characterization of SiO2 and TiO2

Prior to each investigation, SiO2 and TiO2 particles were

calcinated at 400 �C for 4 h with a heating and cooling rate of

3 �C minÿ1 (oven L3/11/S27, Nabertherm, Germany) to

surface conditioning with hazardous chemicals.14 On the con-

trary, immobilization by physical adsorption is considered to

be a more straightforward and therefore economically attrac-

tive and environment-friendly approach.4,6,15 It does not

require any additional chemicals and can be carried out at

mild conditions.16

Numerous studies have focused on the application of

ceramics such as silica (SiO2) and titania (TiO2) as solid

supports or carrier materials in biotechnological applica-

tions.17–22 These include bioreactors, water purification

devices,23–26 chromatography applications systems,27 bio-

medical implants, and drug delivery systems.17–19,22,28–30 It

is well known that adsorption on hydrophobic materials

may induce strong conformational changes of the adsorbed

proteins, which could inactivate them.31–33 On hydrophilic

surfaces, adsorption is generally found to better conserve the

native protein structure,31–33 which makes ceramic particles

suitable for technical use as an enzyme carrier material. SiO2

and TiO2, considered in this work, have different isoelectric

points (IEPs) and different surface charge distributions. They

are therefore representative candidates to carry out a funda-

mental study of noncovalent interaction mechanisms between

their surfaces and adsorbed enzymes in aqueous solutions.34

For our study, we have selected the well-characterized and

technically relevant enzyme a-chymotrypsin. Chymotrypsin

is a mammalian digestive enzyme involved in the proteolytic

activity of pancreatic juice, and in the hydrolysis of peptide

bonds,32 specifically those in which the carbonyl group

belongs to phenylalanine, tyrosine, or tryptophan amino

acids.35 Chymotrypsin is widely used both diagnostically and

therapeutically for the treatment of pancreatic disease, and is

involved in cancer metastases.36–38

Protein adsorption onto carrier materials is initially driven

by van der Waals attraction combined with entropic repulsion

or attraction of the diffuse ion layers between protein and sur-

face [Derjaguin-Landau-Verwey-Overbeek (DLVO) interac-

tions39] due to the presence of surface charges. Anchoring to

the materials surface is then realized through solvent-mediated

effects, hydrogen bonds, ionic bonds, and metal ion

bridges.5,34,40,41 The reported activity and the amount of

adsorbed enzymes vary widely depending on the specific car-

rier material/enzyme pair.32,33,42 Previous circular dichroism

studies of chymotrypsin adsorbed on hydrophobic Teflon or on

hydrophilic fumed SiO2 performed by Zoungrana et al.33 and

Norde and Zoungrana32 showed that chymotrypsin tends to build

tightly packed adsorbed layers. On SiO2, a clear loss of the heli-

cal content of the molecule due to the interaction with SiO2 has

been reported.33 Nevertheless, the measured activity has been

observed to diminish only slightly after adsorptions, suggesting

an overall conservation of the tertiary protein structure in prox-

imity of the enzymatically active site. This is consistent with the

idea that globular proteins adsorb on solid particles forming a

rather compact layer with thickness comparable to the dimension

of the native molecule,43 even though structural rearrangements

could take place at the protein/surface interface region.

Regarding the strength of the protein/surface interactions, it

has been shown that the binding affinity of proteins to particle



remove any organic contaminants. Control thermogravimetric

analysis confirms that no other adsorbants than water are pres-

ent on the particles’ surfaces after calcination (data not

shown). The particle size was determined by dynamic light

scattering (DLS, Beckman-Coulter DelsaNanoC, Beckman

Coulter GmbH, Germany) using 0.003 vol. % SiO2-suspen-

sion at pH 5 or 0.003 vol. % TiO2-suspension at pH 3 (about

2–3 pH units away from the IEP, to reduce the tendency to-

ward agglomeration). Prior to each DLS measurement, the

suspensions’ conductivity and pH were adjusted to avoid or to

minimize particle agglomeration and the particle suspensions

were deagglomerated for 10min using an ultrasound sono-

trode Sonifier
VR
450 (output 150W, pulse rate 0.5 s, Branson,

USA). Deagglomeration did not change any surface-specific

property such as IEP. The suspension conductivity was set at

500lS cmÿ1 using 3M KCl, and pH was adjusted with 1M

KOH or 1M HCl. The DLS measurements were performed at

room temperatures. The resulting polydispersity indexes were

approximately 0.06 for SiO2 (indicative of monodispersity)

and 0.18 for TiO2 (indicative of moderate polydispersity, in

agreement with the microscopic imaging).

The BET specific surface area (SSABET) was obtained by

volumetric nitrogen adsorption measurements using a

BELsorp-mini II device (BEL Japan, Japan) assuming a cross-

sectional area of the nitrogen molecule of 0.162 nm2.32 The f-

potential measurements were performed in 1 vol. % aqueous

suspensions of SiO2 and TiO2 using the electroacoustic colloi-

dal vibration current technique (Acoustic & Electroacoustic

Spectrometer DT-1200, Dispersion Technology, USA) as

described in Ref. 47. SiO2 and TiO2 suspensions with an initial

conductivity of 500lS cmÿ1 were titrated using 1M KOH or

1M HCl to measure the f-potential as a function of pH and to

determine the IEP. The quantity of hydroxyl groups present on

the surface of the colloidal particles was determined by titra-

tions according to Hidber.41,48

The particle morphology was analyzed by scanning elec-

tron microscopy (SEM; field-emission SEM SUPRA 40,

Zeiss, Germany) operating at 2.00 kV mounted on carbon

tape, and by transmission electron microscopy (TEM) using

a FEI Titan 80/300 kV (FEI, The Netherlands) equipped with

a Cs-corrector for spherical aberration of the objective lens

at 300 kV and a vacuum at 1.3 � 10ÿ7 mbar. SiO2 and TiO2

particles were deposited on chemical vapor deposition gra-

phene film coated copper grids (Graphene Supermarket,

New York, USA). The geometrical particle sizes were

obtained by superimposing circles on 20 randomly chosen

particles in several different TEM images for each material

and averaging over the different values (see supplementary

material, Fig. S1).49 The hydrophilic/hydrophobic surface

properties were investigated by volumetric water vapor and

n-heptane adsorption measurements using a BELsorp 18-3

device (Bel Japan, Inc., Japan).

C. MALDI-ToF-MS

investigate the presence of self-digestion-derived peptides in

the supernatants collected after chymotrypsin incubation for

20 h at pH 8. We used a MALDI-ToF-MS Voyager DE-Pro

(Applied Biosystems, Foster City, USA) controlled by the

VOYAGER CONTROL PANEL software. Measurements were car-

ried out on polished steel targets, using a sinapic acid solu-

tion in an acetonitrile/ddH2O mixture as the matrix. Spectra

were recorded in linear mode at the mass ranges of 5–30 kDa

and 10–100 kDa to see the typical patterns associated with

the chymotrypsin monomer and the possible presence of the

chymotrypsin dimers. In order to achieve statistically rele-

vant results, 100 shots per position were taken. Furthermore,

measurements were repeated at three different positions

within the spotted sample and accumulated. To investigate a

possible time-dependent autolysis of chymotrypsin,

MALDI-ToF-MS measurements were performed in the low

measuring range of 800–5000 Da at incubation start, after 1,

4, and 20 h of incubation. Prior to the measurements, an

external calibration was carried out using the calibration

mixtures CalMixI and CalMixII, according to the manufac-

turer’s instructions.

D. Time- and pH-dependent adsorption of
chymotrypsin to SiO2 and TiO2

Aqueous suspensions (1 vol. %) of SiO2 and TiO2 par-

ticles were prepared by mixing 1.3 g of SiO2 or 2.12 g of

TiO2 with 49.5ml of ddH2O. The values of density used for

the calculation are given in Table I. The pH was adjusted

using 1M HCl or 1M KOH solutions to pH 3, 5, 7.4, or 8,

and the suspension conductivity was set to 500lS cmÿ1,

which corresponds to an ionic strength of 3mM, using 3M

KCl. Prior to incubation with chymotrypsin, the particle sus-

pensions were deagglomerated for 10min using an ultra-

sound sonotrode Sonifier
VR

450 (output 150W, pulse rate

0.5 s, Branson, USA). Chymotrypsin stock solution (concen-

tration of 20mg mlÿ1) was freshly prepared by dissolving

chymotrypsin in ddH2O, and the pH was adjusted as

described before.

Incubation was carried out by mixing 900ll of particle

suspension with 100ll chymotrypsin stock solution in 1.5ml

polypropylene tubes (Eppendorf AG, Germany). Precipitation

was prevented by permanent overhead shaking (Stuart rotator

STR4, Bibby Scientific, Ltd., UK) at a speed of 30 rpm at

room temperature for 1, 4, or 20 h. The suspensions were cen-

trifuged for 10min at 21 100g (Heraeus Fresco 21 centrifuge,

Fisher Scientific, Germany). Chymotrypsin concentrations in

the supernatants and in chymotrypsin reference solutions

without colloidal particles were measured with the BCA

assay52–55 with the lowest detection limit of 5lgmlÿ1 accord-

ing to the manufacturer’s instructions. The enzymatic activity

of chymotrypsin was determined according to Refs. 56–58.

Briefly, 20ll of the supernatant was mixed with 140ll

100mM potassium phosphate buffer in a well of a 96-

microtiter plate (Nunc
TM

, Denmark). The reaction was started

by the addition of chymotrypsin substrate, 160ll 0.2mM

p-nitrophenol acetate. The increase in absorbance due to the

Matrix-assisted laser desorption/ionization time-of-flight

mass spectroscopy (MALDI-ToF-MS) was used to



formation of p-nitrophenolate ion was measured at 405 nm

using a microtiter plate reader (Sunrise, Tecan, Austria).

E. Concentration-dependent adsorption of
chymotrypsin to SiO2 and TiO2

The incubation was performed by mixing 900 ll of parti-

cle suspensions with 100 ll chymotrypsin stock solution

reaching the start chymotrypsin concentrations of 0.22, 0.55,

0.69, 2.37, 4.95, and 6.85mg mlÿ1. After an incubation time

of 20 h, the chymotrypsin concentration and the enzymatic

activity in the supernatant were measured as previously

described.59 The experimental data were fitted using the

Langmuir isotherm60,61

C ¼
Cmax � c

Kÿ1
L þ c

:

Here, C and Cmax are the adsorbed and maximal adsorbed

quantities, respectively, c is the chymotrypsin concentration

in solution, and KL is the Langmuir constant. The Gibbs

energy of adsorption DG0
ads can be estimated from the

Langmuir constant60,61 as

DG0
ads ¼ ÿRT � ln

csolv

Kÿ1
L

� �

;

where R is the gas constant, T is the temperature, and csolv is

the molar concentration of pure water (55.5 mol lÿ1). The

nonlinear least squares fit was performed by means of a

Levenberg–Marquardt algorithm using SciPy.62 The correla-

tion of the nonlinear fit with the experimental data was quan-

tified with a Pearson’s correlation coefficient calculated by

the scipy.stats.pearsonr function included in SciPy.62

F. Desorption studies

conductivity of H2O was set at 500lS cmÿ1 using 3M KCl

and pH was adjusted with 1M KOH or 1M HCl at the needed

pH. After short rinsing, the supernatant was collected. This

procedure was repeated three times. All the supernatants were

used to measure the amount of adsorbed protein.

G. Molecular dynamics simulations

The protein structure for the performed simulations was

taken from the Brookhaven Protein Database (PDB-ID:

4CHA). Missing residues and atoms were added to the pro-

tein monomer with the LEaP program (Link, Edit and Parm,

which is included in the AmberTools simulation package at

http://ambermd.org).63 The size of the enzyme was approxi-

mated as a rectangular cuboid with edge lengths of 4.4, 4.7,

and 5.0 nm in x, y, and z directions. The secondary structure

of chymotrypsin comprises for the major part beta sheets,

but presents two alpha helix motifs located on one side of

the protein [Fig. 1(a)]. The enzymatically active site includes

a triad of amino acids (serine 195, histidine 57, and aspartic

acid 102),64 which is highlighted in cyan in Fig. 1(a).

The “constant-pH” feature of the AMBER package63 was

used to adjust the protonation state of all titratable amino

acids of the protein to the pH 3, 5, 7.4, and 8. The isoelectric

point of chymotrypsin ranges between 8.5 and 8.8.56,65–67 At

our experimental conditions at 3< pH< 8, chymotrypsin has

an overall positive charge. The distribution of the electrostatic

potential around the protein was calculated by a numerical so-

lution of the Poisson-Boltzmann equation using the “PBSA”

program included in the AMBER package.63 Consistently with

the experiments, in the implicit-solvent simulations, the salin-

ity was set to 3mM, including monovalent ions only, and the

temperature was set to 300K. The electrostatic potential

around chymotrypsin at pH 3, 5, 7.4, and 8 is represented in

Figs. 1(b)–1(d) by negative (red) and positive (blue) isovalue

surfaces at626mV. At pH 3, chymotrypsin has a positive net

charge of þ7 e, giving rise to a predominantly positive poten-

tial surface, especially on one protein side. The net charge

decreases to þ4 e at pH 5 and þ3 e at pH 7.4 and 8, resulting

in the formation of separated positive (bottom) and negative

TABLE I. Properties of SiO2 and TiO2 colloidal particles. All measured data represent means 6 standard deviation of values that were obtained in three inde-

pendent experiments. Theoretically calculated values are calculated as average of 20 values and reported with their standard deviation.

Property SiO2 TiO2 Method

Puritya (wt. %) �99.9 �99.9 —

DLS size (nm) d50: 1806 3 d50: 3846 3 Dynamic light scattering

TEM size (nm) 1426 7 1306 15 TEM images

Specific surface area (SSABET) (m
2 gÿ1) 34.06 0.3 12.46 0.5 Volumetric nitrogen adsorption

Theoretical protein accessible surface area (PAATEM) (m
2 gÿ1) 12.86 0.8 8.66 1.0 Geometrical analysis of the TEM images

Exchange capacity (OH nmÿ2) 4.96 0.2 0.66 0.1 Titrations according to Hidber (Refs. 41 and 48)

IEP 2.76 0.1 6.66 0.1 Electroacoustic colloidal vibration current technique

Hamaker constant (Refs. 50 and 51) (�10ÿ21 J) 1.6 Rutile: 60 anatase: 37 Full spectral method

Density (g cmÿ3) 2.66 0.1 4.26 0.1 Pycnometer

Crystal structure Amorphous Rutile: 78

anatase: 22wt. %

X-ray diffraction and electron

diffraction with HR-TEM

aThe data were given by the manufacturer.

To test whether adsorption was reversible or irreversible,

desorption studies with several washing steps were per-

formed. To this aim, supernatant and colloidal particles were

separated, and ddH2O was added to the particles at the same

pH as during the previous incubation. As before, the



(top) protein regions. Accordingly, a strong dipole moment of

529 D (1.76 10ÿ27C m) is oriented toward the positive end,

directly facing the alpha helix region and is shown as an or-

ange arrow in Fig. 1(a).

The protein is equilibrated for �1 ns in explicit solvent

using the TIP3P water model.68 The charge of the simulation

cell is balanced including an appropriate number of chlorine

ions (7, 4, or 3 at the different pH, see above). The final bare

protein structure is taken for further simulations. The param-

eters for the simulation of the protein, ions, and the TIP3P

water model are taken from the AMBER_99SB force field.63

The amorphous structure of the 9 � 9 nm2 SiO2 slab is taken

from Cole et al.69 To adjust the surface charge according to

the pH, the protonation state of the surface terminal groups

is changed as described by Butenuth et al.70 The surface

charges used in this work are average values of the results of

potentiometric titration experiments.61–74 This results in a

final surface charge density of 0.0, ÿ0.005, ÿ0.05, and

ÿ0.07C mÿ2 at pH 3.0, 5.0, 7.4, and 8.0, respectively, corre-

sponding to 0, ÿ5, ÿ49, and ÿ72 e, respectively, on the two

slab sides.

for 200 ps to heal surface defects. The surface was then

immersed in water. Water molecules next to under-

coordinated Ti atoms with a coordination number smaller than

five were dissociated by adding an OH-group to the Ti atom

and binding the remaining proton to a neighbor bridging oxy-

gen as described in Ref. 75 for the creation of TiO2 particles.

Terminal OH groups on Ti atoms and protonated bridging O

atoms were considered as potential protonation/deprotonation

sites, as described by a modified multisite complexation

(MUSIC) model76 by K€oppen and Langel77 (Fig. 2), resulting

in a surface charge density of 0.113, 0.037, ÿ0.055, and

ÿ0.078C mÿ2 at pH 3.0, 5.0, 7.4, and 8.0, respectively (corre-

sponding to þ55, þ18, ÿ27, and ÿ38 e, respectively, on one

slab side). The intramolecular interactions among the TiO2

crystal atoms were described by the force field developed in

Ref. 78, while the intermolecular interactions of the TiO2

atoms with water and biomolecules were described by the

force field developed in Ref. 79.

The complete simulated systems consisted of one or mul-

tiple proteins above each of the two surfaces. The static cal-

culations were performed in implicit solvent according to

the Onufriev–Bashford–Case Generalized Born model80

starting from 36 different protein orientations. The height of

the protein over the surface was defined as the distance

between the closest two atoms of surface and protein in the

normal direction of the surface. No periodic boundary condi-

tions were used. Therefore, the surface dimensions (18.1 �
18.1 nm2 for the SiO2 surface and 16.2 � 19.1 nm2 for the

TiO2 surface) were set large enough to avoid spurious edge

effects. The distance cutoff of the nonbonded interactions

was set to 100 nm. Force-distance profiles were evaluated for

36 different orientations of the protein from surface contact

up to 5 nm above the surface in steps of 0.2 Å.

The molecular dynamics simulations were performed at

300K in explicit TIP3P water molecules under periodic

boundary conditions using the GROMACS simulation package81

FIG. 1. (a) Schematic view of chymotrypsin. The catalytic triade is displayed

in cyan spheres, the a-helices in purple, and the b-sheets in yellow. The mo-

lecular dipole is shown as an orange arrow. [(b)–(d)] Isosurfaces represent-

ing the calculated electrostatic potential around the protein at the values of

ÿ1kBT/e (ÿ25.85 mV) (red) and þ1kBT/e (þ25.85 mV) (blue) at pH 3.0

(b), 5.0 (c) and 7.4 or 8.0 (d).

FIG. 2. Equilibrium of charged surface groups on TiO2. Partial charges qi are

computed as described in Refs. 78 and 79. Local changes of the charges di
after protonation/deprotonation are indicated on the right. (a)

Dehydroxylation of a terminal Ti-OH group, resulting in a total surface

charge change of ÿ1 e. (b) Deprotonation of a bridging OH group resulting

in a total surface charge change of þ1 e.

A 8.1 � 9.5 nm2 slab model for an amorphous TiO2 surface

was created by cutting a single rutile crystal in an arbitrary

direction, relaxing the surface atoms and annealing at 500K

 2
5

 S
e

p
te

m
b

e
r 2

0
2

3
 0

8
:0

8
:4

8



(version 4.5.5). The electrostatic interactions were treated

with the smooth particle-mesh Ewald summation method.

The size of the simulation box was chosen to ensure a sepa-

ration distance of at least 4.5 nm between single proteins and

their periodically repeated images in each case. A dense pro-

tein layer with a total surface density of 0.077 proteins nmÿ2

over TiO2 and 0.073 proteins nmÿ2 over SiO2 was placed as

the initial structure over the respective surfaces. The orienta-

tions of the individual proteins were randomized. The charge

was neutralized by an appropriate number of Naþ ions, namely,

35 for single chymotrypsin on titania, 69 for single chymotryp-

sin on silica, and 20 for the multiprotein simulations. In the

explicit-solvent MD simulations, the resulting salinities are

therefore larger than the experimental value (3mM). However,

the resulting error is negligible, since monovalent ions do not

mediate directly the surface/protein interactions. The water

density was adjusted to that of TIP3P water at 300K, namely,

0.983g cmÿ3. All surface atoms except the terminal OH groups

were constrained in their equilibrium positions. In order to use

a time step of 2 fs, the hydrogen atoms in the system were

treated by the “linear constraint solver” algorithm.82 The tem-

perature in the dynamic simulation was adjusted with a modi-

fied Berendsen thermostat with an additional stochastic term

that enables a correct canonical ensemble.83 The coupling con-

stant was set to 1 ps and the nonbonded interaction cutoff to

1.2 nm. Visualization analyses were performed with the

Molecular Visualization program VMD.84 The amount of sec-

ondary structure elements of the dissolved and adsorbed pro-

teins was quantified using the Define Secondary Structure of

Proteins method of Kabsch and Sander.85

III. RESULTS

A. Characterization of SiO2 and TiO2 colloidal particles

We begin our study with a detailed characterization of the

used SiO2 and TiO2 colloidal particles, which is essential to

interpret correctly the later presented protein adsorption

experiments. The particle properties are summarized in Table

I, and SEM and HR-TEM images are reported in Fig. 3 as well

as in Fig. S1. These reveal almost perfectly spherical SiO2 par-

ticles with an average diameter of 150 nm and agglomerates of

more irregular TiO2 primary particles with an average diame-

ter of 130 nm, obtained approximating the irregular particles

with spheres (Fig. S1). On the other hand, dynamic light scat-

tering measurements give diameters for TiO2 particles twice as

large as those of SiO2 particles (384 vs 180 nm, respectively).

This could be due to the formation of TiO2 agglomerates,

which are probable according to the significantly higher

Hamaker constant of TiO2 (Table I). To ensure particle sus-

pension, all probes are ultrasonicated. Despite the similar pri-

mary particle sizes visible in the SEM and HR-TEM images,

the specific surface area (SSABET) determined by nitrogen

adsorption is three times higher for SiO2 (34.0 m2 gÿ1) than

for TiO2 (12.4 m2 gÿ1) (Table I). Instead, if spherical particle

shapes are assumed in both cases, less dissimilar values or

12.1 and 8.6 m2 gÿ1 are obtained for SiO2 and TiO2, respec-

tively. We believe the larger SiO2 BET surface area to be a

consequence of the microporous structure of the St€ober silica

material.86,87 This would also explain the dramatically higher

adsorption capacity and the hysteresis visible in the water

adsorption isotherm of SiO2 compared to TiO2 (Fig. 4). Also,

the values of proton exchange capacity (given in OH-groups

per nm2) are by a factor of 8 higher for SiO2 than for TiO2

(see Table I). Both surfaces, however, are predominantly

hydrophilic, as revealed by the significantly smaller affinity to

n-heptane than to water for both particle species. Concerning

the adsorption of larger biomolecules such as chymotrypsin,

we define here a protein accessible area based on the geometri-

cal analysis of the TEM images (PAATEM, see Table I),

assuming that the proteins cannot diffuse into the smaller

micropores accessible instead to N2 and H2O molecules. This

distinction between SSABET and PAATEM will be important to

correctly interpret the formation of dense protein layers on the

particle surfaces, as described in Sec. III B.

B. Dependence of the protein adsorption on
incubation time and pH

The amount of chymotrypsin adsorbed on the SiO2 and

TiO2 particles is measured as a function of the incubation

time (1, 4, and 20) and solution pH (3, 5, 7.4, and 8) via two

methods. Namely, both the concentration of protein remain-

ing in solution after prolonged incubation and its enzymatic

activity are determined and reported in Fig. 5. Immediately

evident is the decrease in solution concentration of the

enzyme at increasing pH values for both particles. This is

consistent with previous studies59 and indicates preferred

adsorption of chymotrypsin on negatively charged surfaces.

Concerning the incubation time, statistically insignificant

variations are observed between 1 and 4 h, but a significant

reduction in concentration is observed after 20 h for the case

of SiO2 at the higher pH values. This is in line with previous

reports showing that an equilibrium adsorption coverage on

hydrophilic SiO2 is reached after about 16 h.33,88,89

The quantification of enzymatic activity in the supernatant

follows a very similar trend. The used initial concentration of
FIG. 3. Typical SEM [(a) and (b)] and HR-TEM [(c) and (d)] images of the

employed SiO2 [(a) and (c)] and TiO2 [(b) and (d)] colloidal particles.



about 2mg mlÿ1 results in a reference absolute activity of

about 20 nmol p-nitrophenol minÿ1mlÿ1 [Fig. 5(d)]. During

incubation with the particles, the activity diminishes with

increasing pH and incubation time. Here, it must be men-

tioned that the activity of the chymotrypsin reference solution

itself is reduced by up to 30% after 20 h of incubation at

higher pH. Thus, the dramatic supernatant activity reduction

in the presence of particles is also due to aging effects, such

as partial protein denaturation or blocking of the enzymati-

cally active sites by organic contaminants, and not solely due

to surface adsorption.

These combined measurements suggest a strong binding

affinity of chymotrypsin to both SiO2 and TiO2 particles at

neutral or basic pH. The affinity seems to be stronger for the

case of TiO2, for which the enzymatic activity of the super-

natant was not measurable anymore after 20 h of incubation.

Binding to SiO2 seems to proceed via a slower kinetics,

given the differences observed between 4 and 20 h of incuba-

tion. Repeated washing of the particles after chymotrypsin

adsorption was not sufficient to remove a protein amount

measurable with BCA assays (data not shown), suggesting

an irreversible adsorption behavior on the time scale of the

performed experiments. Finally, aging of the protein solution

leads to a reduced enzyme activity also in the absence of par-

ticles. Whether this is caused by autolysis or by other effects

is investigated in Sec. III C by means of MALDI-ToF-MS.

C. MALDI analysis of possible autolysis

The possible autolysis of chymotrypsin in solution and in

the supernatant of TiO2 and SiO2 particle suspension is ana-

lyzed by means of MALDI-ToF-MS measurements at pH 8,

where autolysis is most favorable.35,90,91 The collected spec-

tra are reported in Fig. 6 in the m/z ranges from 5 to 30 kDa

and 10 to 100 kDa, and in supplementary Fig. S2 in the range

of 800–5000 Da. In the spectra, the typical peaks arising

from chymotrypsin monomers (around 25.2 kDa) and dimers

(50.5 kDa) are well visible. Moreover, peaks of multiply

charged proteins occur at around 12.6 and 6.3 kDa/charge

FIG. 4. Adsorption isotherms of (a) water and (b) n-heptane on SiO2 and

TiO2 colloidal particles, normalized to their SSABET surfaces.

FIG. 5. Time and pH dependence of the concentration in the supernatant [(a)–(c)] and the absolute enzymatic activity in the supernatant [(d)–(f)] of chymotryp-

sin reference solutions [(a) and (d)] and after incubation with SiO2 [(b) and (e)] and TiO2 [(c) and (f)] colloidal particles. The data shown represent means 6

SD of values obtained in three independent experiments with a starting chymotrypsin concentration of 2.0 mg mlÿ1 prior to pH adjustment [see panel (a)].



unit. Notably, no peaks attributable to peptide fragments

derived from autolysis could be observed, irrespective of the

incubation time and the absence or presence of particles

(Fig. S2), consistently with a previous study.92 In summary,

this investigation confirms that the protein remains complete

within the time scale of our experiments, and that the chy-

motrypsin monomer is by far the predominant species pres-

ent in the used solutions.

D. Analysis of the adsorption layers

The amount of adsorbed chymotrypsin monomers can be

now computed from the data shown in Fig. 5, subtracting the

measured concentration in the supernatant from the initial con-

centration prior to incubation [Figs. 7(a)–7(d)]. Normalization

of the adsorbed protein amount to the particle surface is per-

formed considering both the SSABET and the PAATEM surfa-

ces (see Table I), as anticipated above. As references for a

side-on or an end-on monolayer, we consider rectangular sur-

face units along the two main directions of the protein’s enve-

lope, corresponding to 25.0 and 19.4 nm2 occupied by a single

protein, respectively [see scheme in Fig. 7(e)]. The amount of

adsorbed protein (given both as protein number per nm2 and as

protein mass per cm2) is reported as a function of the pH and

incubation time.

Using SSABET to normalize to the particle surface, the

amount of chymotrypsin adsorbed onto TiO2 appears to be

almost twice as high as onto SiO2 [Figs. 7(a) and 7(b)].

Namely, the data obtained after 20 h of incubation increased

from 25 ng cmÿ2 at pH 3 to 160 ng cmÿ2 at pH 8 on SiO2

[Fig. 7(a)], while on TiO2 the adsorbed concentration varied

from a minimum of 50 ng cmÿ2 at pH 3 to 310 ng cmÿ2 at

pH 7.4 and 8 [Fig. 7(b)]. These values would correspond to a

double layer of side-on adsorbed proteins on TiO2 and to a

single side-on layer on SiO2. Simple arguments cannot

explain this difference, especially given the considerably

larger surface charge and water affinity of SiO2 with respect

to TiO2, two properties that often correlate with the protein

adsorption affinity. However, considering the PAATEM as

the normalizing particle’s surface, the situation changes. In

this case, the maximum amount of adsorbed chymotrypsin is

only slightly larger for TiO2 (460 ng cmÿ2 at pH 7.4 after

20 h of incubation) than for SiO2 (440 ng cmÿ2 at pH 8 after

20 h of incubation) [Figs. 7(c) and 7(d)]. As an important dif-

ference between the two materials, we note the continuous

increase in adsorbed protein amount with pH on SiO2, while

the adsorption maximum is reached already at pH 7.4 for

TiO2. Other subtle differences such the variations of the

adsorbed amount on TiO2 between pH 7.4 and 8.0, being of

the same order as the error bars, are probably insignificant

and shall not be discussed in further detail.

E. Dependence of the adsorbed amount on the protein
concentration

To investigate the dependence of the amount of adsorbed

chymotrypsin on the initial concentration in solution, chy-

motrypsin is incubated with SiO2 and TiO2 at pH 8 in con-

centrations ranging from 0.22 to 6.85mg mlÿ1 for 20 h.

After incubation, the concentration in the supernatant is

measured, and, by subtraction, the adsorbed concentration is

determined. The results are reported in Fig. 8 considering

both the SSABET and PAATEM surfaces for normalization,

and are fitted with Langmuir isotherms to estimate the satu-

ration adsorption amounts Cmax and the free energies of

adsorption DG0
ads. For both particles types, saturation is

reached in correspondence of supernatant concentrations of

about 2mg mlÿ1. Consistently with the analyses in Sec.

III D, more protein is found adsorbed on TiO2 than on SiO2.

Namely, considering the SSABET, the values differed by a

factor of three (Cmax ¼ 4886 65 ng cmÿ2 for TiO2 and

Cmax ¼ 1556 18 ng cmÿ2 for SiO2), whereas the difference

is less dramatic if normalization is performed with the

PAATEM surface (Cmax ¼ 7006 103 ng cmÿ2 for TiO2 and

Cmax ¼ 4366 58 ng cmÿ2 for SiO2). These values again cor-

respond to adsorption well beyond a monolayer and indicate

important differences in the adsorption modes of chymotryp-

sin on the two different surfaces. Interestingly, DG0
ads (which

is independent on the surface normalization) is almost the

same for both materials, amounting to ÿ34.36 1.0 kJ molÿ1

for TiO2 and ¼ ÿ35.66 1.0 kJ molÿ1 for SiO2. Possible rea-

sons leading to these effects are investigated by means of all

atom molecular dynamics simulations in Sec. III F.

F. Long-range interaction force of chymotrypsin over
SiO2 and TiO2

From the experiments described above, the amount of

adsorbed protein on TiO2 is either three times (SSABET) or

FIG. 6. MALDI-ToF-MS spectra of [(a) and (b)] the chymotrypsin reference,

and of chymotrypsin after 20 h incubation at pH 8 with SiO2 [(c) and (d)] or

TiO2 [(e) and (f)]. The spectra are shown for the m/z ranges from 5 to 30

kDa/e [(a), (c), and (e)], and from 10 to 100 kDa/e [(b), (d), and (f)].



about 50% (PAATEM) larger than on SiO2, depending on the

used normalization surface. This motivates an in-depth theo-

retical analysis of the adsorption modes at the atomistic

level. In this section, static calculations are used to evaluate

the force-distance profiles and predict the most favorable

adsorption orientation of single protein molecules onto mod-

els of amorphous SiO2 and TiO2 surfaces at different pH

values, according to Hildebrand et al.93 To this aim, 36 dif-

ferent protein orientations are considered, giving rise to a

broad interaction profile and revealing the most attractive

orientation for each surface and pH (Fig. 9). For both surfa-

ces, the protein/surface force profiles are largely defined by

the interaction between the strong protein dipole moment

and the charge distribution at the surface. For the case of

SiO2, an average attraction interaction (negative forces) is

observed at all pH values, with an increased attraction and

clearer dipole orientation while the pH increases and the sur-

face become more and more negative. On TiO2, on the other

hand, repulsion is predicted at pH values lower than the sur-

face IEP (6.0), whereas attraction takes place only at pH 7.4

and 8.0. Note also the inversion of the dipole moment in the

most attractive (or least repulsive) protein orientation in

passing from pH 5.0 to 7.4 (Fig. 9, left). At pH 8, in the most

attractive orientation the protein faces the surface with its

two a-helix motifs, and the enzymatically active site points

sideways with respect to the surface normal.

The maximum attractive forces are experienced by the

protein at pH 8 at a height of about 1.5 nm over either sur-

face. It has to be stressed that these calculations only take

into account the DLVO interactions in a continuum-

solvent approximation, and that further protein approach to

the surface below 1.0 nm is strongly mediated by the struc-

turing of the water molecules in surface proximity.
69,93,94

At this stage, it can be only concluded that long-range

DLVO attraction is clearly evident at the larger pH values,

which agrees with the measured trend of the adsorbed pro-

tein amount (Fig. 7), and that stronger attraction is experi-

enced over SiO2, which instead does not correlate with the

experimental observation. The interaction profiles over

TiO2 are less deep and more narrow compared to SiO2.

One can thus expect an easier reorientation of chymotryp-

sin over TiO2 because of a less distinct force dependence

of the orientation.

FIG. 7. Amount of chymotrypsin adsorbed on SiO2 [(a) and (c)] and TiO2 [(b) and (d)] as a function of time and pH. The data are expressed both in terms of

ng/cm2 and of number of molecules per nm2 (right and left vertical axes in each panel, respectively). The concentration data are normalized to the SSABET [(a)

and (b)] or the PAATEM [(c) and (d)] surface areas (see Table I and text). Theoretically calculated values for regular end-on and side-on monolayers are

marked as black dashed and dotted lines, according to the scheme in (e). The experiments are performed with a starting protein concentration of 2.0 mg mlÿ1

prior to pH adjustment.

FIG. 8. Concentration-dependent adsorption of chymotrypsin on SiO2 and

TiO2 colloidal particles at pH 8 after 20 h of incubation. The data are normal-

ized with respect to the SSABET and PAATEM surface areas. Theoretically cal-

culated values for regular monolayer in adsorption orientation end-on and

side-on are marked as black dashed lines. The data shown represent means

6 SD of values obtained in three independent experiments, and are fitted with

a Langmuir isotherm model (black lines).



This is indeed confirmed by analyzing the relative energy

changes upon rotation of the proteins around two independent

axes at the constant height of 1.0 nm (Fig. 10). Here, at all

considered pH values, a beltlike feature in the diagram can be

observed, which corresponds to an orientation of the molecu-

lar dipole normal to the surface (in either direction), as dis-

cussed in detail in Hildebrand et al.93 This interaction pattern

is less distinct for smaller pH values. In the energy diagrams,

the attraction or repulsion forces are shown with the small

black arrows. The differences in the relative energy upon mo-

lecular reorientation are about 24 kcal molÿ1 over SiO2 and

12 kcal molÿ1 over TiO2.

G. Interaction forces for chymotrypsin multilayers

While Sec. III F has dealt with the case of a single protein

approaching the surfaces, we consider here the presence of a

preadsorbed protein monolayer, thus explicitly taking into

account protein–protein interactions (Fig. 11). A first calcu-

lation is performed evaluating the relative energy changes

associated with the reorientation of one protein within a pre-

adsorbed protein monolayer [Fig. 11(a)] with a density of

0.034 molecule/nm2 (corresponding to a theoretical end-on

monolayer, see Fig. 7). Here, the protein height is fixed at

0.3 nm, and the map of energy changes obtained upon rota-

tion around two axes is reported in Fig. 11(b) for the

FIG. 9. (Left) Predicted most attractive orientations of chymotrypsin over SiO2 and TiO2 at different pH values. The molecular dipole moment is shown as an

orange arrow. (Right) Force-height profiles calculated in implicit solvent for 36 different orientations at each pH value. The averages over all orientations are

drawn with the bold colored lines, and the standard deviations are represented with semitransparent colored regions. Negative values define attractive forces.

The height is defined as the distance in the surface normal direction between the highest surface atom and the lowest protein atom.

FIG. 10. Calculated relative energy changes associated with rotation of chymotrypsin at a height of 10 Å over the surfaces for (left) SiO2 and (right) TiO2, for

four different pH values. The superimposed arrows represent the force values (downwards for attractive and upwards for repulsive forces).



individual proteins rotate toward the most-attractive orienta-

tion presented in Fig. 9 (left). In some cases, rotation is hin-

dered by close protein–protein contacts, which remain stable

for the whole simulation time [Figs. 11(e) and 11(g)].

In summary, the simulations presented in this section

indicate the presence of both long- and short-range interac-

tions leading to the formation of adsorbed layers with a pro-

tein concentration well beyond one theoretical monolayer,

which agrees well with the experimental observation (cf.

Figs. 7 and 8). However, these simulations are still not able

to explain differences in the adsorption modes on SiO2 and

TiO2 resulting in a larger amount of proteins adsorbed on

TiO2 than on SiO2. To further explore this issue, explicit sol-

vent MD simulations of adsorbed proteins are presented in

Sec. III H.

H. Explicit-solvent MD simulations of chymotrypsin
adsorption on TiO2 and SiO2

To analyze the atomistic details of the protein approach

and adsorption on the two surfaces, we have performed MD

simulations in explicit solvent at pH 8 following Hildebrand

et al.93 In the input structures, the protein is placed at a

height of 10 Å in six different arbitrary orientations (Fig.

12). During the simulations, the protein spontaneously

adsorb on the surface after about 5 ns and find a stable

adsorption configuration, undergoing a rotation toward the

most favorable orientation predicted by the implicit-solvent

calculations [cf. Figs. 12(a) and 12(b) with Fig. 9]. The sim-

ulations are stopped after 50 ns.

The evolution of the protein–surface contacts during a rep-

resentative simulation is shown in Figs. 12(c)–12(f). Here, a

protein–surface contact is defined if the distance between one

atom of the surface and one atom of the protein becomes less

than 2.4 Å. For both surfaces, the most frequent binding motifs

of the protein are the positively charged amino acid lysine as

well as the polar amino acid threonine [Figs. 12(c)–12(d)]. The

most common surface sites involved in the contacts are

FIG. 11. Driving force for the formation of protein multilayers on SiO2 and TiO2. (a) Atomistic representation of an end-on monolayer at the density of 0.034

6 0.001 molecules/nm2. The red circle marks a protein which is rotated along two axis (x and y), giving rise to the energy map in (b). The force profiles calcu-

lated for an additional protein (c) interacting with the monolayer in the absence (green curve) or in the presence of surfaces (blue and gray curves) are shown

in (d). Here, a height of zero is defined when the highest monolayer atom and the lowest atom of the additional protein are at the same height in the direction

of the surface normal. (d) and (e) The initial and final configurations of a protein double layer (0.077 protein molecules nmÿ2) on TiO2 in an explicit-solvent

MD simulation lasting 300 ns. (f) and (g) Schemes showing the protein positions in the double layers corresponding to (d) and (e).

representative case of SiO2. A visually almost identical map

is obtained for TiO2. Starting from the most attractive

adsorption orientation predicted for single proteins (at

x¼ y¼ 0), rotation in any direction is associated with an

energy increase, and an energy maximum is obtained for the

molecular dipole pointing in the opposite direction (x¼ 180,

y¼ 0; or x¼ 0, y¼ 180). The maximum is 30 kcal molÿ1

higher than the minimum for the case of SiO2 and 20 kcal

molÿ1 higher than the minimum for the case of TiO2. This

suggests that, in spite of the parallel arrangement of the mo-

lecular dipoles, in the most favorable configuration within a

monolayer, all proteins are oriented in the same way, with

their a-helices pointing toward the surface.

A second calculation is then performed to evaluate the

force-distance profile associated with the approach of a sin-

gle chymotrypsin molecule toward an already present pro-

tein monolayer either adsorbed on the two surfaces [Fig.

11(c)], or suspended in solution, as a reference. The resulting

profiles averaged over 36 different protein orientations [Fig.

11(d)] revealed that repulsion is predicted in the absence of

an underlying surface, thus suggesting no favorable driving

force for spontaneous formation of protein agglomerates in

solution. However, attraction is predicted for a monolayer

on either SiO2 or TiO2, as a consequence of the strong inter-

action exerted by the surface, which is not completely

shielded by the presence of an adsorbed monolayer. Also, in

this case, attraction is slightly stronger for the case of SiO2,

and the most attractive protein orientation is as in the pre-

formed monolayer.

To confirm that the attractive interactions may in fact

lead to adsorption beyond one theoretical monolayer, a mo-

lecular dynamics simulation in explicit water solvent is per-

formed starting from a double-layer configuration with

randomly oriented proteins [Figs. 11(d) and 11(f)]. After

300 ns of simulation, we observe two mayor trends: first, on

both surfaces, the proteins collectively move closer to the

surface and form a more compact layer. Second, the



and 15 ns. A striking difference lies in the fact that the pro-

tein tends to roll over SiO2, while it tends to slide over TiO2.

This is visible from the evolution of the angle between the

molecular dipole moment and the direction normal to the

surface and especially from its time derivative, as shown in

Fig. 13. For SiO2, the angle varies more continuously toward

smaller and smaller values, and the angle derivative is most

of the time negative, indicating progressive rolling. This is

noteworthy if one takes into account that rotation of the

dipole is associated with a considerable increase in the

amount of potential energy [see Figs. 11(a) and 11(b)]. For

TiO2, the derivative of the angle tends to oscillate around

zero, indicative of predominant sliding.

Further differences in the adsorption modes of chymotryp-

sin on the SiO2 and TiO2 surfaces are highlighted through the

calculation of the radial distribution function (RDF) between

selected pairs of all atoms of the surface, the water solvent,

and the protein (Fig. 14). Water molecules are known to form

shell-like structures around hydrophilic surface terminal

groups.93 The RDF of water around all surface atoms shows a

less distinct structuring on SiO2 (Fig. 14, top left) compared to

the very evident structuring in two hydration layers on TiO2

(Fig. 14, top right). As far as the protein is concerned, the RDF

shows that hydrophobic residues are in close contact (within

the first 4 Å) to the surface in the case of silica, whereas only

hydrophilic residues are in direct contact with titania.

Interesting is the small peak of the SiO2 protein–surface RDF

at about 1.5 Å, i.e., before the first peak of the water-surface

RDF (at 1.8 Å), indicating that some protein residues are able

to deeply penetrate the first hydration layer and very tightly

bind to surface sites. As already shown by the temporary evolu-

tion of the contacts (Fig. 12), the positively charged lysine and

arginine residues are abundantly present close to deprotonated

silanol groups on SiO2, and present only to a minor extent

around deprotonated bridging oxygen on TiO2.

FIG. 12. [(a) and (b)] Initial (green arrow) and final (orange arrow) chymotrypsin orientations upon adsorption on (a) SiO2 and (b) TiO2 obtained in MD simu-

lations in explicit water solvent. [(c)–(d)] Contact analysis of the protein residues for SiO2 (c) and TiO2 (d). The color code represents positively charged

amino acids (blue) and polar amino acids (green). [(e) and (f)] Contact analysis for the surface residues of (e) SiO2 and (f) TiO2. The percentages reported at

the right side of each subfigure indicate the occupancies over time after the first contact (marked with a bold black bar). Groups forming contacts for less than

10% of the time are not shown.

terminal OH groups both on SiO2 and TiO2. Deprotonated sila-

nol groups play a very important role on SiO2, whereas depro-

tonated O sites on TiO2 are much less frequently involved.

Neutral O sites are also present in the analysis, in larger pro-

portion on TiO2 than on SiO2 [Figs. 12(e)–12(f)]. These differ-

ences could have their origin in the larger density of

negatively charged surface groups present on silica, and are

likely to influence the protein adsorption modes.

Differences in the adsorption behavior of the two proteins

may be also related to their mobility after adsorption. To

investigate this issue, we perform steered MD simulations in

explicit solvent, in which the previously adsorbed protein is

pulled parallel to the surfaces by means of a harmonic con-

straint applied to its center of mass (Fig. 13). The pulling ve-

locity is 0.5m/s, and the constraint force-constant is 1000 kJ

molÿ1nmÿ2. Two perpendicular pulling directions were cho-

sen to alleviate direction-dependent effects, namely, the

h100i and h010i directions of the simulation box. We stress

that in these simulations the proteins are free to roll and/or

slide over the surface, and even to desorb, since no constraint

over the position, but only the velocity, of their centers of

mass is applied.

The protein/surface contacts formed during these simula-

tions (see supplementary Fig. S3) correspond to a large

extent to those reported in Fig. 12, with the exception that on

SiO2 more amino acid types (including hydrophobic ones)

are involved in surface binding. More interesting, however,

is the analysis of the rolling/sliding behavior of the protein

over the two surfaces, as reported in Fig. 13 and visible in

supplementary material videos (SI Videos 1 to 4).

The force required to pulling the whole protein over the

surface and the associated cumulative work is slightly larger

for the SiO2 surface. Especially in one simulation (pulling

along h100i on TiO2), the negligibly small force and work

result from temporary desorption of the protein between 5



IV. DISCUSSION AND CONCLUSIONS

Motivated by the need to optimize the conditions leading

to maximum adsorption of chymotrypsin on colloidal ce-

ramic supports, we have performed a comparative study of

the adsorption features of the protein on highly pure SiO2

and TiO2 colloidal particles combining adsorption experi-

ments with all-atom MD simulations. The analysis has

revealed some common features, such as the same preferred

adsorption orientation on the two materials at neutral and ba-

sic pH driven by interaction of the negatively charged surfa-

ces with the strong protein dipole moment (Fig. 9).

Moreover, a nearly equal free energy of adsorption in the

low-concentration limits (about ÿ35 kJ/mol) has been esti-

mated by the Langmuir adsorption isotherm analysis (Fig.

8). However, a number of differences have also been identi-

fied, which we believe to be responsible for the

experimentally observed larger amount of adsorbed proteins

found on TiO2 than on SiO2 (Figs. 7 and 8).

Anchoring to the SiO2 surface (IEP �2.7) takes place

mostly via positively charged amino acids that interact with

both neutral and deprotonated silanol groups. However, also

other neutral polar and even hydrophobic residues contribute

to frequent and tight surface–protein contacts (see Figs. 12

and 14, and Ref. 93). Anchoring to the TiO2 surface (IEP

�6.6), which presents a smaller density of deprotonated sites

at the pH values relevant to adsorption (7.4 and 8.0), is rather

dominated by neutral terminal OH and bridging O sites,

although involving almost exclusively positively charged

amino acids. We believe that the distinct structuring of the

surface hydration layers in which the amino acids are em-

bedded (see Fig. 14) effectively compensates for the absence

of direct ionic interactions between protein and surface, so

that, overall, the free energy of binding to either surface is

nearly the same. Different, however, is the ability of the pro-

tein to diffuse over the surface once tightly adsorbed. Our

steered MD simulations (Fig. 13) reveal that chymotrypsin

can easily slide over the TiO2 surface, and even temporarily

desorb and adsorb again at a farther site. On the contrary, no

temporary desorption is observed from the SiO2 surface, also

consistently with the larger attraction forces predicted by our

static calculations (Fig. 9). In this case, rupture of the tight

surface–protein contacts only takes place if new contacts are

concomitantly formed, resulting in a predominant rolling

behavior. A change in the dipole orientation due to rolling,

in turn, is associated with a considerable energy loss [see

Figs. 10, 11(a), and 11(b)], so that diffusion over the SiO2

surface is expected to be more hindered than diffusion over

the TiO2 surface.

Considering these arguments, it is possible to rationalize

both why a larger maximum adsorption amount is reached

on TiO2 (Figs. 7 and 8) and why reaching the maximum

FIG. 13. (Left) Initial configurations of steered MD simulations of chymotrypsin pulled over the SiO2 and TiO2 surfaces. (Right) Time evolutions along the cor-

responding trajectories of the constrained force, the cumulative work, the angle of the dipole moment to the surface normal, and its time derivative (from top

to bottom in each panel) for SiO2 (top) and TiO2 (bottom). The protein is pulled in each case along the h100i and h010i directions of the simulation box.

FIG. 14. Radial distribution function (RDF) of selected pairs of atoms for

chymotrypsin adsorbed and pulled over SiO2 (left) and TiO2 (right): (top)

surface-water RDF; (middle) surface–protein RDF, separating the contribu-

tions of hydrophilic and hydrophobic residues. (Bottom) RDF between posi-

tively charged amino acids with negatively charged surface sites.



taken into account when performing experiments with long

incubation times.

Future studies shall focus on the conformational changes

that the protein may undergo after adsorption, and may

severely influence its enzymatic activity.59,92 Also, in this

case, a combination of experimental studies (e.g., by means

of circular dichroism spectroscopy) and molecular dynamics

simulations would be desirable in order to achieve a compre-

hensive description of the protein’s behavior at the atomic

scale.
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