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We report a simple and rapid method for the deposition of amorphous silica onto a gold surface. The method is based on the ability of lysozyme to 
mediate the formation of silica nanoparticles. A monolayer of lysozyme is deposited via non-specific binding to gold. The lysozyme then mediates 
the self-assembled formation of a silica monolayer. The silica formation described herein occurs on a surface plasmon resonance (SPR) gold 
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Abstract10

We report a simple and rapid method for the deposition of amorphous silica onto a gold surface. The method is based on the ability of lysozyme to
mediate the formation of silica nanoparticles. A monolayer of lysozyme is deposited via non-specific binding to gold. The lysozyme then mediates
the self-assembled formation of a silica monolayer. The silica formation described herein occurs on a surface plasmon resonance (SPR) gold surface
and is characterized by SPR spectroscopy. The silica layer significantly increases the surface area compared to the gold substrate and is directly
compatible with a detection system. The maximum surface concentration of lysozyme was found to be a monolayer of 2.6 ng/mm2 which allowed
the deposition of a silica layer of a further 2 ng/mm2. For additional surface functionalization, the silica was also demonstrated to be a suitable matrix
for immobilization of biomolecules. The encapsulation of organophosphate hydrolase (OPH) was demonstrated as a model system. The silica forms
at ambient conditions in a reaction that allows the encapsulation of enzymes directly during silica formation. OPH was successfully encapsulated
within the silica particles and a detection limit for the substrate, paraoxon, using the surface-encapsulated enzyme was found to be 20 �M.
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1. Introduction23

Immobilization of enzymes on solid substrates, such as sil-24

icon [1,2], polymers [3] and glass [4] is of great interest for25

a variety of applications including biocatalysis, biosensors and26

formation of protein arrays for biological screening. Often, the27

platform is merely an inactive support for the biomolecule.28

Recent interest however, has advanced to attaching biomolecules29

directly to a transducer surface to allow in situ and real-time30

detection of enzymatic activity [5,6].31

Surface plasmon resonance (SPR) is a versatile analytical32

method for real-time monitoring of interactions at a solid/liquid33

transducer surface. SPR uses the principle of total internal34

reflectance occurring at the interface between materials with35

differing refractive indices. An evanescent wave penetrates the36

interface (modified with a thin layer of gold) and couples with37

∗ Corresponding author. Tel.: +1 334 844 4485; fax: +1 334 844 3400.
E-mail address: simonal@eng.auburn.edu (A.L. Simonian).

surface plasmons (oscillating free electrons). The interaction 38

causes a change in reflectivity and a concurrent change in reso- 39

nance angle, which correlates to the refractive index (RI) of the 40

adjacent medium. The RI is therefore directly related to changes 41

in surface concentration of interacting ligands. The change in RI 42

is continuously monitored to produce a sensorgram of refractive 43

index unit (RIU) as a function of time [7–9]. SPR has proven to be 44

particularly useful for the analysis of biological systems and can 45

be used for example, to determine kinetic parameters and reac- 46

tion characteristics [9,10]. SPR has been recently used to study 47

enzymatic reactions on various surfaces and microarrays. Kim et 48

al. [11] for example, performed enzymatic reactions on surface 49

bound substrates and measured adsorbed enzyme concentrations 50

and substrate cleavage rates by the use of combined SPR and 51

surface-plasmon enhanced fluorescence techniques. SPR has 52

also been demonstrated as a method for determining the kinetics 53

of surface enzyme reaction based on Langmuir adsorption and 54

Michaelis–Menten kinetics [12,13]. SPR is adaptable to a wide 55

range of biomolecular reactions as labelling of ligands or recep- 56

tor molecules are not required. The use of SPR for biological 57

1 0927-7765/$ – see front matter © 2006 Elsevier B.V. All rights reserved.
2 doi:10.1016/j.colsurfb.2006.08.013
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systems however, generally requires the development of specific58

methods to attach biomolecules on the sensor surface and ori-59

ent the molecules for optimal biological activity. Maintaining an60

interaction between biomolecules and the SPR waveguide sur-61

face generally requires covalent modification, which can change62

biological function and lower the catalytic activity as the orien-63

tation of the enzyme active site is hindered by attachment [14].64

Recent studies have shown that silica formation can be cat-65

alyzed by simple peptides or proteins, such as lysozyme, in66

a silicification reaction analogous to the formation of silica67

in biological systems [15–18]. The lysozyme-precipitated sil-68

ica nanoparticles proved suitable for immobilization of other69

enzymes. The silicification reaction yields a network of fused70

silica nanospheres, providing a high surface area for encapsula-71

tion and permitting high enzyme loading capacities [19]. We72

now report herein, a versatile method for immobilization of73

biomolecules directly onto a SPR transducer surface by encapsu-74

lating biomolecules within a lysozyme-mediated self-assembled75

layer of silica particles. The immobilization of lysozyme is based76

on non-specific physical adsorption of the protein to the gold77

SPR surface through a combination of electrostatic and surface78

interactions [20]. Non-specific binding will therefore result in79

the formation of a film of lysozyme upon the gold surface, which80

is then available to participate in the silicification reaction and81

direct the assembly of a layer of silica at the surface. Physical82

adsorption generally causes little conformational change of the83

enzyme and no reagents or pretreatment and activation of the84

surface is required. A disadvantage is enzyme leaching during85

continuous use, as the binding is primarily due to weak hydro-86

gen bonding and Van der Waals forces [21]. Previous literature87

reports however, indicate that lysozyme retains its tertiary struc-88

ture when adsorbed to a hydrophilic interface, no significant89

denaturation occurs, and in addition, the binding is irreversible90

[22].91

The fabrication of SPR chips, consisting of gold films coated92

with thin silicon dioxide layers has been recently reported [23].93

The method however, involves vapor-deposited silica layers that94

showed a lack of stability in aqueous buffer solutions and is95

unsuitable for enzyme immobilization. A sol–gel technique has96

been successfully applied to generate stable gold/silica inter-97

faces, which allowed further functionalization but preparation98

required multi-step attachment using biotin and streptavidin99

binding chemistries [24]. The lysozyme-mediated silica for-100

mation described herein provides a method for coating a gold101

surface with a thin layer of silica particles, greatly increasing102

the surface area of the transducer. In addition, the silica pro-103

vides a matrix for the encapsulation of additional biomolecules,104

significantly enhancing the functionality of the resulting silica105

layers by directing the attachment of immobilized biomolecules106

directly at the gold surface.107

2. Experimental108

2.1. Enzymes and reagents109

Potassium phosphate buffer (0.1N NaOH, 0.1 M KH2PO4,110

pH 8) was used throughout unless otherwise stated. Paraoxon111

was obtained from ChemService, West Chester, PA. All other 112

reagents and chemicals were of analytical grade and obtained 113

from Sigma–Aldrich (St. Louis, MO). Silicic acid was pre- 114

pared as described previously [19]. Organophosphorus hydro- 115

lase (OPH) was generously provided by James Wild and his 116

research group (Texas A&M University). The enzyme purifica- 117

tion method has been described previously [25]. 118

2.2. Formation of silica nanoparticles on the gold surface 119

The formation of silica particles was characterized by SPR 120

using SPREETATM sensors (Texas Instruments) with two anal- 121

ysis channels. A gold surfaced SPR sensor module, and its 122

supporting hardware and software (SPREETA, Texas Instru- 123

ments) were coupled to a continuous-flow cell to allow contact 124

with reaction solutions. Experimental setup and cleaning steps 125

were performed as previously described [26]. The sensor was 126

docked with the fluidics block and reference measurements were 127

obtained with air and water as baseline measurements. An in situ 128

washing step (0.12N NaOH, 1% Triton-X) was performed to 129

ensure that the surface remained hydrophilic. A further baseline 130

with phosphate buffer was taken as a reference measurement. 131

Initially, lysozyme (1 mg/ml) was non-specifically adsorbed to 132

the gold surface and any excess was removed by washing with 133

phosphate buffer. Silicification was carried out in situ by intro- 134

ducing TMOS (100 mM tetramethyl orthosilicate in 1 mM HCl) 135

to the lysozyme-modified surface. This process was repeated 136

with different lysozyme concentrations (5, 25 and 50 mg/ml) to 137

determine the optimum enzyme concentration. All immobiliza- 138

tion procedures were performed at room temperature (∼22 ◦C). 139

Immobilization steps were monitored by measuring the change 140

in refractive index (RI) as a function of time followed by integra- 141

tion using SPREETA software. Net responses were calculated 142

by comparison of ‘working’ and ‘control’ channels. Calcula- 143

tions and statistical analysis were performed with OriginPro 7.5 144

software (OriginLab Corporation, Massachusetts, USA). 145

2.3. Calculation of adlayer thickness and surface coverage 146

The adlayer thickness and surface coverage of each mono- 147

layer was calculated using the formula described by Jung et 148

al [27,28]; da = (ld/2) × [(neff − nb)/(na − nb)], where da is the 149

thickness of the adlayer, ld the characteristic decay length of an 150

evanescent wave at 307 nm, neff the effective RI of the adlayer 151

(from the SPR signal), nb the RI of the buffer (from reference 152

reading), and na is the RI of the adlayer material assuming an 153

RI of 1.57 for protein and an RI of 1.43 for biosilica [29]. 154

2.4. Enzyme assay for immobilized organophosphate 155

hydrolase activity 156

OPH was encapsulated within the silica matrix by adapting 157

the method described above. The initial protein monolayer was 158

established using a solution of 25 mg/ml lysozyme to coat the 159

SPR surface. A solution of 100 mM TMOS containing OPH 160

was then passed over the surface for approximately 45 min to 161

yield the silica layer and co-encapsulate OPH during the silici- 162

Please cite this article as: Heather R. Luckarift et al., Enzyme-encapsulated silica monolayers for rapid functionalization of a gold surface,
Colloids and Surfaces B: Biointerfaces (2006), doi:10.1016/j.colsurfb.2006.08.013
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fication reaction. The SPR surface was rinsed thoroughly with163

buffer to remove any loosely associated enzyme and silica prior164

to further analysis. Enzyme activity was determined by measur-165

ing the hydrolysis of paraoxon as described previously [30].166

Paraoxon (1–500 �M) was circulated across the surface at a167

flow rate of 100 �l/min for 2 min. Enzyme activity was deter-168

mined by collecting 200 �l of the paraoxon hydrolysis product169

(p-nitrophenol). The absorbance of the hydrolysis product was170

measured at 405 nm using a UV–vis fiber optic spectrophotome-171

ter (Ocean Optics Inc., Dunedin, FL).172

2.5. Scanning electron microscopy173

For scanning electron microscopy imaging, glass slides were174

coated with a chromium adhesion layer (∼2 nm) followed by175

∼50 nm gold films. The film was cleaned with freshly prepared176

piranha solution (3:1, H2SO4 and H2O2. Caution: Piranha solu-177

tion is dangerous and should be handled with care) followed by178

thorough rinsing with DI water. The slides were then sonicated179

in acetone (5 min), rinsed with DI water, and sonicated in ethanol180

(5 min) before plasma cleaning in air (5 min). The slides were181

prepared as described above with a range of lysozyme concen-182

trations, followed by silica formation in the presence of 100 mM183

TMOS. The samples were then coated with a thin layer of gold184

(∼10 nm) and imaged using a JEOL JSM 7000F field emission185

scanning electron microscope (JEOL USA, Inc., Peabody, MA).186

3. Results and discussion187

3.1. SPR analysis of lysozyme and silica nanocomposite188

films189

SPR spectroscopy revealed rapid adsorption of lysozyme to190

the gold waveguide surface (Fig. 1a). The change in surface191

density results in small changes in RI at the interface and a192

corresponding shift in the resonance angle. Upon introduction193

of lysozyme, an initial rapid signal increase is observed and194

is attributed to the change in the bulk refractive index of the195

circulating solution. The change in RI then increased gradu-196

ally, corresponding to the adsorption of lysozyme to the gold197

surface. Surface saturation was indicated by a plateau in the198

RI signal. The decrease in the RI during the wash step was199

due to removal of unbound lysozyme. The RI signal change200

increased linearly with higher protein concentrations (Fig. 1b).201

The lysozyme adlayer also thickened with increasing lysozyme202

concentration but showed a plateau at 25 and 50 mg/ml (Table 1),203

Table 1
Effect of lysozyme concentration on thickness of lysozyme and silica adlayers

[Lysozyme]
(mg/ml)

Thickness of
protein adlayer,
d (nm)

Surface coverage
(molecules/mm2)

Thickness of
silica adlayer,
d (nm)

1 0.934 5.23E+10 3.74
5 0.978 5.47E+10 3.75

25 1.963 1.10E+11 6.56
50 2.029 1.14E+11 6.60

Fig. 1. (A) SPR spectroscopy response showing the binding of lysozyme and
formation of silica at the SPR surface. Sensorgram shows addition of 25 mg/ml
lysozyme, followed by washing. An 100 mM TMOS was added as a precursor
for silica formation. (B) Formation of lysozyme-mediated silica coating on gold.
SPR response of lysozyme deposited to the gold surface at a range of concentra-
tions: 1 mg/ml (curve a), 5 mg/ml (curve b), 25 mg/ml (curve c) and 50 mg/ml
(curve d). Addition of TMOS (100 mM) is indicated by an arrow.

indicating that the gold surface was saturated at high protein con- 204

centrations. The surface coverage of lysozyme was calculated 205

and revealed a maximum surface concentration of ∼2.6 ng/mm2
206

(∼1.10 × 1011 molecules/mm2) and a maximum film thickness 207

of ∼2 nm (±0.047) (Table 1). The measured maximum cover- 208

age of lysozyme at saturation is in agreement with the theoretical 209

surface density for a monolayer of lysozyme (1.8–2.7 ng/mm2), 210

based on a protein with a molecular mass of 14 kDa and dimen- 211

sions of 4.5 nm × 3.0 nm × 3.0 nm [20,21]. SEM images of the 212

monolayer showed a glass-like film of lysozyme across the sur- 213

face of the waveguide (Fig. 2a). 214

The bound lysozyme molecules mediated the formation of a 215

silica adlayer in situ. Introduction of a solution of TMOS caused 216

a rapid increase in RI, indicating changes in surface refraction 217

consistent with the formation of a second distinct adlayer of sil- 218

ica (Fig. 1B). The reaction was rapid and approximately 90% 219

of silica formation occurred within the first minutes of contact. 220

Please cite this article as: Heather R. Luckarift et al., Enzyme-encapsulated silica monolayers for rapid functionalization of a gold surface,
Colloids and Surfaces B: Biointerfaces (2006), doi:10.1016/j.colsurfb.2006.08.013
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Fig. 2. SEM images of silica-encapsulated OPH at the SPR surface. Gold surface modified with (a) lysozyme (25 mg/ml); (b) lysozyme (1 mg/ml) with 100 mM
TMOS; (c) lysozyme (5 mg/ml) with 100 mM TMOS; (d) lysozyme (25 mg/ml) with 100 mM TMOS; (e) lysozyme (25 mg/ml) with 100 mM TMOS and OPH
(0.1 mg/ml).

Washing the silica layer with buffer did not decrease the sig-221

nal significantly, indicating that the silica was firmly attached222

to the surface. The change in the RI was used to calculate the223

deposition characteristics of the silica particles. The maximum224

thickness of the layer was calculated to be ∼6.6 nm (Table 1).225

The thickness of the silica layer did not increase following a226

second injection of TMOS suggesting that the surface was satu-227

rated with silica and conditions were not substrate limited. SEM228

analysis confirmed the formation of an interconnected, dense229

coating of silica nanospheres formed upon the gold surface. At230

low concentrations of lysozyme, a scattered deposition of silica231

was observed with silica particles having an average size∼10 nm232

(Fig. 2). When lysozyme was present in excess, however, dense233

coatings of interconnected aggregates of much larger silica par-234

ticles (∼230 nm) formed in addition to the initial monolayer of235

silica nanospheres (Fig. 2c and d). In aqueous static suspensions,236

lysozyme forms silica spheres of approximately 570 nm diame-237

ter [15]. The reduction in size of the silica particles observed here238

is attributed the formation of the silica particles under continuous239

flow conditions. Silica spheres are the lowest free energy struc-240

ture formed in a static environment, but application of a dynamic241

flow will affect the formation and aggregation of silica.242

Even though the SEM shows the size of the nanoparticle243

as 230 nm the thickness measured by SPR for the silica layer244

is significantly less (∼7 nm). The results are consistent with245

the immediate formation of a thin film of silica directly at the246

surface which provides a template for subsequent formation of247

larger silica particles, as observed for many silicification reac-248

tions [31]. The surface plasmon resonance phenomenon occurs249

at the metal–liquid interface and is highly sensitive to specific250

interactions at the interface which may be on the order of only251

a few nanometers. Although a generated evanescent wave can252

travel up to ∼300 nm in the z direction [27], the medium beyond253

the interface will affect the observed RI. The inability to see the254

depth of the whole silica structure using SPR in the present work 255

is in agreement with previous literature reports where silica lay- 256

ers of greater than 44 nm did not show significant SPR response 257

[23]. 258

The lysozyme is presumably attached at the surface in an 259

orientation which does not diminish its ability to mediate silica 260

formation. Variations in TMOS concentration may theoretically 261

affect the thickness of the silica layer. Preliminary control exper- 262

iments in static suspensions however, revealed that silica forma- 263

tion does not occur if the TMOS concentration is below 25 mM 264

(data not shown), accordingly, silica adlayer formation was not 265

investigated at lower precursor concentrations. In control exper- 266

iments, no formation of silica particles was observed in the 267

absence of lysozyme. Bovine serum albumin (BSA) adsorbed 268

to the gold surface but did not precipitate silica in the presence 269

of TMOS, confirming that lysozyme is integral to the silica for- 270

mation at the surface (data not shown). 271

3.2. Encapsulation of organophosphate hydrolase 272

The further biofunctionalization of the silica particles at 273

the surface was investigated using organophosphate hydrolase 274

(OPH) as a model system. The gold surface was saturated with 275

lysozyme as defined above and used to mediate the formation of 276

silica particles containing various concentrations of organophos- 277

phate hydrolase (OPH). The silica particles formed on the gold 278

surface as described above and, examination using SEM clearly 279

showed that the surface was coated with a film of evenly dis- 280

tributed spheres (Fig. 2e). The addition of OPH to the hydrolyzed 281

TMOS solution did not result in any significant changes in the 282

morphology of the silica surface (Fig. 2d and e). OPH encap- 283

sulated within the silica coating maintains activity, confirmed 284

by the hydrolysis of paraoxon and the activity of OPH corre- 285

lates with protein concentrations used in the encapsulation step 286

Please cite this article as: Heather R. Luckarift et al., Enzyme-encapsulated silica monolayers for rapid functionalization of a gold surface,
Colloids and Surfaces B: Biointerfaces (2006), doi:10.1016/j.colsurfb.2006.08.013
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Fig. 3. Paraoxon hydrolysis by silica-encapsulated organophosphate hydrolase
immobilized to the SPR surface. (A) Hydrolase activity in relation to OPH
concentrations present during silicification step at a range of substrate concen-
trations. (B) Michaelis–Menten plot of immobilized OPH (0.5 mg/ml during
silicification) to reveal maximal velocity of reaction.

(Fig. 3a). The kinetic parameters of the encapsulated enzyme287

were determined by contacting the encapsulated enzyme at the288

surface with paraoxon at a range of concentrations. At low con-289

centrations of paraoxon (20–100 �M), the silica-encapsulated290

OPH shows a linear response (Fig. 3a) but enzyme activity291

becomes saturated at paraoxon concentrations above 300 �M292

(Fig. 3b). A reproducible detection limit of 20 �M paraoxon293

was achieved with OPH concentrations greater than 0.05 mg/ml.294

A decrease in the concentration of encapsulated OPH resulted295

in a proportional reduction in detection sensitivity. The kinetic296

parameters of the encapsulated OPH (Km = 0.09(±0.022)) were297

determined (Fig. 3b) are in good agreement with the kinetics of298

OPH in solution [32] indicating that immobilization of OPH in299

silica does not significantly hinder the mass transport of sub-300

strate.301

4. Conclusion302

The formation of silica using lysozyme precipitation provides303

a simple and rapid method for the deposition of silica films304

directly to a gold surface. The silica layer proved sufficiently305

stable under continuous flow conditions to allow measurement 306

of enzyme kinetic parameters. The silica deposition and surface 307

immobilization of OPH demonstrated in this study provides a 308

model system with potential application to a range of formats. 309

The surface encapsulated OPH could be reused continually for 310

over 2 days, but lost activity gradually over the time period, con- 311

current with a loss of silica film thickness (data not shown). The 312

immobilization efficiency and stability achieved were sufficient 313

for demonstrating the concept, but further analysis of the sil- 314

ica coating is required to optimize the approach. The formation 315

of a silica layer on the gold surface significantly increases the 316

surface area at the transducer interface and potentially enhances 317

the sensitivity of SPR spectroscopy applications [33]. The sil- 318

ica layer also proved suitable for encapsulation of OPH and 319

the immobilized enzyme retained activity over a period of sev- 320

eral hours, providing accurate and reproducible measurements 321

of immobilized enzyme kinetics. The immobilization technique 322

described provides a versatile method for enzyme encapsulation 323

that selectively immobilizes proteins directly on a transducer 324

surface with no requirement for surface modification before 325

immobilization. OPH is not directly tethered to the SPR surface, 326

which may limit any restriction in the orientation of the active 327

site, as often observed when enzymes are covalent attached to a 328

surface. 329

The approach may lead to development of a versatile method 330

for the immobilization of enzymes on an SPR transducer sur- 331

face that might be applied to biosensors or protein microar- 332

rays [34–36]. In addition, the methodology developed for OPH 333

immobilization on the gold surface may be applied to other elec- 334

trochemical detection platforms. 335
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