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Functional polymers and proteins at interfaces and surfaces are of fundamental 

importance for biomaterials, biocatalysis and microreactor applications. Candida 

antarctica lipase B immobilized on poly-DL-tryptophan tethers showed 30x higher 

specific activity in aqueous and non-aqueous media than the same enzyme adsorbed or 

covalently bound directly to the surface. An excess of enzyme vs. tethers was 

observed, indicating multilayer binding. This was attributed to covalent binding of the 

enzyme to the surface, as well as to the ends of the tethers, and adsorption of the 

lipophilic enzyme to the hydrophobic polymers. 

Aspergillus oryzae ß-galactosidase was immobilized on a novel silicon oxide 

nanospring mat in a microreactor by covalent disulfide bonds. Nanosprings offer high 

accessible surface area with very low flow resistance and excellent mechanical 



 

 

properties, and can be patterned onto existing devices. Continuous reactions were 

performed at different flowrates and substrate concentrations. The enzyme activity 

was stable for over 26 days, and high steady-state conversions (X > 0.7) were achieved 

with average residence times of less than one minute. The catalyst was regenerated in 

situ by reduction of the disulfide bonds and subsequent immobilization of fresh 

enzyme. Numerical simulation and sensitivity analysis indicate that the characteristic 

high permeability of the nanosprings is critical to reactor performance. 

In another study, a method was developed to directly image the surface distribution of 

small polyethylene oxide-polybutadiene-polyethylene oxide (PEO-PBD-PEO) triblock 

copolymer surfactants using atomic force microscopy (AFM). Triblocks with 

cleavable ester bonds of various PEO:PBD ratios and molecular weights were 

synthesized. The triblocks were self-assembled onto hydrophobic silicon wafers, and 

the adsorbed vinyl-containing PBD blocks immobilized by γ-irradiation. Acid 

hydrolysis of the cleavable linker released the PEO side-chains. The remaining 

immobilized PBD was labeled with β-cyclodextrins, and imaged using standard AFM 

“tapping mode” techniques. Triblocks deposited from dilute (1 mg/mL) solutions 

formed very sparse, non-uniform layers. At 10 mg/mL, regular patterns consistent 

with deposition of worm-like or cylindrical micelles were observed. Long PEO chains 

produced sparse layers, presumably by facilitating desorption of the triblocks. 

These studies demonstrate novel methods for solid-supported enzymatic reactions and 

production and characterization of surface coatings, with diverse applications in 

bioengineering and biomaterials.
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Functional Polymers and Proteins at Interfaces 

INTRODUCTION 

Modification and functionalization of surfaces is one of the key issues in biomaterial 

and microreactor technology. Controlling the surface chemistry at interfaces is 

extremely important for the production of successful medical devices, and opens up 

possibilities for immobilization of biomolecules (e.g. enzymes, DNA, antibodies, etc.) 

in microdevices. These fundamental applications form the basis of the design of 

reusable enzymatic reactors, biosensors, and non-fouling “stealth” coatings on 

implantable devices. 

Enzymes are the proteins that catalyze reactions in living organisms, and various 

enzymes are used for a myriad of bioengineering applications. The enzyme proteins 

(and sometimes their co-factors, if required) can be immobilized onto solid supports 

by a variety of adsorption or chemical linkage techniques. The immobilized enzyme 

retains its ability to catalyze reactions on the solid surface, allowing for easy 

separation, reuse and regeneration of the catalyst. Because enzymes are typically 

“designed” by nature to be very specific to certain substrates and/or enantiomers, they 

are often used in applications such as biosensors and separation of chiral molecules. 

For example, immobilized glucose oxidase and horseradish peroxidase enzymes can 

be used in tandem to produce a biosensor specific for glucose (Seong, et al., 2003). 

Enzymes that are adsorbed to or covalently immobilized close to a solid surface can 

lose activity and stability, primarily by partial unfolding and rigidification due to 



 
 
 

2 

 

multipoint surface attachments – the so-called “Gulliver effect” (Picard, et al., 2006). 

A polymer “tether” can increase the distance between the protein and surface, 

reducing the surface effects, and potentially improving solvent/substrate accessibility 

and molecular mobility. Various functional polymers can be covalently attached to the 

surface to provide tethers for enzymes and other biomolecules, or their ligands. Of 

course, the choice of tether material should reflect the reaction conditions (e.g. 

solubility and mobility of the polymer in the bulk, chemical reactivity, ease of further 

conjugation, etc). 

Industrial syntheses of fine chemicals, particularly chiral molecules such as 

pharmaceuticals, often use enzyme-catalyzed processes that selectively create the 

desired product, or remove undesired side-products (Ghanem, 2005). These syntheses 

are typically carried out in batch reactions, but there is a growing body of literature 

and practice with continuous enzymatic reactors (Urban, et al., 2006). Of particular 

interest is the fact that many hydrolytic enzymes (e.g. lipases and proteases) remain 

active and are often stabilized in non-aqueous media. By removing free water from the 

system, the normal hydrolytic activity of many enzymes can be “reversed” to catalyze 

synthetic reactions instead. The substrate and enantiomeric specificity can often be 

modulated and even inverted by simply changing the solvent used in the system (Lee 

and Dordick, 2002). Because the enzyme proteins are usually insoluble in the organic 

solvent, they are typically immobilized on solid carriers or microreactor surfaces. Of 

course, like most catalysts, enzymes tend to lose activity over time, so an ideal 

immobilization strategy provides a mechanism to replace spent enzyme as needed. In 
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microreactor applications, regeneration should be done in situ to avoid the difficulty 

and expense of disassembling and reassembling the reactor. 

In the biomedical arena, the properties of the surface of an implanted device (e.g. a 

stent or catheter) primarily determine the biocompatibility of the device. An untreated 

device placed in contact with the blood becomes covered with proteins within minutes 

of implantation. These adsorbed blood proteins can denature on the surface, which can 

lead to initiation of the clotting cascade and fouling of the device. Another serious 

problem encountered with biomedical devices is bacterial contamination, leading to 

tens of thousands of nosocomial infections every year. Both of these issues can be 

substantially reduced by proper design of the surface chemistry of devices. In 

particular, dense layers of hydrophilic polymers such as poly(ethylene oxide) are well-

known to repel large blood proteins and bacterial cells (Halperin, et al., 1999; Tai, et 

al., 2008). However, for optimal effectiveness and longevity, the coating must be 

optimized to maximize coverage and eliminate “holes” in the brush which can harbor 

proteins or bacteria (Katira, et al., 2008). Ideally, the brush layer would be stably 

linked to the surface by covalent bonds to prevent loss of its anti-fouling abilities. 

Methods for producing and analyzing these immobilized polymer brushes remains an 

ongoing subject of research, particularly on real device surfaces. 

The studies detailed in this work were designed to investigate various aspects of the 

design and evaluation of hydrophobic polypeptide tethers for organic synthesis, novel 

nano-scale enzyme supports for microreactor systems, and the quality and surface 

coverage of anti-fouling polymer brush layers. In addition, short reviews of the 
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synthesis and applications of homopolyamino acids, and approaches to 

functionalization of metal oxide (e.g. silica) surfaces are presented. Taken together, 

these works encompass a broad but interconnected series of investigations into 

fundamental and applied surface chemistry, polymer science, and heterogeneous 

enzyme catalysis. 
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ACTIVATION OF IMMOBILIZED LIPASE IN NON-AQUEOUS SYSTEMS BY  
HYDROPHOBIC POLY-DL-TRYPTOPHAN TETHERS1 

 

 

 

Lipase enzymes have tertiary structures and binding-site 

conformations similar to the serine proteases, although 

there seems to be no evolutionary link between the two 

enzyme families (Derewenda, et al., 1991). 

 

 

The enantioselectivity and substrate specificity of an 

enzyme can often be modulated or even reversed simply 

by changing the reaction solvent. “Solvent engineering” 

can be used to selectively produce desirable products in 

enzymatic syntheses (Lee and Dordick, 2002). 

 

                                                 
1 An earlier revision of this chapter was published as Schilke, K. and Kelly, C. Activation of 

immobilized lipase in non-aqueous systems by hydrophobic poly-DL-tryptophan tethers. 
Biotechnology and Bioengineering 101(1), 2008, 9-18. Copyright 2008, John Wiley and Sons, Inc. 
Reprinted with permission of John Wiley & Sons, Inc. 
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Abstract 

Many industrially important reactions use immobilized enzymes in non-aqueous, 

organic systems, particularly for the production of chiral compounds such as 

pharmaceutical precursors. The addition of a spacer molecule (tether) between a 

supporting surface and enzyme often substantially improves the activity and stability 

of enzymes in aqueous solution. Most “long” linkers (e.g. polyethylene oxide (PEO) 

derivatives) are relatively hydrophilic and designed to improve the solubility of the 

linker-enzyme conjugate in polar environments, but this provides little benefit in non-

polar environments such as organic solvents. We present a novel method for the 

covalent immobilization of enzymes on solid surfaces using a long, hydrophobic poly-

tryptophan tether. Candida antarctica lipase B (CALB) was covalently immobilized 

on non-porous, functionalized 1-µm silica microspheres, with and without an 

intervening hydrophobic poly-DL-tryptophan tether (n ≈ 78). The poly-tryptophan-

tethered enzyme exhibited 35 times greater esterification of n-propanol with lauric 

acid in the organic phase, and five times the hydrolytic activity against p-nitrophenol 

palmitate, compared to the activity of the same enzyme immobilized without tethers. 

In addition, the hydrophobic tethers caused the silica microspheres to disperse more 

readily in the organic phase, while the surface-immobilized control treatment was less 

lipophilic and quickly settled out of the organic phase when the suspensions were not 

vigorously mixed. 



 
 
 

7 

 

Introduction 

Interest in the use of enzymes as catalysts for organic synthesis reactions has increased 

over the past few decades. Many enzymes remain active and functional in non-

aqueous or organic phases (Zaks and Klibanov, 1985; Halling and Kvittingen, 1999), 

and typically exhibit higher stereospecificity and stability than in an aqueous 

environment. A number of explanations for this behavior in organic solvents have 

been suggested, including increased stability of enzyme structure, mitigation of pH 

and ionic interactions, and improved solubility of lipophilic substrates and products 

(Klibanov, 2001). Although the specific activity of enzymes in organic systems is 

typically much lower than in aqueous systems, advances in the efficient preparation of 

enzymes for use in organic solvents have produced enzyme activities within an order 

of magnitude of aqueous systems (Ru et al., 2001, Lee and Dordick, 2002). 

In organic media, many normally hydrolytic enzymes can be “reversed” to catalyze 

synthesis reactions, often with very high stereospecificity. By reducing the amount of 

water in the system, hydrolytic side reactions that can interfere with syntheses are 

restricted. In addition, reactants and products of synthetic reactions are often much 

more soluble in organic solvents than in water. For these reasons, a wide variety of 

pharmaceutical precursors and other commercially important compounds are produced 

by enzyme-catalyzed processes in organic and semi-aqueous systems (Bommarius and 

Riebel, 2004; Hudson et al., 2005; Mahmoudian, 2007; Dreyer et al., 2007). 

Direct linkage of enzymes to surfaces is often reported to cause significant loss of 

activity when compared to the free enzyme, although hyperactivation (e.g. Palomo et 
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al., 2002) following immobilization is not uncommon. Many physical and chemical 

effects contribute to the activity changes, including changes in molecular structure 

during coupling, steric hindrance of access to the catalytic sites, and physical 

denaturation caused by adsorption or proximity to the solid-liquid interface (Norde, 

1986). Steric and interfacial effects in aqueous systems are often reduced by 

incorporating a “spacer arm” linker between the support and enzyme (Cao, 2005), 

which should be “long enough to promote effective separation of the enzyme from the 

support”, and sparsely distributed on the support to avoid the creation of a “spacer 

wall” and a new steric hindrance problem (Guisán, et al., 1997). 

Early work by Stark and Holmberg (1989) studied the activity of Rhizopus lipase 

immobilized on tresylated silica with or without a hydrophilic 34-unit poly(ethylene 

oxide) spacer. Although the hydrolytic activity in aqueous solution was doubled by the 

presence of the PEO34 spacer arm, there was no significant effect on transesterification 

activity in non-aqueous solutions. The authors concluded that the hydrophilic spacer 

arm was incompatible with the organic reaction medium, and preferentially adsorbed 

to the support rather than extending away from the surface. 

Despite the obvious conclusion that a lipophilic spacer might improve activity in non-

polar organic media, few previous studies have explored the use of long (i.e. tens to 

hundreds of repeat units) hydrophobic polymers to tether enzymes to surfaces for use 

in non-aqueous systems. The aim of this study was to demonstrate that long, 

hydrophobic linkers can increase the activity of enzymes in organic media, offering 

another tool to supplement the existing repertoire of immobilization methods, and 
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potentially increasing the efficiency of non-aqueous enzymatic synthesis of 

commercially important compounds. 

Choice of Enzyme and Hydrophobic Linker 

Lipases are lipophilic, hydrolytic enzymes that have evolved to catalyze interfacial 

reactions on lipid/aqueous boundaries. Numerous industrial and pharmaceutical 

applications of lipase-catalyzed processes in organic media have been described 

(Bommarius and Riebel, 2004; Mahmoudian, 2007). A representative enzyme, 

Candida antarctica lipase B (CALB), was chosen for use in this study because an 

immobilized form of this enzyme is widely used to prepare a variety of compounds in 

organic media. In addition, CALB does not possess a hydrophobic “lid” covering the 

catalytic site, and, unlike most lipases, does not exhibit “interfacial activation” caused 

by large structural changes that expose the catalytic site in the presence of a 

hydrophobic interface. For example, CALB was found to have the same synthetic 

activity when adsorbed on a fully hydrophobic polystyrene carrier as on n-alkyl-

modified hydrophilic polymethacrylate matrices (Petkar, et al., 2006). 

Heterobifunctional molecules are most desirable for a linker, as they allow a 

controlled, stepwise conjugation reaction that prevents polymerization and self-

conjugation of the target molecules. Homopolymers of amino acids (HPAAs) are 

available in a variety of molecular weights and side-chain compositions. The synthesis 

and properties of HPAAs are reviewed in Appendix A. These synthetic polypeptides 

have terminal –NH2 and –COOH groups, so the conjugation methods are very similar 

to those of enzymes. Random copolymers of D- and L-tryptophan were selected for 
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this study because the indole side-chain is relatively unreactive, and tryptophan is 

among the most hydrophobic of the amino acids (Karplus, 1997). While other HPAAs 

such as poly-L-phenylalanine and poly-L-isoleucine are extremely hydrophobic, they 

are practically insoluble in organic solvents. In contrast, poly-DL-tryptophan, (Trp)n, is 

soluble at >30 mg/mL in N,N-dimethylformamide (DMF) and dimethylsulfoxide 

(DMSO). 

If side-chain interactions are minimal, most hydrophobic polypeptides will 

spontaneously adopt a mostly α-helical or β-sheet conformation in non-aqueous 

environments. This is primarily due to the “self-solvation” of the peptide backbone 

caused by H-bonding between the peptide C=O and N–H groups (Chipot and 

Pohorille, 1998; Efremov, et al., 1999; Nguyen et al., 2004). The structure of 

polytryptophan (Figure 1) was described by 

Henderson, et al. (1999). Although the Trp side-

chains are relatively large, the polypeptide has an 

unusually compact cross-section because of ring-

stacking. While alternating copolymers of D-/L-

amino acids with bulky side-chains do adopt 

regular helical structures (Hesselink and Scheraga, 

1972), the random copolymer of D- and L-

tryptophan used in this study is therefore not 

                                                 
2 Figure reprinted with permission from Henderson, et al., Journal of Physical Chemistry B 103(41), 

8780-8785. Copyright 1999, American Chemical Society. 

 

 
 
Figure 1: Ring-stacking of the 
indole side-chains of poly-DL-
tryptophan2. The stacked 
polymer structure is more 
compact than if the bulky side-
chains were completely 
independent. 
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expected to adopt any regular structure due to the steric exclusion of the bulky side 

groups extending randomly from both sides of the peptide backbone (Krause, et al., 

2000). Therefore, a loose random coil conformation was assumed for poly-DL-

tryptophan; its relatively high solubility in organic solvents also implies a lack of 

ordered structure. 

Materials And Methods 

Non-porous silica microspheres (1 µm nominal diameter) were obtained from Fiber 

Optic Center (New Bedford, MA). Recombinant lipase B from Candida antarctica 

(CALB) was a gift from Novozymes North America (Franklinton, NC). The liquid 

enzyme preparation (Novozymes NS81020 CALB-L, 4 mL) was dialyzed (10 kDa 

MWCO) against distilled water (3 changes, 2 liters each) at 4°C. The resulting enzyme 

solution was then lyophilized and stored at -20°C until reconstituted with buffer. 

Novozym™ 435 immobilized lipase and poly-DL-tryptophan (14.5 kDa by LALLS, n ≈ 

78) were obtained from Sigma-Aldrich (St. Louis, MO), and used without further 

refinement. The 3-aminopropyltriethoxysilane (APTES) was kept under argon in a 

desiccator, and was used as received. All solvents and reagents used for the 

immobilization procedures were kept over molecular sieves (4 Å) or desiccants to 

remove excess water. Unless otherwise noted, all reagents and solvents were obtained 

from Pierce (Rockford, IL), VWR (Westchester, PA), or Sigma-Aldrich, and were of 

the highest practical purity. 
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Preparation of carboxylated silica microspheres (SiO2-COOH) 

Non-porous 1-µm silica microspheres (SiO2) were functionalized with APTES in dry 

toluene with triethylamine (Et3N) as catalyst, by the “Am-2” method described by 

Kovalchuk, et al. (2006). Silanization reactions of silica and other metal oxides are 

described in detail in Appendix B. The SiO2–NH2 was suspended in three volumes of 

a 0.1M solution of succinic anhydride and 3% (v/v) Et3N in dry N,N-dimethyl-

formamide (DMF). The slurry was stirred vigorously for 2 hours at 37°C to allow the 

surface amino groups to react with the succinic anhydride, forming 3-aminopropyl(3-

oxobutanoic acid) groups with terminal carboxylate (–COOH) groups (Scheme 1). The 

silica was then washed extensively with DMF and twice with 0.1N HCl to ensure 

complete protonation of the carboxyl groups. 
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Scheme 1: Functionalization of silica microspheres with 3-aminopropyltriethoxysilane 
(APTES) under anhydrous conditions. Subsequent reaction with succinic anhydride 
produces free terminal carboxylate (–COOH) groups that form the substrate for further 
immobilization reactions. 

 
The silica was then rinsed with distilled water and dried under vacuum at 50-60°C, 

and stored in a desiccator until used. Conversion of surface amine groups to carboxyl 

groups was verified by thermo-gravimetric analysis (TGA, see below). The resulting 

carboxylated silica, SiO2-COOH, was the starting point for all further immobilization 

reactions (Scheme 2). 
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Scheme 2: Synthesis of surface-immobilized lipase [SiO2-CALB, 1], poly-DL-
tryptophan-tethered lipase [SiO2-(Trp)n-CALB, 2], and poly-DL-tryptophan control 
[SiO2-(Trp)n, 3]. All steps were carried out in dry DMSO, except where noted (PBS = 
0.1M phosphate-buffered saline). 

 

Non-aqueous activation of SiO2-COOH with EDC/NHS 

Carboxylated silica was washed twice with 0.1 N HCl to ensure protonation of the 

surface carboxyl groups, twice with water, and once with ethanol to remove bulk 
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water. The silica was then dried under vacuum at 100-110°C for 1 hour. Aliquots (1 

mL) of a solution of N-hydroxysuccinimide (NHS, 0.15 M) and 1-ethyl-3-(3-dimethyl-

aminopropyl)carbodiimide (EDC, 0.3 M) in dry DMSO were added to samples of the 

dry, protonated SiO2–COOH. The slurry was mechanically rotated overnight at 37°C, 

and then washed 3× with DMSO to remove excess reactants. The resulting activated 

SiO2-NHS carrier was immediately conjugated with the terminal amine groups of the 

polytryptophan tether in DMSO or with lipase in PBS buffer, as described below. 

Immobilization of poly-DL-tryptophan tethers on SiO2-NHS 

In order to achieve sub-monolayer coverage of hydrophobic tethers, polytryptophan 

was added in limiting amounts. The target coverage was approximately five tether 

molecules for each enzyme molecule in a theoretical monolayer (2.8×10-7 moles of 

enzyme per gram of 1 µm microspheres). A 30 mg/mL solution of poly-DL-tryptophan 

was made in dry DMSO. Triethylamine (100 mM) was added to the linker solution to 

ensure that the polypeptide terminal –NH2 groups were deprotonated, and to act as a 

catalyst. The activated SiO2-NHS samples were resuspended in 500 µL of dry DMSO, 

and 350 µL of the (Trp)n solution was added. The resulting slurry was mechanically 

rotated overnight at 37°C. 

Samples of the SiO2-(Trp)n conjugate were taken for quantification of immobilized 

mass by TGA. These were washed at least five times with DMSO to remove excess 

(Trp)n, then incubated for 4 hours at 37°C with a solution of ammonium hydroxide 

(NH4OH) in water at pH 10.5, to hydrolyze the remaining NHS-esters from the surface 
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carboxyl groups. The samples were then washed extensively with water and ethanol 

prior to thermogravimetric analysis. 

Quenching of SiO2-(Trp)n surface NHS-esters with ethanolamine 

The limited conjugation of the (Trp)n tethers with the SiO2-NHS leaves a very large 

number of unreacted NHS-esters on the silica surface. To quench these excess active 

groups, 0.3 mmole of ethanolamine (H2N-(CH2)2-OH) in 50 µL of dry DMSO was 

added to the SiO2-(Trp)n conjugates, and allowed to react at 37°C overnight. The 

quenched SiO2-(Trp)n was then washed 3× with DMSO, 3× with water, and 3× with 

ethanol, then dried at 90°C under vacuum for 12 hours. The resulting SiO2-(Trp)n 

carrier was stored under argon in a desiccator until used. 

Immobilization of lipase on NHS-activated SiO2-COOH and SiO2-(Trp)n carriers 

A 20 mg/mL solution of CALB was prepared with cold (4°C) 0.1 M phosphate 

buffered saline (PBS, 150 mM NaCl) at pH 6.5. The carboxyl groups on the C-

terminus of SiO2-(Trp)n carriers were activated with EDC (0.15 M) and NHS (0.3 M) 

in dry DMSO (1 mL), as described above. An identical activation procedure was also 

performed on SiO2-COOH carriers to provide a “surface-immobilized” lipase control 

treatment. Following the EDC/NHS activation reaction, the SiO2-NHS and SiO2-

(Trp)n-NHS carriers were washed with dry DMSO (5×) to remove excess reagents. 

Each of the NHS-activated silica carriers was then quickly resuspended in 200 µL of 

DMSO, and 500 µL of cold 0.1M PBS (pH 6.5, 4°C) was added. 500 µL of cold 

CALB enzyme solution (10 mg CALB) was immediately added to each tube. The 

tubes were briefly vortexed, and then incubated for 24 hours at 4°C with rotation. 
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These conditions decrease the rate of hydrolysis of the NHS esters (Hermanson, 

1996), and favor the covalent attachment of the N-terminal amino group of the protein 

instead of the ε-amino group of lysine residues (Sélo, et al., 1996). Following this, 20 

µL of ethanolamine was added to each sample to quench any remaining NHS esters 

and the SiO2-CALB (1) and SiO2-(Trp)n-CALB (2) conjugates were further incubated 

at 37°C for four hours. The silica-enzyme conjugates were washed six times with 

0.1M PBS (pH 7.4) to remove excess ethanolamine and loosely bound enzyme, then 

stored in the same buffer at 4°C until used for hydrolytic or synthetic activity 

measurement. Additionally, a linker control treatment was produced by repeating the 

above procedure to produce SiO2-(Trp)n-NHS, but ethanolamine in dry DMSO was 

substituted for the aqueous enzyme to quench the terminal NHS esters on the linkers 

with a relatively unreactive hydroxyl group. The resulting SiO2-(Trp)n-EtOH 

conjugate (3) was tested for hydrolytic and synthetic activity alongside the enzyme-

silica conjugates. 

Thermogravimetric analysis (TGA) of silica conjugates 

The total mass of immobilized molecules on the silica surface was determined by 

thermogravimetric analysis (TA Instruments model 2950-HR, New Castle, DE). 

Samples were washed extensively with appropriate solvent (e.g. buffer or DMSO) to 

remove weakly-bound molecules, and then washed 3× with distilled water to remove 

salts. Excess water was then removed by washing 3× with dry ethanol, and the silica 

was stored as a slurry under ethanol until analyzed. Aliquots containing 10-15 mg of 

solids in ethanol were loaded directly into the ceramic pan of the TGA instrument. 
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Excess ethanol was removed by heating at 50°C for 10 min, and adsorbed water was 

removed at 110°C (60 min, to constant mass corresponding to 100% dry weight). The 

temperature was then increased by 5°C/min to 700°C, and then held for 90 minutes to 

reach constant mass. Compressed air (breathing grade) was used for the purge gas to 

provide total oxidation and combustion of the surface coating. 

Lipase hydrolytic activity assay 

The hydrolytic (aqueous) activity of free and immobilized lipase was determined by a 

modification of the method of Jain, et al. (2005). A substrate mixture of 1.0 mM p-

NPP (added as 0.050 M p-NPP in dry CH3CN) was prepared in PBS with 1% (v/v) 

Triton™ X-100. This substrate mixture was briefly heated to 60°C to dissolve the p-

NPP, and then cooled to 37°C before use. 

For the free enzyme, 500 µL of CALB solution (0.1 mg/mL in 0.1 M PBS, pH 7.0) 

was warmed to 37°C, and the reaction was started by addition of 500 µL of substrate 

solution. A blank was prepared with enzyme-free buffer, while a 100% standard was 

made by substituting p-nitrophenol for the p-NPP substrate. After incubation with 

rotation for 7.5 minutes at 37°C, the absorbance at 405 nm of the liberated yellow p-

nitrophenolate ion (Scheme 3) was measured. 

O

O

NO2 O
-

O2NOH

O

+CALB
pH 7.4

p-nitrophenol palmitate
(pNPP)
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Scheme 3: Lipase-catalyzed hydrolysis of p-nitrophenyl palmitate (pNPP) to the fatty 
acid and yellow-colored nitrophenolate ion. 
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For immobilized enzymes, samples of the silica-enzyme conjugate (30-50 mg) were 

suspended in 0.1 M PBS (pH 7.0) to a total liquid volume of 500 µL. The tubes were 

warmed to 37°C, and the reaction initiated by addition of 500 µL p-NPP  substrate. 

After sufficient time for color development (5-10 min), the tubes were centrifuged for 

30 seconds at 14,000×g, and the absorbance of the supernatants at 405 nm was 

measured. The immobilized enzymes were then washed with PBS to remove excess p-

NPP and surfactant, and stored in PBS at 4°C. The specific activity in both cases was 

computed as µmoles of p-NP– liberated per mg of enzyme protein per minute. 

Synthesis of propyl laurate standard 

A commercial standard for n-propyl laurate was not available at the time of this 

experiment. Unfortunately, Sigma-Aldrich discontinued their commercial propyl 

laurate product (L-3253) a few years before this experiment was undertaken. In order 

to validate the synthetic assay (see below), a propyl laurate standard was synthesized 

by the author. Briefly, one gram of lauric acid was dissolved in dichloromethane at 

room temperature, under a nitrogen blanket. To this was added a 1.1× stoichiometric 

excess of 1,1’-carbonyldiimidazole (CDI, Sigma-Aldrich) from a freshly-opened 

container. The reaction was monitored until the evolution of CO2 stopped, indicating 

complete activation of the carboxylic acid. To this mixture was added an excess of n-

propanol, and the mixture allowed to react overnight at room temperature under 

nitrogen. Excess propanol and dichloromethane were then evaporated, and the product 

taken up in ~10 mL of dichloromethane. This was extracted several times with 0.1N 

HCl and saturated NaCl brine, to remove residual CDI and imidazole. Evaporation of 
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the solvent left a light tan oil with a 1H-NMR spectrum consistent with the expected 

product (Figure 2). 
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Figure 2: 1H-NMR spectrum of the propyl laurate standard, prepared by condensation 
of n-propanol and lauric (dodecanoic) acid. 
 

Lipase synthesis activity assay 

The non-aqueous synthetic activity of the immobilized enzymes was evaluated by the 

esterification of n-propanol and lauric acid to propyl laurate (Scheme 4), by a 

modification of a standard analytical method (Anonymous, 2001). Samples (~200mg) 

of each silica-enzyme conjugate in cold 0.1 M PBS (pH 7.0) were centrifuged in 4-mL 

glass vials fitted with PTFE/silicone/PTFE septa, and the excess buffer was removed. 

Additional buffer was added to make the total liquid volume to 150 µL (i.e. 5% v/v 

water); this relatively high water concentration was necessary to produce a stirrable 
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slurry of the microspheres. A magnetic stir bar and 10 mmole of lauric acid flakes 

were added to each vial, and the contents shaken to disperse the silica on the solid 

acid. The reaction was started by adding 10 mmole of n-propanol to each vial, after 

which the vials were securely capped and immersed in a circulating water bath at 60°C 

for 1 hour, with vigorous magnetic stirring to keep the silica carriers suspended. 
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Lauric (dodecanoic) acid n-Propanol Propyl laurate
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Scheme 4: Lipase-catalyzed synthesis of propyl laurate ester from n-propanol and 
lauric (dodecanoic) acid in non-aqueous media. Water is produced stoichiometrically. 

 
Quantitative 1H NMR has been used to monitor the progress of various organic 

synthesis reactions (Griffiths and Irving, 1998; Weber, et al., 2002; Maiwald, et al., 

2004). At the end of the assay period, silicone-free hypodermic syringes (Foresti and 

Ferreira, 2005) were used to dilute 100-µL samples from the reaction vials with 0.9 

mL CDCl3 containing 0.5% tetramethylsilane (TMS) as a spectral reference. The 

diluted samples were injected into closed 1.5-mL microcentrifuge tubes, centrifuged at 

14,000×g for 60 seconds, and the supernatant transferred to NMR tubes. The 1H-NMR 

spectra of the samples were recorded on a 300 MHz Bruker AC-300 spectrometer. 

Manual peak picking and integration were performed using Bruker TopSpin™ 2.0 

software. The extent of conversion was calculated from the ratio of the integral of the 

propyl ester methylene peak (triplet at δ ≈ 4.03 ppm) to the integral of the alcohol 

methylene peak (triplet at δ ≈ 3.62 ppm). The specific enzyme synthesis activity was 
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defined in units of µmoles of propyl laurate formed per milligram of enzyme protein 

(not total carrier mass) per minute. 

Following completion of the reaction, the carriers were washed several times with n-

propanol to remove excess lauric acid and propyl laurate, then with PBS (pH 7.0) to 

remove the organic solvent and allow rehydration of the enzyme. The washed silica-

enzyme conjugates were kept in the same buffer at 4°C between assays, and washed 

with fresh PBS before each successive trial. To avoid confounding effects due to 

changes in tether hydrophobicity caused by surfactants, the surfactant-contacted 

enzyme preparations from the hydrolysis assays were never used for the synthesis 

reactions. 

Total protein (BCA) assay of storage buffers 

Unused silica-enzyme conjugates were stored for three months in initially protein-free 

PBS at 4°C. These samples were centrifuged at 14,000×g for two minutes, and the 

total protein concentration of the supernatant was analyzed using a microplate BCA 

assay kit (Pierce, Rockford, IL). As CALB exhibits a higher response in this assay 

than bovine serum albumin (BSA; data not shown), standards curves were made using 

dialyzed CALB diluted in PBS instead of BSA. 
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Results and discussion 

Effects of hydrophobic (Trp)n tethers on silica suspensions 

Conjugation of the hydrophobic (Trp)n linkers to the silica microspheres changes the 

behavior of suspensions of the particles (Figure 3), as the normally hydrophilic silica 

surface is coated with strongly hydrophobic molecules. Although the number of (Trp)n 

molecules was limited in this study to prevent the creation of a true close-packed 

monolayer, hydrophobic interactions in the form of flocculation and aggregation of the 

(Trp)n-coated silica particles were observed in aqueous buffers.  

Thin layers of the hydrophobic silica particles also 

tended to form at air-water and solid-water 

interfaces. The SiO2-(Trp)n carriers were more 

readily dispersed and formed more stable 

suspensions in organic solvents than the untreated 

silica. The SiO2-(Trp)n-CALB conjugates were also 

dispersed in aqueous buffer more easily after 

exposure to the X-100™ surfactant used in the 

hydrolytic assay, suggesting that the hydrophobic 

tethers quickly became coated with surfactant 

molecules and were then accessible to the aqueous 

buffer and polar solvents. 

 

Figure 3: The preferential 
partitioning of SiO2-(Trp)n 
carriers (left) into the upper 
organic phase upon vigorous 
mixing, while unmodified 
silica (right) sinks rapidly in 
the lower aqueous phase. 
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Immobilization of (Trp)n tethers and lipase on functionalized silica 

 Non-porous silica microspheres (Figure 4) were 

chosen to maximize sample surface area, while 

avoiding pore diffusion and size exclusion effects. 

The EDC/NHS conjugation chemistry was found 

to be successful in a non-aqueous system; the use 

of anhydrous organic  solvents allows the 

conjugation of otherwise insoluble hydrophobic 

molecules such as (Trp)n, and eliminates the 

hydrolytic side-reactions that reduce the 

immobilization yield in aqueous systems. 

Thermogravimetric analysis has been used to quantify various immobilized groups on 

silica (Cestari and Airoldi, 1995; Maitra, et al., 2003). The TGA of SiO2-CALB and 

SiO2-(Trp)n-CALB samples reproducibly quantified the increase in immobilized mass 

as successive groups were linked to the silica carriers (Figure 5). The total 

immobilized protein on the silica carriers (Table 1) was computed using the molecular 

weight of the (Trp)n provided by Sigma-Aldrich, and the purified CALB enzyme as 

determined by MALDI (ABI 4700 Proteomics Analyzer). Although the literature 

value for the molecular weight of Candida antarctica lipase B is ~33 kDa, our 

analysis of the Novozym™ lipase found a single MW peak at ~18 kDa. The reason for 

the discrepancy is not clear, although the manufacturer notes that it is a recombinant 

protein, and hence the protein may be an active fragment of the original gene product. 

  

Figure 4: Electron micrograph 
of non-porous, mono-disperse 
1 µm silica microspheres. 
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Table 1: Immobilized mass, synthetic and hydrolytic activities of free, surface-
immobilized and (Trp)n-tethered Candida antarctica lipase B. Enzyme activities are 
normalized to the mass of enzyme protein. Reaction conditions: a: 0.5 mM p-
nitrophenol palmitate in PBS with 0.5% (v/v) Triton™ X-100, pH 7.0, 37°C (n=2); b: 
10 mmole each of n-propanol and lauric acid with 5% (v/v) PBS (pH 7.0), 60°C, 1 hr. 

Treatment 
Immobilized lipase 

(mg/g silica) 
Hydrolytic activity a 

(µmole/min•mg) 
Synthetic activityb 
(µmole/min•mg) 

Free CALB ― 335 ± 4 ― 
SiO2-(Trp)n ― ― ― 
SiO2-CALB 12.7 21 ± 0.4 1 

SiO2-(Trp)n-CALB 14.3 102 ± 10.9 35 

 

The amount of lipase on SiO2-CALB was determined from the difference between 

Figure 5e (dry wt% lost by SiO2-CALB at 700°C) and Figure 5b (the expected wt% 

lost by the SiO2-COOH carriers alone). Protein and other organic molecules burn 

completely off of the inorganic carriers under these conditions (700°C in air). The 

total immobilized protein per gram of carriers was calculated from the known dry 

weight of each sample. A similar calculation was used to determine the mass of (Trp)n 

tethers (difference between Figure 5d and b), and the mass of lipase immobilized on 

the tethers (Figure 5f and b) on SiO2-(Trp)n-CALB. An unexpected but repeatable 

decrease in the immobilized mass was observed after the ethanolamine quenching of 

remaining surface NHS-esters on the (Trp)n–modified silica (Figure 5d and c). We 

attribute this mass loss to desorption of weakly bound (Trp)n during the non-aqueous 

quenching and subsequent washing steps, and used the increase in mass of the 

ethanolamine-quenched treatment (SiO2-EtOH/(Trp)n), Figure 5d) to determine the 

amount of (Trp)n immobilized on the silica surface. 
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Figure 5: Thermogravimetric analysis of immobilized mass on non-porous 1 µm silica 
micro-spheres. Curves shown are representative of  a) SiO2–NH2, b) SiO2-COOH, c) 
SiO2-(Trp)n/COOH, d) SiO2-(Trp)n/EtOH (3), e) SiO2-CALB (1), and f) SiO2-(Trp)n-
CALB (2). 

The number of enzyme molecules that can be covalently immobilized at or near the 

silica surface is theoretically limited to less than a close-packed monolayer. Unlike 

self-assembly processes that can create highly ordered dense films by surface 

diffusion, covalently linked proteins are unable to redistribute themselves once 

attached to the surface. Attachment of a protein to the surface sterically hinders access 

to neighboring attachment points, making efficient packing unlikely. However, when 

long, mobile end-activated linkers are present, the volume exclusion effect is lessened, 

and multiple points of attachment could be formed. This “multipoint attachment” is 
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believed to increase the stability of enzymes in aqueous systems (Guisán, et al., 1997); 

it is reasonable to assume that a similar effect would also occur in non-polar solvents.  

In order to prevent the formation of a “spacer wall” on the silica surface, the amount 

of (Trp)n presented for immobilization was limited. Proteins typically do not penetrate 

dense brushes of polymers such as PEO, due to the unfavorable thermodynamic effect 

of compressing the brush (Jeon, et al., 1991). However, the calculated surface density 

of the tethers (ca. 20 nm2/tether) is similar to the expected footprint of the lipase 

molecule (ca. 18 nm2/lipase). 

To further investigate the role of adsorbed lipase on the hydrophobic (Trp)n tethers, an 

additional SiO2-(Trp)n treatment was also prepared, as previously described. The 

terminal –COOH groups on a portion of this (Trp)n-modified silica were activated as 

before with EDC/NHS in DMSO, while an identical sample was treated with only 

DMSO (no carbodiimide activation). After incubation with the lipase solution, a 

portion of the silica that had been activated with EDC/NHS was further subjected to 

two washes with 1% sodium dodecyl sulfate (SDS) in PBS. All three samples were 

washed several times with PBS to remove weakly-bound protein or surfactant. The 

hydrolytic activity of the three samples against p-NPP in the presence of 0.5% X-100™ 

was then measured over several cycles. The catalysts were washed five times with 

PBS after each run to remove all reaction byproducts and any desorbed protein. 

Initially, the lipase on the non-activated tethers had similar activity to the covalently-

linked samples, but rapidly dropped to nearly negligible levels (Figure 6). This 

indicated that the lipase initially strongly adsorbed to the (Trp)n-coated silica, but was 
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easily displaced by a weak surfactant. In contrast, both covalently-linked treatments 

maintained a constant level of activity over nine cycles under the same conditions, 

with or without SDS treatment. This suggests that the majority of the active lipase in 

these samples was covalently linked, and not merely adsorbed. As expected, exposure 

to SDS had a negative effect on the activity of the lipase, probably due to partial 

denaturation or desorption of the enzyme by the surfactant (Creighton, 1993). 
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Figure 6: Aqueous p-NPP hydrolysis activity of adsorbed (striped bars) and 
covalently-bound lipase on (Trp)n-modified silica, during repeated reactions in the 
presence of 0.5% (v/v) Triton™ X-100. Before the first run, the covalent treatments 
were washed with 1% SDS in PBS (gray bars), or with PBS only (black bars). All 
samples were washed only with PBS between runs. 
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We proposed that the lipophilic enzymes would be adsorbed onto the (Trp)n tethers 

during the aqueous immobilization step (Figure 7). Once at the surface of the sparse 

brush, multiple hydrophobic associations between the end-activated tethers and the 

enzyme surface stabilize the complex until covalent linkages could be formed. The 

proteins that were adsorbed into the brush could also be held near the surface. Chiou 

and Wu (2004) reported a novel carbodiimide-mediated immobilization of lipase on 

the hydroxyl (–OH) groups of chitosan. Because of the high concentration of surface 

hydroxyl groups produced by the ethanolamine quench, a similar mechanism may 

have resulted in the covalent attachment of enzymes at the surface. Without covalent 

attachments (i.e. no carbodiimide), adsorbed proteins are washed from the brush by 

the surfactant, leading to the rapid loss of activity displayed by the adsorbed-only case. 

silica surface

Entrapped
enzymes

(Trp)n
tethers

Covalently
linked enzymes

silica surface silica surface

Entrapped
enzymes

silica surfacesilica surface

Entrapped
enzymes

(Trp)n
tethers

Covalently
linked enzymes

silica surface

(Trp)n
tethers

Covalently
linked enzymes

silica surfacesilica surface
 

Figure 7: Expected 1:1 covalently tethered immobilization (left), and speculated 
explanation of the high observed enzyme:tether ratio. Surface immobilization and 
entrapment of enzyme within the sparse brush of hydrophobic (Trp)n tethers (right) 
increase the total enzyme loading. 
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Total protein assays of the silica-enzyme storage buffers indicated that almost no 

protein was desorbed from the SiO2-CALB or SiO2-(Trp)n treatments. In contrast, 

small amounts of protein were found in the SiO2-(Trp)n-CALB storage buffer; when 

tested with p-NPP, only this buffer exhibited a slight hydrolytic activity (data not 

shown). These findings support the proposed adsorption of some lipase onto the (Trp)n 

brush, and subsequent desorption when not covalently attached to the brush or surface. 

Effects of hydrophobic (Trp)n tethers on activity of immobilized lipase 

Hydrolytic assays revealed that the surface-immobilized enzyme (no tether) retained 

only 6% of the activity of the free enzyme. In contrast, the presence of hydrophobic 

(Trp)n tethers increased both the hydrolytic and synthetic specific activity of CALB, 

when compared to the surface-immobilized enzyme (Table 1). In aqueous solution, the 

specific p-NPP hydrolysis rate of the (Trp)n-tethered CALB enzyme was five times 

greater than the surface-immobilized lipase. The observed aqueous hydrolytic activity 

of both the tethered and surface-immobilized lipase indicates that the immobilized 

enzyme maintains activity even when directly attached to the surface. 

Figure 8 shows the 1H-NMR spectra for the first of a series of propyl laurate ester-

ification reactions, in which the catalyst was washed and reused several times. As the 

esterification proceeds, the alcoholic methylene peak (CH3CH2CH2OH, δ ≈ 3.61 ppm) 

moves downfield to δ ≈ 4.03 ppm. This shift is due to increased deshielding by the 

electron-deficient carbonyl group of the ester. The specific activity of the immobilized 

enzyme was calculated from the ratio of the integrated areas of these well-resolved 

triplet peaks. The (Trp)n-tethered lipase exhibited much greater esterification activity 
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in each of the organic synthesis assays, with an initial activity 35 times higher than the 

control SiO2-CALB (Table 1). This increase in activity of the (Trp)n-tethered lipase 

cannot be attributed to the polypeptide itself, as no substantial hydrolytic or synthetic 

activity was observed for silica modified only with (Trp)n. 

CH3CH2CH2O      (CH2)16CH3

O

CH3CH2CH2OH

SiO2–(Trp)n–CALB

SiO2–CALB

SiO2–(Trp)n

Blank

63% 37%

 

Figure 8: 1H-NMR spectra of the first run in a series of propyl laurate synthesis assays. 
Ester synthesis activity is computed from the ratio of the integrated areas of the propyl 
laurate (δ ≈ 4.03 ppm) and n-propanol (δ ≈ 3.61 ppm) methylene peaks. 

 
For comparison, the activity of Novozym™ 435 (a commercial product of CALB 

adsorbed on a high surface-area macroporous PMMA carrier) was found to be 5,000 

units/g of catalyst under the same reaction conditions, while the SiO2-(Trp)n-CALB 

preparation exhibited an activity of 440 units/g of silica. While Mei, et al. (2003) have 

shown that the enzyme loading of Novozym 435™ is limited to the outer 80-100 µm of 

the particle surface, the macroporous carrier still affords a much larger immobilization 
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surface area than the non-porous microspheres. The actual mass loading of 

commercial Novozym 435™ is not specified by the manufacturer, although Chen, et al. 

(2007) observed loadings of ca. 8 wt% for CALB adsorption on similar PMMA resins. 

In comparison, the non-porous SiO2-(Trp)n-CALB treatment has approximately 1.4 

wt% of CALB. Thus, the enzyme immobilized only on the surface of non-porous, 

(Trp)n-microspheres provided approximately half the activity as the commercial 

preparation on a macroporous resin. 

Because the surface beneath the tethers is terminated with hydroxyl groups and carries 

end-grafted hydrophobic (Trp)n polymers, it is reasonable to postulate the existence of 

a thin layer of water at the silica surface. This layer of water would be maintained 

throughout the post-immobilization washing and in the synthetic assays, and could 

partially stabilize adsorbed and covalently-bound proteins by forming an organic-

aqueous interface at the base of the brush layer. A water film surrounding the surface-

immobilized enzymes could also produce an artificially low substrate concentration in 

the microenvironment of the immobilized lipase, because of partitioning effects of the 

hydrophobic lauric acid and propyl laurate molecules (Mora-Pale, et al., 2007). This 

effect might be mitigated by the presence of the (Trp)n tethers. We speculate that this 

is due to the interruption of the water film at the surface by the hydrophobic (Trp)n 

polymers. The hydrophobic tethers themselves may produce a local high concentration 

of lipophilic substrates held in close proximity to the tethered lipase molecules. 

Since similar amounts of enzyme were present on both silica-enzyme conjugates, and 

both the surface-immobilized and tethered lipase exhibited hydrolytic activity, the 
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observed increase in propyl laurate synthetic activity is presumably due to increased 

solvation in the organic phase, rather than an inactivation of the surface-immobilized 

lipase. The hydrophobic indole side-chains of the polytryptophan linker are expected 

to be solvated in a non-polar organic medium, and thus the lipase would be extended 

toward the bulk phase, avoiding the surface effects discussed earlier. In the aqueous 

phase assay, however, the (Trp)n linkers appear to be quickly coated with Triton X-

100™ surfactant, allowing the linker and enzyme to remain somewhat solvated and 

extended in aqueous solution, despite their hydrophobicity. In addition, the bulky and 

randomly-oriented side-chains of the DL-tryptophan residues are expected to prevent 

the collapse of the random coil into a compact structure on the surface, even in 

unfavorable solvents. 

Clumping of enzymes in organic phase reactions is known to limit the rate and extent 

of reaction by hindering mass transport to the immobilized enzymes (Pencreaćh and 

Baratti, 1996;  Foresti, et al., 2005). Although the presence of polytryptophan tethers 

on silica allow it to be dispersed rapidly in the organic medium of the synthesis assay, 

the SiO2-CALB conjugate was also sufficiently lipophilic to be mostly dispersed by 

vigorous magnetic stirring after a short time. While the increased wetting afforded by 

the (Trp)n tethers certainly improves the dispersal of catalyst in organic systems, this 

macroscopic phenomenon alone does not seem sufficient to explain the marked 

increase in activity exhibited by SiO2-(Trp)n-CALB. However, there may be a 

microscopic effect on the solubility of individual enzyme molecules due to the 

hydrophobic tethers. Activation of horseradish peroxidase (HRP) and chymotrypsin in 
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organic media after coating with 2-ethylhexyl/mPEO co-polymers has been attributed 

to the increased solubility and decreased size of aggregates in non-aqueous solvents 

(Depp, et al., 2008). 

Stability of immobilized lipase on repeated reuse in organic media 

Repeated experiments using the same catalyst showed a decrease in activity with each 

re-use of the silica-enzyme preparations (Figure 9). This is not unprecedented for 

organic syntheses; for example, a loss of 50% activity within 9 cycles by commercial 

immobilized CALB (Novozym™ 435) was considered an “excellent stability” 

(Mahmoudian, 2007). While the synthetic activity of the (Trp)n-tethered lipase was 

initially very high, the enzymes immobilized by both treatments were essentially 

inactivated (i.e. achieved < 1% conversion) by the fifth experiment. To further 

investigate the reasons for this deactivation, the same experiment was repeated with 

fresh catalyst, and the first run was extended to seven hours at 60°C. After this 

incubation period, the conversion by the SiO2-(Trp)n-CALB had increased to 85%, 

while the SiO2-CALB achieved 3% conversion. However, when these 7-hour catalysts 

were reused, the conversion by SiO2-(Trp)n-CALB decreased to less than 3%, and the 

SiO2-CALB exhibited less than 1% conversion. Essentially no activity was observed 

in subsequent assays with either catalyst. Repeated reactions using Novozym™ 435 in 

the same conditions also showed a large loss of activity with each successive reuse of 

the catalyst (data not shown). 
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Figure 9: Propyl laurate synthesis by Candida antarctica lipase B immobilized at the 
silica surface (dark gray) and with poly-DL-tryptophan tethers (light gray) during 
repeated reactions with the same catalyst. The catalyst was washed with n-propanol 
and PBS between runs to remove residual propyl laurate, propanol and lauric acid. 

 
The catalyst deactivation was ascribed to thermal denaturation caused by the high 

temperature (60°C) and water content (5% v/v) of the synthetic assay. As the 

esterification reaction proceeds, substantial amounts of water are produced and further 

increase the water activity of the system. Even at moderate conversions, the mixture 

becomes a biphasic emulsion (i.e. the water concentration exceeds saturation) in which 

the lipase preparation was still well dispersed and active. At high conversions, the 

excess of water may shift the reaction equilibrium and decrease the forward reaction 
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rate, as water is a reactant in the reverse hydrolytic reaction. However, even with the 

confounding factor of increased water activity at high conversion, the extent of the 

reaction catalyzed by the (Trp)n-tethered CALB was consistently much greater than 

that of the surface immobilized lipase. 

Additionally, the water activity (aw) of the system is well-known to strongly influence 

the non-aqueous reaction rates of lipases and other enzymes. This effect is due to 

changes in the hydration state of the enzyme and support. Further, as bulk water is a 

product of the hydrolysis reaction, its presence may cause a shift in the reaction 

equilibrium (Wehjte, et al., 1997; Ma, et al., 2002; Mora-Pale, et al., 2007). However, 

the effects of small changes in water content, while critically important to enzyme 

activity at relatively low aw, are of less consequence in a water-saturated system (as in 

this study). 

Although a number of researchers have used immobilized CALB in anhydrous 

solvents at temperatures up to 70°C (Mahapatro, et al., 2003; Persson, et al., 1999), 

others have reported rapid inactivation of CALB at 50°C in the presence of bulk water 

(e.g. Palomo, et al., 2002). The synthesis assay used in this work is based on a method 

that is used to assess the specific activity of commercial immobilized lipase products 

(Anonymous, 2001), but it was found unsuitable for repeated experiments with long 

reaction times, as the enzyme was substantially inactivated during the assay. 

Although desorption of lipase entrapped in the brush layer might be responsible for the 

observed deactivation of the SiO2-(Trp)n-CALB catalyst with repeated reuse, the 

immobilized mass on the inactivated catalyst did not decrease from that of the unused 
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catalyst after five reactions (data not shown). Whether the method of immobilization is 

predominantly covalent or entrapment/adsorption, the enzyme loading appears to be 

relatively stable in organic media, and desorptive loss alone does not explain the 

inactivation of the catalyst in the organic phase. 

Conclusions 

The present study describes the novel use of the polypeptide poly-DL-tryptophan, 

(Trp)n, as a long-chain hydrophobic tether for Candida antarctica lipase B 

immobilized on non-porous silica microspheres. The specific activity of CALB-

catalyzed hydrolysis and organic synthesis reactions was substantially increased by the 

hydrophobic (Trp)n tethers, although the tethers alone do not measurably catalyze 

either reaction. In addition, the presence of (Trp)n on the carrier surface improved the 

wetting and dispersion of the silica carriers in organic solvents. The increased activity 

is ascribed to decreased clumping in organic solvent, as well as improved solvent 

accessibility and mobility of the tethered lipase molecules. Inactivation of the lipase 

was observed in the synthesis assay, but this was attributed to the high temperature 

and water content of the reaction. Even with this inactivation, the (Trp)n-tethered 

enzyme retained considerably higher synthetic activity than the surface-immobilized 

control over several cycles of reuse. 

Future work should investigate the effect of hydrophobic tethers on the activity and 

stability of other enzymes (particularly those with interfacial activation) and other 

organic reactions. The role of hydrophobic tether conformation (e.g. random coil vs. 

α-helix), composition and length on enzyme activation in organic solvents may also be 



 
 
 

37 

 

important. The absolute surface hydrophobicity (Norris, et al., 1999; Cui, et al., 2005), 

and adsorption isotherms of water and organic solvents on the (Trp)n-modified carriers 

should also be examined. Comparison of these results with those of commercial 

enzyme preparations may help to clarify the mechanism of the observed increase in 

enzyme activity on (Trp)n-silica. The current study indicates that the use of 

hydrophobic polypeptide tethers to immobilize enzymes for non-aqueous synthesis 

could provide appreciable improvements in the manufacture of pharmaceutical 

intermediates, functional food ingredients, biofuels, and fine chemicals. 
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A NOVEL ENZYMATIC MICROREACTOR CONTAINING ß-GALACTOSIDASE 
REVERSIBLY IMMOBILIZED ON SILICON OXIDE NANOSPRINGS 

 

 

 

Galactosidases are used in continuous processes to 

produce a variety of lactose-free milk products. Besides 

the obvious application of reduced-lactose products for 

lactose-intolerant individuals, the enzymatic hydrolysis 

of lactose greatly increases the sweetness of milk, and 

eliminates the “sandy” texture associated with re-

crystallization of lactose in ice cream and condensed 

milk. Waste whey can also be enzymatically processed to 

lower the biological oxygen demand before disposal or 

further processing. 

http://www1.lsbu.ac.uk/biology/enztech/lactase.html 
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Abstract 

The novel use of silicon oxide (SiOx) nanosprings as a support for immobilized 

enzymes in a microreactor is described. Controlled growth of nanosprings on glass or 

silicon surfaces offers high surface area, high porosity and lithographically patterned 

enzyme supports. A nanospring mat (2.2 cm2 × 60 µm thick) was functionalized with 

γ-aminopropyl-triethoxysilane and N-succinimidyl-3-(2-pyridyldithio)-propionate 

(SPDP), then reduced with dithiothreitol (DTT) to produce free thiol (–SH) groups. 

The ß-galactosidase from A. oryzae was also modified with SPDP, and then 

immobilized on the thiolated nanosprings by reversible disulfide linkages. The kinetics 

and steady-state conversion of hydrolysis of o-nitrophenyl ß-D-galactosylpyranoside 

(o-NPG) at various flow rates and concentrations were determined. Numerical 

simulations were used to elucidate the effects of parameters such as diffusivity and 

nanospring mat permeability. Although pseudo-first order kinetic models did not 

perfectly fit the experimental data due to product inhibition, they were sufficiently 

accurate to allow for a sensitivity study. Simulated reactor performance was only 

slightly sensitive to all parameters tested, except for Darcy permeability (κ) and mat 

thickness. Values of κ less than ~10-8 practically eliminated convective flow through 

the mat, and substantially decreased reactor performance. The in situ regeneration of 

the catalyst by reduction with DTT and subsequent incubation with SPDP-modified ß-

galactosidase was demonstrated. Nanosprings provide high accessible surface area 

with low resistance to fluid flow, can be patterned in existing microdevices, and are 

amenable to immobilization and regeneration of enzymes. SiOx nanosprings offer a 
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novel and useful support for biocatalysts and other molecules in enzymatic 

microreactors and biosensors. 

Introduction 

The use of immobilized enzymes as catalysts in microreactors has attracted 

considerable attention in the last decade. Enzymes are proteins that have evolved or 

been designed to perform specific chemical reactions of importance in living 

organisms. These biological catalysts typically exhibit high substrate specificity and 

enantiomeric selectivity, and can be recruited to catalyze reactions of analytical and 

commercial interest. The high cost of production and purification of enzymes has 

spurred the development of a variety of methods that allow the economical recovery 

and reuse of the enzymes. The most common method, immobilization of the enzyme 

protein onto insoluble carriers or directly onto reactor walls, facilitates the cost-

effective separation and recycling of enzymes. Immobilized enzymes can be used in 

batch reactions, and more interestingly, as catalysts in continuous-flow reactors. 

The use of immobilized enzymes as catalysts in microreactors is gaining popularity as 

it combines the high degree of specificity of enzymatic reactions with the control and 

productivity of microreactors (Urban, et al., 2006). Various methods of  enzyme 

immobilization have been explored, including entrapment of enzymes in poly-

dimethylsiloxane (PDMS) and on silicon (Jones, et al., 2004), measurement of enzyme 

kinetics (Seong, et al., 2003), and multi-step syntheses by silica-entrapped enzymes 

(Luckarift, et al., 2007). Examples from the fields of proteomics (Slentz, et al., 2003) 

and genomics (Burns, et al., 1998) also show the analytical capability of very small 
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enzyme-loaded “lab-on-chip” devices. A wide variety of enzymatic processes of 

industrial importance have been reviewed by Rasor and Voss (2001), and Pollard and 

Woodley (2007). 

Enzymes are easily denatured and deactivated under unfavorable reaction or storage 

conditions. Common causes of enzyme denaturation and inactivation are high 

temperatures (thermal inactivation), reversible or irreversible inhibition caused by 

products or substrates, exposure to interfaces or unfavorable solvent conditions (a 

concern mostly with non-aqueous systems), unusually high or low salt conditions, and 

various other considerations. Unlike traditional catalysts, however, the immobilization 

chemistry used in many enzymatic reactors offers an opportunity for the in situ 

regeneration of catalysts, by providing reversible (cleavable) chemical bonds between 

the enzyme and surface (Miyazaki, et al. 2004). 

Although enzymatic reactions are often slow in comparison to chemical catalysis, the 

combination of the high surface area-to-volume ratio, exquisite control of temperature, 

and high rate of mass transport provided by microreactors makes them attractive for 

carrying out enzyme-catalyzed reactions. Indeed, various authors have reported 

substantial increases in the rate of reaction of enzymes immobilized in microreactors 

when compared to the soluble enzyme, and these systems often outperform enzymes 

immobilized on microporous carriers (Miyazaki, et al., 2004; Sotowa, et al., 2008). 

As with any heterogeneous reaction, the overall reaction rate (and thus the capacity of 

the reactor) is largely determined by the surface area available for catalyst coating. 

Various methods to increase the catalytic surface area have been described, including 
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porous carriers and coatings on reactor walls (Roumanie, et al., 2008), but the catalyst 

surface area on porous carriers is often poorly utilized due to differences in the 

ultimate pore size and relatively large protein molecules (Mei, et al., 2003). Porous 

packings in microreactors typically suffer from the large pressure drops observed in 

packed beds, and often offer only modest surface areas accessible to enzyme proteins. 

Micro-patterned lithographic features in reactor channels (Murthy, et al., 2008) have 

been developed, and micro-packed bed reactors containing enzyme-loaded 

microparticles (Seong, et al., 2003; Luckarift, et al., 2007) are also common. However, 

many controlled-geometry methods rely on expensive and complicated lithographic 

processes to create these micro-structures (Jones, et al., 2004).  

An important problem in the repertoire of enzymatic microreactor technology is the 

development of structured packings that can be patterned within existing micro-

devices, and that can be easily coated with enzymes. An optimal material would have 

a very large specific surface area to maximize loading, without exhibiting the high 

resistance to fluid flow typical of microporous particles. Ideally, the carrier would be 

structurally stable, relatively inert, and non-porous to eliminate pore diffusion 

limitations and inefficient enzyme loading and utilization (Mei, et al., 2003). These 

requirements are neatly met by silica nanosprings, dense helical crystals of silicon 

dioxide (SiO2) that can be grown as a thick mat on a variety of surfaces by chemical 

vapor deposition (McIlroy, et al., 2001 and 2003; Zhang, et al., 2003). This study 

represents the first published application of nanosprings as a novel and highly efficient 

carrier for immobilized enzyme catalysts in microreactors. 
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Materials and Methods 

Polished 100mm diameter silicon wafers with 3000Ǻ thermal silicon dioxide (lot 

#A5991.01, <100> orientation, n-type As-doped) were purchased from University 

Wafer (Boston, MA). 3-Aminopropyltriethoxysilane (APTES) was purchased in a 

septum-capped bottle, and stored and transferred under dry high-purity nitrogen. N-

succinimidyl-3-(2-pyridyldithio)-propionate (SPDP) was purchased from EMD 

Biosciences (Gibbstown, NJ). Purified ß-galactosidase from Aspergillus oryzae and 

the chromogenic substrate o-nitrophenyl ß-D-galactosylpyranoside (o-NPG) were 

purchased from Sigma (St. Louis, MO). DL-Dithiothreitol (DTT) was purchased from 

VWR (Westchester, PA). Unless otherwise noted, all other solvents and reagents (e.g. 

buffer salts, etc.) were purchased from major commercial sources, and were of ACS 

reagent grade or higher purity. Several liters of each buffer were prepared, filtered (0.2 

µm, Millipore surfactant-free cellulose acetate), degassed under vacuum, and used 

throughout all of the experiments described below. 

Modification of β-galactosidase with SPDP 

Unlike the ß-galactosidase from Escherichia coli, the enzyme expressed by A. oryzae 

does not have native free thiol (–SH) groups (Grazú, et al., 2003; Giacomini, et al., 

2007). To introduce reactive sulfur groups, the A. oryzae enzyme was modified with 

the reagent SPDP, which reacts specifically with N-terminal amines and lysine ε–NH2 

groups. This reaction adds a thiol-reactive pyridyl-disulfide (PDS) group to the amine 

groups (Scheme 5). Modification was carried out by the method described in Pierce 

Technical Note 0279.3 (SPDP Crosslinkers). Briefly, a 5 mg/mL solution of ß-
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galactosidase was made in phosphate-buffered saline (PBS, 0.1M, pH 7.5) with 10 

mM EDTA to protect against metal-catalyzed oxidation. To this solution was added 25 

µL/mL of a 20 mM solution of SPDP in dry DMSO. The mixture was then incubated 

with gentle end-over-end rotation at room temperature for 45 min. 
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Scheme 5: Modification of –NH2 groups on ß-galactosidase by SPDP. The resulting 
thiol-reactive pyridyl-disulfide groups can be used for reversible immobilization. 

 
Excess reagent and byproducts (the NHS leaving group) were removed from the 

modified protein by gel chromatography on a 5-mL polyacrylamide size-exclusion 

column (6K MWCO, ThermoFisher-Pierce, Rockford, IL). During the purification, the 

buffer was exchanged from PBS (pH 7.4) to 20 mM phosphate-citrate, pH 4.5 at 30°C 

(PC buffer). Fractions from the column were characterized by measurement of total 

protein (A280) and residual ß-galactosidase activity. The fractions with substantial 

activity were pooled, and stored at 4°C in phosphate-citrate buffer. 

Growth of nanospring mat samples 

Rectangular sections (2 cm x 4 cm) were cut from silicon wafers and borosilicate glass 

microscope slides. Organic contaminants were removed from the wafers by washing 

with 1:1:5 30% H2O2:30% NH4OH:H2O (base Piranha3) at 80°C for 15 minutes. After 

                                                 
3 Caution: The acid and base Piranha solutions are very strong oxidizers, and may ignite or cause the 

explosion of organic materials upon contact. Always neutralize Piranha solutions before disposal. 
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rinsing twice with water, the wafers were covered with 1:1:5: 30% H2O2:37% 

HCl:H2O (acid Piranha) and incubated at 80°C for 15 minutes. The chips were then 

rinsed with water and dry ethanol, and then blown dry with a stream of nitrogen (Tai, 

et al., 2008a,b). 

The reactor slides were masked with ordinary transparent tape (Wang, et al., 2006), 

after which silicon oxide nanospring mats were grown on the unmasked regions by 

Go-Nano Technologies, Inc. (Pullman, WA). Due to the pending patent application on 

the nanospring technology, only an overview of the process is presented. 

The synthesis apparatus consists of a standard tubular flow furnace (Figure 10) that is 

operated at atmospheric pressure. The general principles of the furnace are discussed 

in detail in McIlroy et al., 2004. The furnace is operated in the temperature range of 

350-1000°C for synthesis of SiOx nanosprings. The nanosprings grow only in the 

presence of a gold (Au) catalyst, which is sputtered onto the masked support substrate. 

The sputtering chamber is operated at pressure of 60 mTorr, and the gold deposition 

rate is 10 nm/min, with typical gold layer thicknesses ranging from 15 to 90 nm. 

During deposition, a constant flow of a proprietary silicon-based CVD precursor and 

O2 is maintained over the substrate. Typical synthesis times are approximately 30 

minutes; the mat thickness is a function of the deposition time. The nanospring mats 

have a specific surface area of approximately 300 m2/g, and a porosity of 0.986. The 

silicon atoms in SiO2 exist as Si(IV), while the silicon atoms in nanosprings have an 

oxidation number between 3 and 4 (personal communication, D.N. McIlroy, GoNano 

Technologies, Inc., 28-Oct-09).  
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Figure 10: Schematic representation of CVD furnace used for growth of SiOx 
nanosprings on a substrate. The source crucible contains a silicon-based precursor, 
which is volatilized in Zone A, and deposited on the substrate in Zone B (TB < TA).  

Thiolation of nanospring surfaces 

Vapor-phase amination of nanospring surfaces 

The SiOx surfaces of the nanospring mats were functionalized with a high density of 

primary amine (–NH2) groups by a modification of the APTES vapor deposition 

method of Taralp, et al. (2003). Silanization reactions are reviewed in Appendix B. 

Briefly, nanospring slides were pre-wetted with a drop of 70% ethanol, then 

immediately immersed in concentrated HCl (37%) and incubated overnight at room 

temperature. This acid treatment produces reactive silanol (Si–OH) groups on the 

silicon dioxide nanospring surface. After the slides were washed extensively with 

HPLC-grade water and blown dry with high-purity N2, they were loaded into a 25mm 

clean Pyrex test tube. The tube was capped with a rubber septum, and then flushed 

with nitrogen. Approximately 100 µL of APTES was then carefully injected under the 

wafers in the tube, after which the atmosphere in the tube was evacuated. The 

evacuated tube was then placed in a sealed oven at 150°C for 18 hours to allow vapor 

deposition of the APTES on the SiO2 surfaces (Figure 11). 
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After APTES deposition, the 

hot tube was forcibly vented 

with room temperature air by 

drawing a vacuum on a needle 

piercing the septum while 

atmospheric air was allowed 

into the tube through another 

needle. During this process, the 

tube was turned so that the slides were tilted from the horizontal. Upon the return to 

ambient temperature and pressure, the APTES tends to condense onto solid surfaces. 

Holding the slides at an angle from the vertical helps to avoid pooling and 

polymerization of the silane in the nanospring mat.  

Modification of NH2-nanosprings with thiol groups 

After amine functionalization, the nanospring mats were further modified to introduce 

thiol (–SH) groups by reaction with SPDP (Scheme 6). The aminated nanospring mat 

was covered with 1 mL of 10 mM SPDP in dry DMSO, and left to incubate overnight. 

Reaction of the pendant –NH2 groups on the nanosprings with SPDP converts them to 

a stable PDS moiety4. 

After washing extensively with acetonitrile, ethanol and water to remove excess SPDP 

and reaction products, the disulfide bonds in the pendant PDS groups on a nanospring 

slide were reduced to free thiol (–SH) groups by incubation with 1 mL of a 0.1M 

                                                 
4 The aminated or SPDP-modified nanosprings can be stored under argon in a desiccator indefinitely. 

140-150°C oven APTES (liquid)

APTES (vapor)

SiOx nanosprings

140-150°C oven APTES (liquid)

APTES (vapor)

SiOx nanosprings

 

Figure 11: Vapor-phase modification of 
nanosprings with APTES under vacuum at 140-
150°C. 
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solution of DTT in degassed borate buffer (0.1M, pH 8.0), with 10 mM EDTA to 

inhibit metal-catalyzed oxidation of the free thiols. Solutions of DTT oxidize readily 

on exposure to atmosphere oxygen, and should be prepared immediately prior to use. 
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Scheme 6: Activation of silicon oxide nanosprings with free thiol groups for disulfide-
based reversible enzyme immobilization. 

 

Immobilization of β-galactosidase on nanosprings 

Immediately after reduction of the nanosprings, the PDS-modified ß-galactosidase was 

immobilized by covalent disulfide linkage with the free thiols on the surface. The 

reaction of a free thiol with the pyridyl-disulfide forms a stable disulfide bond. The 

displaced pyridine-2-thiol group immediately and irreversibly tautomerizes to the 

colored pyridine-2-thione (P2T, λmax = 343 nm), as shown in Scheme 7 (Carlsson, et 

al., 1978). Briefly, the thiolated mat was covered with 1 mL of the pooled PDS-

modified ß-galactosidase in PC buffer, and tightly covered to prevent evaporation. The 

mat was incubated overnight with the enzyme solution at room temperature. The 

supernatant was then mixed by “pipetting up and down”, taking care not to damage the 

nanospring mat. Samples of the supernatant were assayed for ß-galactosidase activity, 

and the absorbance at 280 and 343 nm were recorded to determine the total protein 

and P2T concentrations (respectively). 
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Scheme 7: Immobilization of SPDP-modified enzyme on thiolated nanosprings by the 
formation of a covalent disulfide bond. The pyridyl-2-thiol leaving group irreversibly 
tautomerizes to the chromophore pyridine-2-thione (P2T, λmax = 343nm). 

 
The enzyme-coated nanospring mat was washed exhaustively with PC buffer to 

remove residual enzyme and reaction products. In order to facilitate the removal of 

non-covalently bound enzyme, the nanosprings were incubated with 1% sodium 

dodecylsulfate (SDS) for 2 hours in PC buffer at room temperature. SDS is a strong 

surfactant that readily displaces adsorbed proteins at interfaces, and is itself eminently 

elutable. The SDS solution (and any desorbed protein) was removed from the 

nanosprings by extensive washing with PC buffer. After immobilization of the 

enzyme, the PDS-modified ß-galactosidase and enzyme-coated nanospring mat were 

stored at 4°C. The nanospring mat was kept covered with PC buffer at all times, to 

avoid denaturation due to drying or exposure to an air-water interface. 

Batch ß-galactosidase activity assays 

The enzymatic activity of the free and immobilized ß-galactosidase was measured by 

hydrolysis of the model substrate o-NPG (Scheme 8). The assay for free solution was 

based on the method suggested by Sigma-Aldrich, scaled down to allow use in a 
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microplate format. Enzymatic hydrolysis of the substrate occurs at pH 4.5 and 30°C. 

The reaction is stopped by addition of a strong alkaline buffer to raise the pH. The pH 

change also deprotonates the o-nitrophenol group to yield a bright yellow color (λmax = 

410 nm). The solution assay was modified to allow the measurement of the apparent 

activity of the immobilized enzyme on nanosprings. The activity was reported in units 

(U), defined as the enzyme activity required to hydrolyze one µmole of o-NPG per 

minute at 30°C and pH 4.5, with an initial o-NPG concentration of 5 mM. 
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Scheme 8: ß-Galactosidase-catalyzed hydrolysis of o-NPG substrate at pH 4.5 to 
galactose and o-nitrophenol. Raising the pH deprotonates the nitrophenol to the yellow 
o-nitrophenolate ion. 

 

Microplate assay of free β-galactosidase 

The activity of ß-galactosidase in solution was measured in a microplate-based assay. 

Briefly, 40-µL aliquots of 6.5 mM solution of o-NPG in PC buffer were added to 

wells of a standard 96-well microplate for each enzyme sample or blank. A 10-µL 

aliquot of the enzyme solution (diluted to ~0.5 U/mL) was added to each sample well; 

protein-free PC buffer was used for the blanks. The plate was then covered, and 

floated on the surface of a still water bath at 30°C for 10 minutes. The reaction was 

stopped by the addition of 150 µL/well of 200 mM borate buffer at pH 9.8. The 

resulting yellow-colored product was measured at 405 nm on a Victor3 plate reader 
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(Perkin-Elmer, Waltham, MA). The extinction coefficient (4600 M-1·cm-1) provided in 

the Sigma-Aldrich assay protocol and by Haider and Husain (2009) was used to 

calculate the extent of reaction. At least 6 replicates were made for each sample. 

Activity assay of immobilized β-galactosidase 

The apparent activity of the immobilized ß-

galactosidase on nanosprings was determined in 

an analogous manner. Briefly, the nanospring 

slide was placed on a piece of Parafilm M sheet 

(to keep the aqueous substrate solution from 

spilling off of the nanospring slide) in a small polystyrene Petri dish. The dish was 

floated on a still water bath at 30°C and allowed to equilibrate for 5 minutes. A 1.0 

mL aliquot of 5 mM o-NPG in PC buffer, pre-warmed to 30°C, was then carefully 

placed on the slide. Care was taken to maximize the contact of solution with the 

nanospring mat, and avoid any substrate spilling over the sides of the slide. The 

slide/substrate was incubated for 10 minutes, and then removed from the water bath. 

After carefully pipetting up and down several times to mix the solution on the 

nanosprings, 200 µL aliquots of the supernatant were diluted with 600 µL of 200mM 

borate buffer (pH 9.8) to develop color. The absorbance at 405 nm was measured and 

used to calculate the extent of reaction. 

 
 
Figure 12: Enzyme-modified 
nanospring mat covered with 5-
mM o-NPG substrate solution. 
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Microreactor construction 

The enzyme-modified nanospring mat was assembled into a microreactor housing 

based on an SL-3 dispersive IR flow cell (International Crystal Laboratories, Garfield, 

NJ), as shown in Figure 13. 

 

Figure 13: Exploded schematic view of the microreactor based on an IR flow cell. 
Figure modified from ICL product literature. 

 
The substrate solution flows through the lower Luer fitting on the housing, through the 

drilled glass plate, and then across the nanospring mat in the channel formed by a 

polytetrafluoroethylene (PTFE) spacer (Figure 14). After passing over the enzyme- 



 
 
 

53 

 

modified nanosprings, the fluid leaves the 

reactor through the other Luer fitting 

(Figure 15). By inserting PTFE spacers of 

different thicknesses, the height of the 

channel and the total volume of the 

microreactor can be easily changed. 

With a 175-µm spacer, the total micro-

reactor volume is approximately 42-µL. 

The nanospring mat is approximately 60-

µm thick, and is patterned into a 2.2-cm2 

rectangle that fits exactly into the spacer. This forces fluid entering at the apex of the 

triangular inlet region to flow through and over the mat before exiting through the 

other triangular region. Because the enzyme is immobilized on the silicon oxide 

nanosprings, the hydrolysis reaction occurs only in the nanospring mat. 

Silicon wafer substrate

Enzyme-coated
nanosprings (60 µm)Quartz window

Fluid flow
inlet

Fluid flow
outlet

175 µm PTFE spacerSilicon wafer substrate

Enzyme-coated
nanosprings (60 µm)Quartz window

Fluid flow
inlet

Fluid flow
outlet

175 µm PTFE spacer
 

 
Figure 15: Side-view of the microreactor channel, showing the inlet/outlet 
configuration and location of the nanospring mat within the channel. 
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Figure 14: Dimensions (cm) of 
nanospring mats on glass or silicon 
wafer substrates (left), and PTFE 
spacers (right). 
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Permeability of nanospring mats 

 Because of the extremely high porosity (98-99%) of the nanospring mats, it is evident 

that at least some of the fluid in the microchannel must flow through the mat, as well 

as over it. In order to investigate this phenomenon, an unmodified nanospring mat 

(approximately 120-µm thick) was loaded into an identical housing with a 100-µm 

PTFE spacer, thus filling the microchannel with the nanosprings. Under Darcy’s law, 

the fluid flow through a porous medium is given by Equation (1) (Darcy, 1856). 

 A P
Q

L

κ
µ

− ∆=  (1) 

By measuring the pressure drop across the nanospring mat at different flow-rates, the 

value of κ can be estimated. A piezometer placed adjacent to the microchannel inlet 

(Figure 16) was used to measure the P∆  of the nanospring-filled microchannel. A 

bare silicon wafer (no nanosprings) was 

used to determine the pressure drop 

produced by the empty channel and 

apparatus. Water at 23°C was pumped 

through the microchannel by a PHD-2000 

syringe pump (Harvard Apparatus, 

Holliston, MA). 

Continuous-flow ß-galactosidase kinetic assays 

The activity of the nanospring-immobilized ß-galactosidase under constant flow 

conditions was measured by pumping solutions of o-NPG in PC buffer through the 

Q

h
Nanosprings

Q

h
Nanosprings

 

Figure 16: Apparatus for measuring 
the pressure drop across a nanospring-
filled microchannel (dotted rectangle). 
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microreactor. The nanospring-enzyme microreactor was immersed in a constant 

temperature water bath at 30°C. A syringe pump was used to deliver the substrate and 

borate buffer, which was mixed with the reactor effluent to raise the pH and diluted 

the outlet stream (Figure 17). Samples were taken at 1- to 5-minute intervals in 

disposable semi-micro (2-mL) polystyrene cuvettes, and the absorbance at 405 nm 

used to calculate the conversion at each timepoint. 

 

Syringe
pump

o-NPG

Borate

Nanospring
microreactor

(sampling)

Syringe
pump

o-NPG

Borate

Nanospring
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(sampling)
 

Figure 17: Top-view schematic diagram of continuous flow enzymatic activity assay. 
The syringe pump feeds o-NPG substrate and borate buffer at a 1:3.5 volumetric ratio 
(determined by syringe sizes). The reaction occurs within the microreactor at pH 4.5, 
and the nitrophenol product becomes colored after mixing with the borate buffer, 
which raises the pH above 9 and dilutes the effluent stream.  

 
All solutions were degassed ultrasonically after loading into the syringes to minimize 

bubble formation in the microreactor. The dilution ratio of substrate:borate is fixed by 

the relative sizes of the syringes used. Good results were achieved with 20-mL AirTite 

NormJect™ syringes (ID = 20.10 mm) for the o-NPG substrate, and a 140-mL Kendall 

MonoJect™ syringe for the borate buffer (1:3.50 volumetric flow ratio). A minimum of 
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~400 µL in the cuvette was necessary for accurate photometric measurements; this 

limits the possible time resolution of samples at slow flow rates. Between runs, the 

microreactor was flushed at least twice with 20 mL of PC buffer, and stored filled with 

PC buffer and capped at 4°C when not in use. 

Fluorescein step-change tracer study 

Flow maldistribution in the microreactor was investigated by a step-change study 

using fluorescein as a tracer. The microreactor was initially purged with 20 mL of 

0.1M PBS (pH 7.0). The inlet feed was then switched to a fluorescein solution (~1 

mM), and the dye pumped at 200 µL/min through the microreactor for 15 min. The 

inlet was then switched back to dye-free buffer at the same flow rate for 30 min. 

Aliquots (~100 µL) of the reactor effluent were collected directly into the wells of a 

96-well microplate. The absorbance of the dye was measured at 490 nm. 

Regeneration of immobilized enzyme 

Release of immobilized enzyme 

The immobilized ß-galactosidase was released from the nanosprings by reduction of 

the disulfide bonds between the protein and surface. To cleave the –S–S– bonds, 0.1M 

DTT in 0.1M borate buffer (pH 8.0) with 50 mM EDTA was pumped through the 

microreactor for 2 hours (200 µL/min). The reactor was then flushed with 

borate/EDTA and PC buffers with 10 mM EDTA (20 mL each at 500 µL/min). The 

residual activity was then tested by a continuous assay with 1 mM o-NPG in 

PC/EDTA buffer. All buffers were degassed under vacuum to minimize oxidation of 

the free –SH groups. 
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Some enzymatic activity remained after reduction (data not shown), so the DTT 

reduction was repeated, with the addition of 1% SDS to assist in the desorption and 

removal of enzyme protein. The reactor was again flushed with borate/EDTA and 

PC/EDTA buffers, and the continuous assay repeated. The conversion was reduced to 

~8% of the original performance (surprisingly, however, the enzymatic activity was 

not completely eliminated). 

Immobilization of fresh enzyme 

The microreactor was flushed with 20 mL of degassed PC/EDTA (200 µL/min) to 

remove residual o-NPG and by-products. One mL of PDS-modified ß-galactosidase 

was then pumped through the microreactor at 1 µL/min (16.7 hours). The reactor was 

then flushed with 2×20 mL of PC buffer to remove loosely bound enzyme, and the 

continuous o-NPG hydrolysis assay was repeated to verify replacement of the enzyme. 

Results and Discussion 

Properties of ß-galactosidase from A. oryzae 

ß-Galactosidase from A. oryzae (E.C. 3.2.1.23) is a monomeric enzyme of molecular 

weight 109.9 kDa (Tanaka, et al., 1975; Mega, et al., 1979). It hydrolyzes galactosidic 

compounds such as lactose or the model substrate o-NPG through a multi-step 

reaction, beginning with the attack of the anomeric carbon by a glutamic acid residue 

(Glu298) in the active site. The substituting group is simultaneously released, and the 

galactose moiety forms a covalent α-D-galactosyl-enzyme intermediate. Proton 

abstraction by Glu200 then cleaves the galactose-enzyme bond, releasing the galactose 

and regenerating the active site (El-Masry, et al., 2001; Matthews, et al., 2005). 
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Unlike the tetrameric E. coli variant (which has been heavily researched, partially 

because of its role in the lac operon used in genetic engineering), the A. oryzae 

enzyme does not have free cysteine sulfhydryl groups (Giacomini, et al., 2007). The 

primary sequence has been deposited with NCBI (BGAL_ASPOR, U.S. Pat. No. 

5,736,374), but no crystallographic structures are available as of this writing. The 

extinction coefficient (ε280 = 1.747 A/[mg/mL]·cm) was calculated from the published 

sequence, using the ExPasy ProtParam Web tools. 

Modification of ß-galactosidase with SPDP 

Many ß-galactosidase variants present free thiols in the native form (e.g. 16 –SH per 

enzyme for the E. coli protein), or can be partially reduced (e.g. Kluyveromices lactis 

enzyme) without substantial loss of activity (Grazú, et al., 2003). In order to 

demonstrate the generality of the nanospring-immobilization process, we chose an 

enzyme that does not have native thiols (requiring the addition of reactive sulfur 

groups). If the enzyme has native –SH groups, this modification may not be necessary. 

The SPDP-modification of ß-galactosidase amine groups to produce thiol-reactive 

pyridyl-disulfide (PDS) moieties proceeded without difficulty. The excess reagent and 

reaction products were removed from the modified protein by size exclusion on a 

polyacrylamide column (5 mL, 6 kDa MWCO). 
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 The A280 and ß-galactosidase activity 

of each fraction was measured (Figure 

18), and the high-activity fractions 

containing putative ß-galactosidase-

PDS were pooled for immobilization on 

the nanosprings. The left-most peak 

corresponds to the active PDS-modified 

enzyme, while the second peak 

(without activity) is attributed to excess 

SPDP, NHS and other small molecules from the modification. 

Production of nanospring mats 

Patterned nanospring mats of various thicknesses ranging from 40 to 120 µm were 

grown on tape-masked wafers and glass slides by GoNano Technologies, Inc. Each 

nanospring is made up of 5-8 silicon oxide nanowires coiled in a coherent bundle 

similar to a rope. Assuming a density of 2.2 g/cm3 for the silicon oxide, a specific 

surface area of 300 m2/g, and porosity of 98.6%, the nanospring mat with a thickness 

of 60 µm and footprint of 2.2 cm2 has an effective surface area of ~1200 cm2. This 

represents a 550× increase in surface area over the flat substrate5. The nanosprings are 

flexible, and offer high mechanical strength in continuous flow applications (see 

below). They are stable at temperatures up to 1050°C, are unaffected by organic 

                                                 
5 To provide a sense of scale, the nanospring mat is approximately the size of an adult’s thumbnail (~2 

cm2), and provides the same surface area as both sides of a sheet of paper (8.5”x11”, 603 cm2  each). 
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Figure 18: Enzymatic activity (- - -) and 
absorbance 280 nm (―) of fractions from 
size-exclusion (6 kDa) separation of PDS-
modified ß-galactosidase (left peak) and 
reaction products (right peak). 
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solvents, and acidic or neutral aqueous solutions. Strong alkaline solutions (e.g. 

NaOH) will quickly dissolve the silicon oxide nanosprings. 

Physics of nanospring formation 

The unusual helical morphology of the nanosprings is attributed to anisotropic growth 

in a vapor-liquid-solid model (McIlroy, et al., 2001). The offset of the liquid gold 

catalyst bead on the tip of the spring (Figure 19) causes an asymmetry in the work of 

adhesion between the liquid droplet and the growing nanowire, if its radius, ρ, is 

smaller than that of the droplet (R). This asymmetry makes insertion of atoms into the 

growing nanospring less favorable at the point labeled ‘A’ than at ‘B’. As the catalyst 

droplet precesses around the growing wire, it creates the characteristic helical shape. 

 
 

   
 
Figure 19: Contact-angle anisotropy mechanism for the helical growth of nanosprings. 
A liquid catalyst droplet (left) offset from the center of a nanowire causes asymmetry 
in the work required to insert an atom (right) in the catalyst:nanowire interface, with a 
local minimum corresponding to the point marked B at left. The ratio 1.5:1:0.5 in the 
figure at right refers to the typical ratio of the droplet diameter, R, the nanowire 
diameter, ρ, and the offset (∆) of the droplet from the nanowire axis6. 

                                                 
6 Reprinted with permission from McIlroy, et al., Applied Physics Letters 79(10), 1540-1542. Copyright 

2001, American Institute of Physics. 
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The work “trajectory” for a representative case where the catalyst is offset by half the 

nanowire diameter is shown in the figure. Multiple wires (typically 5 to 8) are usually 

found growing in lock-step by this mechanism, as the leading nanowire templates the 

growth of the others. The terminal gold nanoparticles lend an orange-tan plasmon 

resonance color to thin nanospring mats, and provide additional opportunities for “tip-

only” functionalization by self-assembly of thiols on the gold nanoparticle. 

Functionalization of nanosprings 

Previous attempts to functionalize silicon oxide nanosprings using solution-based 

silanization methods produced poor surface coatings due to the tendency of APTES to 

polymerize on surfaces in the presence of water (c.f. Appendix B). The polymerization 

and formation of micron-scale aggregates fouled the nanospring surfaces, leading in 

some cases to an almost complete loss of the micro-structured surface morphology 

(Figure 20). Control of solution-phase modifications is difficult, and they were 

abandoned in favor of vapor-phase reactions. 

 
Figure 20: Morphology of nanosprings functionalized with APTES by various 
solution-phase methods, with aggregates and crystals visibly fouling some of the 
surfaces and leading to a substantial loss of free surface area. 
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Popat, et al. (2003) and Arkles (2006) described the vapor-phase modification of 

various surfaces with near-monolayer silane films that provide retention of features at 

the nanometer scale. Since polymerized silanes are non-volatile, only the monomeric 

forms can reach the substrate surface. In addition, any bulk water on the surface will 

be quickly dispersed by the high-temperature, low-pressure conditions. Vapor-phase 

silanization of the nanosprings with APTES at 140-150°C (Taralp, et al., 2003) 

produced a dense amine film without substantial changes in the nanospring 

morphology (Figure 21).  

 

Figure 21: Comparison of nanospring morphology before (top) and after (bottom) 
vapor-phase APTES silanization. 
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The three-step modification of nanosprings with ATPES, SPDP and DTT (Scheme 6) 

might be replaced with a one-step reaction with 3-mercaptopropyltrimethoxysilane. 

This inexpensive reagent has a low boiling point (90°C at 40 mmHg), making it ideal 

for vapor-phase silanization. However, the linker between the resulting surface and 

thiol will be shorter (3 carbons to the –SH group) than the seven atoms provided by 

the APTES/SPDP method. This may adversely affect the enzyme activity or packing 

density, and would still require the enzyme to be modified with PDS groups. For 

immobilization of enzymes with native thiols, the thiol surface could be easily 

converted to a –SH-reactive PDS surface by reaction with 2,2-dithiodipyridine in 

acetonitrile (Nogueira, et al., 2005) or methanol (Forrester, et al., 2009). 

Super-hydrophobicity of nanosprings 

Unmodified nanosprings left exposed to air quickly become hydrophobic due to 

dehydration of surface silanol (Si–OH) groups and contamination with adventitious 

carbon (Arkles, 2006). Surfaces covered with nano- or micro-scale features often 

exhibit apparent water contact angles considerably greater than 120°C, the theoretical 

limit for a smooth surface (Artus, et al., 2006; Zhu and Jin, 2007; Zimmermann, et al.,  

2007). This superhydrophobicity (also called the “lotus leaf effect”) is caused by the 

inability of the liquid to wet the microscopic cavities on the surface, leading to an 

apparent contact angle combining the effects of surface hydrophobicity and air trapped 

under the probe liquid (the “Cassie state”). The practical result of this property is that 

aqueous solutions, such as concentrated HCl or an enzyme in buffer, do not easily wet 

the nanospring mats, even under flow conditions in the microreactor. A contact angle  
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of ~140° was measured for 10-µL droplets of water 

on unmodified aged nanosprings (Figure 22). The 

solution is simple – a drop of ethanol on the mat 

“breaks” the surface tension, and allows the solution 

that follows to fully penetrate the porous mat (Blanco, et al., 2007).  

Darcy permeability of nanospring mats 

GoNano Technologies, Inc. claims that the nanospring mat has a porosity of 98.6% 

and, because of its open microstructure, it provides very little resistance to fluid flow 

through the mat. To test this, the Darcy permeability, κ, for a nanospring mat was 

determined by measuring the pressure drop, ∆P, at various flow rates across an empty 

microchannel (~100 µm high x 1.0 cm wide x 2.2 cm long). The microchannel was 

then reassembled, with a thick nanospring mat (~120 µm) within the 100 µm spacer, 

so as to force the fluid to flow predominantly through the nanospring mat. The 

pressure drop attributed to the nanosprings was estimated as the difference in the ∆P 

of the empty and nanospring-filled channels at each flow rate. Rearranging Darcy’s 

law to the form y mx=  (Equation (2)) allows the estimation of κ from the measured 

pressure drop at different flow-rates: 

 ( )Q L
P

A

µ κ= − ∆  (2) 

Experimental data for the pressure-drop and Darcy permeability of a nanospring-filled 

microreactor are shown in Figure 23. Linear fits to the experimental data indicate that 

the pressure drop of a microchannel filled with nanosprings is only ~3.3× higher than 

 
Figure 22: Superhydrophobic 
effect (Cassie state) on a 
nanospring mat. 
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for an empty channel. The analytical solution for Poiseulle flow through a rectangular 

duct (
3

12Q L
P

H W

µ∆ = ) is also included for comparison. 

Pressure drop through microreactor with/without nan osprings
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Figure 23: Linear fits of the pressure drop through an empty microchannel (□), and the 
same micro-channel filled with nanosprings (■). The Hagen-Poiseulle solution for a 
rectangular duct of the same dimensions (▬) is also plotted for comparison. 

 
The small difference between the empty microchannel and the theoretical model is 

attributed to the friction losses incurred in the Luer connectors, the abrupt transition 

from vertical to horizontal flow, and the shear induced by velocity gradients in the 

triangular channel headers. The constant offset is relatively unimportant, and can be 

attributed to capillary rise in the piezometer tubing. Some of the difference in the 

pressure drop may be due to a change in the resistance offered by the housing itself, as 
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it had to be disassembled in order to replace the blank surface with the nanospring-

coated one. A more rigorous study might involve removing the nanosprings from the 

channel in situ by dissolving the silicon oxide with hot NaOH. 

The slope of the plot of QµL/A vs. pressure drop (Figure 24) demonstrates the high 

hydraulic conductivity (permeability), κ of the nanospring mat in the micro-reactor. 

For a 100-µm nanospring mat, the permeability is approximately 3×10-10 m2 (or 3×10-6 

cm2). These measurements suggest that despite the high specific surface area, the 

nanospring mat offers a low resistance to flow. The calculated κ is similar to gravel, 

which ranges from κ = 10-5–10-7 cm2. 

Darcy's law fit of nanospring-packed microreactor
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Figure 24: Analysis of Darcy permeability (hydraulic conductivity) of a nanospring-
filled microchannel. The slope of the line is the permeability, κ. 
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The high mechanical strength of nanosprings is also demonstrated by these results. 

Pumping of water at 50 mL/min through the 100-µm microchannel proceeded without 

any noticeable effect on the nanosprings. This flow rate corresponds to an average 

interstitial velocity of 85 cm/s through the mat itself. Further, the total volume of the 

nanospring mat is only ~13.2 mm3, while the surface area of the nanospring mat is 

~1200 cm2. The surface area:volume ratio of the microreactor is thus ~90,000:1. At 

first glance, this seems only a moderately high value, but it must be remembered that 

all of this surface area is accessible to the bulk fluid flow, not buried within tortuous 

pores as with conventional porous media. Based on these observations, it seems that 

nanosprings are an excellent high-surface area packing for flow-based microdevices. 

Immobilization of ß-galactosidase on nanosprings 

Because the ß-galactosidase from A. oryzae does not contain native –SH groups 

(Giamcomini, et al., 2007), SPDP was used to introduce thiol-reactive PDS groups. 

The PDS-modified ß-galactosidase was successfully immobilized on the thiolated 

nanosprings by disulfide bonds. This demonstrates the method of immobilizing an 

arbitrary protein on the nanospring surface. It is simpler to react a thiolated surface 

with a PDS-modified protein than vice versa. The nanospring-supported PDS groups 

can be easily reduced and the by-products removed from the solid surface by simply 

washing the surface. In contrast, removal of excess DTT from a reduced enzyme 

solution is more difficult, and there is a potential for partial denaturation of the 

enzyme during the reduction step. 
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For an enzyme with native free thiols, however, it would be most efficient to leave the 

nanosprings functionalized with PDS groups. This is particularly true if they must be 

stored prior to use, as might be the case in an industrial application. In order to carry 

out the immobilization, it would only be necessary to contact a solution of the enzyme 

with the PDS-modified nanospring surfaces. Other reagents (e.g. Traut’s reagent) 

could be used to modify amine groups on enzymes, but the resulting iminothiolane 

groups are unstable (Singh, et al., 1996; Mokotoff, et al., 2001). 

The amount of enzyme immobilized on the nanospring mat was quantified by several 

methods. The hydrolytic activity of the supernatant enzyme solution was measured 

before and after the immobilization, and the immobilized activity was determined by 

the difference7 (assuming no change in the activity of the immobilized enzyme). In 

addition, the apparent activity of the immobilized ß-galactosidase on the nanosprings 

was measured (Figure 25). 

The solution depletion assay indicates that approximately 0.12U of activity were 

transferred to the nanospring surface. Indeed, the activity of the nanospring mat, after 

SDS washing to remove non-covalently bound protein, was comparable to the 

depletion of the supernatant (0.115 vs. 0.124). The lower activity on the nanosprings 

may be due to mass transfer effects, or a partial denaturation caused by SDS or surface 

interactions during immobilization (Brena, et al., 2003; Pessela, et al., 2007). 

                                                 
7 In general, solution depletion methods are considered somewhat unreliable because of the many 

potential confounding factors. However, they offer a simple and non-destructive method to estimate 
enzyme loading on a support, which is otherwise difficult to arrive at. 
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Figure 25: Hydrolytic activity of SPDP-modified ß-galactosidase before (left) and 
after (middle) immobilization on thiolated nanosprings, and the activity of the enzyme 
immobilized on the nanospring mat (right). 

 
Another solution-depletion measure of the yield is the A280 total protein in solution 

before and after immobilization. From the difference (0.089A) and the calculated 

extinction coefficient, it appears that approximately 0.05 mg (50 µg) of enzyme 

protein was immobilized. However, this value is confounded by the absorbance of the 

P2T groups at 280 nm, which can be accounted for by subtracting 0.63×∆A343 

(Haugland and Bhalgat, 1996). Making this adjustment provides a loading of 0.014 mg 

(14 µg) on the nanospring mat. The theoretical loading of a monolayer is on the order 

of 0.1–1 µg/cm2, so the 1200 cm2 surface area of the nanosprings should be able to 

support 120-1200 µg of protein. The expected coverage is much higher than the 
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estimate from the A280/A343 measurement. Sub-monolayer packing is expected for 

random sequential adsorption on a “sticky” surface, on which the proteins cannot 

rearrange to pack more closely (Katira, et al., 2008). By analogy, it is very unlikely 

that one would achieve a densely-packed conformation by throwing balls at a glue-

covered wall. 

Assuming that each protein is immobilized by only one –S–S– bond, then the release 

of pyridine-2-thione (P2T) should be proportional to the immobilized amount. 

Although this measurement is confounded by the likely multipoint attachment of the 

enzyme (Grazú, et al., 2003) on the surface, the ∆A343 before and after immobilization 

provides an estimate of 1.39 mg of immobilized protein. This value falls closer to the 

loading expected for a monolayer. Fortunately, it is not necessary to know the exact 

mass loading of the enzyme on the mat in order to develop the mathematical model. 
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Continuous flow microreactor kinetics 

The performance of the nanospring-immobilized enzymatic microreactor was assessed 

by determining the kinetics and steady-state conversion of the model substrate o-NPG 

(Figure 26). The microreactor was connected to a syringe pump feeding o-NPG in PC 

buffer (0–10 mM).  

The substrate was pumped at various 

flow rates ranging from 0.05–5.0 

mL/min. Borate buffer was 

simultaneously pumped from a larger 

syringe (3.5x volumetric flowrate), and 

mixed with the reactor effluent to dilute 

and raise the pH. The overall reactor 

performance (conversion) was calculated 

from the absorbance of the yellow-colored o-NP- product at 405 nm. 

Step-change effects on conversion 

Initially, the microreactor was flushed with ~20 mL of PC buffer8 to clear any protein 

or substrate from the channel. A run was started by switching to a flow of constant o-

NPG concentration, and allowing the outlet concentration to stabilize at the steady-

state conversion (Xss). Then a step-change in the flow rate was made, and the reactor 

allowed to reach steady-state again. The microreactor was flushed with PC buffer 

                                                 
8 This led to the discovery of the high hydraulic permeability – an improper setting caused the syringe 

pump to force the entire contents of a 20 mL syringe of buffer through the microreactor in less than 10 
seconds, producing a steady jet at the outlet. Surprisingly, there was no apparent effect on the micro-
reactor performance, despite an average fluid velocity of more than 1 m/s through the nanosprings. 
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Figure 26: Details of the apparatus for  
continuous kinetic assay of immobilized 
enzyme microreactor. 
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immediately after each run. Representative results at different substrate concentrations 

and flow rates (Figure 27) show the expected behavior for a flow-based microreactor. 

A step-change in either the inlet concentration or flow rate (i.e. residence time, τ) is 

accompanied by a short response time while the system readjusts to a new overall 

steady-state conversion. 

Conversion (0.5mM : 200µL/min to 100µL/min)

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

0 15 30 45 60 75 90 105

Time (min)

o
-N

P
G

 C
on

ve
rs

io
n

Exp (200 µL/min)

Exp (100 µL/min)

   

Conversion (2mM : 200µL/min to 100µL/min)

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

0 15 30 45 60 75 90 105

Time (min)

o
-N

P
G

 C
on

ve
rs

io
n

Exp (200 µL/min)

Exp (100 µL/min)

 
Conversion (5mM : 200µL/min to 100µL/min)

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

0 15 30 45 60 75 90 105

Time (min)

o
-N

P
G

 C
on

ve
rs

io
n

Exp (200 µL/min)

Exp (100 µL/min)

   

Conversion (1mM : 50µL/min to 150µL/min)

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

0 15 30 45 60 75 90 105 120

Time (min)

o
-N

P
G

 C
on

ve
rs

io
n

Exp (50 µL/min)

Exp (150 µL/min)

 
Figure 27: Representative kinetics of nanospring-enzymatic microreactor in response 
to step changes in the inlet substrate concentration and flow rate. 

 

A first-order exponential curve (Equation (3)), with tunable parameters Xss, k, and to, 

was arbitrarily used to fit the experimental data. The parameter to was introduced to 
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account for the fact that the substrate solution often did not completely fill the 

chamber during the first sampling period (i.e. t = 0). 

 ( )( )1 ok t t
ssX X e− −= −  (3) 

The Microsoft Excel™ Solver add-in was used to perform a least-squares fit of the 

model to the experimental data, by simultaneously adjusting the three parameters. The 

value of the constant k was then used to estimate the time required to reach 95% of the 

steady-state conversion, Xss. 

The hydrolysis reaction (Scheme 8) itself can also be modeled as a pseudo-first order 

reaction, because the concentration of water in the system (~55 M) is very large and 

practically constant. Portaccio, et al (1998) reported values of the Michaelis constant 

(Km) in the 100 mM range; this is large compared to the substrate concentrations used 

in this study (0–10 mM). The apparent reaction rate (k’) is then the product of the 

actual reaction rate (k) and the concentration of water (Equation (4)): 

 [ ]oNPGdC
k oNPG

dτ
′= −  (4) 

The solution to this differential equation is given by Equation (5: 

 
,

1 koNPG

oNPG o

C
X e

C
τ′−= − =  (5) 

Thus for a first-order reaction, the conversion is a function only of the residence time. 

This appears to be the case for the first three representative runs in the figure above, as 

these runs with different concentrations achieved steady-state conversions of ~0.4 at 

200 µL/min (τ ≈ 14 s). The conversion increased to ~0.6 at 100 µL/min  (τ ≈ 28 s) 
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because the longer residence time produces a higher conversion, as predicted by 

Equation (5). In the fourth plot, the conversion of 1 mM o-NPG is high (~0.8) at 50 

µL/min (τ ≈ 57 s), but decreases to 0.53 when the flow rate is increased to 150 µL/min 

(shortening the average residence time to 19 s). It is important to keep in mind when 

comparing these values that the actual residence time of any given volumetric element 

within the reactor is not constant, but a function of its path through the reactor. 

Process intensification over batch reactions 

In the batch assay of the nanospring-immobilized ß-galactosidase, using 5 mM o-NPG 

at 30°C, the observed conversion after 10 minutes was only Xbatch = 0.102 (0.115U). 

However, as described above, the same nanospring mat reproducibly achieves much 

higher conversions with much shorter residence times. For instance, at 200 µL/min, 

the average residence time is only 14.1 seconds, but the steady-state outlet conversion 

was measured to be Xss = 0.373. Conversions at lower concentrations (which produce 

correspondingly less product inhibition) were as high as Xss = 0.727 for continuous 

hydrolysis of 1 mM o-NPG at 50 µL/min (τ ≈ 57 s). In comparison, the batch reaction 

on the same enzyme-modified nanospring mat (Figure 25) produced a conversion of 

only X = 0.26 after 10 minutes. This intensification has been reported in other 

microreactor systems (Sotowa, et al., 2008), and may be partially attributed to long 

residence times found outside of the main entry-exit flow pathway, and a higher 

effective enzyme concentration and diffusion within the microreactor when compared 

to the unmixed substrate solution resting on the nanospring mat in the batch activity 

assay. 
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Effect of flow rate on conversion 

As the model and preliminary data predict a dependence of the reactor conversion on 

the flow rate though the reactor, a series of experiments was performed at constant 

substrate concentration and various flow rates. For each experiment, the reactor was 

first flushed with PC buffer, and then 1 mM o-NPG in PC buffer was pumped through 

the microreactor at various flow rates for at least 60 minutes, or until the substrate 

solution was depleted9. The steady-state conversion, Xss, and the time to reach 95% of 

Xss were calculated from an arbitrary first-order fit of the experimental data. 

Representative sets of experimental data and fitted first-order models are shown in 

Figure 27. The steady-state conversion in these trials was obviously dependent upon 

the average residence time (or conversely, the flow rate). 
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Figure 28: Representative kinetics of the enzymatic microreactor with 1 mM o-NPG 
substrate, and flow rates of 75 µL/min (left, τ ≈ 38 s) and 1000 µL/min (right, τ ≈ 2.8 
s). Conversion is reduced at shorter residence times. 

 

                                                 
9 The substrate syringe held a maximum of ~24 mL of o-NPG solution, limiting the total wall-clock 

time available at high flow rates (e.g. 24 minutes at 1 mL/min). As steady-state was typically reached 
in less than 15 minutes, this limitation did not substantially alter the experimental outcome. 
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An important practical point is that there is some non-negligible scatter in the 

measured conversion, so a single “t = ∞” measurement is likely to be inaccurate. 

Despite efforts to minimize this error, it appeared in all of the experimental data. The 

variation could not be attributed to short-term fluctuations in the reactor temperature 

or flow rate, as collection of several minutes worth of reactor effluent at steady state 

(i.e. “time-averaging” the data) did not reliably produce stable values.  

By measuring the steady-state conversion of the microreactor at several different flow 

rates, a performance curve (Figure 29, left) can be constructed. As expected, the 

overall conversion increases as the average residence time increases. A first-order 

exponential curve was arbitrarily fit to the experimental data. Somewhat surprisingly, 

this curve does not approach complete conversion (Xss = 1.0), but plateaus at Xss ≈ 

0.73. The incomplete conversion is probably due to product inhibition (see below).  
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Figure 29: Experimentally determined steady-state conversion of 1 mM o-NPG substrate 
as a function of residence time (left), and the number of residence times (right) to reach 
95% of Xss. 
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A plot of the time to reach 95% of Xss against residence time (Figure 29, right) shows 

no obvious correlation between flow rate and the number of residence times to reach 

steady-state conversion. Again, it is not clear what causes the variation, but they may 

be a complex interaction of mass transfer effects, product inhibition, mixing efficiency 

within and outside the reactor, etc. 

Effect of substrate concentration on conversion 

Enzymatic reactions often follow Michaelis-Menten kinetics (Equation (12), under 

which the reaction rate is a function of the substrate concentration. Product inhibition 

has also been described for ß-galactosidases (Özdural, et al., 2003; Pessela, et al., 

2003), but the effect may be reduced following immobilization (Pessela, et al., 2007). 

These workers reported inhibition of immobilized A. oryzae ß-galactosidase by 

galactose in the 3-5 mM range. 

To determine the effect of substrate concentration on steady-state conversion (and 

hence, the reaction rate), the volumetric flow rate was fixed at 200 µL/min, and o-

NPG at various concentrations was pumped through the microreactor. The steady-state 

conversion was plotted against substrate conversion (Figure 30, left). It is immediately 

evident that the reactor conversion is strongly dependent on the substrate 

concentration at low concentrations, but falls to nearly constant values above 1 mM o-

NPG. This is consistent with transitioning from reaction rates dependent upon the 

substrate concentration (e.g. Michaelis-Menten kinetics), to a regime of pseudo-first 

order kinetics (in which the conversion is determined only by the residence time). 
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Figure 30: Effect of o-NPG substrate concentration on steady-state conversion (left) 
and number of residence times to reach 95% of steady-state (right). 

 
The number of residence times to reach steady-state is also approximately constant 

(20–25τ) above 1 mM o-NPG, but falls off dramatically at lower concentrations. 

Again, this may be due to a combination of factors, but may indicate a collusion of 

mass-transfer limitations caused by shallow concentration gradient, and decreased 

enzymatic reaction rates at low o-NPG concentrations. 

Effect of fluidics on reactor response 

Examination of the kinetic plots of conversion vs. wallclock time shows a relatively 

long time required to equilibrate after a step change in inlet flow rate or concentration. 

In general, approximately 20–30 residence times are required to reach steady-state. 

This time is longer than expected (steady-state is reached in less than ten residence 

times for most ideal reactors), indicating that there is some other factor contributing to 

the delay. The most likely cause is a flow maldistribution in the microreactor, leading 

to non-ideal flow kinetics. 
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To test this hypothesis, a fluorescein step-change study was performed on the 

nanospring microreactor. Fluorescein is a relatively inert fluorescent dye with a high 

extinction coefficient (88,000 M-1cm-1 at pH 7.5; Salmio and Bruhwiler, 2007), which 

makes it detectable at very low concentrations. Monitoring the response to a step 

change in the inert dye concentration gives some insight into the relative importance 

of fluid flow distribution to the microreactor kinetics (Figure 31).  
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Figure 31: Response of the microreactor to a step-change from dye-free buffer to 
fluorescein (left curve), and back to dye-free buffer (right curve). Solid lines are first-
order exponentials fitted to the experimental data. 

 
The initial step change appears quickly at the outlet (t95 = 0.75 min), and a nearly 

constant dye concentration is reached at the outlet very quickly. In contrast, after 
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switching the inlet feed from fluorescein to dye-free buffer, a long tail appears in the 

outlet concentration. Although the fit is not perfect, a simple first-order model 

provides a time of 13.5 minutes to clear 95% of the dye. It is important to note that the 

exact mechanisms responsible are probably quite complex, and would require 

considerable study to properly deconvolute the contributions of dispersion, diffusion 

limitation, and flow maldistribution. However, the transient response shown in Figure 

31 can be explained qualitatively to gain some insight into the importance of the fluid 

flow within the reactor. 

Fluid dynamics models (see below) and inspection suggest that the pressure driven 

flow of fluorescein in the initially dye-free reactor will occur mainly through the 

central portion of the reactor. That is, initially, the dye will traverse the reactor through 

a narrow channel between the inlet and outlet, and only small amounts will enter the 

stagnant side regions by convection. This is manifested by a nearly instantaneous rise 

to almost 100% in the outlet concentration. However, within a short time, the dye 

concentration in the edge regions of the reactor volume will increase, by diffusion and 

convection along the longer outside streamlines. During this period, the concentration 

gradient (and hence, dye flux) along the transverse axis becomes progressively 

smaller, and the dye appearing at the outlet approaches the steady-state (100%) 

concentration. After the step-change to dye-free buffer, the now-uniformly distributed 

dye diffuses out of the stagnant regions into the flowing stream, producing the long 

tail in the outlet dye concentration. 
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A similar mechanism for substrate distribution over the reactive nanospring mat can 

partially explain the long response times following step changes in inlet o-NPG 

concentration. Again, this qualitative interpretation of the data cannot capture the 

nuance of momentum and mass transfer occurring within the microchannel, 

connecting tubing and associated fittings. However, it does provide a framework for 

qualitative discussion of the kinetics of the reactor, and offers a starting point for more 

refined models of the transient response which are beyond the scope of this work. 

In situ regeneration of ß-galactosidase 

After approximately 30 days, the immobilized ß-galactosidase in the microreactor was 

replaced by reduction of the disulfide bonds anchoring it to the nanospring surface, 

and subsequent immobilization of new enzyme. Although its activity was not in fact 

substantially degraded, the regeneration step was performed to demonstrate the in situ 

replacement of “spent” enzymes immobilized on the nanospring mat. The ability to 

replace spent enzyme without disassembly of the microreactor device is critical for 

any numbered-up industrial application, in which the labor required to disassemble 

and reassemble a large number of microdevices is prohibitive. 

In order to cleave the disulfide bonds between enzyme and surface, a concentrated 

solution of DTT was passed through the reactor. SDS was added to prevent adsorption 

of the cleaved protein to the nanosprings. The reactor still produced ~8% of the 

original steady-state conversion after 4 hours (data not shown), indicating that 

significant quantities of enzyme remained immobilized and active despite this 
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relatively strong treatment. More surprisingly, the regenerated microreactor exhibited 

~30% higher activity than produced by the initial enzyme loading (Figure 32). 
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Figure 32: Kinetics of o-NPG hydrolysis by nanospring-immobilized ß-galactosidase 
before (empty triangles) and after (solid triangles) in situ regeneration of the enzyme.  

Several factors may explain the increased activity observed following regeneration of 

the ß-galactosidase. Most importantly, the regenerated nanospring mat was not washed 

with SDS, so the higher observed conversion may be partially attributed to adsorbed 

enzyme. Further, as the activity of the DTT-treated reactor did not fall to negligible 

levels, some protein must have been left on the nanosprings. After reduction, these 

remaining proteins might present free thiol groups in positions suitable to act as 

“tethers” for additional enzymes, forming a partial multilayer of enzyme on the 
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nanospring mats. Finally, the initial loading was performed with a free volume of 

static fluid, while the enzyme regeneration was performed within a microchannel with 

a very slow flow through the nanospring mat. It is feasible that enzyme 

immobilization under these two regimes differs subtly in packing density or 

orientation; further investigation of this effect is clearly warranted. 

Mathematical modeling of nanospring microreactors 

Analysis of momentum and mass transfer 

Assuming for the moment that the nanospring microreactor can be treated as a two-

dimensional problem (see below), a simple model can be advanced to describe the 

steady-state performance of the reactor. The 2-D model of the reactor (Figure 33) 

includes two distinct domains, one for the free channel and one for the nanospring 

mat. The nanospring mat occupies a fraction (α) of the height of the channel 

( 1 2x x x≤ ≤ ). 
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Figure 33: Schematic diagram of the microreactor consisting of a rectangular channel 
(1) with a permeable nanospring mat (2) extending into the channel. The enzymes are 
immobilized only on the nanosprings, so that the hydrolysis reaction (A → B + C) 
occurs only in that domain. Convection and diffusion occur in both domains; fluid 
flow is modeled by Navier-Stokes equations in the open channel, and by Darcy’s law 
of flow through porous media in the nanosprings. Figure not to scale. 
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Continuity of mass and momentum transport across the interface between the two 

domains is required, and insulation/symmetry boundary conditions at all walls. 

Pressure-driven laminar flow in the free channel is modeled by the Navier-Stokes 

equations, while Darcy’s law for permeable media is used to model the flow through 

the nanospring mat. As the fluid flow through the mat is non-trivial, both convection 

and diffusion must be considered in both subdomains. The model equations and 

boundary conditions are summarized in Table 2. 

Fluid flow (momentum transport) model 

A steady-state, laminar and isothermal flow of a constant-viscosity and density fluid 

with properties similar to water (i.e. a dilute aqueous solution of the substrate and 

products) is assumed. The two-dimensional Navier-Stokes equations (Equation (6)) 

can then be used to describe the fluid flow within the open channel (subdomain 1). 

 

 2 2

2 20
P u u
x x y

µ  
 
 

∂ ∂ ∂= − + +
∂ ∂ ∂

 
(6) 

 

A parabolic, fully-developed and unidirectional laminar flow profile (Equation (7)) at 

the inlet is also assumed. This is not necessary to a rigorous analysis, but was used to 

facilitate the convergence of the numerical solutions. 

 ( )
( )

2

1 max

/ 2
1

/ 2

y H
u u

H

  −
 = −      
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The boundary conditions for subdomain 1 (the open channel) are: 

• inP P=    at 0x x=  (inlet pressure condition) 

• 1 0
u

x

∂ =
∂

  at 0x x=  (fully-developed flow at the inlet) 

• 1 0u =    at { }0,y H=  (no-slip at the walls) 

• 1 2u u=    at y Hα=  (no-slip at the nanospring mat) 

• 1 2u u

y y
µ µ∂ ∂− = −

∂ ∂
 at y Hα=  (continuous shear at the nanospring mat) 

 

Within the nanospring mat (subdomain 2), the Darcy flux, q, can be divided by the 

porosity (φ) to yield the interstitial velocity. This velocity term is then inserted into the 

continuity equation (Equation (8)). The fluid velocity is subject to the constraints that 

2 0u =  at 0y =  (no-slip at the wall), and that the fluid velocities must be equal at the 

interface of subdomains 1 and 2: 

 0
q

φ
 ∇ ⋅ = 
 

,  where q P
κ
µ

= − ∇  (8) 

From numerical simulation, the shape of this velocity profile at typical flow-rates has 

been determined (Figure 34). Approximately 12% of the total flow passes through the 

porous mat (i.e. between y = 0 and 60 µm). The fluid velocity in the open channel 

increases somewhat as the flow is “pinched” between the slowed flow in the 

nanosprings and the channel wall. 
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Figure 34: Velocity profiles of fluid within the 175-µm nanospring mat and open 
channel for flow at 200 µL/min through the microreactor. The two curves represent 
the overlay of curves at different points along the microreactor; the parabolic curves 
are at the inlet/outlet, while the more complex curve is the velocity profile in the 
channel/mat portion of the microreactor. 

 

Mass transfer and reaction kinetics 

The absorbance of reactor effluent samples remains stable for at least 24 hours (data 

not shown), indicating that no reaction occurs in the bulk solution. Thus, the two-

dimensional mass transfer of species i within the microreactor channel can be 

described by simple Fickian convection/diffusion (Equation (9)).  

 
2 2

,1 ,1 ,1 ,1
,1 ,12 2

i i i i
x y i i

c c c c
u u D D

x x x y

∂ ∂ ∂ ∂
+ = +

∂ ∂ ∂ ∂
 (9) 
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Within the nanospring mat, mass transfer occurs by convection and diffusion, possibly 

with a different diffusivity than in the bulk solution. A generation term, r i,  is added to 

account for the reaction by the immobilized enzymes (Equation (10)): 

 
2 2

,2 ,2 ,2 ,2
,2 ,22 2

i i i i
x y i i i

c c c c
u u D D r

x x x y

∂ ∂ ∂ ∂
+ = + +

∂ ∂ ∂ ∂
 (10) 

 

The boundary conditions for Equations (9) and (10) are given by: 

• ,1 ,1
o

i ic c=       at 0x x=  (uniform inlet concentration of species i) 

• ,1 0ic

dx

∂
=       at 0x x=  (no back-diffusion at the inlet) 

• ,1 ,2i ic c=       at y Hα=  (uniform concentration at the interface) 

• ,1 ,2
,1 ,2

i i
i i

c c
D D

dy dy

∂ ∂
− = −     at y Hα=  (uniform flux at the interface) 

• ,
, 0i j

i j

c
D

dy

∂
− =       at { }0,y H=  (no flux through the walls) 

 

The reaction term for the hydrolysis reaction (o-NPG + H2O → o-NP- + galactose) can 

be written as a pseudo-first order equation (Equation (11)), because water is present in 

vast excess (~55M) over the substrate (o-NPG), and the substrate concentration is low: 

 [ ]-NPGir k o= ±  (11) 

For the simplest case, the rate constant (k) is approximately constant (i.e. 0.1/sec). 

However, most enzymatic reactions actually occur as a series of steps that are better 

characterized by the Michaelis-Menten or other models. In this case, the rate 
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“constant” (k) is no longer a single value, but is instead a function of the species 

concentrations within the reactor, and the Michaelis-Menten constant KM (Equation 

(12)). The value of KM is the substrate concentration ([ ]S ) at which the rate constant is 

half of its maximum (kmax); larger values of KM imply lower substrate binding affinity, 

as more substrate is required to reach the same reaction rate. 

 ( ) [ ]( )
[ ]( )max

,
,

, M

S y z
k y z k

S y z K

 
=   + 

 (12) 

Enzymatic reaction kinetics can be slowed by the presence of the substrate and/or 

products (substrate/product inhibition). Additional terms can be added to the above 

equation to account for these effects. Özdural, et al., 2003 reported the inhibition of β-

galactosidase by the hydrolysis product, galactose. This product inhibition is 

accounted for by the addition of another parameter, KI, which describes the rate of 

conversion of the enzyme-substrate (ES) complex to the inactive enzyme-substrate-

inhibitor (ESI) complex (Equation (13)). Obviously, decreased values of KI or 

increases in the galactose concentration [I] lead to decreasing enzyme reaction rates. If 

the KI is comparable to the substrate concentration, inhibition may have a strong effect 

on the overall performance of the microreactor. 

 [ ]( )
[ ]( ) [ ]( )( )max ,

,
( , )

, 1
I

I y z
M K

S y z
k y z k

S y z K

 
 =
 + +
 

 (13) 

Regardless of the reaction model selected, there is a strong dependence of mass 

transfer (and hence the reaction rates) on a non-uniform flow field through the channel 
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and nanospring mat. Despite an outward physical appearance of simplicity, the system 

is sufficiently complicated that there is no simple closed form general solution. To 

solve the model, therefore, we must turn to numerical methods. 

Numerical simulation and modeling 

Computational simulations of the nanospring-immobilized enzymatic microreactor 

were performed with COMSOL Multiphysics finite element software, version 3.5 

(COMSOL Inc, Palo Alto, CA). Three-dimensional models of the reactor took 

advantage of the natural symmetry line down the middle of the reactor, and were 

modeled at true size, without any pre-scaling. The stationary Navier-Stokes module 

was used to first solve the steady-state fluid flow profile through the geometry.  

The inlet was assumed to act as an impinging jet, and was modeled as an empty 

cylindrical region, with fluid leaving the curved faces at a constant velocity in the 

radial direction (i.e. normal to the surface of the cylinder). The outlet was modeled as 

an open, edge-less cylinder (no viscous stress) to allow fluid to “fall out” of the 

geometry once it arrived at the outlet. The channel was modeled as two adjacent 

geometries to allow different meshing parameters near the side walls. 
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Table 2: Summary of mathematical models for the nanospring microreactor.  

Fluid flow models 

Subdomain 1: 
(open channel) 

2 2

2 20
P u u
x x y

µ  
 
 

∂ ∂ ∂= − + +
∂ ∂ ∂

 

• inP P=     at 0x x=   

• 1 0
u

x

∂ =
∂

   at 0x x=  

• 1 0u =     at { }0,y H=  

• 1 2u u=     at y Hα=  

• 1 2u u

y y
µ µ∂ ∂− = −

∂ ∂
  at y Hα=  

Subdomain 2: 
(nanospring mat) 0

q

φ
 ∇ ⋅ = 
 

,  where q P
κ
µ

= − ∇  

• 2 1

q
u u

φ
= = , 1 2P P=   at { }1 2,x x x= , { }0,y Hα=  

 

Mass transport and reactions 

Subdomain 1: 
(open channel) 

2 2
,1 ,1 ,1 ,1

,1 ,12 2

i i i i
x y i i

c c c c
u u D D

x x x y

∂ ∂ ∂ ∂
+ = +

∂ ∂ ∂ ∂
 

Subdomain 2: 
(nanospring mat) 

2 2
,2 ,2 ,2 ,2

,2 ,22 2

i i i i
x y i i i

c c c c
u u D D r

x x x y

∂ ∂ ∂ ∂
+ = + +

∂ ∂ ∂ ∂
 

• ,1 ,1
o

i ic c=    at { }0 1,x x x=  

• ,1 0ic

dz

∂
=    at 0x x=   

• ,1 ,2i ic c=    at y Hα=  

• ,1 ,2
,1 ,2

i i
i i

c c
D D

dy dy

∂ ∂
− = −  at y Hα=  

• ,
, 0i j

i j

c
D

dy

∂
− =    at { }0,y H=  

• [ ]-NPGir k o= ±  (pseudo-first order) 
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Meshing of three-dimensional models 

It was necessary to adjust the free mesh scaling parameters to produce mesh elements 

that were elongated in the long axis of the reactor. Two thin, stacked subdomains with 

continuity boundaries were used to force the meshing algorithm to produce multiple 

mesh nodes within the thin geometry of the microchannel. COMSOL’s “swept” and 

boundary layer meshing routines failed to produce satisfactory meshes due to the 

extremely high number of elements required to adequately represent the geometry. 

The free mesh mode has the advantage of supporting an adaptive refinement mode, in 

which the mesh in parts of the model with large gradients is automatically refined to 

improve the solution. Despite COMSOL’s recommendation to the contrary, the free 

meshing mode was found to be fairly effective in this case for modeling the long, wide 

and thin geometry of the nanospring microreactor. 

Dimensionality of microreactor simulations 

The large triangular sections of the microchannel spacer (Figure 14) before and after 

the nanospring mat are probably partially responsible for the fast initial response and 

slow tailing-off of the fluorescein tracer during step changes. Because the flow is 

pressure-driven, a fluid element that traverses the channel along the central axis has a 

considerably shorter residence time than a fluid element moving along the outside of 

the channel. To begin the modeling, a two-dimensional slice of the fluid through the 

middle of the microchannel was considered. This geometry makes the assumption that 

the channel is infinitely deep (i.e. the top and bottom plates do not interact with the 

bulk fluid) – however, this assumption is clearly unrealistic and was later relaxed. 
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A simple steady-state Navier-Stokes model produces a laminar (parabolic) profile 

across the width of the channel (Figure 35). Although the flow is non-uniform in the 

header regions, it settles into a fair approximation of parallel flow across the 

rectangular region which would contain the nanosprings. The corners (especially the 

points behind the inlet and outlet) are stagnant, with little fluid flow reaching them. 

The velocity profile between the top and bottom plates of the microchannel will also 

adopt a laminar flow profile, so this simulation suggests that the flow profile will vary 

in the x and z dimensions on any plane across the microchannel10. As the concentration 

is also expected to change along the length of the microchannel, the combination of 

fluidics and mass transfer/reaction would then become a three-dimensional problem. 

While 3-D models are computationally tractable, they are inconvenient to work with 

and visualize, and tend to suffer from stability problems. 

Fortunately, the extreme aspect ratio of the reactor reduces the problem, as the flow is 

dominated by the vertical laminar flow profile between the two large parallel plates in 

the reactor (Figure 35). 

                                                 
10 Jung and Kwak (2008) provide the following analytical solution for the two-dimensional velocity 

profile of fluid through a rectangular microchannel, where a = W/2 and b = H/2 : 

( ) ( )
( ) ( )

1
22

2
23 3

1,3,5 2

1 cosh( )16
, 1 cos

cosh

n
n

a n
an b

n a

za dP
u y z y

dx n

π
π

πµπ

−
∞

=

 − = − −  
    

∑  

This equation can be used to specify the flow profile in a rectangular 3D model, eliminating the need 
for the Navier-Stokes computations altogether. 
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Figure 35: Two-dimensional simulation of the flow of water (30°C) through the 
microchannel, showing stagnant areas in the corners and preferential flow through the 
middle of the channel (left). The fluid velocity is highest at the inlet/outlet, but settles 
into an essentially parallel flow in the rectangular area between the headers. The 
velocity profiles at equidistant points through the 2D model at bottom left show the 
development of parabolic flow profiles in the center of the geometry (plot at right). 
 

A three-dimensional simulation of the steady-state velocity of water at 30°C through 

the microchannel was also performed. As with the 2-D model, streamlines calculated 

from the velocity field in this model clearly show the different path lengths taken by 

fluid elements starting at different positions in the microreactor. However, unlike the 

position-dependent velocity profile in the two-dimensional case (Figure 35), which 

ignores the effects of the top and bottom of the channel, the velocity profile along the 

width of the reactor in the 3-D model (Figure 36) is practically constant throughout the 

rectangular central area. Since the nanospring mat is not expected to create significant 

deviation in the x-y (horizontal) plane, the approximation of the empty micro-channel 

is not unwarranted. 
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Figure 36: Navier-Stokes simulation of fluid flow through half of the microchannel 
used in the nanospring microreactor. Fluid elements at the inlet travel through 
different paths (and thus different residence times) as they follow the streamlines 
through the channel. The velocity field is shown as arrows pointing in the direction of 
flow, with size proportional to the velocity. 

 
These simulations suggest that modeling the microreactor as a vertical 2-D slice along 

the central axis (between the inlet/outlet holes) provides a reasonable approximation of 

the steady-state fluid flow through the channel. This is fortunate, as two-dimensional 

models are substantially easier to mesh, and steady-state models can be solved quite 

quickly. However, any modeling of time-dependent behavior would still have to be 

done in full three-dimensional rigor, in order to properly expose the interplay of 

diffusion and convection in the central channel and stagnant regions at the corners. 

Due to limitations in time and computational resources, the full three-dimensional 

kinetic behavior was not investigated by numerical simulation. 

In this study, the fluidics were prescribed by the available flow cell housing, and as 

described above, are not optimal. For practical microdevices, however, the header 
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design is critical to good performance, and efforts must be made to ensure that every 

path through the fluid has an equal length or pressure drop. The naïve designs for inlet 

and outlet headers tend to perform poorly, and variations on the staggered inlet/outlet 

scheme in Figure 37 are generally preferred. The design at left produces severe flow 

maldistribution due to large differences in path length and pressure drop. These 

problems are somewhat mitigated by the center design, essentially that of the 

microreactor used in this study. The staggered design at right is substantially better, 

because the path length and hence the pressure drop, the fluid velocity and the average 

residence time, is the same along all of the channels.  

Poor Better BestPoor Better Best  
 

Figure 37: Simple microreactor header designs with different flow distributions.  

 

Steady-state modeling of the microreactor 

Three-dimensional simulations show that the flow is practically uniform across the 

width of the reactor as it reaches the nanospring mat. The velocity profiles are 

manifestly parabolic from top to bottom, so a two-dimensional slice along the y-z 

plane is representative of the entire nanospring region. Further, because of the extreme 

aspect ratio, the flow entering the mat is practically fully developed and uniform 

(Figure 36). Thus, the complex three-dimensional problem can be reduced to a 2-
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dimensional area around the nanospring mat, with laminar in-flow and out-flow 

regions at the boundaries. 

A two-dimensional scale model was produced with COMSOL, encompassing the 

entire geometry of the microreactor channel. The mesh (Figure 38) was elongated in 

the x (long) direction to provide ample elements in the vertical dimension. The reactor 

itself was modeled as an open channel with a block of porous medium (the nanospring 

mat) on the bottom edge, extending into the flow. The measured Darcy permeability 

and the porosity value provided by GoNano were used for the porous subdomain. A 

uniform inlet concentration (CAo) and laminar inflow at ave in inU Q A=  were also 

assumed. Typical values of constants and model parameters are listed in Table 3. 

 
Table 3: Values of parameters used in the numerical simulation of the nanospring 
microreactor. The values of k, hinder, κ, and ε were varied for sensitivity analysis. 

Parameter Value Description 

µ 7.978×10-4 [Pa·s] Kinematic viscosity (water at 30°C) 

ρ 995.7 [kg/m3] Density (water at 30°C) 

k 0.1228 [1/s] First-order reaction rate constant 

Di 1.0×10-6 [cm2/s] Diffusion coefficients of species i in water 

hinder 0.90 Factor ( ,i eff iD hinder D= ⋅ ) to account for 

hindered diffusion within nanospring mats 

κ 3.0×10-6 [cm2] Measured Darcy permeability of the 
nanospring mat 

ε 0.986 Reported porosity of nanospring mats 

Hc 175 [µm] Height of the empty microchannel 

Wc 1 [cm] Width of the microchannel 
(for calculation of average flow velocity) 
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Figure 38: Diagram of the geometry (top) and actual mesh (bottom) used for the 
numerical solution of microreactor performance. The aspect ratio of the figure is not to 
scale; the elongated elements of the meshed geometry are shown at 1:1 aspect ratio. 

 
For initial modeling, a pseudo-first order reaction (i.e. o-NPG → o-NP– + galactose; 

with i oNPGr k C= ± ) was modeled in the nanospring mat only, while convection and 

diffusion of all three species was allowed in both the open channel and through the 

nanosprings. Continuity of mass and momentum transport were assumed on all 

internal boundaries; the no-slip condition was imposed on the upper and lower channel 

walls. The model was solved in two steps. First the Navier-Stokes flow profile was 

solved (as it is independent of the concentration profile), and then the concentration 

profiles at various inlet feed and reaction rates were computed using the stored 

velocity field for calculation of the convective flux of each species. 

Substantial flow through the porous nanospring mat was observed in the model at 

practically all volumetric flow rates, as a result of the high permeability and very high 

porosity of the mat (see for example the velocity profiles in Figure 41 and Figure 43). 

The inlet conditions were initially specified as a volumetric flow rate of 200 µL/min 

with an o-NPG concentration of 1 mM. The value of k was then adjusted so that the 
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outlet concentration matched the steady-state experimental value for the same flow 

rate and concentration. The outlet concentration of the nanospring microreactor was 

calculated by boundary integration as shown in Equation (14): 

 
( )

( ),

A

A out

C n u ds
C

n u ds

⋅
=

⋅
∫
∫

� �

� �

 (14) 

The fitted pseudo-first order rate constant was 
1

0.133k
s

=  for the inlet feed of 200 

µL/min and 1mM o-NPG. In comparison, the batch reaction (Figure 25) achieved only 

~26% conversion after 10 minutes. Assuming a pseudo-first order rate constant for the 

batch hydrolysis, the rate constant was only 4 1
5 10batchk

s
−≈ × . Similar instances of 

process intensification in enzymatic microreactors have been reported by other authors 

(Miyazaki, et al., 2004; Sotowa, et al., 2008). 

Simulation results with first-order kinetics 

As expected from the experimental data (particularly the concentration dependency of 

the conversion), comparison of the pseudo-first-order model with experimental data at 

different flowrates of 1 mM o-NPG (Figure 39) shows that first-order kinetics do not 

completely describe the reactor performance. The effects of product inhibition are 

evident at long residence times, but the simulation is sufficiently accurate to enable a 

parametric study to investigate the model’s sensitivity to large changes in parameters. 
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Figure 39: Comparison of experimental data (diamonds) with numerical simulation 
using a pseudo-first order reaction. The reaction rate constant, k = 0.133 [1/s], was fit 
to experimental data. 
 

The concentration profiles of the o-NP- product along the length of the reactor were 

computed for a feed of 1 mM o-NPG and various flow rates (Figure 40). As expected, 

at very low flow rates (left) the reaction is essentially complete (Xss = 1.0) within 

several millimeters. In this case, the microreactor is actually too long and the process 

could be redesigned accordingly. However, as the bulk velocity increases, conversion 

is reduced and the concentration of o-NP- increases along the length of the reactor. 
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Again, these results assume perfect first-order kinetics; a model including the product 

inhibition would better reflect the plateau of conversion (~76%) observed  in the 

experimental reactor at long residence times. 

      

     

Figure 40: Concentration profiles along the length of the microreactor at different flow 
rates. The curves consist of several superimposed profiles, each at a different vertical 
position within the microchannel or nanospring mat. The reactor was fed with 1 mM 
o-NPG at flow rates of (left to right, top to bottom) 10 µL/min; 100 µL/min; 500 
µL/min; and 1000 µL/min. The vertical scale ([o-NP-]) is normalized to the maximum 
value in each plot. 
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Sensitivity analysis of the model 

Many of the model parameters (e.g. porosity, Darcy permeability, diffusivity within 

the nanospring mat, etc.) were estimated by various experiments, or chosen to match 

available materials (e.g. spacer or nanospring mat thickness). In order to determine the 

relative importance of these values (which may be difficult to measure exactly), a 

simple sensitivity analysis using the microreactor model was performed. 

Effect of varying the inlet substrate concentration  

As previously discussed, changing the inlet concentration (i.e. CAo) had no effect on 

the reactor performance. Since the conversion of a first-order reaction depends only on 

the reaction time, not the initial concentration, the ratio of outlet to inlet concentration 

(i.e. A

Ao

C
C ) would be expected to be constant. However, in the real microreactor, the 

conversion is a function of inlet concentration, and not surprisingly, the pseudo-first 

order reaction model (Figure 39) does not adequately describe the enzyme kinetics. 

Future work to improve the model should directly address this shortcoming. 

Effect of varying the diffusion coefficients 

The effects of diffusion are extremely important in microreactors, due to the short 

pathlengths within the channel. However, it is not clear whether the nanospring mat 

produces a significant decrease in the diffusivity of small molecule species in the mat. 

To determine the sensitivity of the model to changes in diffusivity within the mat, the 

diffusion coefficients of all species were varied from the free-solution values 

(estimated as 10-6 cm2/s) by a factor of 10±5, and relative outlet concentrations were 

calculated at 200 µL/min and 10 µL/min. For the 200 µL/min case, the calculated 
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outlet concentration differed by less than 0.1% when Dmat was varied from 10-11 to 10-1 

cm2/s. This suggests that the transport of substrate and products in the system is 

dominated by convection at high flowrates. In comparison, when the flow was reduced 

to 10 µL/min, the outlet concentration decreased to 82% with hindered diffusion (10-11 

cm2/s), but was unchanged when the diffusivity was higher in the mat than in free 

solution. Thus, only at very low flow rates does diffusion become important relative to 

the convective transport. However, the small response to a change in diffusivity over 

10 orders of magnitude implies that the exact value of the diffusion coefficients within 

the mat need not be specified accurately, even at extremely slow flow rates. It also 

indicates that the reactor conversion is not limited by diffusion under these conditions. 

At higher flow rates, shear-enhanced diffusion (Taylor dispersion) may increase the 

rate of transport into/out of the nanospring mat. 

Effect of varying the porosity (φ) of the mat 

Because the porosity was estimated by GoNano and has not been verified in our lab, it 

is useful to explore how changes in this value influence the microreactor simulation. 

The porosity was varied from 10% to 100% in the simulated nanospring mat, and the 

relative outlet concentration calculated. For both 200 µL/min and 10 µL/min flow 

rates, the change in outlet concentration was much less than 0.1% for mat porosities 

ranging from 10 to 100%. This is because the effect of decreasing mat porosity 

independent of permeability is simply to increase the interstitial velocity ( /i ou u φ= ). 

As with the diffusivity, increasing the rate of convective transport does not increase 

the conversion when the reactor is already reaction-limited. 
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One important point, however, that is not captured in the simulation, is that the surface 

area of the nanosprings may change substantially with decreased porosity. This would 

affect the total enzyme loading within the nanospring mat, resulting in lower overall 

conversion. Decreased porosity could also decrease the Darcy permeability of the mat. 

Effect of varying the Darcy permeability (κ) of the mat 

The permeability of the simulated nanospring mat was varied by a factor of 10±6
 to 

determine the importance of fluid flow within the mat. As expected, as the 

permeability was decreased, the flow through the mat was inhibited, and more of the 

flow was forced through the open channel (Figure 41). This results in higher velocities 

across the surface of the mat, with a corresponding decrease in convective transport 

within the mat. At very low permeabilities (e.g. κ = 3x10-12 cm2), the mat appears as 

an impermeable obstacle, forcing the entire volume of fluid through the upper channel, 

and restricting mass transfer to diffusion. In this regime, it is expected that changes in 

the diffusion coefficients within the mat (which had no effect with the highly-

permeable mats) would become very important. 

It is interesting to note that there is little effect on the outlet conversion until the Darcy 

permeability drops below ~10-6 cm2 (Figure 42). This is fortuitous, as the measured 

“worst case” value of κ (~3x10-6 cm2) lies above this transition region. From these 

simulations, it appears that convection through the mat dominates the reactor 

performance for real nanospring mats, but diffusional limitations will begin to appear 

if the permeability decreases substantially.
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κ = 3x100 cm 2

Q = 10 µL/min

κ = 3x10-3 cm 2
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κ = 3x10-12 cm 2

 

Figure 41: Effect of variation of Darcy permeability (κ) on inlet velocity profiles (contours) and o-NP– concentration profiles 
(shading, darker = higher concentration) in the microreactor. Arrows show the direction and magnitude of convective flux of 
the o-NP– product. The black rectangle corresponds to the nanospring mat within the channel.

10
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At lower flow rates, the conversion decreases only a small amount and levels off, due 

to the change from a convection-dominated regime to simple diffusion limited flow. 

At higher flow rates, however, the dilution of the product by unreacted substrate 

becomes much more pronounced, and the outlet conversion does not become constant 

even as the permeability is decreased to κ ~3x10-12 cm2. 
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Figure 42: Performance curve of a simulated nanospring microreactor with various 
nanospring mat permeabilities. Conversions are normalized to the conversion at κ = 
3.0x10-6 cm2, the “actual” measured value (marked by a vertical line). 

 

Inlet and outlet velocity/concentration profiles 

A COMSOL simulation of the velocity and concentration profiles at the reactor inlet 

and outlet was performed, with a substrate feed of 1 mM o-NPG at 100 µL/min. The 

pseudo-first order enzymatic reaction rate in the nanospring mat was set to 0.133 s-1. 
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The concentration and velocity profiles were plotted at the inlet and outlet (Figure 43). 

Of interest is the rapid formation of a complex, fully-developed flow profile in the 

nanospring portion of the reactor (arrow plot). Substantial convective flow is seen 

within the nanosprings, as expected from the permeability studies. The contours 

indicate regions of constant concentration of the o-NP product (and by stoichiometry, 

the galactose concentration). The shading is proportional to the o-NPG substrate 

concentration gradient, with darker grey regions indicating higher gradients. As 

expected, the highest substrate gradient is seen at the entrance of the nanospring mat, 

where the full inlet o-NPG concentration is being transported into the mat by 

convection. The velocity and concentration profiles become fully developed within a 

few channel heights, and the reaction becomes diffusion-limited as the fluid travels 

down the reactor. 

 

a)     
 

b)     
 
Figure 43: Fluid velocity profiles (arrows), o-NP concentration profile (contours), and 
substrate concentration gradient (shading) at the microreactor inlet (a) and outlet (b). 
Darker shading indicates a higher absolute value of the concentration gradient (or 
flux) of the o-NPG substrate. The edge of the nanospring mat is shown as a rectangle. 
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At the outlet, the fluid leaves the hindered flow of the nanospring mat, and the velocity 

profile becomes parabolic once again. At the edge of the mat, the fluid traveling 

through the open channel slows down and produces a local increase in the residence 

time and corresponding increase in conversion. The o-NPG (substrate) gradient 

increases in response to the locally increased conversion. A uniform o-NP- (product) 

concentration and parabolic velocity profile are established within a very short 

distance (i.e. three to four channel heights) from the end of the nanospring mat. 

Qualitatively, these results are typical for the range of flow-rates and inlet o-NPG 

concentrations investigated; the overall conversion, and the concentration and velocity 

gradients in both dimensions change proportionally to these parameters. 

Effect of varying relative height of the mat 

One parameter of importance from a manufacturing and engineering standpoint is the 

relative height of the mat to the channel. Thicker mats offer more surface area than 

thin mats, but are more expensive to produce and may present challenges in process 

control. Nanospring mats approaching the tops of channel walls may cause sealing 

issues, and, if much taller than the channel, the mat may be compressed or crushed 

during device assembly. The effect of varying the nanospring mat thickness within the 

microchannel was investigated with the numerical model. 

As expected, fluid velocity profiles (Figure 44) are a strong function of the relative 

height of the nanospring mat to the channel height (i.e. the parameter α). With thin 

mats, the flow is relatively unperturbed and is approximately parabolic throughout. As 

the mat becomes thicker, the flow is partially diverted into the open channel above it, 
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and an increasingly substantial fraction of the fluid is forced through the porous mat. 

The velocity profile becomes somewhat flatter as α increases, until the mat completely 

fills the channel and the flow becomes parabolic again due to the no-slip condition at 

both walls. 

The overall simulated performance of the reactor increases with increasing α. This is 

due to the corresponding increase in enzyme loading as well as reduced bypass flow 

through the open channel. However, the incremental change in outlet conversion per 

unit of mat thickness decreases as the mat fills the channel (Figure 45). This may have 

some practical impact on the design of microreactor systems, as the main objective 

function to be minimized for a successful engineering design is usually profit. 

With increasing mat thickness comes an increase in the cost of producing the nano-

spring mat, while the cost of the enzyme required to coat the resulting surface area 

also increases. Somewhat counter-intuitively, the optimal reactor design may therefore 

require the mat not to completely fill the channel. This is particularly true if the 

microreactor is operated in a recycle mode, in which any unreacted substrate can be 

separated and converted to valuable product on a later pass. Any optimization will 

thus be a function of the desired conversion, reactor and nanospring geometry, cost 

and stability of the enzyme, and ease of separation/recycling of unreacted substrate. 

 



 
 
 

109 

 

10 µm mat
(α = 0.06)

60 µm mat
(α = 0.34)

100 µm mat
(α = 0.57)

150 µm mat
(α = 0.86)

175 µm mat
(α = 1.00)

10 µm mat
(α = 0.06)

60 µm mat
(α = 0.34)

100 µm mat
(α = 0.57)

150 µm mat
(α = 0.86)

175 µm mat
(α = 1.00)

 

Figure 44: Calculated velocity profiles at the open channel-nanospring mat interface. 
Lighter shading indicates higher fluid velocity. Arrows show direction and magnitude 
of velocity field; contour curves trace constant velocity regions. Velocity profiles in 
the open channel and nanospring mat are shown at right. 
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Figure 45: Model predictions of reactor performance as a function of the nanospring 
mat thickness. Outlet conversion (left) increases with increasing mat thickness, while 
incremental conversion per unit mat thickness (right) decreases. 

 

Conclusions 

Nanosprings offer high accessible surface area with minimal flow resistance due to 

their unique shape. They are particularly amenable to continuous-flow microreactors 

because they can be patterned into existing devices and are easily functionalized for 

immobilization of proteins or other biomolecules. Their excellent mechanical 

characteristics and high permeability allow their use in high-throughput devices. 

In this study, we demonstrated a novel microreactor based on patterned nanosprings. 

The nanosprings were grown by a CVD process on glass or silicon wafers masked 

with ordinary transparent tape. The nanospring mat provided a surface area of ~1200 

cm2 in an approximate volume of ~47 µL, with a surface-area:volume ratio of 

approximately 92,000:1. The Darcy permeability of the nanosprings was found to be 

at least as high as loosely-packed gravel, and the nanostructures were undamaged by 

water flowing continuously through the mat at average speeds in excess of 85 cm/s. 
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A ß-galactosidase from A. oryzae was immobilized on the nanosprings by a reversible 

covalent disulfide bond. Enzyme activity was much higher in the microreactor than in 

batch assays, and minimal loss of activity in the microreactor and in solution was 

observed over a period of 26 days. Reactor performance was a function of both flow 

rate (i.e. residence time) and the substrate concentration, probably because of 

competitive inhibition by the galactose product. Regeneration of enzymatic activity 

was achieved by the in situ reduction of the disulfide bond to free thiols, followed by 

immobilization of fresh SPDP-modified enzyme on the nanosprings. 

The response of the reactor to step-changes in substrate concentration and flow-rate 

indicate some complex flow maldistribution. This is attributed to the sub-optimal 

triangular design of the inlet/outlet regions, which were prescribed by the existing 

reactor housing. Numerical simulation was used to model the flow and reaction 

characteristics of the microreactor, in two- and three-dimensional geometries. The 

Darcy permeability and fraction (α) of the channel filled by the nanospring mat were 

the most important parameters in determining simulated overall reactor performance.  

Microreactors, biosensors and lab-on-chip devices require high-throughput, 

dimensionally stable, patterned packings that offer high accessible surface area for 

immobilization of biomolecules and catalysts. Silicon oxide nanosprings appear to be 

nearly ideal to fulfill this role. The success of this prototype enzymatic microreactor 

opens the door to myriad possibilities for bioengineering applications of nanosprings. 
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Future directions 

Obviously, this prototype leaves much room for improvement and optimization. The 

immobilization chemistry can be significantly simplified by using the –SH-terminated 

mercaptopropyltrimethoxysilane to produce surface thiol groups (Appendix B). If 

enzymes with native thiol groups are to be immobilized, the surface –SH groups can 

be converted to thiol-reactive PDS groups by reaction with 2,2’-dithiodipyridine. 

It would be useful to study the effect of temperature, pH, and other reaction conditions 

on the activity and stability of the immobilized ß-galactosidase. Other immobilized 

enzymes (e.g. trypsin) could be studied, and there are numerous opportunities to take 

advantage of the ability to pattern the nanospring mat within existing structures. 

The high permeability and control of placement within a microreactor makes 

nanosprings particularly attractive for biosensor applications. For example, Seong et 

al. (2003) described a double-enzyme fluorescent glucose biosensor based on glucose 

oxidase (GOD) and horseradish peroxidase (HRP) immobilized on microbeads. A 

similar system using nanospring-immobilized enzymes (Figure 46) would be simple to 

construct, and would be an excellent starting point for future biosensors. 
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Figure 46: Example of a multi-enzyme fluorescent biosensor using glucose oxidase to 
produce H2O2 from glucose; the peroxidase then converts Amplex Red to fluorescent 
resorufin. Based on reactor design and assay scheme from Seong, et al. (2003). 
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The numerical simulation could also be further refined, in order to predict the reactor 

performance more accurately. In particular, because of product inhibition, the pseudo-

first order mechanism used in this study does not correctly predict the conversion at 

high substrate concentrations. Extension of the model to use Michaelis-Menten 

kinetics with competitive product inhibition (Equation (13)) should allow better 

prediction of the reactor performance at a given flowrate and inlet concentration. 

Extension of the numerical model to a full three-dimensional solution would probably 

provide more accurate results as average residence time is varied; the two-dimensional 

solution cannot account for the residence time distribution demonstrated by the  

fluorescein tracer study. 

Finally, the effect of the relative nanospring mat thickness (α) should be investigated 

further. Changing the fraction of the channel filled by the nanosprings changes the 

fluid velocity profiles, the total enzyme loading, and the overall reactor conversion. 

Simulation shows a diminishing return for thicker mats, which may be a factor in 

optimizing the reactor geometry to maximize profits or other objective functions. An 

experimentally-validated model would be useful for optimizing the reactor geometry 

to reach a target conversion, unit cost and product flow rate.
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DIRECT AFM IMAGING OF THE SURFACE DISTRIBUTION OF CLEAVABLE 
POLY(ETHYLENE OXIDE)-POLY(BUTADIENE)-POLY(ETHYLENE OXIDE) 

TRIBLOCK SURFACTANTS IMMOBILIZED ON SILICON BY γ-IRRADIATION 11 

 

 

“Superball®” toys are made of polybutadiene cross-

linked with sulfur, with silica and zinc oxide fillers. They 

rebound elastically, retaining approximately 92% of the 

input kinetic energy (U.S. Patent # 3,241,834; 1966). 

 

 

One major application of hydroxyl-terminated and 

carboxylated polybutadiene is as a “binder cum fuel” in 

solid rocket propellants. It is most commonly formulated 

with ammonium perchlorate and powdered aluminum 

(Badgujar, et al., 2008).  

                                                 
11 This research was presented in Poster Session #488 at the 2009 AIChE National Meeting (Nashville, 

Tennessee) on November 11, 2009. 
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Abstract 

Cleavable triblock surfactants with methoxypolyethylene oxide (mPEO) side-chains 

attached to polybutadiene (PBD) center blocks by ester linkages were synthesized. 

The triblocks were adsorbed on hydrophobic (C18) silicon wafers, rinsed with pure 

water, and then immobilized by covalent bonds induced by γ-radiation. The mPEO 

side-chains were then released from the PBD backbones by acid hydrolysis, which 

also hydroxylates the remaining PBD backbone. Decoration of the resulting –OH-rich 

immobilized poly-butadiene backbone with β-cyclodextrins “amplified” the polymer 

thickness to several nm, allowing direct imaging by standard atomic force microscopy 

(AFM). The surface distribution of the PBD backbones was found to depend on the 

incubation solution concentration, and strikingly different surface morphologies were 

observed after incubation with 1 or 10 mg/mL triblock solutions in 5% isopropyl 

alcohol. At 1 mg/mL, the surface coverage was minimal and largely independent of 

the triblock hydrophobe:hydrophile ratio. At 10 mg/mL, however, the smallest 

triblocks produced dense surface packings, albeit with evident defects in the layers. 

Increasing the hydrophile length produced more uniform and densely packed surface 

coatings. In both cases, the surfactants with 5 kDa mPEO side-chains failed to produce 

any appreciable surface coverage. This was attributed to facile desorption of the 

triblocks due to the long mPEO chains and relatively short hydrophobic center-block. 

Irradiation is often used to sterilize surfaces of biomedical devices, so this method 

offers “free” stabilization of the protein-repulsive mPEO layer. This analytical method 

could be useful in optimizing surface coatings for model substrates, and may lend 
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insight into optimal conditions for production of non-fouling coatings of real 

biomedical devices. 

Introduction 

The surface of biomedical devices such as central venous catheters (CVC), arterial 

stents, and other biomaterials must be carefully designed to prevent the adhesion of 

bacterial cells and activation of the clotting cascade due to adsorption of blood 

proteins (e.g. fibrinogen). Such non-fouling surfaces are typically produced by coating 

the device with a high density of pendant hydrophilic polymers (e.g. polyethylene 

oxide, PEO). Such PEO “brush layers” are observed to strongly resist the adsorption 

and binding of cells and proteins. A large body of work describes methods for 

producing these coatings, and the mechanism of their protein- and cell-repellent 

nature. The effects of the PEO chain length, surface packing density, and the terminal 

functional group on protein repulsion have been described (Archambault and Brash, 

2004a,b; Unsworth et al., 2005, 2008). 

At low grafting density, the individual polymer chains do not often interact, and are 

free to adopt a random coil conformation. As the grafting density increases to the point 

that the distance between individual polymer chains is smaller than the diameter they 

sweep in the solution (i.e. twice the Flory radius, RF). a polymer “brush” is formed. In 

this regime, the individual polymer chains interact strongly and can no longer adopt 

random coil structures. They are instead forced to adopt a more extended “brush-like” 

conformation extending away from the surface in a partially ordered configuration 

(Milner, 1991). The protein repulsion observed for pendant PEO brush layers is 
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usually attributed to steric hindrance and a “hydration barrier” (McPherson, et al., 

1997; 1998). Steric hindrance is a thermodynamic effect, in which an approaching 

protein or cell must compress the brush layer, thereby decreasing its configurational 

entropy. The hydration barrier refers to the idea that the hydrophilic polymer strongly 

binds water molecules in a hydration layer above the surface, preventing an 

approaching protein molecule from interacting directly with the surface. This captive 

fluid layer interferes with potentially favorable associations between the surface and 

the protein, thus preventing adsorption. These effects are quite powerful, such that the 

protein repulsion of a PEO brush is nearly independent of the pendant chain length 

above a few monomer units. When grafting densities are low, protein repulsion 

increases with increasing PEO chain length up to about 35 units, after which a plateau 

is reached (Tseng et al., 1995; McPherson et al., 1997; Unsworth et al., 2005; 2008). 

Despite the well-known non-fouling characteristics of PEO brush layers, a body of 

work suggests that their protective effect is not absolute. In particular, the 

effectiveness of the PEO brush is a strong function of the conditions under which the 

layer was formed. A number of methods for the production of PEO brush layers on 

clinically relevant surfaces have been advanced, including the direct incorporation of 

PEO into the polymer body used in the device, various “graft-to” reactions of end-

activated PEO with surface functional groups (Sofia, et al., 1998; Kenausis, et al., 

2000; Kidane, et al., 2000; Archimbault, et al., 2004; Kuang, et al., 2008), and self-

assembled PEO layers as thiol-terminated monolayers on gold (Unsworth, et al., 
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2008), or diblock and triblock copolymers such as Pluronic® surfactants on 

hydrophobic surfaces (Li, et al., 1996; Neff, et al., 1998; Tai, et al., 2008a,b). 

For example, PEO brush layers can be formed by the self-assembly of the surfactant 

Pluronic® F108 onto hydrophobic surfaces. Adsorption of the hydrophobic poly-

propylene oxide (PPO) centerblock of the PEO-PPO-PEO triblock onto a surface 

leaves the hydrophilic PEO side-chains in a solvated and mobile state. A dense PEO 

brush can be produced by simply incubating the hydrophobic substrate in an aqueous 

solution of the triblock copolymer (Li, et al., 1996). This method of coating is 

particularly appealing for biomedical applications, as it eliminates the need for toxic 

coupling reagents to attach the PEO to the surface. Further, by varying the relative size 

of the hydrophobe and hydrophile, the brush density and PEO chain length can be 

modulated. The brush layer produced by simple adsorption is somewhat fragile, and 

can be displaced by other surfactants or exposure to blood proteins. Of particular 

interest are methods for the radiation-induced covalent immobilization of Pluronic® 

surfactants on vinyl-functionalized model surfaces to form stable PEO brush layers 

(McPherson, et al., 1997; Park, et al., 2000; Rajam, et al., 2006). For real biomedical 

applications, however, it is more useful to move the radiation-activated double-bond to 

the triblock polymer itself, allowing the covalent attachment of adsorbed polymers to a 

variety of real surfaces by irradiation with γ-rays, UV or electron beams. Surfactants 

analogous to the Pluronic® PEO-PPO-PEO triblock, with the central PPO hydrophobe 

replaced by a double-bond containing polymer such as polybutadiene (PBD) have 

been synthesized. These PEO-PBD-PEO triblocks can be self-assembled on typical 
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hydrophobic surfaces, and covalently immobilized by irradiation with ultraviolet or 

gamma-rays (Tseng, et al., 1995; McPherson, et al., 1997; Kidane, et al., 2000). 

These studies have largely shown that the resulting PEO brushes efficiently prevent 

the adsorption of large proteins from solution. However, mounting experimental and 

theoretical evidence suggests that these brushes are less effective at repelling small 

peptides. Recent experimental results from our laboratory indicate that while PEO 

brushes from Pluronics® are resistant to the adsorption of large blood proteins such as 

fibrinogen, the small lantibiotic peptide (nisin, 3.5 kDa) was observed to integrate into 

the brush in multilayer quantities (Tai et al., 2008a,b). Theoretical models developed 

by Malmsten, et al. (1998), Rovira-Bru, et al. (2001), and Fang, et al. (2005) predict 

that proteins with a hydrodynamic radius smaller than the average chain spacing will 

be able to intercalate into the brush layer (although there will be an entropic penalty as 

the brush extends away from the surface to accommodate the displaced volume). 

These results are based on a perfectly uniform spacing of polymers within the brush; 

however, real immobilized polymer layers are rarely perfect distributed. Katira et al. 

(2008) presented a random sequential adsorption (RSA) statistical model of protein 

adsorption to a polymer brush that indicates that real polymer brushes will be 

inevitably be filled with “bald spots”. Their work focuses on the distribution of the 

polymers during formation of the brush, with the sweep volume of existing 

immobilized polymers preventing the further adsorption and grafting of polymer 

chains. Experimental results from several literature sources were closely fitted with 

this model, showing that real-world brush layers do indeed contain “holes”. These 
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authors proposed that the size of these bald spots was on the order of the size of a 

small protein, and that these holes are thus responsible for the adsorption of small 

proteins to surfaces otherwise protected by PEO chains. Obviously, a method to 

visualize the exact spatial distribution of the individual polymers (instead of relying on 

estimates derived from bulk properties such as immobilized mass/unit area) would 

improve our understanding of the mechanisms of protein repulsion and integration of 

small peptides into polymer brush layers. 

Direct visualization of macromolecular-scale features is commonly performed with 

atomic force microscopy (AFM). In this technique, an extremely sharp probe (tip 

radius < 10 nm) is rastered across small (< 100 µm) area of the sample, while a 

sensitive feedback system maintains a constant force or distance between the tip and 

sample. The topology of the sample can thus be determined to sub-angstrom precision. 

A refinement to this technique uses a rapidly oscillating probe to sense the surface 

topography. As the tip is brought towards the surface, intermolecular forces cause the 

resonant frequency to shift and the oscillation is dampened. A feedback circuit adjusts 

the height of the tip to track the surface in response to these changes. This intermittent 

contact (“tapping”) mode is quite sensitive and gentle, and is routinely used to produce 

images of single-stranded DNA and other biopolymers on solid surfaces, in ambient 

air and even under water or organic solvents. 

Although AFM is capable of resolving individual polymers at a surface, substantial 

difficulties are encountered in imaging a brush layer. First, the brush is most usefully 

examined in its “swollen” state (i.e. when it is fully hydrated and the pendant chains 
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are completely mobile), in order to avoid artifacts caused by the collapse of the 

extended chains onto the surface during drying. Imaging under water or solvents is 

quite possible with modern instruments, but requires specialized equipment and 

(because of the damping effect of a viscous solvent) is much more difficult than 

imaging dry samples in ambient air (Zhao, et al., 2000). 

More importantly, the hydrated brush layer itself can be thought of as a two-

dimensional fluid, with individual polymer chains moving rapidly throughout their 

sweep radius. This produces a problem analogous to mapping the surface height of a 

stormy sea – the geometry changes at every point and at every measurement. Although 

such surfaces can be measured with an instrument in intermittent contact mode, it is 

difficult to separate actual surface topology from 

artifacts caused by interactions of the tip with the 

fluid polymer surface (Figure 47). Artifacts can 

arise from variable penetration depth depending on 

brush density, or entanglement and adhesion 

between the tip and the polymer (Zhao, et al., 

2000; Azzaroni, et al., 2005; Artus, et al., 2006). 

Under ideal conditions, these problems can be 

overcome to produce reasonable images (Hamley, 

et al., 2004), but for the routine evaluation of surface coatings, a method that allows 

direct imaging of the surface distribution of a self-assembled layer is needed. 

 

Figure 47: Schematic of an 
AFM tip imaging a dense 
brush layer. The pointed tip 
partially penetrates and locally 
compresses the brush. Non-
specific adherence of polymers 
to the tip may also occur. 
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This study presents a novel method for the direct AFM visualization of the spatial 

distribution of the hydrophobic block of self-assembled PEO-containing block 

copolymers. Cleavable triblock surfactants with a hydrophobic centerblock rich in 

double bonds and ester linkages between the PEO and PBD blocks (i.e. PEO-ester-

PBD-ester-PEO) were synthesized. After adsorption and radiation-induced 

immobilization of the triblock on model hydrophobic surfaces, the ester bonds were 

hydrolyzed to remove the mobile PEO side-chains. The remaining hydrophobic 

backbones were then imaged with AFM, providing information about the packing and 

conformation of the triblocks on the surface. This technique should be invaluable for 

the optimization of triblock coating conditions on real biomaterials such as silicone 

and polyurethane substrates, which are notoriously intractable to the production and 

analysis of immobilized polymer coatings. 

Materials and Methods 

Materials and Reagents 

Polished silicon wafers (<100>, n-type doped with As, 100mm diameter, lot 

#A5991.01) with 3000Ǻ thermal silicon dioxide (SiO2) were purchased from 

University Wafer. Samples of hydroxyl-terminated polybutadiene Krasol LBH-2000 

(lot #LGF002, Mn 2019, 0.92 mmole –OH/g) and Krasol LBH-3000 (lot #LGE009, 

Mn 2961, 0.63 mmole –OH/g), with ~65% 1,2 (vinyl) content were a kind gift of 

Sartomer Corporation (Exton, PA). Methoxypolyethylene oxide (mPEO) polymers, 

mPEO750 (Aldrich 202495 lot #MKAA2557, Mn ~750, 1.3 mmole –OH/g)  mPEO2000 

(Aldrich 202509 lot #04916HJ, Mn 2135, 0.47 mmole –OH/g), and mPEO5000 (Fluka 
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81323 lot #1385331, Mn 4831, 0.21 mmole –OH/g) were purchased from Sigma-

Aldrich. Succinic anhydride, dicyclohexylcarbodiimide (DCC), dimethylamino-

pyridine (DMAP), octadecyltrimethoxysilane (ODTMS), and β-cyclodextrin (βCD) 

were purchased from Sigma-Aldrich. 2,4-Tolylene diisocyanate was obtained from 

TCI America. Hydrochloric acid, ammonium hydroxide, hydrogen peroxide, HPLC-

grade water, toluene, hexanes, ethanol (EtOH), isopropanol (IPA), dichloromethane 

(DCM), tetrahydrofuran (THF), anhydrous diethyl ether, acetic and sulfuric acid, and 

various buffer salts were procured from commercial vendors. All reagents were of 

ACS reagent or higher grade, and unless noted, were used without further purification. 

Solvents were stored over 4A molecular sieves (activated by drying in vacuo at 250°C 

overnight) to remove excess water. Where anhydrous conditions and reagents were 

required, commercially-dried solvents packed under argon or nitrogen in septum-

equipped containers were purchased, and transfers accomplished under inert 

atmosphere by standard techniques (Shriver and Drezdzon, 1986). 

Synthesis of cleavable mPEO-PBD-mPEO triblocks 

Succinylation of hydroxyl-terminated polybutadiene 

Formation of the succinyl hemi-ester of hydroxyl-terminated polybutadiene (HTPBD) 

was attempted following the methods of Kuang, et al. (2008; Scheme 9). Ten grams of 

Krasol LBH-2000 (9.2 mmole –OH) was charged into a magnetically-stirred three-

neck flask under nitrogen purge, and 200 mL of toluene was added. The solution was 

dried by azeotropic distillation; the contents of the flask were brought to 140-150°C in 

a silicone oil bath, and approximately 20% of the toluene distilled off. This initial 
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distillation removes low-boiling impurities (e.g. unreacted monomers and water) from 

the system. The condenser was then reconfigured for reflux, and 3.68g of succinic 

anhydride (a 4x molar excess vs. HTPBD –OH groups) added. The mixture was stirred 

under reflux at 150°C for 5 hours, and then cooled to room temperature. The reaction 

vessel was purged with dry, high-purity nitrogen at all times. A flaky white precipitate 

appeared in the flask upon cooling. The slurry was filtered and washed twice with 

0.1N HCl in a separatory funnel, then dried over anhydrous sodium sulfate (Na2SO4). 

Toluene was removed by rotary evaporation (“rotovapped”), again producing a white 

flaky precipitate. The product was taken up again in 100mL of toluene, and washed 

with 1M sodium bicarbonate13 (NaHCO3), 0.1N HCl (2x) and saturated NaCl in a 

separatory funnel. The organic phase was dried over anhydrous magnesium sulfate 

(MgSO4), and rotovapped to remove the solvent, leaving a viscous, light tan oil. The 

product was characterized by 1H NMR. 

Succinylation of methoxypolyethylene oxide (mPEO) 

Because succinylation of the PBD backbone was unsuccessful (see Results and 

Discussion), the initial scheme was abandoned and an alternate synthesis was 

proposed. The reaction was “turned around” (Scheme 10) so that the mPEO side-

chains were modified instead of the PBD centerblock. In a typical synthesis, five 

grams of mPEO5000 was charged into a 250 mL 3-neck flask fitted with a condenser 

and continuous nitrogen purge. Toluene (120 mL) was added, and the mixture dried by 
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azeotropic distillation12 of at least 20 mL at 140-150°C. The condenser was then 

reconfigured for reflux, and a 5x molar excess of succinic anhydride (500 mg) was 

added to the solution. The mixture was refluxed with stirring under a dry nitrogen 

purge at 150°C for 5 hours, after which it was allowed to cool to room temperature. 

The solution was rotovapped to remove the toluene, then taken up in 50 mL of 1M 

NaHCO3 and cooled to 0°C in an ice bath. The solution was then acidified with 5% 

HCl to pH 3, and extracted 4x with CHCl3 (50 mL total) in a separatory funnel. 

The organic phase13 was dried over anhydrous MgSO4, and rotovapped to concentrate 

it to 15 mL. This solution was cast into 150 mL of cold anhydrous diethyl ether, which 

causes the polymer to precipitate. The precipitate was then filtered with Whatman #1 

paper in a Buchner funnel, washed with diethyl ether, and dried in vacuo at 30-40°C 

for several hours. The white flakes of dry succinylated mPEO (mPEO5000-COOH) 

were stored under argon in a desiccator. An identical procedure was followed to 

produce the succinylated derivatives of mPEO2000 and mPEO750 (a waxy paste). The 

products were characterized by 1H NMR. 

Synthesis of mPEO-PBD-mPEO block copolymers 

Triblock copolymers of succinylated mPEO and PBD were synthesized by the 

Steglich esterification reaction (Zhang, et al., 2005; Yang, et al.,2007; Xie, et al., 

2009). In a typical reaction (Scheme 10), one gram of dry mPEO5000-COOH (0.20 

                                                 
12 The toluene distillate from the mPEO750 sample was initially a milky, white emulsion with water, and 

gradually became clear after approximately 20 mL was distilled; a total of ~50 mL was distilled to 
ensure complete removal of water from the system. 

13 The aqueous phase will be saturated with toluene (~0.5 g/L) or chloroform (~8 g/L), and hence must 
be handled and disposed of as hazardous waste. Do not discard the aqueous phase down the drain. 



 
 
 

126 

 

mmole –COOH) was dissolved in 10 mL of dry DCM in a 100mL round-bottom flask. 

This solution was cooled to 0°C in an ice bath. A slight molar excess (0.263g; 1.2x –

OH vs. –COOH groups) of LBH-2000 HTPBD was then added, and the flask swirled 

vigorously to dissolve the viscous polybutadiene. The flask was again cooled in the ice 

bath, and a slight excess (45.8 mg, 1.1x vs. –COOH) of DCC14 added to the mixture, 

then swirled briefly to mix. This was immediately followed by a stoichiometric 

amount of DMAP15 (27.1 mg, 1.1x vs. –COOH). The flask was then purged with dry 

argon and tightly sealed with a glass stopper and Parafilm to prevent the entry of water 

vapor. The reaction was allowed to proceed in the dark, without stirring, in an ice bath 

for 48 hours. The cold solutions were then passed through 0.45 µm PTFE syringe 

filters to remove the insoluble dicyclohexylurea (DCU) by-product of the reaction. 

The filtrate was rotovapped to remove the dichloromethane, then taken up in 10 mL of 

THF and cast into 100mL of ice-cold hexanes. The precipitated polymer was then 

filtered with Whatman #1 paper, rinsed with cold hexanes and partially dried by 

ambient air flow in a Buchner funnel. The precipitation was repeated twice to remove 

residual coupling reagents and any excess polybutadiene (which are soluble in the 

hexane supernatant). The polymer was then dried in vacuo at 30-40°C overnight, and 

the purified product analyzed by 1H NMR. 

                                                 
14 DCC is a waxy solid that is toxic by inhalation and skin contact, and a strong allergen sensitizer. 

Wear gloves, dust mask and eye protection when handling DCC.  
15 DMAP is highly toxic by ingestion and skin contact, and is easily absorbed through the skin. Wear 

gloves, dust mask and eye protection when handling DMAP. It is also extremely toxic to aquatic life, 
so should always be disposed of as hazardous chemical waste. 
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An identical method was used to prepare the triblocks with LBH-3000 PBD 

backbones, and with mPEO2000 and mPEO750 side-chains. The lower molecular weight 

triblocks were found to produce a soft, sticky precipitate that could not be filtered. In 

these cases, the slurry was centrifuged in a swinging bucket rotor (0-4°C, 15 min at 

3750 RPM) and the organic supernatant decanted. The polymer mass was then 

redissolved in 10 mL of THF, and hexanes (40 mL) were added to precipitate the 

polymer. For the copolymers of mPEO750, it was necessary to cool the mixture in a dry 

ice/acetone bath (-78°C) to completely precipitate the polymer. The resulting slurry 

could then be warmed to 0°C for centrifugation, without appreciable dissolution of the 

precipitated polymer. A total of six triblocks were synthesized by combination of PBD 

with nominal molecular weights of 2000 and 3000 Da, with mPEO of nominal 

molecular weight of 750, 2000 and 5000 Da. The triblocks were coded ‘CTnmn’, 

where ‘n’ is the approximate Mn of the mPEO side-chain (~1, 2, or 5 kDa), and ‘m’ is 

the Mn of the polybutadiene centerblock (2 or 3 kDa). 

Characterization of mPEO-COOH and mPEO-PBD-mPEO triblocks 

Proton nuclear magnetic resonance (1H NMR) 

Samples of the unmodified and succinylated mPEO polymers and mPEO-PBD-mPEO 

triblocks were analyzed by 1H NMR. Dry polymers were dissolved by vigorous 

shaking in CDCl3 with 0.1% tetramethylsilane (TMS) as a spectral reference. Aqueous 

solutions of polymers were frozen (-80°C) and lyophilized, then redissolved in D2O 

and lyophilized again to eliminate H2O and HOD. The lyophilized samples were then 

shaken gently with CDCl3 (with 0.1% TMS) to dissolve the organic materials, and 
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centrifuged at 14,000 RCF for 30 seconds to pellet insoluble salts. The chloroform 

solution or supernatant was transferred to 5mm NMR tubes, and spectra were obtained 

at ambient temperature in a Bruker DPX-400 NMR spectrometer at 400 MHz. 

Samples were spun at 20 Hz to improve magnetic uniformity, and exponential line 

broadening (0.7 Hz) was applied to reduce noise prior to integration. Manual peak 

picking and integration were performed using standard Bruker TopSpin 2.1 software. 

Aqueous solutions of mPEO-PBD-mPEO triblocks 

Due to the extreme hydrophobicity of the olefinic polybutadiene centerblock, the 

mPEO-PBD-mPEO triblocks are difficult to solubilize in pure water. To overcome 

this, stock solutions of 10 and 100 mg/mL mPEO-PBD-mPEO triblocks in 50% IPA 

were first made, then diluted 1:10 into HPLC H2O to a final concentration of 1 or 10 

mg/mL (0.1% or 1%) triblock in a 5% IPA solution. This alcohol content did not 

interfere with the production of dense, stable triblock foams when shaken vigorously. 

Solution-phase cleavage of mPEO-PBD-mPEO triblocks 

In order to demonstrate the cleavage of mPEO-PBD-mPEO triblocks, solution-phase 

acid hydrolysis of the ester bonds connecting the mPEO side chains to the PBD 

backbone was performed. Solutions (1 mg/mL, by dilution of 10 mg/mL stocks in 

50% IPA) of the cleavable triblocks were made in HPLC H2O or 3M H2SO4. The 

solutions were then heated in a water bath at 60°C for 30 minutes to hydrolyze the 

ester bonds. After cooling to room temperature, the triblock solutions were vortexed 

briefly. The ability (or lack thereof, indicating a loss of surfactancy due to hydrolysis) 

of the solutions to support stable foams was noted after five minutes. 
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Preparation of hydrophobic C18 silica surfaces 

Silicon wafers with 3000Ǻ thermal SiO2 films were cut into 1-2 cm2 chips with a 

tungsten carbide awl. The chips were placed in individual test tubes with 2 mL 

aliquots of 1:1:5 30% H2O2:30% NH4OH:HPLC H2O (base Piranha16) and heated in 

an 80°C water bath for 15 minutes. After rinsing twice with HPLC H2O, the chips 

were covered with 2 mL aliquots of 1:1:5: 30% H2O2:37% HCl:HPLC H2O (acid 

Piranha) and incubated at 80°C for 15 minutes. The chips were then rinsed 3x with 

95% ethanol adjusted to pH 5.0 with acetic acid, blown dry with a stream of nitrogen, 

and arranged in an untreated polystyrene Petri dish. 

A solution of 5% octadecyltrimethoxysilane (ODTMS) was prepared in ethanol which 

had been dried over activated 4A molecular sieves, and kept under a nitrogen blanket 

at all times. The silane solution was allowed to pre-react for five minutes at 45°C, and 

then poured over the dry silicon wafer chips. The silane-covered wafers were covered 

and tightly sealed with Parafilm, and allowed to incubate with gentle swirling (60 

RPM) for three hours at room temperature. The silanized chips were then rinsed 4x by 

pouring off the silane supernatant, and immediately flooding the chips with absolute 

ethanol (~20 mL/rinse). The wafers were then blown dry with a stream of nitrogen, 

transferred to a clean glass Petri dish, and cured in an oven for 10 minutes at 150°C. 

The cured wafers were cooled to room temperature in tightly covered polystyrene 

Petri dishes prior to use. A short review of silane reactions is given in Appendix B. 

                                                 
16 Caution: The acid and base Piranha solutions are very strong oxidizers, and may ignite or cause the 

explosion of organic materials upon contact. Always neutralize Piranha solutions before disposal. 
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Coating of C18-modified wafers with triblocks 

Five hydrophobic C18-silanized wafers were placed polished-side up in a 60 mm 

untreated polystyrene Petri dish for each treatment. The wafers were covered with 1 or 

10 mg/mL solutions of mPEO-PBD-mPEO triblocks in 5% IPA (~2.5 mL), diluted 

from 50% IPA stock solutions, and incubated overnight in the dark on a shaker table 

(60 RPM) at room temperature. Several C18 wafers were incubated in 5% IPA under 

the same conditions as a triblock-free negative control. After overnight incubation in 

triblock solution, the wafers were rinsed by successive transfer through ~10 mL 

aliquots of HPLC H2O in clean polystyrene Petri dishes, gently agitating the solution 

to mix following each transfer. 

γ-Irradiation of triblock-coated hydrophobic wafers 

Exposure of the double bonds in the PBD backbone to γ-radiation in water creates 

radicals that covalently link the polymer to the surface. For each triblock coating, the 

five rinsed wafers were split into groups of two (non-irradiated controls) and three (to 

be irradiated). The wafers were covered with fresh HPLC H2O in 35 mm untreated 

polystyrene Petri dishes, sealed with Parafilm and wrapped in foil to protect them 

from leakage and light during transit. Duplicate samples of the incubating triblock 

solutions in 2 mL polypropylene microcentrifuge tubes were also prepared. Wafers 

and liquid samples for irradiation were sent to the Oregon State University Radiation 

Center, where they were exposed to a 560 Ci 60Co source, to a total dose of 3 kGy (0.3 

Mrad, ~7 hr). Control samples were held in the dark at room temperature with no 
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exposure to gamma radiation. Representative irradiated triblock solutions were 

lyophilized from D2O, and subjected to 1H NMR analysis. 

SDS challenge of immobilized mPEO-PBD-mPEO triblocks 

Partial treatment with 3% SDS solution 

Exposure to gamma radiation is expected to covalently link the PBD centerblock of 

the mPEO-PBD-mPEO triblocks to the hydrophobic C18 coating on the solid surface. 

To evaluate the stability of the presumably-immobilized surfactant coating, irradiated 

and control wafers were challenged with sodium dodecyl sulfate (SDS), a very strong 

surfactant. Aliquots of 3% SDS in HPLC H2O (750 µL) were transferred to clean, 

disposable 1x1x4-cm polystyrene spectrophotometer cuvettes. This produced a fluid 

level of approximately ¾-cm high (a large meniscus is formed within the walls of the 

cuvette). A single wafer from each treatment was gently placed in the SDS solution 

and allowed to incubate overnight at room temperature. During this time, a small 

volume of the SDS solution evaporated. The wafers were then removed from the SDS 

solution with tweezers, and the unpolished backs blotted dry on lint-free paper wipes. 

Individual wafers were affixed on clean borosilicate glass microscope slides with 

double-stick tape, taking care to place the top of the wafer slightly above the tape 

edge, to avoid transfer of material from the adhesive to the wafer surface. The wafer 

surfaces were then rinsed with copious amounts of HPLC H2O to remove SDS, dust 

and any displaced triblocks. A total of 1 L of water was used to rinse 14 wafers. The 

rinsed wafers were covered with lint-free wipes and left to dry in ambient air for 

several hours. 
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Ellipsometric evaluation of SDS-treated and untreated surfaces 

The dried surface films were evaluated by ellipsometry in ambient conditions using a 

modified Gaertner L-104 rotating-null ellipsometer. The system uses a HeNe laser at 

632.8 nm with a 70° incidence to the solid surface. The polarizer was fixed at 45°, and 

three rotations of the analyzer were averaged for each measurement. At least six points 

were measured on each of the untreated and SDS-washed portions of the wafers. A 

single-layer film model was used to calculate the effective film thickness at each point 

on the surface, with refractive indices of 1.000 for air and 3.882 – 0.019i for silicon. 

An average refractive index of 1.46 was assumed for the SiO2/C18/triblock overlayer. 

Each surface point was measured a minimum of 5 times, and the means and standard 

deviations of the ellipsometric angles and film thickness were recorded. 

Cleavage of γ-immobilized triblocks on C18 silicon wafers 

The mPEO side-chains of the triblocks immobilized by γ-irradiation were cleaved by 

an acid hydrolysis analogous to that used for the solution-phase cleavage. The C18-

modified and triblock-coated silicon wafers were placed in individual glass test tubes, 

and covered with a 3M H2SO4 solution. Non-irradiated controls were treated similarly. 

The tubes were placed in a water bath at 60°C for 30 minutes to hydrolyze the ester 

linkages between the immobilized PBD backbone and the mPEO side-chains. After 

cooling to room temperature, the wafers were washed with HPLC H2O four times, and 

dried in vacuo at 80°C for 4 hours. Hot acid treatment also produces hydroxyl groups 

along the polybutadiene backbone, by the acid-catalyzed addition of water to the 

remaining PBD double bonds. 
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Decoration of immobilized PBD centerblocks with β-cyclodextrin 

The immobilized polybutadiene centerblocks of the cleaved triblocks were decorated 

with β-cyclodextrin to improve the spatial contrast between the C18-modified silicon 

wafer background and the polymer. Because of the high reactivity of the isocyanate 

functional groups with water, this part of the procedure was performed in a glove 

bag17. The bag was evacuated and filled three times with high-purity nitrogen that was 

passed through a column of activated 4Å molecular sieves, to remove residual 

atmospheric water. All materials (glassware, syringes, droppers, paper wipes, forceps, 

test tubes, etc.) were dried at 110°C in vacuo, and an open dish of activated silica gel 

was kept in the glove bag to absorb moisture permeating the plastic. Hydrophobic-

treated glass-ware and plastic utensils were used whenever possible. 

Briefly, powdered β-cyclodextrin (βCD) was dried for two days at 80°C with silica gel 

in vacuo (Chelli, et al. 2009), then re-dried at 110°C immediately before use. C18 

wafers with acid-cleaved triblock backbones were immersed in a 0.1M solution of 2,4-

tolylene diisocyanate18 (2,4-TDI) in anhydrous toluene (Aldrich, < 0.001% water) for 

3 hours at room temperature. This treatment activates the polymer hydroxyls 

(generated by hydration of –C=C– groups on the polybutadiene) with isocyanate 

groups. The wafers were then transferred to clean tubes, and then washed 4x with 

                                                 
17 This is an excellent exercise in the careful planning of an experiment. Everything that will be used 

over the entire 24-hour procedure must be placed into the sealed bag before beginning the experiment. 
Contingencies for spills, handling and containment of waste solvents and reagents must also be made. 
A pair of dry rubber bands around the wrists of the gloves makes using the bag much less awkward. 

18 Use TDI with caution under inert atmosphere in a fume hood! TDI is highly toxic and reacts violently 
with water, alcohols and acids. It is highly flammable and can polymerize explosively in the presence 
of amines or bases. Inhalation causes bronchitis, asthma and lung edema. A similar compound, 
methyl-isocyanate, was responsible for the many deaths and illnesses in the Bhopal incident (1984). 
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anhydrous toluene to remove excess 2,4-TDI. This washing must be thorough because 

any residual TDI will cause the cyclodextrins to polymerize. 

A 50 mg/mL solution of vacuum dried β-CD was made in anhydrous DMSO (EMD 

DriSolv™, 0.0017% water) and used immediately. The isocyanate-modified wafers 

were covered with β-CD solution, and allowed to react for 18 hours. The surface was 

then washed with DMSO and HPLC water to remove non-covalently attached β-CD 

and hydrolyze any remaining isocyanate groups. The β-CD-decorated wafers were 

then dried with a nitrogen stream, and stored desiccated prior to AFM analysis. 

AFM imaging of β-cyclodextrin-decorated PBD centerblocks 

Wafers carrying PBD centerblocks decorated with β-CD were firmly attached to 

borosilicate microscope slides with double-stick tape. Each wafer was washed with a 

copious stream of HPLC-grade water and blown dry with filtered high-purity N2 to 

remove any dust or particulate matter immediately before imaging. Atomic force 

microscopy (AFM) imaging was performed with an Asylum Research MFP3D 

microscope in intermittent contact (“tapping”) mode on dry samples in ambient air. 

Aluminized silicon cantilevers with etched silicon tips (TAP300Al-G, BudgetSensors, 

Sophia, Bulgaria) with a nominal spring constant of 40 N/m, 300 kHz resonant 

frequency, and 8 nm radius of curvature were used to image the surface. Because of 

their flatness and sparse features, the wafers incubated with 1 mg/mL triblocks was 

imaged in “attractive” mode at 1024x256 pixel resolution, with minimal cantilever 

oscillation (amplitude 0.1V, tuned to -5.0% of the resonant frequency). The wafers 

incubated with 10 mg/mL triblocks were imaged in standard tapping mode (amplitude 
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of 1.0V, tuned to +5.0% of the resonant frequency), at 1024x512 pixel resolution. 

Survey scans of randomly-chosen 10-20 µm square areas were initially taken, and 

representative 1.0 µm and 250 nm areas were then scanned at high resolution. Lateral 

scan frequencies ranging from 0.4-1.0 Hz19 and proportional gain settings between 8 

and 14 were used to minimize “parachuting” of the tip from surface features. In all 

cases, the amplitude setpoint was set to 70-80% of the free-air oscillation amplitude to 

minimize deformation of surface features. Data analysis and plotting was performed 

using the Igor™ and ArgyleL™ software packages. 

Results and Discussion 

Synthesis of cleavable mPEO-PBD-mPEO triblock surfactants 

Succinylation of hydroxyl-terminated polybutadiene (HTPBD) 

A series of reactions (Scheme 9) for the synthesis of mPEO-PBD-mPEO triblock 

copolymers with cleavable ester linkages between the hydrophilic mPEO and 

hydrophobic PBD blocks was initially proposed. In this early scheme, the first step in 

the synthesis was the carboxylation of hydroxyl-terminated polybutadiene by reaction 

with succinic anhydride in refluxing toluene. This reaction has been described in the 

literature (Geetha, et al., 1991), and is analogous to the succinylation of PEO by the 

method of Kuang, et al. (2009). 

A peak corresponding to the unmodified terminal –OH group in the 1H NMR spectrum 

of the product remained substantially unchanged after the reaction (data not shown). 

                                                 
19 As an interesting comparison, the Ross Ice Shelf in Antartica slips approximately 2-3 meters per day, 

which is more than 10 times faster than the AFM tip was moving over the wafer surface. 
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This was taken as evidence that the reaction did not proceed to any significant yield, 

and the scheme was abandoned. It is believed that the failure of this reaction may have 

been partially attributable to degradation of the succinic anhydride (due to improper 

handling in previous lab work); the reagent was replaced prior to attempting further 

reactions. In addition, the commercial Krasol® HTPBD is terminated with secondary 

hydroxyl groups (i.e. >CH-OH), and is thus somewhat less reactive than the more 

common primary –CH2–OH terminal groups of research-grade HTPBD used by other 

workers (Jankova, et al., 1997). 
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Scheme 9: Proposed synthetic pathway to produce cleavable mPEO-PBD-mPEO 
triblock surfactants. The initial step, succinylation of the polybutadiene, was not 
successful. 
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In a sense, this failure was a fortuitous outcome, as the initial scheme was in fact 

somewhat complicated. In following steps, the carboxylated PBD would be activated 

with an excess of the highly water-sensitive reagent carbonyldiimidazole (CDI), the 

unreacted CDI removed by a kinetic separation with hydroxylated Sepharose LH-20 

(Morton, et al., 1988), and, finally, the resulting activated PBD-imidazolide coupled 

with mPEO. A final aqueous/organic separation would also be required to remove 

imidazole and other reaction byproducts. This step would be complicated by the 

surfactant nature of the final products. 

Succinylation of methoxypolyethylene oxide (mPEO) 

In light of the failed HTPBD succinylation, a considerably simpler alternative reaction 

scheme was proposed (Scheme 10). In this method, the –OH groups of the mPEO side 

chains were first succinylated by reaction with excess fresh succinic anhydride in 

toluene at 150°C under reflux after azeotropic drying (Treetharnmathurot, et al., 2008; 

Kuang, et al., 2009; Li and Chau, 2009). The succinylated derivatives of mPEO of 

molecular weight 750, 2000 and 5000 (mPEO-COOH) were produced in good yield 

by this method, as determined by proton NMR (see below). 

Esterification of mPEO-COOH and HTPBD 

A set of mPEO-PBD-mPEO triblocks with various molecular weight and ratios of 

hydrophile (mPEO) to hydrophobe (PBD) were made from mPEO-COOH and 

HTPBD of various molecular weights. The ester-linked triblocks were synthesized by 

the Steglich esterification of the carboxyl groups of mPEO-COOH with the terminal 
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secondary –OH groups of a slight excess of HTPBD (Scheme 10). This is a convenient 

one-pot synthesis in which DCC and DMAP react with the mPEO carboxyl groups to 

form an active acyl-transfer intermediate. This reactive intermediate then undergoes 

nucleophilic attack by the –OH groups on the HTPBD, releasing the DMAP and 

forming the ester linkage (Neises and Steglich, 1978). 
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Scheme 10: Synthesis of mPEO-PBD-mPEO triblock surfactants with cleavable ester 
linkages First, mPEO is carboxylated with succinic anhydride. The mPEO-COOH is 
then esterified with the hydroxyl-terminated PBD. Polymer repeat units are 
emphasized, and the polybutadiene is shown with all-1,2 (vinyl) groups for clarity. 

 
An insoluble precipitate of crystalline dicyclohexylurea (DCU, needles) is filtered off, 

thus driving the reaction to completion and allowing the use of only a slight excess of 

DCC/DMAP. This helps to suppress undesirable side-reactions, and unlike the 

imidazole-contaminated product of CDI esterifications (Scheme 9), the final reaction 

mixture contains primarily the ester product and DMAP, with traces of DCC. When 

cast into hexane, the ester product is rendered insoluble by the mPEO side-chains, 

while the excess HTPBD, DCC and DMAP all remain soluble. Precipitation of the 

mPEO-PBD-mPEO triblock from hexane thus produces a substantially pure product 

without further processing. The precipitation of the low molecular weight triblocks 

was achieved by briefly cooling the hexane mixture in an acetone/dry ice bath; the 
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precipitated polymer did not redissolve appreciably upon warming. The triblocks were 

identified by the scheme ‘CTxyx’, where ‘x’ and ‘y’ represent the approximate size of 

the PEO side-chains (1, 2or 5 kDa) and PBD center-block (2 or 3 kDa). Thus, CT232 

refers to a cleavable triblock with 2 kDa PEO side-chains attached via ester linkages to 

a 3 kDa PBD center-block.  

Proton NMR of starting materials and triblocks 

 
The structure, 1H NMR spectra, and peak assignments of the Krasol® hydroxyl-

terminated polybutadiene starting materials are displayed in Figure 48.  
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Figure 48: The 1H NMR spectra of Krasol® LBH-2000 (i) and LBH-3000 (ii) 
polybutadiene terminated with secondary hydroxyl groups. 

 
The broad peaks around δ = 5.0 ppm are characteristic of the backbone –CH=CH– and 

internal vinylic (–CH=CH2) protons. The terminal allylic (–CH=CH2) protons are 

found at δ = 5.5 ppm. The two broad peaks between 1.0 and 2.4 correspond to the 
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backbone and vinylic methylene (–CH2–) groups, while the broad peak at δ ≈ 3.8 ppm 

is due to the proton adjacent to the “V”-type (secondary) hydroxyl groups (Vilar, et 

al., 1997; Podesva, et al., 1999; Sadeghi, et al., 2006; Wang, et al., 2009). The ratio of 

vinyl to backbone double bonds can be calculated from the ratio of the peak areas 

between 5.0 and 5.8 ppm. If the integrated peak area around 5.0 ppm (A5.0) is set to 

2.0 (corresponding to the two terminal vinyl protons), then the integral of the peak 

around 5.5 ppm (A5.5) is the sum of one vinyl proton and two of the protons from the 

in-chain double bond. Accounting for the contribution of each proton to the integrals, 

let X = [(A5.5 – 1.0) / 2]. This corresponds to one of the two in-chain protons, after 

subtracting out the single vinyl proton. The fraction of vinyl groups is then given by 

1.0 – [X / (A5.5 – X)]. For both polybutadiene samples, the fraction of vinyl groups 

was found to be ~65%, as specified by the manufacturer. 

Figure 49 provides 1H NMR spectra of the unmodified and succinylated mPEO 

polymers. Conveniently, the protons of the stable terminal methoxy group (CH3–O–, δ 

= 3.38 ppm, 3H) are well-resolved, and this peak was used to calibrate the integrated 

peak areas to the absolute number of protons. The disappearance of the broad peak(s) 

associated with the terminal –CH2–OH group (δ = 2.4-2.6 ppm) was accompanied by 

the appearance of a triplet at δ ≈ 4.25 ppm (2H) characteristic of aliphatic esters (–

COO–CH2–), and a multiplet characteristic of the –CH2–CH2– of the succinyl 

hemiester (δ = 2.64 ppm, 4H). 
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Figure 49: 1H NMR spectra of mPEO polymers before (left) and after succinylation 
(right). The quantitative formation of the succinyl hemiester group is demonstrated by 
the areas of the peaks at δ = 4.26 ppm (2H) and δ = 2.65 ppm (4H). 

 
The number average molecular weights (Mn), calculated from the integration of the 

PEO repeat unit (–CH2–CH2–O–, 44 Da) at δ ≈ 3.65 ppm (and adding 118 Da for the 

succinyl hemi-ester) are reported in Table 4.  
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Table 4: 1H-NMR composition data for mPEO before and after succinylation, 
calibrated to the three protons in the CH3-O- peak. Each EO repeat unit contains 4 
protons, and the molecular weight is calculated from the number of repeat units and 
succinyl hemi-ester (if present). 

 
Polymer Sample 

EO integral 

(δ ≈ 3.65) 
Degree of 

polymerization 
Calculated 

Mn (Da) 
mPEO750 70.13 17.5   803 
mPEO750–COOH 70.25 17.5   906 
mPEO2000 194.10 48.5 2167 
mPEO2000–COOH 194.39 48.5 2271 
mPEO5000 453.64 113.4 5022 
mPEO5000–COOH 407.92 102.0 4620 
 
Although the lower molecular weight mPEO samples show quantitative succinylation, 

the spectrum of mPEO5000 was somewhat unusual. The broad peak remaining at 

around δ = 1.8 ppm may correspond to residual terminal –OH groups; however, the 

ester and succinyl peaks have the correct areas (2H and 4H, respectively). This could 

be explained by a mixture of succinylated and native mPEO. It cannot be residual 

succinic acid, as the four protons would appear only in the peak at δ = 2.64 ppm. The 

apparent loss of mass following succinylation (Table 4) is more difficult to explain, 

but may be partially attributed to selective succinylation or extraction of smaller 

polymers from the population. Regardless, the succinylation proceeded in good to 

quantitative yields, and the calculated Mn compares well with manufacturer’s data. 

Proton NMR spectra of the six triblocks are provided in Figure 50. The resonances of 

the PBD backbone (around δ = 1.3, 2.0, 5.0, and 5.5 ppm), the mPEO side-chains 

(around δ = 3.65 and 3.38 ppm), and the succinyl esters (δ = 2.65 and 4.25 ppm) are 

clearly separated. 
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Integration of the succinyl ester peaks with respect to the three protons of the mPEO 

methoxy (CH3–O–, δ = 3.38 ppm, 3H) group shows the proper ratio of two ester and 

four succinyl protons (see the discussion of mPEO-COOH, above). The integrals 

allow calculation of the composition of the triblocks, summarized in Table 5. 

The small discrepancies between the nominal and observed Mn of the PBD block can 

be attributed to incomplete reaction (possibly formation of mPEO-PBD di-blocks), or 

residual unreacted PBD-OH in the product. Regardless, it is encouraging that the 

peaks corresponding to the ester bonds remain intact, the vinyl composition was 

unchanged, and the mPEO-PBD-mPEO triblocks are the primary product. 

 

Table 5: Triblock compositions calculated from 1H-NMR peak integrals. 

 mPEO side-chains  PBD center-block 
Triblock D.P. M n (g/mol)  D.P. Mn (g/mol) % 1,2 (Vinyl) 
CT121 17    798  34 1,932 65% 
CT131 18    805  47 2,610 62% 
CT222 53 2,343  41 2,300 66% 
CT232 50 2,238  64 3,532 65% 
CT525 111 4,923  37 2,104 64% 
CT535 98 4,344  50 2,821 62% 
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Solution-phase cleavage of triblocks 

Solutions (0.1% w/v) of cleavable triblocks were hydrolyzed by incubation with hot 

sulfuric acid to demonstrate the acid-catalyzed cleavage of the double bonds. A loss of 

the ability to foam after vortexing was indicative of 

the cleavage of the ester linkages between the 

hydrophile and hydrophobe. Acid treatment at 

60°C for 30 minutes (Brown, et al., 2006)  was 

sufficient to cleave all of the triblock solutions and 

eliminate foaming entirely (Figure 51). Dong, et 

al., (1996) also reported cleavage of esters exposed 

to γ-irradiation, but the total dose was much higher 

than in this work. 

After standing at room temperature for 18 hours, 

the control triblock solutions remained clear, 

while the cleaved triblock solutions became 

translucent (Figure 52). This is attributed to the 

formation of light-scattering aggregates of the 

hydrophobic polybutadiene centerblock in the 

aqueous solution. At higher concentrations, these 

 
Figure 51: Cleavable triblocks 
with stable foams characteristic 
of the surfactant activity of 
unmodified triblocks (orange 
labels; right), and after acid 
hydrolysis (red labels; left). 

 
Figure 52: Solutions of 
unmodified (left) and cleaved 
(right) triblocks after 18 hours 
at room temperature. 
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hydrophobic aggregates were sometimes visible as floating waxy solid clumps (data 

not shown). 

Immobilization of triblocks on hydrophobic silicon wafers 

Silicon wafers with C18-silane modified surfaces were coated with mPEO-PBD-mPEO 

triblocks in 5% IPA, and then washed with pure water to remove loosely-bound 

triblocks and residual alcohol. The rinse water tends to bead up and pull away slightly 

from the wafer edges; all surface characterization was done near the center of the 

wafers to avoid these edge regions. The surfaces were then exposed to γ-irradiation 

under water in order to covalently attach the PBD centerblock to the alkylsilane-

coated surface (McPherson, et al., 1998). Briefly, the ionizing radiation produces 

radicals by reaction with water, the –C=C– double bonds in the backbone, and, to a 

greater extent, the vinyl side-chains (O’Donnell and Whittaker, 1992; Ma, et al., 

2009). The radicals thus formed attack neighboring atoms, forming covalent cross-

links with surface-bound C18 chains in intimate contact with the PBD backbone. 

Alternatively, the polymer-bound radicals may attack a water molecule, quenching the 

radical and effecting the addition of water across the double bond. This reaction 

produces hydroxyl groups at the unsaturated sites. The C18-modified surface itself is 

relatively inert to the radiation, so at low irradiation doses only the PBD backbone 

undergoes substantial chemical changes.  

Radiation-induced immobilization chemistry 

The actual chemical changes induced by gamma radiation are very complex. While the 

effects of γ-radiation on bulk polybutadiene and other polymers has been extensively 
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studied (O’Donnell, et al., 1992; Pyckhout-Hintzen, et al., 1993; Zhao, et al., 1993; 

Hill and Whittaker, 2002; Macedo, et al., 2004), there appear to be few recent studies 

of the effects on polymers at the solid-water interface. Despite the lack of information 

about the reactions of polymer films irradiated in water, a few relevant points occur in 

the literature. In general, polymers with quaternary (e.g. polymethylmethacrylate) or, 

to a lesser extent, tertiary (e.g. polypropylene) carbons tend to undergo chain scission 

upon radiation, while cross-linking reactions dominate in unbranched polymers (e.g. 

polyethylene). Polyethers (e.g. PEO, PPO) are relatively inert, while sulfones, esters, 

and particularly double bonds (e.g. polydienes) are labile to gamma radiation. A “gel 

dose” is observed for cross-linking polymers; this is the radiation dose at which (on 

average) one cross-link is formed per polymer chain (Hill and Whittaker, 2002). For 

bulk polybutadienes, the gel dose is 1-2 Mrad (Pyckhout-Hintzen, 1993), several times 

higher than the relatively low dose20 used to crosslink polymers to vinyl-modified 

silica (McPherson, et al., 1998), and to immobilize polybutadiene-containing triblocks 

on inert, hydrophobic alkylsilane-treated silica (Tseng, et al., 1995; and this study). 

Assuming at least one point of immobilization along the PBD chain (similar to the gel 

dose), it appears that the presence of bulk water greatly increases the formation of 

cross-links between the polybutadiene chain and neighboring molecules. Indeed, 

Tseng, et al. (1995) coated dimethyl-silanized glass with PEO-PBD-PEO triblocks and 

                                                 
20 Although considered “mild” conditions for polymers, borosilicate glassware exposed to 0.3 Mrad γ-

irradiation develops a deep tan color. This is due to electrons trapped in crystal lattice vacancies; the 
resulting charge center acts similarly to a multivalent ion. The coloration disappears upon heating the 
glass to ~175°C, presumably as a result of lattice relaxation (Baydogan, et al., 2006). Interestingly, 1-
µm silica microspheres irradiated to the same dose do not appear discolored – the reason is not clear. 
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dried them before γ-irradiation. They found no significant difference in platelet 

adhesion between the irradiated surfaces and non-irradiated controls. In contrast, 

platelet adhesion was strongly inhibited on triblock-coated surfaces irradiated for even 

1 hour under water, indicating that the presence of water is necessary for rapid and 

stable covalent immobilization of PBD-containing triblocks. This effect is attributed to 

the production of water-derived radicals by absorption of the γ-rays, which transfer the 

energy to the reactive double bond (Alexander and Charlesby, 1957).  

Triblock coating stability measured by ellipsometry 

The C18 coating method described above produces very smooth hydrophobic surfaces, 

with a measured AFM RMS roughness of ~1 nm. Although some authors (Liberelle 

and Giasson, 2007) have reported poor coverage of silane coatings on mica with 

base/acid piranha treatments, the C18 layers produced on oxidized silicon wafers with 

this method appear quite homogeneous. Ellipsometric measurements of the film 

thickness on the wafers are also very uniform from point to point. The ellipsometer 

probes a surface area with a laser beam with an incident area of approximately 1 mm2, 

so detect microscopic variations in films cannot be detected. However, ellipsometry 

offers a fast, non-invasive method for measuring macroscopic properties such as 

surface film thicknesses. 

In an attempt to verify the covalent immobilization of triblocks on C18 silica by 

irradiation, ellipsometry was used to measure film thickness of 1 mg/mL triblock-

coated surfaces after partial incubation with 3% sodium dodecyl sulfate (SDS) 

overnight. SDS is a strong, small surfactant capable of “wedging up” and denaturing 
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large molecules such as proteins and block copolymers. Incubation of triblock-coated 

surfaces in an SDS solution is expected to rapidly and completely dislodge any non-

covalently adsorbed polymers. SDS is also considered to be totally elutable from 

hydrophobic surfaces, by rinsing thoroughly with surfactant-free water or buffer. 

For non-irradiated triblock-coated surfaces (Figure 53), a significant but difficult to 

interpret difference is visible between several of the treatments. The triblock-free 

control exhibited a small loss of film thickness, while the C18 wafer surfaces contacted 

with CT131, CT525 and CT535 did not undergo an appreciable change after SDS 

treatment. No clear trend appears between the other triblock coatings, with some 

treatments losing and others gaining in film thickness following SDS treatment. 
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Figure 53: Mean ellipsometric film thicknesses calculated from measured psi and delta 
angles for each wafer treatment, with or without SDS treatment. A refractive index of 
1.460 was assumed for both silicon dioxide and the polymer/triblock layer. Each point 
represents the mean±S.D. of at least five different points on the wafer surface. 
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However, the film thicknesses presented in Figure 53 are calculated from the 

measured ellipsometric angles Ψ and ∆, using an optical model that assumes a uniform 

refractive index through the film, and a homogeneous film density. Neither of these 

assumptions is necessarily true for the triblock-on-SiO2 system, so the raw 

ellipsometric angles were plotted on a two-dimensional graph (Figure 54:). Although 

there is a trend of decreasing Ψ and increasing ∆ as the MW of the triblocks increased, 

there is otherwise little correlation between the angles and treatment. Some of the 

inter-sample variation may be due to variations in the oxide/C18 treatments; two 

pristine C18 wafer samples were found to have significantly different characteristics (d 

= 3071.8±6.7 Å vs. 3019.6±4.9 Å; Ψ = 15.4±0.21° vs. 13.8±0.14°; and ∆ = 123.8±1.1° 

vs. 132.8±0.9°, n = 8). From the data presented thus far, it appears that ellipsometry 

may not be appropriate for characterizing the surface loading of triblocks.  

However, in contrast to the unirradiated samples, the ellipsometric measurements of 

cleavable triblocks on C18 wafers after γ-irradiation (Figure 55) are more compelling. 

There are only small, mostly insignificant differences between most of the samples 

before and after washing with SDS. This indicates that gamma-irradiation stabilizes 

the triblocks against desorption from the hydrophobic C18 surface. The reason for the 

loss of layer thickness after SDS washing of the CT131-contacted surface is not clear; 

it may be due to loss of loosely held aggregates of the relatively hydrophobic triblock 

during the SDS treatment. 
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Figure 54: Ellipsometric angles (Ψ and ∆) for cleavable triblocks adsorbed on silicon 
dioxide wafers without irradiation. Solid squares (■) correspond to samples after SDS 
treatment; empty squares were not contacted with SDS (□). 
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Figure 55: Mean ellipsometric film thicknesses for cleavable triblocks on SiO2 wafers 
following gamma irradiation to 0.3 Mrad. Each sample was measured with or without 
SDS treatment, assuming a refractive index of 1.460 for both silicon dioxide and the 
polymer/triblock layer. Each point represents the mean±S.D. of at least six different 
points on the wafer surface. 
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The film thickness of the irradiated triblock-free wafer (3016 Å) was very close to the 

measured thickness of a pristine C18 wafer (3019 Å, see above). This suggests that 

irradiation alone does not strongly affect the C18 surface coating of the wafers. This 

was further confirmed with AFM imaging (see below). Indeed, the control wafers 

remain strongly hydrophobic after irradiation. 

Hydrolysis of immobilized triblocks 

Hot sulfuric acid (3M) was used to hydrolyze the immobilized triblocks on C18-silica 

wafers. This treatment was shown to hydrolyze of the ester linkages between the 

mPEO and PBD polymers, thereby destroying their surfactant behavior (Figure 51). 

This treatment also increases the hydroxylation of the polybutadiene by the acid-

catalyzed addition of water across double bonds (Scheme 11).  

+ OH2

H2SO4

∆

OH
OH

 

Scheme 11: Acid-catalyzed addition of water across double-bonds in the poly-
butadiene backbone. 

 
The siloxane network anchoring the C18 surface coating is stable at low pH, and the 

transport of H3O
+ ions through the hydrophobic octadecyl layer is highly unfavorable 

(Arkles, 2006). Thus, the coating is not appreciably affected by the acid treatment. 

This is confirmed by AFM images of control C18-only wafers (see below), and by 

qualitative observation that wafers emerge from the acid with their water-repellent 

nature apparently intact. 
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Cyclodextrin decoration of immobilized triblocks 

Cyclodextrin chemistry and structure 

The cyclodextrins are a family of naturally-occurring cyclic polysaccharides with a 

number of interesting physical and chemical properties. They are synthesized by 

bacterial glucosyltransferase enzymes acting on dextrin or starch, and occur primarily 

as cyclic oligomers of 6, 7, or 8 glucose units linked as α-1,4-glycosides, and arranged 

in a rigid truncated conical structure. The β-cyclodextrin (β-CD) molecule consists of 

7 glucose units, and is 1.53 nm in diameter (Figure 56). 

O

OH
OH

OH

O

O

OH

OH
OH

O

O
OH

OH

OH

O

O

OH
OH

OH

OO

OH

OH

OH

O

O
OH

OH
OH

O

O

OH

OH

OH

O

 

 

1.5 nm

Figure 56: Chemical (left) and three-dimensional (right) structure of β-cyclodextrin. 
The oxygen atoms are colored red, showing the location of the primary hydroxyls at 
the bottom and the secondary hydroxyls at the top of the ring-shaped molecule. 

 
The sugar hydroxyl groups are oriented with the primary (–CH2–OH) hydroxyls at the 

small end of the cone, while the secondary hydroxyls appear at the larger end. The 

conical structure is further stabilized by hydrogen bonding between the hydroxyl 

groups on the C2 and neighboring C3 carbons. The cavity is lined with the hydrogen 

and glycosidic oxygen atoms of the sugar carbon skeletons, with the non-bonding 

electron pairs facing inwards. This makes the cavity itself fairly hydrophobic, and this 
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property is exploited by adsorbing a “guest” molecule in the cavity, immobilizing it 

and masking its properties. Applications of cyclodextrins include pharmaceuticals and 

drug delivery, binding of fragrances and softeners for heat-activated dryer sheets, and 

masking of unpleasant tastes (Frömming and Szejtli, 1994; Gattuso, et al., 1998). 

“Threading” self-assembly of cyclodextrins onto polymer strands produces the family 

of rotaxanes, which are of interest for molecular motors and insulated nanowires 

(Shimomura, et al., 2002; Frampton and Anderson, 2007; Chelli, et al., 2009). These 

molecular complexes, which can have dimensions similar to a small protein (2-4 nm), 

have been imaged by atomic force microscopy (AFM) (Munoz-Botella, et al., 1996; 

Shimomura, et al., 2002; Choi, et al., 2008; Sowimya, et al., 2009). The rigid structure 

and relatively high hydroxyl functionality of cyclodextrins are ideal for decoration of 

the immobilized triblocks. 

Decoration of immobilized polymers with β-CD 

Hydroxyl groups are produced on the immobilized polybutadiene backbone by water-

derived radicals during irradiation, and by acid-catalyzed hydration of the double 

bonds during hydrolysis of the ester linkages. These polymer-bound hydroxyl groups 

are activated by reaction with the bifunctional reagent 2,4-TDI. The 2,4-TDI is added 

in large excess (0.1M), and due to steric hindrance, the 2-isocyanate group is known to 

react 4-7x more slowly than the 4-isocyanate (Labet, et al., 2008). These conditions 

minimize the reaction of bound TDI with neighboring –OH groups to form inactive 

bridges. The TDI is extremely reactive with water, so all activation and wash steps 
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were performed in a glove bag under dry high-purity nitrogen, and samples were kept 

under anhydrous toluene and dry N2 until immediately before use. 

The reactive diisocyanates were incubated overnight with β-CD in anhydrous DMSO, 

allowing the cyclodextrin hydroxyls to form stable covalent linkages with the 

isocyanate groups on the immobilized polymer. Multi-point attachment may also 

occur by reaction of several –OH with neighboring –CNO groups on the polymer. In 

this way, the polymer backbones will be “amplified” into a structure with a width (1-3 

nm) similar to a carbon nanotube or small globular protein (Figure 57). 
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Figure 57: Labeling of immobilized and hydroxylated polybutadiene backbone with –
OH-reactive diisocyanate and β-cyclodextrin to make it visible for AFM imaging. 

 
Hydrolysis of the immobilized –CNO groups is possible, and it is difficult to remove 

all adsorbed water from the cyclodextrins. Although drying the material under vacuum 

at 80°C for 48 hours is expected to remove any weakly adsorbed water (Chelli, et al., 

2009), it is feasible that a tightly-bound layer of water may remain and interfere with 

the linkage. Despite this, cyclodextrins were chosen to decorate the polymer because 

of their rigid structure, high hydroxyl content for reaction with isocyanates, and good 

solubility in anhydrous organic solvents. Furthermore, unlike proteins, they exhibit a 

low propensity to adsorb non-specifically on the hydrophobic wafer surface, which 

makes labeling with proteins problematic. 
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AFM imaging of immobilized triblock backbones 

Atomic force microscopy was used to visualize the distribution of the immobilized 

polymer backbones on the C18 wafer surfaces. Scans were initially taken of a 10 µm 

area chosen randomly near the center of each wafer. The centers of the wafers were 

assumed to be more representative of the true distribution than the edges, which were 

more likely to be disturbed by handling and exposed to air/water interface effects 

during the coating steps. A representative section of this area was chosen, and a high-

resolution scan taken at 1 µm and 250 nm. Because of tip curvature effects (see 

below), the 250 nm scans are nearing the limit of resolution, and provide primarily 

details of surface feature height. 

It is important to note that, because the surface features are so small (1-3 nm across), 

the ultimate size of the tip becomes important. For the TAP300AL-G AFM tip, the 

nominal tip radius is ~8 nm, which is on the same order as the structures being 

imaged. As shown schematically in Figure 58, the probe will over-estimate the width 

of raised features by approximately a tip diameter, while depressions will be under-

estimated by about the same amount. The actual difference between the real size of the 

feature and the measured size is a complicated function of the relative size and angle 

of the tip and the feature, the tip scanning speed (i.e. how closely the tip tracks the 

surface), and the local curvature of the feature in the transverse dimension. For this 

reason, only semi-quantitative information about the size of features on the surface can 

be determined from this study. More accurate size information could be gotten by 

using a “super-sharp” tip (e.g. NanoScience ACL-SS, with a tip radius < 2 nm). 
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However, super-sharp tips are expensive, prone to damage from static discharge, and 

wear out more quickly than the standard tips used in this study. 
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Figure 58: The size of the AFM tip becomes important when imaging small features. 
For a raised feature (a), the measured width will be over-estimated by approximately a 
tip diameter. Conversely, a depression (b) will be under-estimated as the tip contacts 
the walls. In both cases, the measured height is correct (if the depression is wide 
enough to allow the tip to enter). 

 

Surfaces incubated with 1 mg/mL triblocks 

The wafers incubated with 1 mg/mL (0.1%) of cleavable triblocks in 5% IPA were 

imaged with AFM to investigate the surface coverage of the polymers. As expected, 

the pristine C18 wafer was completely flat, with an RMS roughness of less than 0.30 

nm (Table 6). Neither hot acid hydrolysis nor γ-irradiation dramatically increased the 

surface roughness. These results indicate that the C18 coating was not affected by the 

chemical or radiation treatments during the study, and non-specific adsorption of β-

CD was minimal (Figure 59). 

Surfaces without triblocks and acid hydrolysis were extremely flat, with RMS 

roughness substantially less than 1 nm. Acid hydrolysis caused a slight increase in the 

surface roughness, but did not result in the production of surface features or binding of 
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the cyclodextrin. No islands or other recognizable features appear on the triblock-free 

control wafers (Figure 59). 

Table 6: RMS roughness (1 µm2) of cleaved and decorated triblocks on C18 wafers. 
Surface treatments include incubation with 1 mg/mL CTxyx, gamma-irradiation, hot 
acid hydrolysis, and decoration with 2,4-TDI and β-cyclodextrins. 

Surface Treatment RMS roughness 
C18 substrate 0.30 nm 
C18/gamma/β-CD 0.40 nm 
C18/gamma/acid/β-CD 1.26 nm 
C18/CT121/gamma/acid/β-CD 2.22 nm 
C18/CT131/gamma/acid/β-CD 2.28 nm 
C18/CT222/gamma/acid/β-CD 1.65 nm 
C18/CT232/gamma/acid/β-CD 1.53 nm 
C18/CT525/gamma/acid/β-CD 0.36 nm 
C18/CT535/gamma/acid/β-CD 0.59 nm 
 
Surface coverages were poor for all triblock coatings incubated at 1 mg/mL (Figure 60 

and Figure 61). Individual islands of cyclodextrin-modified polymers cannot be 

unambiguously identified in the images. The features observed in this set of images 

are primarily 3-5 nm in height, consistent with stacked cyclodextrins (each 1.7 nm 

diameter with a ~0.8nm linker), but may also represent adsorbed protein contaminants. 

Triblocks with 3 kDa poly-butadiene backbones (Figure 61) produce slightly higher 

surface coverages, but these layers would still correspond to very low PEO surface 

concentrations. Immobilization of PEO-PBD-PEO triblocks incubated at 1 mg/mL and 

irradiated in water was reported to provide practically no protection against adsorption 

of blood proteins (Tseng, et al., 1995). The poor coverage of the similar triblock layers 

imaged in this study is likely the cause of the lack of protein repulsion that was 

observed by those authors. 
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Pristine C18 wafer

Acid-treated C18 wafer

Gamma-irradiated, 
acid-treated C18 wafer

 
Figure 59: AFM images and height traces of control wafers (no treatment, acid-treated 
only, and irradiated and acid-treated). Note that the height traces (red) have a range of 
± 0.4nm, indicating very low roughness. 
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Surfaces incubated with 10 mg/mL triblocks 

Tseng, et al. (1995) also noted that protein adsorption onto wafers incubated with 10 

mg/mL triblock solutions was negligible, implying the formation of a nearly complete 

brush layer. Indeed, the images of silicon wafers coated with 10 mg/mL cleavable 

triblocks, rinsed and irradiated in water (Figure 62 and Figure 63) are strikingly 

different from the 1 mg/mL incubation images. It is only with the low molecular 

weight triblocks (e.g. CT121 and CT131) that we see strong surface patterning of the 

surfactants consistent with aggregates of the surfactants. The surface patterns of the 

small triblocks deposited form high solution concentration (10 mg/mL CT121/CT131, 

Figure 64) may be due to the formation of non-spherical cylindrical or worm-like 

micellar conformations, due to the high hydrophobe:hydrophile ratio (Hamley, 2005). 

This could be confirmed by examination of the micelle morphology in solution, by 

cryo-TEM imaging of micelles, or dynamic light scattering measurements of 

anisotropy due to non-spherical aggregates. 

In contrast, the CT222/CT232 images show a uniform surface distribution with a 

smaller period. The larger mPEO chains prevent aggregation of the PBD backbones 

during the self-assembly process, producing a more regular and compact surface 

structure. As with the 1 mg/mL images, little or no coverage is seen with the 

mPEO5000 surfactants. The failure of the CT5x5 triblocks to produce uniforms surfaces 

at either incubation concentration is attributed to the high solvation of the triblocks 

with long PEO chains during immobilization. The PBD block of these surfactants 

amounts to only 20-30% of the total polymer mass; in aqueous solution, the large 
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mPEO chains flanking the short PBD center block would prevent the triblocks from 

packing closely on the surface. The mPEO would also be expected to make the 

triblocks more easily desorbed from the surface. While we currently have no 

quantitative evidence of the latter claim, it is not inconsistent with the high 

hydrophile:hydrophobe ratio of these polymers. Interestingly, qualitative observations 

indicate that the high molecular weight copolymers sustained stable foams for shorter 

times than the smaller polymers, further supporting the idea that the relatively small 

mass of the hydrophobe is insufficient to prevent desorption from interfaces by the 

highly-soluble mPEO chains. 

In any case, the results presented here indicate that the surface coverage of triblock 

surfactants on hydrophobic surfaces can be directly observed by cyclodextrin labeling 

and AFM imaging. This method provides a practical framework for the determination 

of the efficacy of surface-coating treatments on model surfaces. These findings should 

be extensible to real biomedical device surfaces (by analogy or direct measurement), 

and can consequently help direct optimization of surfactant coating conditions for such 

devices.  

One particularly exciting point of this technology is that a biomedical device with 

essentially arbitrary (but hydrophobic) surface chemistry can be dip-coated with 

cleavable or non-cleavable PEO-PBD-PEO triblocks. The resulting PEO layer would 

then be immobilized during the same irradiation process used to sterilize the device, 

imparting a stable, lubricating and cell- and protein-repellent PEO layer on the device, 

with practically no additional cost to the manufacturer. 
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CT121 coated (1 mg/mL) wafer

CT222 coated (1 mg/mL) wafer

CT525 coated (1 mg/mL) wafer

 

Figure 60: Cyclodextrin-labeled polybutadiene backbones of mPEO-PBD2000-mPEO 
triblocks deposited on C18-modified silica from 1 mg/mL solution. 
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CT131 coated (1 mg/mL) wafer

CT232 coated (1 mg/mL) wafer

CT535 coated (1 mg/mL) wafer

 

Figure 61: Cyclodextrin-labeled polybutadiene backbones of mPEO-PBD3000-mPEO 
triblocks deposited on C18-modified silica from 1 mg/mL solution. 
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CT121 coated (10 mg/mL) wafer

CT222 coated (10 mg/mL) wafer

CT525 coated (10 mg/mL) wafer

 

Figure 62: Cyclodextrin-labeled polybutadiene backbones of mPEO-PBD2000-mPEO 
triblocks deposited on C18-modified silica from 10 mg/mL solution. 
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CT131 coated (10 mg/mL) wafer

CT232 coated (10 mg/mL) wafer

CT535 coated (10 mg/mL) wafer

 

Figure 63: Cyclodextrin-labeled polybutadiene backbones of mPEO-PBD3000-mPEO 
triblocks deposited on C18-modified silica from 10 mg/mL solution. 
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Figure 64: Three-dimensional height-field images of the surface morphology of 
CT121/CT131 triblock copolymers on C18-modified silicon wafers. Images show 
250x250 nm enlargements of areas within the 1-µm2 images (see above). 

 

Conclusions 

Triblock copolymers consisting of hydrophilic mPEO and hydrophobic PBD joined by 

a cleavable ester linkage were synthesized with a variety of molecular weights and 

hydrophilic:hydrophobic ratios. Surfactant properties, such as coating of hydrophobic 

surfaces and foaming were observed for all intact triblocks, but disappeared upon acid 

hydrolysis of the ester linkages. The cleavable triblocks were covalently immobilized 

on hydrophobic silica surfaces by simple adsorption followed by gamma-irradiation. 

The centerblock “footprint” of the individual polymers was then investigated by 

covalently coating the immobilized PBD with cyclodextrin, and imaging with standard 

AFM techniques. 

Surface coverage and uniformity of brush layers (specifically the lack of protein-

adsorbing “holes”) is of great importance for biomaterials applications. This study 

provides the first step towards a method for directly imaging the distribution of 

adsorbed surfactant-based brush layers on clinically relevant surfaces; this is 
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particularly valuable for materials such as polyurethane and silicones, which are 

difficult to functionalize without toxic reagents. 

Future Directions 

Due to time constraints, little effort was made to optimize the triblock coating and 

immobilization conditions. Particuarly for real biomaterials, future studies should 

investigate the effect of triblock adsorption solution conditions and increasing the size 

of the PEO side-chains and PBD center-blocks. The irradiation dose is expected to 

affect the efficiency of immobilization, with an optimal dose being sufficient to 

immobilize the reactive center-block, with minimal cost and damage (e.g. scission of 

the polymer chains; Dong, et al., 1996). 

The mechanism of surface coating by triblocks depends on the solution concentration. 

Below the critical micelle concentration (CMC), surfactants exist primarily as 

monomers and may adsorb onto surfaces in incomplete, sparse layers or islands. 

Above the CMC, however, the surfactant molecules coalesce into micelles and surface 

adsorption is a function of various factors. Steric repulsion by the micelle corona 

hinders the association of the hydrophobic centerblocks with the surface (Tseng, et al., 

1995), while there is an energetic and entropic cost to the removal of a free surfactant 

molecule from a micelle (Hamley, 2005). No attempt was made to measure the CMC 

of the cleavable triblocks; it was assumed that a 1 mg/mL solution was below the 

CMC, while a 10 mg/mL triblock solution was near or over the CMC. These 

assumptions were borne out by the observed surface density of the β-CD-labeled 

centerblocks, and consistent with the reported CMC of various Pluronic® surfactants 
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ranging from ~1 to >100 mg/mL (c.f. Hamley, 2005, p. 19), it would be useful for 

future workers to experimentally determine the CMC of each triblock. The micelle 

conformation in solution should also be investigated as part of the optimization 

process. Cryo-TEM and other techniques would provide insight into the structure of 

the micelles interacting with the surface (and hence, the conformation of the adsorbed 

layer on the surface). 

The chemistry of the cleavable linkage might be reconsidered as well. The ester 

linkage is relatively easy to produce and stable under physiological pH, but requires 

fairly concentrated acid at high temperatures to hydrolyze it prior to imaging. In 

retrospect, an obvious improvement to this method would be to replace the ester 

linkages with disulfide-based moieties. This would allow the cleavage of the side-

chains under mild conditions (e.g. DTT reduction at pH 7.4 and 37°C). Other possible 

linkers include vicinal diols (e.g. tartaric acid linkers) to be cleaved with sodium 

periodate (Hermanson, 1996, pp. 196-197), or trifluoroacetic acid-sensitive trityl 

ethers (Yurt, et al., 2006). However, the hydroxylation of the PBD backbone produced 

by the hot acid treatment would not occur. Similar results could be achieved by other 

chemical means, such as the Sharpless asymmetric dihydroxylation with OsO4 and a 

peroxide (Kono, et al., 2008), but these methods would impart an additional step using 

toxic and dangerous compounds. The current acid hydrolysis scheme appears to be an 

excellent compromise between the desired “mild” conditions and minimal use of 

hazardous reagents to functionalize the PBD backbone. 
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Different coating techniques and conditions are also expected to produce different 

results. In particular, a method to rinse the triblock coated wafers in situ prior to 

irradiation could result in more uniform surface layers than the simple sequential 

dilution methods described herein. A simple CSTR-like arrangement would be quite 

effective, in which several volumes of stirred fresh rinse water would be fed over a 

triblock-coated wafer with simultaneous removal of the waste. 

Protein or cell-adsorption challenges would provide interesting insights into the effects 

of triblock layer morphology on the anti-fouling activity of the surfaces. This would 

connect the observed surface distribution of the triblocks with the functional properties 

of the resulting layer (which is, after all, the ultimate goal of a work such as this). 

Finally, an important experiment for future workers is to immobilize the cleavable 

triblocks on real medical materials (e.g. polyurethane or silicone), and evaluate their 

anti-fouling characteristics against fibrinogen and bacterial adsorption. 
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CONCLUSIONS 

The studies making up this work address diverse areas in bioengineering, but a uniting 

theme is readily apparent. The ability to manipulate and design surface chemistry of 

solid supports is of great practical value for enzymatic reactors, non-fouling surfaces, 

and other bioprocessing and biomedical applications. Development of functional 

polymer and enzyme coatings on various surfaces is a key step in the production of 

high-performance microdevices for biological and industrial use. 

The activation under aqueous and non-aqueous conditions of Candida antarctica 

lipase immobilized on non-porous silica microspheres by poly-DL-tryptophan tethers 

was investigated. The tethered lipase substantially outperformed the surface-

immobilized and adsorbed controls, was reusable for several reactions, and could be 

easily removed from organic reaction mixtures. Applications of this technique could 

include dynamic kinetic resolution of hydrophobic chiral intermediates. Similar 

systems (e.g. other hydrophobic tethers and different enzymes) might be beneficial for 

the “on-demand” enzymatic synthesis of pharmaceutical intermediates in 

microreactors. 

A collaborative effort with industry partner GoNano Technologies, Inc. demonstrated 

an exciting new technology for the simple production of enzymatic microreactors 

based on patterned, nanoscale catalyst supports. The model enzyme ß-galactosidase 

was stably immobilized on silicon oxide nanosprings by reversible disulfide bonds. 

The enzyme-modified nanospring mat provided high catalytic activity, and offers very 

low fluid flow resistance and excellent mechanical characteristics. Stability of the 
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immobilized enzyme for nearly a month was also observed. The catalyst surface was 

easily regenerated in situ by cleavage of the disulfide bonds and subsequent 

immobilization of fresh enzyme. The ability to replace the catalyst without 

disassembling the microreactor unit is extremely important in a “numbered-up” 

reactor configuration. Numerical simulations were used to probe the sensitivity of 

reactor performance to various parameters; the high Darcy permeability of the 

nanospring mat was found to be the most important factor in the current reactor 

design. Promising future potentials with nanosprings in microreactors and biosensors 

include various multi-enzyme lab-on-chip devices, as well as inorganic catalysis and 

adsorption applications. 

Although the majority of the supports in this work are model surfaces of silicon oxide, 

which is quite amenable to functionalization with various groups by silane chemistry, 

alternate immobilization chemistries such as the radiation-induced covalent linkage of 

PBD-containing triblocks were also demonstrated. This technology is readily 

extensible to modification of “real” surfaces such as polyurethane and silicone. A 

novel method was presented for the direct visualization of the surface distribution of 

immobilized PEO-PBD-PEO triblocks on model surfaces, by cleaving the PEO side-

chains and decoration of the remaining backbone with cyclodextrins prior to AFM 

imaging. This method could be used to investigate the effects of various parameters 

(e.g. solution concentration, washing techniques, polymer chain length effects, 

irradiation dosage requirements, etc., etc.) on surface coating quality. Insights gained 
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with this process should enable the optimization of stable, highly anti-fouling surface 

coatings on real devices. 

In summary, several novel techniques and materials were developed for biomaterial 

and bioengineering application. These pilot studies indicate that there is considerable 

room for further process development and optimization. It is hoped that the ideas 

presented herein will provide a starting point for future applied and theoretical 

investigations.  
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Appendix A: Homopolymers of Amino Acids: Structure and Applications 

Introduction 

Homopolymers of amino acids (HPAAs) are synthetic polypeptides consisting of 

repeats of only a single type of amino acid, such as (Lys)n. They find applications in 

various industrial settings, and are widely used in biochemical research. These 

polypeptides may consist of a well-defined number of residues, or they may be large 

polymers with a wide range of molecular weights. A variety of HPAAs with molecular 

weights from less than 1 to more than 300 kDa are available from commercial sources. 

HPAAs are of particular interest in industry and research because of their inherent 

tendency to form well-defined structures, and also because the side-chain moieties can 

impart useful functionality to the polymers. Unlike natural proteins, which typically 

have globular structures or other tertiary structures, the HPAAs tend to assume very 

regular, elongated forms such as helices or sheets. The orderly, predictable structure 

exhibited by HPAAs lends itself well to studies of peptide structure and function both 

in vivo and in vitro, as well as computational modeling. In addition, their chemical 

properties make them useful in a variety of specialized applications. 

Synthesis of HPAAs 

HPAAs are typically synthesized by condensation polymerization of activated forms 

of the constituent amino acid monomers. Various synthetic methods have been known 

for more than 50 years (Katchalski and Sela, 1958). For short, well-defined peptides 

such as (Gly)6 or (Tyr)6, the polypeptide is usually synthesized one residue at a time 

by standard carbodiimide addition of the protected amino acid on Merrifield or other 
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resins (Vaino and Janda, 2000). The completed polypeptide is washed and hydrolyzed 

from the solid support, then purified by HPLC or other means. 

For larger peptides, the synthesis is much different. The reaction is typically carried 

out at large scales in organic solvents, leading to a wider range of molecular weights 

but allowing the production of substantial quantities of HPAA product. The most 

common monomers are the N-carboxyanhydride (NCA) derivatives of the required 

amino acid, with protected side-chains to avoid unwanted cross-linking (Sigma-

Aldrich, 2007). The condensation reaction (Scheme 12) is spontaneous as the 

carboxyanhydrides undergo nucleophilic attack by the free –NH2 groups of amino acid 

or other initiators (Fong, et al., 1999; Yi, et al., 2005; Kanazawa, et al., 2006). 

Reactions with the amino acid side-chains are prevented by the use of various 

protecting groups (e.g. Z, Cbz, benzyl, acetyl, etc).  
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Scheme 12: Polymerization of N-carboxyanhydrides (L-NCAs) to form polyamino 
acids (after Kanazawa, et al., 2006). 

As with any polymerization reaction, the concentration of initiators and monomers in 

the solution determines the theoretical average molecular weight of the polymer. The 

polymerized product is separated into molecular weight categories by ultrafiltration or 

size-exclusion chromatography. The kinetics of these step-wise polymerizations are 
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discussed in Sperling (2001) and Levenspiel (1999). It is not uncommon for HPAA 

molecular weight distributions to have polydispersity21 values greater than 2.0; this 

corresponds to a fairly wide size distribution in the polymer.  

Many researchers choose to synthesize appropriate HPAAs during the course of their 

experiments, either to control the degree of polymerization or to accommodate special 

reaction conditions. Synthesis is commonly carried out in organic solvents, but this is 

not necessary. For example, a low-pressure vapor-phase polymerization method has 

been described for the surface-initiated synthesis of poly-L-lysine on silica gel (Wang, 

et al., 2003). Presumably this method could be used for synthesis of any PAA, and 

neatly overcomes the problem of insolubility that is frequently encountered with large 

peptides in organic solvents. 

It is also possible to synthesize polymers with two or more amino acids interspersed at 

random, such as poly(Glu-Ala-Tyr). In contrast, block copolymers contain long runs 

of the same amino acids, such as poly(Phe)n-b-(Lys)m; these polymers often have 

amphiphilic and self-assembling properties that can be exploited for biodegradable 

carriers of proteins and DNA (Akagi, et al., 2006), and are useful for research on self-

assembly of amphiphilic polymers (Lecommandoux, et al., 2006). 

                                                 
21 The polydispersity index is defined as ratio of the weight-average and number-average molecular 

weights ( ) .
w n

M M  A value of 1.0 corresponds to a monodisperse polymer; values larger than 1.0 

indicate broadening of the molecular weight distribution. 
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Structural Properties of HPAAs 

The structure of HPAAs, particularly of the water-soluble polymers, has been 

extensively researched. Polyamino acids are often used as model compounds to 

elucidate the structure and function of natural proteins which exhibit localized runs of 

high numbers of similar residues. Indeed, the unusual properties of some of the 

HPAAs are a direct consequence of regular secondary structure. 

A polyamino acid can assume any of the secondary structures commonly found in 

proteins (i.e. the α-helix, β-sheet or random coil conformations). Since there are no 

dissimilar residues that can interrupt the repeating secondary structure, HPAAs 

typically have regular structures that extend the full length of the peptide. 

Interestingly, a number of uncommon helical structures have also been reported for 

various HPAAs. These will be described in more detail in the sections describing the 

properties of the individual amino acid homopolymers, below. 

As might be expected, the side-chain moieties are very important in determining the 

solution and crystal structures of the polyamino acids. Just as with natural proteins, 

various solution parameters such as pH, ionic strength, and polymer concentration can 

dramatically influence the conformation and solubility of polyamino acids. For 

example, the carboxylic acid terminated side-chains of polyglutamic acid are 

protonated (–COOH) at low pH, and unprotonated (–COO–) at higher pH. Electrostatic 

interactions between the side-chains can induce or prevent the formation of secondary 

structure. A similar effect occurs with basic residues such as lysine and arginine 

(Katchalski and Sela, 1958). 
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A circular dichroism study of the 2° structure of polyglutamic acid in aqueous NaCl 

demonstrated the strong dependency of secondary structure on the solution pH. A 

sharp transition in the conformation of the polymer from α-helix to random coil was 

observed as the solution pH was increased above 5.5. The loss of orderly structure at 

high pH was attributed to the electrostatic repulsion between the un-protonated 

carboxylic side-chains (Inoue, et al., 2005). Cations from salts (e.g. Ca2+ or Na+) can 

also bridge or neutralize the net negative charge of unprotonated polymers, causing 

substantial conformational changes in the polymer22. 

Folding of polyglutamic acid from a random 

coil to its lowest-energy α-helical form 

appears to follow a two-step process in both 

water and vacuum (Figure 65). The peptide 

backbone first collapses into the 

characteristic helix, and then the side-chains 

extend radially from the helix axis into the 

solvent (Wei, et al., 2006). 

A slight difference has been reported in the 

                                                 
22 Superabsorbent polymers such as sodium polyacrylate are used to absorb liquids (e.g. diapers). Loss 

of neutralizing Na+ ions by dilution causes the polymer to become negatively charged; it then swells 
due to electrostatic repulsion, imbibing the extra liquid as the matrix expands. Similarly, sodium 
alginate solutions form firm gels in the presence of Ca2+ ions. Salt-bridges between anionic alginate 
molecules induce cross-linking and gelation (Sperling, 2001). 

23 Figure reprinted with permission from Wei, et al., Journal of Chemical Physics 125(16), 164902(1-5). 
Copyright 2006, American Institute of Physics. 

 

Figure 65:  Molecular dynamics 
simulation of polyglutamic acid in 
water, showing the α-helical 
backbone and acidic side-chains 
oriented into the bulk solvent23. 
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stability of homopolymers of D- and L-glutamic acid and lysine in water. Although 

enantiomers are usually considered to be physically and chemically identical, the 

authors report that D-helices are slightly less stable than the corresponding L-helices, 

and the CD spectra of the two helices are not exact mirror images of each other. The 

authors ascribe this difference to preferential stabilization of the L-enantiomer by 

ortho24-H2O, and suggest that this quantum effect may have been responsible for the 

nearly ubiquitous presence of the L-amino acids in nature. It was the uniquely well-

defined nature of the synthetic polyamino acids that allowed this group to accurately 

quantify the small differences in energy between the two enantiomeric conformations  

 (Scolnick, et al., 2006). 

The hydrophobic side chains of the aromatic and 

alkyl amino acid residues usually render their 

polymers insoluble in water. However, 

molecular dynamic simulations (Figure 66) of 

20-residue polyleucine and other extremely 

hydrophobic polymers in water or vacuum 

suggest that they should exist as random coils.  

                                                 
24 The two protons in water can be in one of two spin states, either parallel (ortho) or anti-parallel 

(para). Bulk water normally consists of 75% ortho-H2O and 25% para-H2O, due to the three 
degenerate states of ortho-H2O. Thus, it appears that quantum mechanics dictates the handedness of 
biological systems. 

25 Figure reprinted from Biophysical Journal, 76(15), Efremov, R.G., et al., A solvent model for 
simulations of peptides in bilayers. I. Membrane-promoting α-helix formation, 2448-2459, Copyright 
1999, with permission from Elsevier. 

 
 
Figure 66: Molecular dynamics 
simulation of the energy-
minimized conformations of 
(Leu)20. A) Initial random 
structure and in B) cyclohexane, 
C) water, and D) vacuum25. 
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Helical or sheet structures tend to project the hydrophobic side-chains into the aqueous 

solvent, increasing the free energy of the system and destabilizing the structure. By  

adopting a random coil, some of the side-

chains aggregate into a hydrophobic micro- 

environment, and thereby stabilize the coil 

structure (Efremov, et al., 1999). 

Molecular dynamics and experimental data 

are available for a number of short PAAs in 

aqueous and organic phases (Figure 67). 

These studies indicate that if side-chain 

interactions are minimal, most polypeptides 

will spontaneously adopt an approximately α-helical (or potentially, β-sheet) 

conformation in non-aqueous environments. This is primarily due to the “self-

solvation” of the peptide backbone caused by hydrogen-bonding between the peptide 

>C=O and N–H groups (Li, et al., 1993; Efremov, et al., 1999; Zhang, et al., 1995; 

Chipot and Pohorille, 1998; Levy, et al., 2001; Fong, et al., 2004; Nguyen, et al., 

2004). 

                                                 
26 Figure reprinted with permission from Chipot and Pohorille, Journal of the American Chemical 

Society 120(46), 11912-11924. Copyright 1998, American Chemical Society. 

  

 
 
Figure 67: Molecular dynamics 
simulation of the α-helical 
conformation of Ac-(Leu)11 at a 
water (red) / hexane (blue) 
interface. Yellow atoms represent 
leucine side-chains26.  
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One very important non-aqueous environment is 

that of the cellular lipid bilayer. Polyamino acids 

have been used to simulate the hydrophobic regions 

of trans-membrane proteins. In one molecular 

dynamics simulation, (Leu)24 peptides were 

inserted into a lipid bilayer (Figure 68), and lowest-

energy conformations of the peptides were 

determined. Substitution of a single alanine, 

phenylalanine, or threonine residue (commonly 

found in transmembrane proteins) into the middle 

of the helix had little effect, but substitution of a 

single arginine had a helix destabilizing effect. Surprisingly, an unusual left-handed 

coiled-coil structure emerged as the most stable form (Ash, et al., 2004). 

Unusual Secondary Structures of HPAAs 

Some very interesting and unusual secondary structures are exhibited by various 

HPAAs. As mentioned above, a number of unusual helical structures are known to 

arise in the synthetic polymers of amino acids; these structures can help to understand 

the role of repeat sequences in cell biology and pathogenesis. 

                                                 
27 Figure reprinted with permission from Ash, et al., Biochemistry 43(28), 9050-9060. Copyright 2004, 

American Chemical Society. 

  

 
Figure 68:  Molecular 
dynamics simulation of two 
polyleucine trans-membrane 
proteins in a lipid bilayer27. 
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Polyproline Helices 

In addition to the “normal” right-handed α-helix found 

in most proteins, stable 310- and π-helices are known to 

exist. Although proline is usually considered to be a 

“helix breaker”, it has been shown that polyproline can 

adopt two additional, distinct helical conformations. 

Polyproline-II helices (Figure 69, right) are left-

handed with three residues per turn, similar to the 310-

helix, but with no internal hydrogen bonding. These 

PP-II helices have a rise of 3.1 Å/residue (twice that of 

the α-helix), which produces an open, extended 

structure that provides good flexibility. Similar extended motifs in regions rich in 

polyglutamine, polylysine, polyglycine, polyaspartate and polyalanine residues are 

believed to be involved in transition states during protein folding. Such PP-II-like 

regions may make up the “coil” segments of proteins, which were traditionally thought 

to be devoid of structure (Rath, et al., 2005). 

In contrast, the right-handed PP-I helix (Figure 69, left) is more compact, with 3.3 

residues/turn and a rise of 1.9 Å/residue. This structure is rarer than the PP-II helix in 

nature, because all of the proline residues must be in the cis-conformation, giving the 

PP-I helix a higher total free energy (Adzhubei, 1993; Creighton, 1993). Polyproline 

                                                 
28 Figure reprinted from Wikimedia Commons, a freely-licensed media file repository. 

 
 

Polyproline-I 

 
 

Polyproline-II 

Figure 69:  Polyproline-I/II 
helices, showing the open, 
extended form of the PP-II 
helix compared to the more 
compact PP-I helix28. 
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helices are found in a number of natural proteins, including salivary proteins, collagen, 

pituitary hormones, DNA binding proteins, and the serine and aspartic proteinases. 

Polyglutamine µ- and β-Helices 

More relevant to human disease are the 

polyglutamine helices. The role of 

polyglutamine fibrils in Huntington’s and 

other “poly-CAG” diseases has been well 

established. A (Gln)n µ-helix structure 

(Figure 70) was first described by Monoi in 

1995. Formation of the µ-helix requires a 

slight relaxation of the requirement for 

planarity of the peptide bond (ω = 170°). 

The –NH– group of each peptide bond is 

hydrogen-bonded to the carbonyl >C=O 

oxygen of the 5th residue behind it on the helix. 

This right-handed 6.220 helix is unusual in that it has an open tubular structure, with a 

3.7Å central pore. The central pore is large enough to allow the transport of small ions 

and water molecules30. This structure is unstable for most of the amino acids, with the 

notable exception of polyglutamine. The (Gln)n µ-helix is stabilized by H-bonding of 

                                                 
29 Figure reprinted from Biophysical Journal, 78(6), Monoi, et al., Poly-L-glutamine forms cation 

channels: Relevance to the pathogenesis of the polyglutamine diseases, 2892-2899. Copyright 2000, 
with permission from Elsevier. 

30 The helix parameters of the µ-helix are very similar to the β6.3-helix that forms the cytotoxic ion 
channel of the polypeptide antiobiotic gramicidin A (Monoi, 1995). 

 
 
Figure 70: Axial- and side-views of 
the 6.220 µ-helix of (Gln)n, showing 
the open central pore and pattern of H-
bonding. Red atoms belong to the 
peptide backbone29. 
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the peptide backbone, and by H-bonding of the glutamine side-chain >C=O to –NH– 

groups of the residues 6 units behind. The nearly-axial hydrogen-bond network shown 

in Figure 70 is manifested by the side-chain interactions (Monoi, 2000). Monoi also 

suggested that the cation-selective channel produced by the µ-helix drains the H+ 

gradient of the mitochondria, interfering with ATP production and eventually resulting 

in the death of the neural cell. 

Perutz et al. (2002) also found that polyglutamine tubules make up the amyloid fibrils 

associated with Huntington’s disease. However, based on X-ray diffraction and TEM 

evidence, they suggest a substantially different structure from the (Gln)n helix (Figure 

71). In their model, the helix consists of a β-sheet which is wound around a central 

axis into a helix of 20 residues per turn. 

 
 

Figure 71: Stereoview of polyglutamine β-helix. Note the interchain hydrogen bonding 
between glutamine NH/NH2 groups, and between the peptide bond >C=O and –NH– 
on adjacent turns of the helix31.  

                                                 
31 Figure reproduced with permission from Perutz, et al. (2002), Proceedings of the National Academy 

of Sciences, U.S.A., 99(8), 5591-5595. Copyright 2002, National Academy of Sciences, U.S.A. 
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All of the glutamine side-chains point alternately into and out of the ß-helix, and all 

backbone carbonyls are hydrogen-bonded to an –NH– or –NH2 group. This stable 

structure has a tubular conformation remarkably similar to those of the µ-helix, with 

20 residues per turn and a central pore of ~6Å diameter. The β-helix model remains 

controversial, and other studies suggest that the polyglutamine runs in Huntington-like 

aggregates are less ordered than expected. Regardless, ion channel formation by 

polyglutamine helices (whatever their structure) is believed to be the underlying 

pathological mechanism of the poly-CAG diseases (Marchut and Hall, 2007). 

Non-Enzymatic Catalysis by Polyamino Acids 

 Enzymes (catalytic proteins) typically have complex three-dimensional structures, 

with an active site containing various residues that takes part in multi-step chemical 

reactions. However, as early as 1958 it was shown that PAAs can catalyze chemical 

reactions, when Merrifield et al. described the weak hydrolysis of ethyl p-nitrophenyl 

carbonate by poly-L-histidine. However, the rate of hydrolysis was very slow, 

catalyzing the reaction at only ~1000th the rate of chymotrypsin. 

 More recently, homopolymers of leucine, isoleucine and alanine have been found to 

have high activity as a stereospecific 

catalyst for the Julià-Colonna 

epoxidation reaction (Scheme 13). This 

reaction is important in the synthesis of 

chiral intermediates for pharmaceuticals. 
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Scheme 13: Julià-Colonna epoxidation 
reaction of an α,β-unsaturated ketone to 
the corresponding chiral epoxide. 
Polyleucine and other HPAA catalysts 
provide high stereo-specificity1.  
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Lab-scale and industrial studies using poly-L-leucine immobilized on silica have been 

reported (e.g. Yi, et al., 2005; Carrea, et al., 2005). In addition, individual amino acids 

(e.g. L-proline) and a number of short oligopeptides with the ability to catalyze various 

reactions have also been reported (Jarvo, et al., 2002). The stereospecific catalytic 

activity of poly-L-peptides may even have been involved in the evolution of life 

(Kelly, et al., 2004; Carrea, et al., 2005). 

 The mechanism of polyleucine catalysis is complex, but begins with the attack of the 

double bond by HOO• (peroxide) radicals, forming an enolate intermediate (Figure 

72). The catalytic activity of poly-L-

leucine appears to involve only the first 

four to five N-terminal Leu residues, 

which are weakly H-bonded and thus 

form a loose, helical structure that 

remains capable of hydrogen bonding. 

The ketone substrate forms H-bonds with 

the amide –NH– groups of Leu2 and Leu3 

residues, while H-bonds with the Leu4 

residue position the peroxide radical so 

that it can attack the enolate double bond. 

The enolate intermediate forms as the 

                                                 
 32 Figure adapted from Kelly, D.R., Roberts, S.M. Chemical Communications 2004, 18, 2018-2020 – 

Reproduced by permission of The Royal Society of Chemistry. 
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Figure 72: A (Leu)6-bound enolate 
intermediate undergoing epoxidation. 
The peroxide group will be released as 
H2O from the polyleucine catalyst32. 
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peroxide attacks the double bond from above. This physical positioning of the 

reactants is responsible for the stereospecificity of the reaction. Finally, the oxyanion 

H-bonded to Leu2 and Leu3 attacks the peroxide, and the product epoxide desorbs 

from the peptide. A poly-D-leucine catalyst produced the opposite stereochemistry in 

the epoxide product (Kelly, et al., 2004). 

Applications of HPAAs in Bioengineering 

Polymers of lysine, arginine, and glutamic acid have found numerous uses in cellular 

biology, bioengineering and medicine. The charged side-chains of these HPAAs allow 

them to participate in electrostatic interactions with surfaces and other molecules. The 

dependency of the side-chain charge on solution pH and ionic strength also provides a 

mechanism for their molecular structure to be manipulated by changes in the bulk 

solution properties. For example, the helix-coil transition of polyglutamic acid can be 

used to produce pH-sensitive “smart valves” for control of fluid flow through 

nanoscale pores and other engineered features (Adiga and Brenner, 2007). 

Probably the most well-known HPAA in the biological sciences is polylysine, which 

is very often used to coat the surfaces of glass and plastics used in tissue culture. 

Because the lysine ε-amino group has a pKa between 10.4 and 11.1, the lysine side-

chains are positively charged at physiological pH (Creighton, 1993). Polylysine is 

easily adsorbed to surfaces (especially the negatively-charged sulfonated polystyrene 

used in cell culture plates), where it promotes the adhesion of negatively-charged 

tissue cells by electrostatic attraction to the positively-charged polymer. The 

interaction is non-specific and relatively benign to cells (Jacobson, et al., 1977). 
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Polylysine-treated polystyrene microplates are used to enhance protein binding in 

ELISA assays (Stinitz, 2000), and Sigma-Aldrich and other companies also market 

poly-D-lysine for tissue culture of cells that might metabolize poly-L-lysine. 

Unfortunately, like most of the polyamino acids (especially those with hydrophobic 

side-chains), it is also somewhat cytotoxic when expressed within cells (Oma, et al., 

2005). It is also known to bind DNA, inhibit bacteriophage and tobacco mosaic virus 

infection, and cause the agglutination of white and red blood cells (Sela, et al., 1959). 

Researchers have also investigated uses of the pH- and size-dependent coil-helix 

transition exhibited by polylysine. This conformation change has been found to 

control the structure of silica nanoparticles 

deposited from solution. Spherical silica particles 

were templated by short (n < 100) polylysine in 

the random-coil conformation. When the polymers 

are long enough to favor α-helices (i.e. n > 100), 

large hexagonal plates (Figure 73) were produced. 

The polylysine used in this study ranged in size 

from n = 90-180, leading to formation of both 

geometries (Pathwardhan, et al., 2006; McKenna, 

et al., 2004). This molecular templating of silica 

by polymers and polypeptides is of particular 

                                                 
33 Figure reprinted with permission from Patwardhan, et al., Biomacromolecules 7(2), 491-497. 

Copyright 2006, American Chemical Society. 

 
 
Figure 73: Hexagonal silica 
plates and uniform 
microspheres templated by 
polylysine. The hexagonal 
plates are formed when the 
(Lys)n is sufficiently large to 
form aggregates of α-helices33.  
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interest in the study of biosilification (Advincula, 

et al., 2009). 

A related result has been reported by Tan, et al. 

(2009), who synthesized triangular gold 

nanoparticles (Figure 74) by templating with layer-

by-layer assemblies of poly-ethyleneimine (PEI) 

and polyaspartic acid. These techniques show 

promise for nano-patterned materials in 

semiconductors, biosensors and other technologies. 

 Like polylysine, polyarginine has received considerable attention from biochemists 

for its unique properties. Many protein-transduction domains, such as the HIV-1 

transactivator of transcription, have arginine-rich 

segments. Thus, polyarginine sequences have 

been linked to various compounds to enhance 

their delivery into cells. Recently, artificial 

bilayer vesicles have been produced from self-

assembled micelles of (Arg)60(Leu)20 block 

copolymers (Figure 75). These vesicles are of 

interest because of their high rate of transport 

                                                 
34 Figure reprinted with permission from Tan, et al., Journal of Physical Chemistry C 113(25), 10887-

10895. Copyright 2009, American Chemical Society. 
35 Figure reprinted by permission from Macmillan Publishers Ltd: Nature Materials 6(1), 52-57, 

copyright 2007. 

 
 
Figure 74: Triangular gold 
nano-particles templated by 
self-assembled PEI/(Asp)n 

layers34. 

 
 
Figure 75: Schematic of bi-
layer vesicles formed by self-
assembly of (Arg)60(Leu)20 
copolymers. The poly-arginine 
motif enhances transport 
across cell membranes35. 
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across the cell membrane. They also have the potential to carry large payloads of polar 

liquids (e.g. DNA or therapeutic agents) through the cell membrane without leakage 

(Holowka, et al., 2007). 

Polyhistidine is well-known for its ability to bind Ni2+ and Co2+ ions. This is the basis 

for the common chromatographic separation of (His)n-tagged recombinant proteins on 

Ni2+-NTA columns. An alternative approach using a polyarginine tag was described 

by Fuchs and Raines (2005), where an (Arg)9 motif was added to the C-terminus of 

rRNAse A. The recombinant protein was purified by affinity chromatography on a 

Sepharose cation-exchange resin. The tag was then easily removed by enzymatic 

hydrolysis of the C-terminal Arg residues by carboxypeptidase B. Although the 

additional basic residues did destabilize the already cationic protein somewhat, added 

salt was found to mitigate the effect, and very little loss of activity was observed when 

compared to the native protein. The tagged RNAse A was taken up quickly by CHO 

cells. The basic (Arg)6 tag also caused the protein to adsorb strongly to the negatively-

charged surface of silica and Sepharose resin, offering the possibility of an all-in-one 

solution for the simultaneous purification and immobilization of recombinant proteins. 

Conclusions 

The structure and function of polyamino acids have been studied extensively since the 

early 1950s. They are of interest to biochemists and bioengineers due to the unique 

structural conformations and chemical properties imparted by their simple and regular 

compositions, and for their ability to serve as models for natural protein motifs. Poly-
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amino acids have diverse applications in drug delivery, organic synthesis, materials 

science, biophysics, medicine, and other fields. 

Recent developments in computational molecular dynamics have enabled researchers 

to obtain a better understanding of how the homogeneous stretches found in some 

proteins can affect their structure and function. Although often overlooked in protein 

chemistry courses, it is clear that homo-polyamino acids will continue to be useful 

model compounds for further experiments in bioengineering and related fields.
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Appendix B: Silanization Chemistry: Surface Modification and Functionalization 

Overview of silane reactions 

Silanization is the name given to reactions of an organosilane bearing one or more 

reactive groups with a solid surface. The general reaction is one of silanes reacting 

with silanol36 (-OH) groups on metal oxides (e.g. SiO2, TiO2, mica, stainless steel, 

etc). Silanization reactions are very commonly used to make glass hydrophobic (e.g. 

the commercial products Rain-X™ and Glass-Clad™), or to functionalize an 

otherwise inert surface with reactive groups. The most common silane reactive groups 

have alkoxide (methoxy or ethoxy) or halogen substituents (usually chlorine). In 

general, the reactivity of these groups goes as chloro- > methoxy > ethoxy. Silane 

reagents may be mono-functional (only one reactive group) or multifunctional with 

two or three reactive groups. Arkles (2006) and Jal, et al. (2004) provide excellent 

overviews of silane chemistry and applications. 

An idealized reaction mechanism for silanization of a silicon oxide surface with a 

trifunctional silane reagent is showed in Scheme 14: 
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Scheme 14: General reaction mechanism of surface silanol (Si–OH) groups with a 
silane reagent. The reaction shown is typical of the alkoxysilanes; chemisorption of 
the silane and hydrolysis of methoxy- or ethoxy- groups leads to covalent linkage to 
the surface. The reaction of chlorosilanes is similar, except that HCl is generated 
instead of an alcohol. 

                                                 
36 The field of silicon chemistry distinguishes between “silanols” (an –OH group bonded to a silicon 

atom) and “carbinols”, which are the C–OH hydroxyl groups familiar to organic chemists. 
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Typically, the surface reaction is followed by a “curing” step at 110-150°C, which 

hydrolyzes the residual Si–OH groups and cross-links the free –OH groups of 

neighboring silane molecules. This forms a very robust “anchored” network of silanol 

bonds between the functional silanes, with each silane attached to its neighbors and to 

atoms of the surface (Jal, et al., 2004). The resulting polymerized network is resistant 

to hydrolysis, presumably because of the increased hydrophobicity due to the 

functional-group carbon-carbon bonds (Crowe and Tolbert, 2008). 

In the presence of water, however, "vertical polymerization" of multifunctional silanes 

can occur, causing the formation of large-scale features that are visible with the naked 

eye. In general, anhydrous conditions or vapor deposition are preferred for making 

optically-flat films, such as are needed for ellipsometry and atomic-force microscopy. 

The polymerization reaction of a trichlorosilane is summarized in Scheme 15; the 

overall mechanism is similar for the multifunctional alkoxysilanes (Wang and Ferrari, 

2000). Monosubstituted forms of the silanes can be used to avoid polymerization; 

however, the cross-linking reaction leads to substantially more stable surface coatings. 

Thus, it is usually desirable to use multifunctional silane reagents, and adjust reaction 

conditions to minimize undesirable polymerization. 

One striking thing about the surface chemistry and materials science literature is the 

wide range of conditions that have been employed for silanization reactions. The 

reported methods span the range from cold, aqueous, mildly acidic conditions to reflux 

(150-190°C) in anhydrous solvents, with or without an organic base. In general, the 

most uniform and stable modifications are made in non-aqueous conditions. In any 
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case, these are notoriously finicky reactions, so it is important to understand the 

surface chemistry of silanization reactions before attempting to use these reagents. 

Most silanes must be handled and used under an inert atmosphere37, such as N2 or 

argon. To this end, silane reagents are often packaged in special septum-sealed 

containers to prevent contamination by atmospheric oxygen and water (c.f. Sigma-

Aldrich Technical Bulletin AL-134, Handling and Storage of Air-Sensitive Reagents). 
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Scheme 15: Hydrolysis of chlorosilanes to produce free reactive silanes or 
immobilized functional groups. The free hydrolyzed silanes can react with each other 
in a polymerization reaction (top), or with surface-immobilized groups in a “vertical 
polymerization” reaction (bottom). Note that these steps can occur separately or 
simultaneously. 

 

                                                 
37 Practically all silane compounds are volatile, highly reactive, and toxic by inhalation and skin contact. 

Many silanes are readily absorbed through the skin. Always work in a fume hood, and wear 
appropriate gloves and goggles at all times when working with these reagents! Chlorosilanes react 
vigorously with water, producing HCl vapor – avoid contact with bulk or atmospheric water. Dispose 
of all silane solutions in appropriate chemical or halogenated waste containers. 
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Surface preparation and silane deposition 

In order for a silane layer to be uniform and stable, the substrate metal oxide surface 

must be scrupulously clean and densely covered with silanol groups. The quality of 

the silane coating is strongly affected by the surface pretreatment and deposition 

conditions. Numerous studies have examined the dependency of functional group 

density on pretreatment and reaction conditions. Commonly, the surface will be 

chemically cleaned and activated prior to silanization. This treatment removes organic 

contaminants, and, in the case of silicon-containing materials (e.g. silica, glass and 

mica), acid treatment converts the surface siloxane (–Si–O–Si–O–Si–) network into 

reactive silanol (Si–OH) groups. Typical treatments include strong acids and/or 

oxidizing agents such as chromosulfuric acid or concentrated mineral acids (Taralp, et 

al., 2003), oxidizing plasma treatment (Lego, et al., 2009), or various acid, “RCA” and 

“Piranha” solutions (Cras, et al., 1999; Liberelle, et al., 2007, Tai, et al., 2008). 

Silane modification is believed to occur by a two-step process; the silane molecule 

first adsorbs to the substrate surface, after which one or more of the reactive functional 

groups (alkoxy- or chloro-) is hydrolyzed to form stable siloxane bonds. These bonds 

can be made with the surface, or between anchored silane molecules, forming a 

polymerized network (Halliwell and Cass, 2001; Jal, et al., 2004; Kovalchuk, et al. 

2006). Solution and vapor deposition methods have been investigated for many 

compounds; the vapor-phase reactions tend to produce uniform, reproducible thin 

films (Popat, et al., 2003; Taralp, et al, 2003). Because of difficulties of controlling the 

exact surface chemistry (e.g. porosity, bulk polymerization, mass transfer effects, etc), 
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silane layers formed from aqueous solution are often thick and very heterogeneous. 

Deposition from anhydrous organic solvents appears to offer uniform coatings with 

the convenience of solution-phase deposition, although control of water activity 

becomes crucial in this case. 

Common silane compounds 

While literally hundreds of silane compounds are commercially available for organic 

synthesis and surface modification38, a handful of these stand out as common players 

in the biomaterials and biosensor arena. This discussion specifically ignores the large 

class of silicon compounds used in synthesis (e.g. protecting groups) and analytical 

chemistry (e.g. silyl derivatization for gas chromatography). The following common 

silane compounds comprise the majority of surface functionalization reagents 

currently in use for biosensor and biomaterials applications. 

3-Aminopropyltriethoxysilane (APTES) 

APTES (right) is a trifunctional that is commonly used in the 

functionalization of silica, glass, titanium and mica surfaces 

(Vrancken, et al., 1995). Such modification is an initial step 

in many protein and DNA immobilization protocols, and it is 

one of the most widely-used silane compounds in 

bioengineering applications. Silanization protocols with APTES vary drastically in 

terms of solvent, silane concentration, water activity, catalysts, reaction temperature 

and time, etc. Some methods use the trimethoxy variant (CAS 13822-56-5), which is 

                                                 
38 See for example the silicon reagents catalog from Gelest, Inc. (Morrisville, PA), www.gelest.com. 
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more reactive than the title compound. Both compounds are trifunctional, and thus 

capable of polymerizing to form multilayer-thick coatings on surfaces. 

Howarter and Youngblood (2006), Kovalchuk, et al. (2006), Salmio and Bruhwiler 

(2007), and many other workers have investigated the effect of various parameters on 

layer morphology. The current consensus in the literature appears to be that deposition 

from hot, anhydrous non-polar solvents (refluxing toluene is typical) produce the best 

results. Taralp, et al. (2003) and others have used reduced-pressure vapor-phase 

deposition of APTES to eliminate mass transfer effects and polymerization when 

functionalizing silica gels. A study by Courtois, et al. (2006) investigated the physical 

integrity of the APTES layers formed by several representative protocols, finding 

significant differences between the stability of layers produced by different methods. 

Various catalysts, typically amines, are sometimes added to APTES reactions. McCool 

and DeSisto (2005) found that the surface functionalization was approximately 

doubled with the addition of ethylenediamine (EDA, H2N-(CH2)2-NH2). They 

proposed that EDA forms hydrogen bonds with surface silanol groups, preventing the 

-NH2 moiety of an immobilized APTES molecule from "folding over" and forming a 

hydrogen-bond with neighboring Si-OH groups. Tertiary amine catalysts (e.g. 

triethylamine) are commonly employed for anhydrous silanization, and probably 

operate by a similar mechanism. 
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Amino-functional surfaces produced by APTES are often further reacted with succinic 

anhydride to create succinamidyl derivatives. The resulting carboxylic acid39 groups 

can then be activated by carbodiimide chemistry for further conjugation (Scheme 16): 
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Scheme 16: Reaction of surface primary amine groups with succinic anhydride to 
produce a free carboxylic acid. This reaction can be performed in anhydrous or 
aqueous conditions. 

 
Note, however, that Goon, et al. (1994) found that the resulting succinamidyl group 

can be cyclized to an inactive acylurea in the presence of carbodiimide (Scheme 17): 
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Scheme 17: Recyclization reaction of succinyl moiety to form an unreactive 
succinimide. This side-reaction can compete with desired coupling reactions (e.g. 
protein –NH2 with surface –COOH). 

 
A similar cyclization mechanism is believed to cause the formation of pyroglutamyl- 

and glutarimide residues in proteins (Johnson, et al., 2000). Like Goon, these authors 

suggest the use of glutaric anhydride for modification of amines, because recyclization 

                                                 
39 The result is properly named a 3-aminopropyl(3-oxobutanoic acid)-functionalized surface. However, 

it is often referred to as “succinylated” or “carboxylated,” for reasons which should be obvious. 
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of the six-carbon chain is much less favorable than the five-carbon succinylated 

derivative. 

3-Mercaptopropyltrimethoxysilane (MPTMS) 

This silane compound (right) is similar to APTES, but is 

used to prepare sulfhydryl-terminated surfaces for 

chromatography and other applications. The terminal thiol (–

SH) group forms reversible covalent disulfide (–S–S–) 

bonds with proteins or DNA that has been modified with a pyridyl disulfide (PDS) 

group. Alternatively, permanent linkages can be achieved by reaction of the surface –

SH groups with maleimide-modified biomolecules. The methoxy (CH3O–) groups are 

more reactive than the ethoxy (CH3CH2O–) groups of APTES. Silica modified with 

MPTMS has been used to support palladium catalysts (Crudden, et al., 2005) and to 

scavenge heavy metals (e.g. Pb2+ and Cd2+) from aqueous solution (Feng, et al., 1997). 

3-Glycidoxypropyltrimethoxysilane (GPTMS) 

The terminal glycidyl (expoxide) ring of GPTMS (right) 

reacts spontaneously with amine groups, forming a stable 

secondary or tertiary amine linkage (see below). Typical 

reactions with SiO2 substrates use 4-20% GTPMS in 

refluxing anhydrous toluene at 55°C-80°C for 1-8 hours. 

The epoxy groups on the silanized surface are relatively stable in organic and aqueous 

media, and GPTMS-modified surfaces have been used to immobilize various proteins, 
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nucleic acids, and amine-terminated synthetic telechelic polymers such as H2N-PEO-

NH2 and H2N-PDMS-NH2 (see e.g. Kang and Lee, 2007). A general nucleophilic ring-

opening reaction of a primary amine and epoxide is shown in Scheme 18.  
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Scheme 18: Reaction of a glycidyl (epoxy) surface with a primary (R2 = H) or 
secondary amine to form a secondary or tertiary amine with a neighboring hydroxyl 
group. This reaction is carried out at basic pH; the same reaction in an acidic medium 
produces a terminal primary hydroxyl group. 

 
In aqueous media, the pH determines which side of the ring is hydrolyzed. In acidic 

condtions, the reaction proceeds by an SN1 reaction with a carbocation intermediate, 

favoring the more-substituted carbon and producing a primary hydroxyl group. In 

basic conditions, the reaction is a simple SN2 nucleophilic attack on the external 

carbon, producing primarily the less-substituted product and a secondary –OH group. 

Epoxide groups can react with primary and secondary amines, or other nucleophiles, 

including sulfhydryl (–SH) and hydroxyl (–OH) groups. In aqueous solution, the 

reactivity is a strong function of pH, with amines reacting most effectively at pH 8-9. 

Sulfhydryl groups react most efficiently from pH 7.5-8.5, forming thioethers. In 

contrast, hydroxyl groups (such as on sugars) only become reactive above pH 11 

(Hermanson, 1995). In addition, carboxylic acid groups can also react with epoxides to 

form esters, but this reaction is much slower than aminolysis (Grazú, et al., 2005). 
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GPTMS is a versatile starting point for other surface modifications. It is used 

industrially to anchor scratch-resistant coatings on optics (Arkles, 2006). The terminal 

epoxy ring can be hydrolyzed in acidic conditions to generate vicinal hydroxyl groups 

on the surface (Shaw, et al., 2006). The resulting diols can then be oxidized with 

sodium periodate (NaIO4) to form a reactive terminal aldehyde (Hermanson, 1995, 

Schlapak, et al., 2007). Formaldehyde is released in quantitative yield from the diol 

(Scheme 19), offering a mechanism to quantitate the surface epoxide groups with an 

aldehyde-reactive compound such as Aldrich’s Purpald® reagent (Tang, et al., 2008).  
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Scheme 19: Acid catalyzed hydrolysis of epoxy (glycidyl) groups to form a vicinal 
diol, which is subsequently oxidized with sodium periodate to an aldehyde. The 
aldehyde can be used to immobilize amine-containing molecules such as proteins by 
reductive amination. 

 
 
The residual NaIO4 may also be quantified by oxidation of adrenaline to generate a 

brilliant red chromophore (Wahler and Reymond, 2002). 

Reaction of an epoxy-functional surface with dithiothreitol (DTT) has been used to 

generate mixed disulfide/epoxy supports (Scheme 20) that offer improved enzyme 

immobilization. The fast, reversible disulfide binding of enzymes holds the protein at 

the surface, allowing the slower epoxy/NH2 reaction to take place in high yield 

(Grazú, et al., 2003). 
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Scheme 20: Partial thiolation of an epoxy surface to produce a mixed thiol/epoxy 
support for enzyme immobilization. Redrawn from Grazú, et al. (2003). 

 
This interesting chemistry, combined with a reactive disulfide (e.g. an SPDP-modified 

enzyme or protein) could be used to provide a single linker that can be cleaved either 

permanently (by NaIO4 oxidation), or reversibly (by reduction). 

It is wise to avoid using tertiary amines in GPTMS reactions, as they can catalyze a 

cross-linking reaction between neighboring epoxide groups to form inert ether bridges 

(Scheme 21) as described by Penn and Hunter (2002). 
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Scheme 21: Inactivation of GPTMS-modified surface by tertiary amine-catalyzed 
formation of ether bridges between neighboring epoxide groups. 
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Trichlorovinylsilane (TCVS) 

TCVS40 (right) produces surfaces with a dense layer of 

vinyl (–CH=CH2) groups. These groups can be 

polymerized with other double-bond containing molecules 

(e.g. acrylates), or induced to create radicals by exposure 

to UV or γ-rays. The resulting free radicals are highly reactive, and can covalently 

immobilize otherwise-inert molecules adsorbed to the hydrophobic vinyl surface. This 

is the basis of the method for immobilization of Pluronic triblocks onto glass, nitinol 

and pyrolytic carbon (McPherson, et al., 1998). 

Solution deposition of TCVS often leads to visibly inhomogeneous surface coatings 

due to polymerization of the highly reactive chlorosilane with trace water in solvents, 

on the surface, and from the atmosphere. However, the high volatility41 of TCVS (60 

mmHg @ 20°C) makes it ideally suited for vapor-phase deposition. In this method, a 

stream of dry nitrogen is passed over a reservoir of the silane. The silane vapor is then 

directed over clean, dry substrates, where it reacts with the surface. As the 

polymerized silane is non-volatile, and the surface-bound silane film is unreactive to 

other chlorosilane molecules, this method produces extremely uniform and thin 

surface coatings that are ideal for AFM studies (Popat, et al., 2002, 2003). 

                                                 
40 TCVS is very toxic by inhalation, and easily absorbed through the skin. The reaction of chlorosilanes 

with water or surface –OH groups produces corrosive HCl gas, instead of the relatively innocuous 
ethanol or methanol generated by the alkoxysilanes. Always handle TCVS in a fume hood. 

41 Because TCVS is so volatile, it tends to evaporate during use, spattering around and leaving white 
polymerized residue on everything it touches. Since this residue is mainly various types of silicon 
oxides and hydrocarbons, it can be removed by soaking briefly with a strong (5N) solution of NaOH. 
Addition of a detergent such as Triton™ X-100 helps to wet the polymerized residue. 
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Octadecyltrimethoxysilane (ODTMS) 

ODTMS (right) is an alkylsilane reagent 

that is used to make glass and silica 

strongly hydrophobic. Its aliphatic C18 

chain and polymerizing chemistry 

produce stable, water-repellent surface treatments that are used to passivate laboratory 

glassware (e.g. GlassClad 18). It is used commercially to insulate the inside surface of 

fluorescent light bulbs, preventing arcing along the glass (Arkles, 2006). Solution-

phase deposition of ODTMS from dry ethanol, toluene and THF has been described in 

the literature (McGovern, et al., 1994). The resulting surfaces are suitable for studies 

of protein, surfactant and cell binding by ellipsometry, AFM, SEM and other 

techniques. Similar results can be produced with octyltrifunctional (C8) silanes, 

although the hydrophobicity is somewhat lower because of the shorter chain length. 

Arkles (2006) notes that transport of ions is poor across the hydrophobic coating, thus 

protecting the substrate and silane network from attack by e.g. hydroxide (HO-) ions.  

2-[Methoxy(polyethyleneoxy)propyl]trimethoxysilane (mPEOTMS) 

 The protein- and cell-repellent properties of poly-

ethylene oxide (PEO) brush layers are well-known. 

A metal oxide surface can be conveniently made 

non-fouling and highly hydrophilic by reaction with 

the PEO-containing mPEOTMS (right). It has been 

used, for example, to prevent the non-specific 
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adhesion of proteins on microcantilever-based biosensors for heptocellular carcinoma 

(Liu, et al., 2009), and to form patterned nanoarrays of Rhodobacter sphaeroides light-

harvesting complexes bound to immobilized β-cyclodextrins (Escalante, et al., 2008). 

Surface modification with isocyanates 

Silane chemistry is robust and conventional, but other reagents can also be used to 

modify metal oxide surfaces. Isocyanates (e.g. 2,4-toluene diisocyanate) have been 

used to immobilize PEO and other molecules (Lu, et al., 2007) on silicon and titanium 

dioxide surfaces, without an intermediate silane treatment. The isocyanate groups 

react directly with the surface silanol groups to form stable urethane bonds (Scheme 

22). This reaction may be used to attach linkers or biomolecules directly onto other-

wise inert silica or metal oxide surfaces. It is also amenable to vapor-phase methods. 

Si OH

NCO

OCN

+ Si O

NCO

N
H

O

 
 

Scheme 22: Reaction of an isocyanate group with a surface silanol to form a stable 
urethane bond. 

 

Conclusions 

A variety of surface modification treatments are commercially available to customize 

the chemical reactivity, hydrophobicity, and biocompatibility. Surface preparation of 

metal oxides (silica, titania, mica, etc.) to maximize reactive silanol groups is critical 

for good layer formation. Films produced from aqueous solutions, anhydrous organic 

solvents, or by vapor-phase deposition have very different thicknesses, stability, and 
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degree of functionality. Anhydrous (especially vapor-phase) deposition methods 

typically favor monolayer coverage, while aqueous solutions tend to produce thick, 

polymerized films. The choice of method should take into account the required quality 

of the silane layer, the cost of applying the layer, risk analysis of chemical and fire 

hazards from solvent or silane vapors, and waste disposal costs. 

 



 
 
 
 

 

 


