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Abstract 
 
Many industrial biocatalysts are used as immobilized enzyme preparations where the 

protein is tethered on the surface of a porous carrier. Easy separation from solution, 

recovery and enhanced operational stability provided by the immobilization make the 

biocatalyst reusable for further reaction cycles.  

Diffusion of substrates might constitute the rate-limiting step for reaction catalyzed by 

immobilized enzymes. Accumulation of inhibiting or acidic products in porous carriers 

might strongly affect enzymatic activity.  

This work provides a systematic and comprehensive investigation of mass transfer 

aspects in the model biocatalyst Cephalosporin C amidase immobilized on epoxy-

activated commercial carriers, examining enzyme kinetic and providing methodology 

for the evaluation of intraparticle concentration gradients (substrate and pH). 

Kinetic studies gave information about magnitude of substrate diffusion limitation and 

magnitude of pH gradients in the immobilized biocatalyst caused by an acidic product 

were evaluated applying a new non-invasive detection method. A reaction-diffusion 

model was applied to fit the obtained experimental results leading to estimation of 

diffusion and kinetic parameters as well as to calculation of concentration profiles in 

the enzyme carrier. Proper evaluation of intraparticle diffusion as result of this work 

allows for formulation of particles tailored for the biocatalyst to show optimized 

performances and provide a methodology that might be applicable in the rational 

design of immobilized enzymes in which the biocatalytic conversion results in a pH 

change. 

 

 



Zusammenfassung 
 
Viele industrielle Biokatalysatoren werden als immobilisierte Enzympräparationen 

verwendet. Dabei wird das Protein an der Oberfläche eines porösen Trägermaterials 

gebunden.  Immobilisierte Enzyme haben den deutlichen Vorteil der einfachen 

Abtrennbarkeit aus der flüssigen Phase sowie erhöhter Stabilität im Prozess und 

Wiederverwendbarkeit.  

Diffusion der Substrate stellt meist den geschwindigkeitslimitierenden Schritt der 

Reaktion durch immobilisierte Enzyme dar und die Enzymaktivität wird stark 

beeinflusst durch die Akkumulierung von inhibierenden oder stark polaren Produkten, 

die den pH-Wert erniedrigen.  

Diese Arbeit beinhaltet eine systematische und umfassende Aufarbeitung von 

Massentransferaspekten mit dem Modellenzym Cephalosporin C Amidase, das an 

Epoxy-aktivierten kommerziell erhältlichen Trägermaterialien immobilisiert wurde. 

Dabei wurde das Hauptaugenmerk auf die kinetische Charakterisierung sowie die 

Entwicklung von Methoden um den Konzentrationsgradienten von Substrat und pH 

innerhalb der Partikel zu verfolgen, gelegt. 

Kinetische Studien liefern die Grundlage zur Bewertung von Substrat 

Diffusionslimitierung. Die Veränderung des pH Gradienten aufgrund von Bildung des 

sauren Produktes in dem immobilisierten Biokatalysator  wird durch eine neue, nicht 

invasive Methode evaluiert. Weiters wurde ein Reaktions-Diffusions Modell entwickelt 

und zur Auswertung der gemessenen Parameter verwendet. Dadurch konnte eine 

Abschätzung der Diffusions- sowie der kinetischen Parameter gemacht werden und 

Konzentrationsprofile im Träger berechnet werden. Die Bewertung der Diffusion 

innerhalb der Partikel liefert wichtige Informationen um massgeschneiderte 

Biokatalysatoren mit optimierter Effizienz für die Industrie zu liefern und mit der 



etabilierten Methode kann rationales Design von immobilisierten Enzymen, die mit 

einer pH- Wert Veränderung aufgrund von Produktbildung einhergehen, stattfinden. 
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ABSTRACT 

Diffusion of substrates might constitute the limiting step for reaction catalyzed by 

immobilized enzymes. Accumulation of inhibiting or acidic products in porous carriers 

might strongly affect enzymatic activity. Although mass transfer theory in porous 

structure is available from decades, appropriate experimental methodology for 

identification of diffusion limitation and evaluation of concentration gradients in 

immobilized biocatalysts is nowadays still lacking and mainly based on macroscopic 

evidence. Investigation techniques providing information about mass transfer effects in 

immobilized enzymes are summarized and discussed in this summary. Proper 

evaluation of intraparticle diffusion should be crucial in the rational design of 

immobilized biocatalysts. 

INTRODUCTION 

Mass transfer effects are one of the main reasons of decreased enzymatic activity after 

immobilization [1]. The presence of the carrier influences substrate distribution in the 

enzyme microenvironment for two reasons: because of the formation of a boundary 

layer between liquid and solid phase (external diffusion) and because gradients are 

formed as consequence of interaction between charged groups of solutes with 

stationary charges of the carrier material (partitioning)[2]. These effects however can be 

minimized: the first by increasing the relative flow rate between particles and fluid [3], 

the latter employing solutions with high ionic strength [4]. A third aspect has to be 

considered when porous carriers are employed. Although this kind of carriers is often a 

preferred choice for enzyme immobilization because of their high specific surface area 

[5-6], pore diffusion of substrates can result to be limiting for the reaction. Inhibiting 
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products or generated protons can furthermore accumulate in the carrier affecting 

enzymatic activity. For scientific research purposes diffusion limitation is often avoided 

loading a small amount of enzyme on the carrier [4]; industrial applications instead 

require high catalytic activity per catalyst volume [7] and such solution may not be 

applicable.  

In the development of biocatalysts a common procedure is to test many alternative 

formulations and the best for the specific purposes is selected [8]. Critical reviews 

however can provide general guidelines for the proper choice of carrier geometrical 

characteristics in order to favor diffusion of the chemical species [4, 9]. Recently some 

authors [8, 10-12] have been giving more attention to a rational design approach for the 

formulation of particles tailored for the biocatalyst to show optimized performances. The 

choice of the optimal carrier is based on the evaluation of key design parameters. This 

summary focuses on the evaluation of the internal diffusion as design parameter and on 

its impact on the catalytic efficiency of immobilized enzymatic preparations. An overview 

of detection methods (experimental) and computational approaches (modeling) is 

presented and their feasibility is discussed. 

EXPERIMENTAL EVALUATION  

Macroscopic Behavior 

The macroscopic behavior of a biocatalyst results from both kinetic and mass-transport 

effects. When diffusion limitation is present, low productivity per unit biocatalyst and 

high (apparent) stability are observed [13]. The simplest way to express this activity loss 

is to calculate a stationary effectiveness factor =vimm/vfree, defined as the ratio between 

the observed initial reaction rates of immobilized (vimm) and free (vfree) enzyme, 
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respectively [14]. A good estimation is given also by the Thiele modulus () that 

corresponds to the ratio of a reaction rate to a diffusion rate [15]. The higher  the more 

diffusion limited is the reaction. Kasche [16] calculated values of  as function of , 

which can give a first estimation of diffusional effects for immobilized biocatalysts [14]. 

The same author introduced furthermore the notion of operational effectiveness factor 

as the ratio of the times required by immobilized and free enzyme for reaching the end 

point of the process. When the effectiveness factor is lower than 1, concentration 

gradients of substrates and products are formed in the carrier. Information about the 

magnitude of microscopic phenomena like intraparticle diffusion can be provided by 

macroscopic data derived from bulk concentration measurements. The aim of this 

paragraph is to give an overview on the available methodology for evaluating the 

presence of diffusion limitation from macroscopic measurements. A summary is 

reported in Table 1.  

Carrier Size and Particle Disintegration 

Particle diameter influences internal diffusion: it determines how far a molecule has to 

travel inside the carrier to reach the enzyme active site [17]. The extent of mass transfer 

can be evaluated measuring the apparent reaction rate of immobilized biocatalysts 

differing in particle size. Giordano et al. [18] observed an increase in apparent glucose-

fructose isomerization rate as particle size of Maxazyme decreased from 1200 µm to 

350 µm. A further particle size reduction to 150 µm did not lead to any change, 

suggesting that the apparent reaction rate for these smaller fraction corresponded to the 

intrinsic enzymatic activity deprived of diffusional effects. Valencia et al.,[19] evaluated 

the effect of particle size and enzyme loading on the progress curves for Penicillin G 
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hydrolysis and Cephalexin synthesis performed by Penicillin G acylase. Authors 

focused on the operation curves obtained using a coarse (R=72 µm) and a fine (R= 30 

µm) biocatalyst fraction. For each fraction three preparations differing in enzyme loading 

were tested. Effect of enzyme loading on substrate/product profiles was observed to be 

more pronounced for the coarse particles. 

 Table 1. Macroscopic experimental evaluation of diffusion limitation 

Macroscopic effect Enzyme Carrier Reference

Activation Energy Trypsin  [20] 

 Pseudomonas cepacia Lipase Polypropylene [21] 

Apparent KM PGA  [22] 

 CCA Sepabeads [23] 

 PGA Glyoxyl-agarose [19] 

Proportionality 

activity/loadinga 

-chymotrypsin Polyamides, 

Celite 

[24] 

 Assemblase  [13] 

 PGA Eupergit [25] 

 Pseudomonas cepacia Lipase Polypropylene [21] 

Active Enzyme -chymotrypsin  Polyamides, 

Celite 

[24] 

Linearity Eadie-Hofstee plot   [26] 

 BC lipase   Mesoporous silica [27] 

Particles crushing PGA  Eupergit [28] 

 PGA Glyoxyl-agarose [19] 

a activity (µmol min-1 g carrier-1); Loading (mg enzyme g carrier -1) 

Particle crushing is another way to assess the effect of the particle size [4]. Janssen et 

al. [28] reported that Benzylpenicillin (BP) hydrolysis activity of high loaded (0.58 µmol 

acive sites g-1) E. coli Penicillin G acylase (PGA) on Eupergit C preparations increased 

by 65% upon particles disintegration. This was not only because of higher substrate 
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concentrations in enzyme proximity but also because accumulation of the product 

phenylacetic acid (PAA) was reduced. PAA is an inhibitor for PGA and undergoes 

deprotonation, causing undesirable pH gradients in the immobilized amidase (Spiess, 

1999). 

Estimation of Apparent KM  

Increases in KM are often observed after enzyme immobilization. Pencreac’h et al., [21] 

explained this effect as consequence of three combined reasons: (1) substrate 

partitioning, (2) conformational changes of lipase after immobilization and (3) steric 

hindrance being the enzyme less accessible for the substrate. When KM differences are 

observed between enzymatic preparation differing only in carrier geometrical 

characteristics, KM increase denotes substrate diffusion limitation. In the analysis of 

Cephalosporin C amidase (CCA) immobilized on epoxy-activated Sepabeads Boniello 

et al., [23] observed an increase of apparent KM after immobilization. This effect was 

more pronounced for the coarse (particle diameter 300-500 µm, less porous (pore 

diameter 30-40 nm) or high loaded fractions (70 mg/ g dry carrier). Similar effects were 

reported by Valencia et al.,[19] for immobilized PGA, for which the apparent KM 

increased with enzyme loadings (from 8 to 30 mg/g dry) and with particle radius (from 

30 µm to 72 µm) up to 4–fold for the synthesis and up to 6-fold for the hydrolysis 

reaction. Crushed particles showed apparent KM values approaching the intrinsic one.  

Enzyme Loading 

Barros et al. [24] varied the immobilized amount of -chymotrypsin (CT) on polyamides 

of different particle size and plotted the reaction rate per gram carrier versus the 

enzyme loading. At low loadings the dependence of the reaction rate versus the 

enzyme loading was linear, for higher loadings they observed a plateau, which 
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represent the maximum rate at which the substrate can be transported from the bulk 

solution to the enzyme molecules. This plateau was reached already at loadings of 10 

mg CT per g carrier using a fast acyl donor. In this case a double reaction rate was 

observed when using particle sizes 75-106 µm instead of 300-500 µm. Van Langen et 

al., [29] immobilized Penicillin G acylase (PGA) from E.Coli on Eupergit C at various 

densities of protein in the carrier. Reaction rates depended strongly on the active site 

density: higher loadings resulted in lower catalytic conversion. Since according to active 

site titration, activity loss after immobilization was only 10%, authors concluded that 

diffusion limitation took place in the immobilized enzyme particles. On the opposite Van 

Roon et al., [13] excluded diffusion limitation in Assemblase (commercial immobilized 

PGA) observing a reaction rate value higher than 93% Vmax in phenylglycine amide 

(substrate) saturating conditions (>11KM) and linear dependence of the measured 

activity versus enzyme loading. 

Enzymatic Activity Content at Constant Enzyme Loading  

A way to estimate whether diffusion limitation is present is to compare the apparent 

specific activity of preparations with different immobilized activity but with the same 

enzyme loading; thus a certain amount of inactivated enzyme has to be co-immobilized. 

Barros et al. [24] tested two polyamide supports differing in particle size and total 

enzyme loading for evaluating the effect of the fraction of active -chymotrypsin. Up to 

10 mg protein/g dry carrier no effect of the active fraction was observed on the specific 

activity. High loaded preparations (100 mg/g dry carrier) showed 60% and 40% specific 

activity decrease for particles of 495 µm and 278 µm diameter respectively, when the 

active fraction of loaded enzyme increased from 5 to 100%. 
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Linearity of Eadie-Hofstee plot 

Jaladi et al. [27] immobilized Burkholderia cepacia (BC) lipase on mesoporous silica 

beads. They extrapolated the effective diffusion coefficient (Deff) for the substrate from 

the Eadie-Hofstee plot, following a procedure proposed by Clark and Bailey [26] for 

preparations of 2 and 60 µm beads respectively. For the higher particle size the plot 

was not linear suggesting diffusion limitation. The determined effective diffusion 

coefficient for the substrate in the immobilized preparations was one to two orders of 

magnitude lower than that in solution (Deff=61×10-7 m2s-1) and was a function of the pore 

diameter of the particles, Deff=0.6-0.8×10-7 m2s-1 and 7.2-9.7×10-7 m2s-1 for 55 Å and 

240 Å respectively. Lower enzyme loadings lead to higher values of Deff. 

Activation Energy 

Temperature influences both reaction and diffusion rate but the dependence of reaction 

rate on temperature is higher than that of diffusion. Reaction enthalpy calculated from 

the slope of the curve in the Arrhenius plot are lower for reaction performed with 

immobilized enzyme preparations than with free enzymes because of diffusion limitation 

[30]. The temperature dependence of diffusion-limited enzymatic reactions was studied 

in detail by Buchholz and Rüth [20]. They observed that the apparent activation energy 

of N--benzoyl-L-arginine-ethyl ester (BAEE) hydrolysis by immobilized trypsin was 

dependent on substrate concentration, varying from a value similar to that of the free 

enzyme for BAEE concentrations >> KM to much lower values. Operating at high 

temperature would consistently increase the reaction rate leading to reaction limited by 

substrate diffusion. 
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Intraparticle Measurements 

The macroscopic behavior of immobilized enzymes can qualitatively suggest the 

presence of diffusion limitation. Anyway a quantification of mass transfer effects can be 

only performed rearranging the measured variables into a representative parameter, the 

Thiele modulus. For a direct and precise evaluation of the diffusion phenomena 

measurements of species concentration in the enzyme microenvironment are required.  

The knowledge of concentration gradients is necessary to quantify the local effects of 

the carrier on both reaction and transport kinetic [10]. Equipments for carrying out 

spatial and time resolved measurements are however expensive and require 

complicated set-ups. For this reasons there are just few works that report on 

measurements of concentration gradients in immobilized enzyme particles. Substrate 

and products in carriers are furthermore often not detectable with the common imaging 

techniques. In this paragraph imaging techniques available for measurements of 

intraparticle concentration gradients are reported and discussed. 

Substrate/Products concentrations 

Nuclear magnetic resonance (NMR) and Raman spectroscopy have been reported for 

the observation in situ of concentration gradients. These techniques have however not 

yet been applied for diffusion analysis in immobilized enzymes. Kuppers et al, [31] used 

NMR for the observation of diffusion and reaction dynamics in gel microreactors. NMR 

might suffer of poor resolution in case of fast changes in concentration and not be 

suitable to fast enzymatic conversions [10]. Raman spectroscopy is limited to certain 

classes of analytes that have to be present in significant concentrations. The work of 

Kwak and Lafleur, [32] reported an example of Raman spectroscopy applied to the 
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evaluation of two polyethylene glycols (PEGs) in hydrogels. The intensity of the CH 

stretching band was used to obtain the concentration profiles of PEGs, whereas the OH 

stretching band of water was used as an internal intensity standard. Fluorescence 

techniques like confocal laser scanning microscopy (CSLM) are powerful methods to 

achieve spatial and time resolved information [33] and have been used in the past for 

the measurements of pH gradients in immobilized enzymes (see later) or in eukaryotic 

cells [34]. CLSM and fluorescent-based methods in general required the analyte to be 

fluorescent or to be properly labeled for fluorescent detection. Light scattering and 

reflection however are not referenced in intensity based measurement because 

luminescence is measured at two wavelengths [35]. Recently Zavrel et al. [12] reported 

about two-photon laser scanning microscopy (LSM) applied for the spatial and time 

resolved detection of 3,5-dimethoxy-benzaldeyde (DMBA) in hydrogel matrix during the 

carboligation with (R)-3,3’,5,5’-tetramethoxybenzoin (TMB). LSM is expected to provide 

high spatial and temporal resolution. 

pH gradients 

Hydrolysis of amides and esters involves products with ionizable groups [36]. 

Differences in pKa dictate a net generation of protons in this conversion [7]. Concerning 

immobilized biocatalysts, intraparticle pH gradients constitute a relevant factor in 

addition to concentration profiles for substrates and product in term of activity [4, 28, 36] 

and stability [7]. In the last decade fluorescent based methods have been applied for pH 

detection in immobilized biocatalysts (Table 2).  
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Table 2. Available methodology for detection of pH gradients in immobilized enzymes 

Method Enzyme Carrier Reference

Intensity-based 
fluorescence 

PGA/ glutaryl 
acylase 

Eupergit C 
Eupergit C 250 L 

[37] 

Intensity based CLSM PGA Eupergit C 
Eupergit C 250 L 
PBA-Eupergit 
Trisoperl 
CNBrSepharose 4B 

[38] 

 Glucose Oxidase 
Catalase 

N-isopropacrylamide 
membrane 

[39] 

Fluorescence lifetime - Hydrogel Beads [10] 

 - Poly(ethylene) glycol [40] 

Dual lifetime referencing CCA Sepabeads [23] 

 

A first work was presented by Spiess et al. [37], who measured pH values in 

immobilized PGA and glutaryl acylase, following the intensity of the pH-responsive 

fluorophore fluorescein isothiocyanate (FITC). They observed a pH between particles 

and bulk liquid up to 2.5 pH units. Although this approach is applicable even to stirred 

reactors, intensity-based measurements, might be affected by drifts in the 

optoelectronic setup (light sources and light detectors) and by variation of the properties 

of the sensor layer (dye concentration or thickness) [41]. Combining the indicator with a 

reference dye and measuring emission or excitation at two different wavelengths may 

overcome some of these drawbacks. Referenced intensity measurements were 

performed with a confocal laser scanning microscope by Spiess and Kasche [38] and 

Huang et al. [39] for determining proton concentration in biocatalytic beads and 

membrane respectively. The possibility to determine pH gradients in a spatial-resolved 

way is definitively an advantage of this method. However, light scattering and reflection 

are not referenced because luminescence is measured at two wavelengths [35].  
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Lifetime measurements of indicators that show lifetime dependence on pH are more 

accurate because lifetime is independent of intensity or wavelength interferences [35]. 

Spiess et al., [10] evaluated the diffusion of a propionic acid into hydrogels measuring 

the pH-dependent resorufin lifetime using CLSM and pulsar excitation. Changing in pH 

profile along the particle radius during the process could be monitored and obtained 

data used for diffusion models discrimination. Authors self remarked about the 

complexity of the experimentation equipment and pointed out the necessity to conduct 

experimental analysis to screen among experiments to perform. Kuwana and coworker 

[40] applied a special technique based on frequency domain proton migration (FDPM) 

to measure the phase shift between and thus the lifetime of a pH-sensing fluorophore, 

carboxy seminaphthofluorescein-1 (C-SNAFL-1) immobilized in poly(ethylene glycol) 

(PEG) microparticles. Lifetime measurements, in the nanoseconds order, like the case 

of most pH indicators, require sophisticated optoelectronic equipments [35]. In the work 

of Kuwana et al., [40] lifetime measurements were possible because of opportune 

amplification of the phase shift through multiple scattering. 

Microscopy-based techniques require the investigated object to be fixed. Despite the 

high resolution offered, they are not suitable for measurements in batch stirred reactors, 

the preferred reactor choice for biocatalytic conversions [42]. Recently Boniello et al., 

[23] proposed a method based on dual lifetime referencing for intraparticle pH 

monitoring. Even though spatial resolved measurements can not be carried out so that 

the recorded internal pH reflects an average value along the particles radius, this 

method is applicable to stirred particles and overcome the mayor drawbacks of intensity 

based measurements thanks to internal self-referencing [35]. Dual lifetime referencing 
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as applied to pH detection consists in labeling the biocatalyst particles with a pH-

sensitive fluorophore with lifetime in the nanoseconds range together with a reference 

luminophore with lifetime in the microsecond range. An overall phase shift can be 

recorded after excitation in the frequency domain. This phase shift is related to the 

proton concentration. Essential for dual lifetime referencing is that indicator and 

reference show overlapped excitation and emission spectra. This methodology has 

been applied for collection of intraparticle pH data in a time resolved way.  

MODELLING 

Parameter estimation 

Parameters describing immobilized enzymes systems can not be obtained from 

macroscopic measurements. Measured apparent kinetic parameters differ from the 

intrinsic one because they are affected by mass transfer effects. Diffusion-reaction 

mathematical models are a powerful tool to evaluate separately mass transfer from 

kinetic effects in the study of the immobilized biocatalysts. Fitting experimental data with 

a model that takes into account enzyme kinetic and the governing diffusion law provide 

a realistic estimation of intrinsic kinetic parameters and effective diffusion coefficients. 

The usual approach is collect data of substrate/product concentration in the bulk liquid 

phase and from them through the model estimate diffusion and kinetic parameters. 

Polakovic et al., [43] studied the sucrose hydrolysis performed by Saccharomices 

cerevisiae cells immobilized in Ca-alginate gel particles. Fitting sucrose concentration 

profile in bulk with a reaction-diffusion model with Michaelis-Menten kinetic and Fick 

diffusion law, authors estimated the maximal reaction rate (Vmax) and the effective 

diffusion coefficient (Deff) for sucrose. The KM value applied in the model was that 

13



 

experimentally determined for the free cells. Berendsen et al., [44] used a similar 

approach to calculate intrinsic kcat and KM for the enantioselective transesterification of 

(R/S)-1-methoxy-2-propanol (MP) with vinyl acetate (VA) catalyzed by Candida 

Antartica Lipase B (CAL-B) using a complex kinetic expression instead of the simply 

Michaelis-Menten. Diffusion parameters were calculated from empirical relationships 

and considered known in the model. Recently Spiess et al., [10] stressed on the 

importance of taking into account both intraparticle and bulk concentration profiles for a 

proper kinetic and diffusion parameter estimation. Zavrel et al., [12] worked in this 

direction. Authors measured substrate concentration profiles in eight points along the 

particle radius. Using an optimal experimental design combined to mathematical model 

fitting to the measured data ten unknown parameters among enzyme kinetic, mass 

transfer and diffusion parameters were estimated.  

Simulation 

Numerical solution of partial differential equations describing diffusion and reaction in 

porous carriers as tool for examine particle geometrical parameters on the kinetic 

behavior of immobilized biocatalyst have been proposed in the last decades. In 1974 

Regan et al. [45] reported about the influence of particle size, protein content, effective 

diffusion coefficient and Michaelis constant on the catalytic performances in terms of 

rate (µmol/min/mL) of a series of immobilized enzymes (Chymotripsin, lactate 

dehydrogenase, Alcohol dehydrogenase, penicillin amidase) bound to DEAE-cellulose. 

Simulated results were compared with experimental data. From then to now a large 

number of works dealing with developing of mathematical models supported by 

experimental has been published. The utility is the ability to predict the biocatalyst 
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behavior to screen for the optimal reaction conditions. The general approach is to 

estimated the unknown diffusion and/or kinetic parameter fitting the model to 

experimental data and then to evaluate the effect of key parameters or varied 

experimental conditions on the catalytic performances of the immobilized enzyme 

system. Berendsen et al., [44] expressed the catalytic efficiency in terms of 

effectiveness factor and enantiomeric performance studying the effect of the initial 

concentration of MP and VA as well as the effect of the enantiomeric ratio. When 

dealing with complex system numerical simulations lead to an improvement in 

understanding and control of the immobilized enzyme. Blandino et al., [46] reported 

about a glucose oxidase-catalase system co-encapsulated within hydrogel-membrane 

liquid-core capsules. The proposed model included non-uniform enzyme distribution 

within the carrier and deactivation of both enzymes. Authors calculated concentrations 

profile in both batch and continuous stirred tank reactors and found them in agreement 

with experimental data supporting the hypothesis of uneven enzyme distribution in the 

particles. Validated model can be further applied to describe the behavior of similar 

biocatalyst systems. Methodology for assessment of the internal biocatalyst profile is 

anyway available [8]. Numerical solutions should support the experimental analysis in 

term of prediction for appropriate experiment planning or for the knowledge of the 

system behavior when methodology for measurements is not available.  

A third application of simulating diffusion and reaction in immobilized enzymes is the 

possibility to calculate concentration profiles in the enzyme microenvironment. 

Considering how complex intraparticle concentration measurements are, calculated 

results offer a solid basis in the understanding of enzymatic activity distribution in the 
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carrier in term of substrate availability and possible product inhibition.  Halwachs et al. 

[47] studied the fast hydroliysis of D,L-phenylalanine methylester (DLE) to L-

phenylalanine (LA) and D-phenylalanine methylesther (DE) with immobilized a-

chymotrypsin. They developed a diffusion-reaction model including proton generation 

and the effect of pH on the maximal reaction rate. Local substrate concentration, 

reaction rate and pH within the particles were calculated as function of the 

dimensionless radial coordinate. Results show a pH gradient from pH 7.0 to pH 3.0 from 

the particle surface to the particle core and substrate depletion in the carrier center. 

These effects reflect in the reaction rate and in the fraction of carrier volume effectively 

utilized for the reaction to occur. 

CONCLUSIONS 

Research studies concerning immobilized enzymes report about diffusion limitation as 

one of the main reason of reduced apparent catalytic activity. Evaluation of mass 

transfer in biocatalyst occurs by experimental and computational way. Although theory 

for mass transfer in porous structure is available from decades, there are just a few 

works that combine information about intraparticle concentration profiles obtained by 

numerical calculation to experimental evidence. This is because mass transfer 

assessment occurs mainly through macroscopic measurements in the bulk liquid phase 

and methodology to detect reagent distribution in the porous structure is missing or very 

laborious. For a rational design approach, where mass transfer magnitude is considered 

a key parameter in the choice of the optimal carrier, proper evaluation of intraparticle 

concentration gradients is required. 
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ABSTRACT: Cephalosporin C amidase was covalently
attached using a protein loading of 7.0–200 mg protein/g
dry carrier on four epoxy-activated Sepabeads differing in
particle size and pore diameter. Initial-rate kinetic analysis
showed that for Sepabeads with small pore diameters (30–
40 nm), the apparent KM of the amidase for hydrolysis of
cephalosporin C at 378C and pH 8.0 increased �3-fold in
response to increased particle size (�120–400mm) and
increased amount of immobilized enzyme (7.0–70 mg pro-
tein/g dry carrier) while maximum specific activity (3.2 U/
mg protein; 25% of free amidase) was affected only by
particle size. In contrast, for Sepabeads with wide pores
(150–250 nm), the KM was independent of the enzyme
loading. Internal effectiveness factors calculated from obser-
vable Thiele modulus reflected the dependence of KM on
geometrical parameters of the particles. A new method for
determination of the overall intraparticle pH was developed
based on luminescence lifetime measurements in the fre-
quency domain. Sepabeads were doubly labeled using a
lipophilic variant of the pH-sensitive dye fluorescein, and
Ru(II) tris(4,7-diphenyl-1,10-phenantroline) whose phos-
phorescence properties are independent of pH. Luminescent
lifetime measurements of doubly labeled particle suspen-
sions showed superior signal-to-noise ratio compared to
fluorescence intensity-based measurements using singly
labeled particles. The difference at apparent steady state
(DpH) between bulk (external pH) and intraparticle pH
(internal pH) was as large as �0.6 units. The DpH was
dependent on substrate concentration, particle size, and
pore diameter. Therefore, these results characterize the role
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of carrier characteristics and reaction parameters in the
formation of concentration gradients for substrate and
acidic product during hydrolysis of cephalosporin C by
immobilized amidase. The strong pH dependence of the
immobilized amidase underscores the importance of con-
sidering intraparticle pH gradients in the design of an
efficient carrier-bound biocatalyst.

Biotechnol. Bioeng. 2010;106: 528–540.

� 2010 Wiley Periodicals, Inc.

KEYWORDS: pH gradients; immobilization; porous carrier;
cephalosporin C; mass transfer

Introduction

Enzyme immobilization is a key technology of biocatalytic
process development (Sheldon, 2007). It is widely used in
biotransformations currently performed on industrial
production scale (Buchholz et al., 2005). The most
commonly employed strategy for immobilization involves
attachment of the enzyme on an insoluble meso- or
macroporous carrier (Cao, 2005). Heterogenized catalysts
are readily separated from solution and therefore support
continuous bioprocessing with integrated re-use of enzyme
(Buchholz et al., 2005). Enhancement of operational
stability is often observed for immobilized enzymes as
compared to their free counterparts (Kallenberg et al., 2005;
� 2010 Wiley Periodicals, Inc.
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Mateo et al., 2007; Tischer and Kasche, 1999). This leads to
an additional economic benefit given that trade off between
biocatalyst lifetime and specific activity is avoided. There are
three main reasons for why immobilized enzymes are usually
less active than their corresponding free preparations:
conformational distortion and chemical modification of
the functional protein structure (Hanefeld et al., 2009),
equilibrium partition of substrate and product between
carrier surface and bulk solvent (Doran, 1995), and mass
transfer resistances (Barros et al., 1998; Kallenberg et al.,
2005; Regan et al., 1974). The effects from partition and
diffusion result in the generation of concentration profiles
for all compounds involved in the reaction along the
characteristic dimensions of the carrier, that is, the radius in
the case of spherical particles (for the general case, see Bailey
and Ollis, 1986; Blanch and Clark, 1996; Buchholz et al.,
2005).

Hydrolysis of amide and ester substrates is among the
most widely used biotransformations in industry (Buchholz
et al., 2005). Differences in pKa for acidic groups on
substrate and products usually dictate a net generation of
protons in these conversions. Considering immobilized
hydrolases (Janssen et al., 2002; Kallenberg et al., 2005;
Tischer and Kasche, 1999), pH profiles in the intraparticle
domain (i.e., internal pH), relative to the pH in bulk (i.e.,
external pH), constitute a potentially relevant factor in
addition to concentration profiles for substrate and
products. Intraparticle pH gradients could affect catalytic
performances not only in terms of apparent kinetic
properties of the enzyme (Bourdillon et al., 1999; Spiess
and Kasche, 2001; Spiess et al., 1999) but also because of the
influence of pH on protein stability (Buchholz and Kasche,
1997; Guisán et al., 1994). Although theory for coupled mass
transfer and proton-forming/consuming reactions in
immobilized enzyme systems has been available for decades
(Byres et al., 1993; Halwachs et al., 1978; Liou and Rousseau,
1986; Ruckenstein and Rajora, 1985; Wang et al., 1995),
there have been just a few studies (see below) in which
biocatalyst design was based on experimental analysis of
proton concentration in the carrier and its effects on enzyme
activity.

Kasche and co-workers used the pH-responsive fluor-
ophore fluorescein isothiocyanate (FITC) to measure
intraparticle concentration profiles for protons in immo-
bilized amidase. They labeled the enzyme with FITC (Spiess
et al., 1999) and an additional pH-independent reference
dye (Spiess and Kasche, 2001). Evidence from pH-gradient
measurements and modeling of coupled diffusion and
enzymatic reaction was applied to reactor design for the
hydrolysis of b-lactams. The average internal pH was
between 1 and 2.5 pH units lower than the external pH, a
difference by far large enough to strongly affect kinetic and
thermodynamic parameters of the enzymatic conversion.
More recent work from Huang et al. (2008) reported on
determination of pH profiles in a membrane system
containing immobilized glucose oxidase. The membrane
was labeled by incorporation of a FITC-dextran adduct as
the pH indicator. A pH-insensitive Texas red-dextran
adduct was employed as a reference. Spatial-resolved
measurements of the internal membrane pH during catalytic
oxidation of glucose (to gluconic acid) were obtained by
laser scanning confocal microscopy. In an earlier work
Spiess and Kasche (2001) have used the same technique for
spatial pH mapping in a series of carriers containing
immobilized amidase. These authors analyzed the pH
difference, intraparticle compared to bulk, in dependence of
enzyme concentration, particle size, pore size, surface
modification, and matrix variation. The observed DpHs
(differences between internal and external pH) were
typically 1 pH unit or larger, and their relative magnitude
was persuasively rationalized in terms of a simple reaction–
diffusion model expressed in the dimensionless (squared)
Thiele modulus (Eq. 1), where Vmax is the maximum rate of
the enzyme-catalyzed reaction (mM/s), KM is the Michaelis
constant (mM), R is the particle radius (m), and Deff is the
effective diffusion coefficient (m2/s). Smaller pores lead to
smaller values of Deff (see later)

F2 ¼ VmaxR
2

KMDeff
(1)

Considering that stirred tanks often constitute the
preferred choice of enzyme reactor for conversions
necessitating pH control, it is a clear limitation of the
previously described methods of intraparticle pH determi-
nation that they are based on the measurement of
fluorescence intensities. Precise intensity measurements
are compromised by a strong fluctuation of the recorded
signal of the suspended particles. We propose here a new
approach that is based on dual luminescence lifetime
referencing (DLR) and allows to work independently of
the density of the particle suspension and hence of stirring
conditions. Considering complications possibly arising
from chemical modification of the enzyme by the
luminophores used for DLR, we chose to label the particles
prior to attachment of the enzyme. An industrially used
cephalosporin C amidase (CCA) from Pseudomonas sp.
SE83 (Scheme 1) was covalently bound on a series of epoxy-
activated polymethacrylate carriers (Sepabeads) featuring a
representative variation in pore as well as particle diameters.
The reason to work with Sepabeads was that these carriers
have been well characterized and are widely employed in
scientific community for enzyme immobilization (Hilterhaus
et al., 2008; Mateo et al., 2002). The immobilized amidase
preparations were examined with respect to kinetic
effectiveness and formation of intraparticle pH gradients
during hydrolysis of cephalosporin C. The results allow for
the design of particles tailored for the biocatalyst to show
optimized performances and provide a methodology
that might be widely applicable to immobilized enzyme
systems in which the biocatalytic conversion results in a
pH change.
Boniello et al.: Immobilized Amidase Kinetics and pH Gradients 529
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Scheme 1. Single-step amidase-catalyzed conversion of cephalosporin C to 7-aminocephalosporanic acid as compared to the classical two-step chemo-enzymatic

transformation using D-amino acid oxidase (DAO) and glutaryl acylase (GA).
Materials and Methods

Chemicals

Cephalosporin C (sodium salt; CC-Na) (87.1% purity) and
7-aminocephalosporanic acid (7-ACA) were kind gifts from
Sandoz GmbH (Kundl, Austria). p-Dimethylaminobenzal-
dehyde (pDAB) was from Sigma–Aldrich (Vienna, Austria).
Lipophilic fluorescein (LP-FLU) and ruthenium(II)tris(4,7-
diphenyl-1,10-phenanthroline di(trimethylsilylpropan sul-
fonate) (Ru(dpp)) were synthesized according to Weidgans
et al., 2004 and Borisov and Klimant, 2009, respectively.
Sepabeads EXE096 (standard grade), EXE096/M (coarse
grade), EXE096/SS (fine grade), and EXE030 (high porosity
grade) were kind gifts from Resindion (Milano, Italy).
Table I lists relevant properties of the carriers used. All other
reagents were of analytical grade and obtained from Sigma-
Aldrich or Roth (Karlsruhe, Germany).
Table I. Physical parameters of the enzyme carriers and analysis of substrate

Sepabeads Particle size range (mm) Pore size r

Standard grade EXE096 150–300 30

Coarse grade EXE096/M 250–550 30

Fine grade EXE096/SS 75–175 30

High porosity grade EXE030 100–300 150–

aObtained using Equation (2) and data reported in text and Table S2.
bFrom the reported relationship of hi (internal effectiveness factor) and Fo

KM¼ 5 applies (Bailey and Ollis, 1986).

530 Biotechnology and Bioengineering, Vol. 106, No. 4, July 1, 2010
Enzyme Immobilization

An engineered cephalosporin C amidase (EC 3.5.1.93) from
Pseudomonas sp. SE83 was obtained as a partially purified
protein preparation from Sandoz GmbH. The enzyme is a
functional heterodimer with a molecular weight of 83,000
(a-unit 24,720, b-unit 58,131) (Shin et al., 2005). The
sixfold mutant (Val121a replaced by Ala, Gly139a by Ser,
Phe58b by Asn, Ile75b by Thr, Ile176b by Val, Ser471b by
Cys) was obtained from the acyII gene identified by Matsuda
et al. (1987) (GenBank M18278), as reported in Shin et al.
(2005). On an SDS–polyacrylamide gel, the protein prepara-
tion appeared to be �75% pure and was used without further
purification. The protein stock solution had a concentration
of �7 mg/mL in 20 mM potassium phosphate buffer
(PPB), pH 7.5. It was kept at �208C, and no loss of the
original specific activity (�10 U/mg; see later) was observed
during about 6 months of storage.
diffusion of the enzymatic reaction rate.

ange (nm) Observable modulusa Internal effectiveness factorb

–40 1.94 0.60

–40 2.85 0.45

–40 0.69 0.90

250 0.33 0.98

bs (observable modulus) for spherical particles under conditions when S0/
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For immobilization, we adopted the method of Mateo
et al. (2002), with some simplifications. The enzyme
solution was diluted with 1.5 M PPB, pH 7.5, in order to
obtain a buffer concentration of 0.75 M PPB, pH 7.5. About
0.4 g of dry Sepabeads was suspended in 10 mL of enzyme
solution and incubated at 188C using gentle mixing in an
end-over-end rotator (�10 rpm). Samples were withdrawn
at different times, and protein content and CCA activity
remaining in the supernatant were measured. After 24 h, the
immobilized CCA was first washed twice with 20 mM
PPB, pH 7.5, then recovered using a 0.20-mm membrane
filter and finally stored at 48C until further use.
Assays

CCA activity was measured using a reported spectro-
photometric assay (Patett and Fischer, 2006) with some
modifications. A reaction mixture containing 500mL of
40 mM CC-Na and 500mL of enzyme solution (both in
0.1 M PPB, pH 8.0) was incubated at 378C in Eppendorf
tubes using agitation at 350 rpm in a Thermomixer
(Eppendorf, Hamburg, Germany). A 120mL sample was
taken after 15 min and transferred into a disposable cuvette.
Then, 720mL of colorant solution containing 0.5% (w/v)
pDAB in MeOH, 50 mM NaOH, and 20% (v/v) aqueous
acetic acid in a volumetric ratio of 1:2:4 was added to stop
the reaction. Absorbance at 414 nm was read 3 min after
reagent addition using a DU 800 UV-vis spectrophotometer
(Beckman Coulter, Inc., Fullerton, CA, USA). Suitable
controls lacking the enzyme were always performed.
Reported enzymatic rates are corrected for relevant blank
readings. A calibration curve with known 7-ACA concen-
trations was obtained using 120mL of 7-ACA in 0.1 M
PPB, pH 8.0, after incubation for 15 min at 378C, instead of
the sample from the reaction mixture. One unit (U) of
activity corresponds to the release of 1mmol of 7-ACA per
minute under assay conditions.

The activity assay for immobilized CCA was performed in
a 15-mL vessel containing typically about 25 mg of wet
carrier. Three milliliters of 0.1 M PPB, pH 8.0, was added to
suspend the carrier. Another 3 mL of the same buffer
containing 80 mM CC-Na was added to start the reaction,
which was conducted for 15 min at 378C in an orbital shaker
(Certomat, Sartorius, Goettingen, Germany) at 250 rpm. A
carrier-free sample (120mL) was withdrawn from the
supernatant and analyzed as described for the free enzyme.

Protein was measured using the Bio-Rad assay referenced
against known concentrations of BSA in the range of 0.10–
1.0 mg/mL.
Scheme 2. Set-up for measurement of internal particle pH.
Dual Luminescence Labeling of Sepabeads

The lipophilic luminescent dyes were non-covalently
immobilized on the carrier surface. About 0.4 g dry
Sepabeads was weighed in a 15-mL vessel (covered with
aluminum foil for protection against light) and successively,
9.5 mL of 0.1 M PPB, pH 7.2, and 0.5 mL of LP-FLU stock
solution (2 mg/mL in ethanol) was added. The suspension
was incubated at room temperature overnight using mixing
at 15 rpm with an end-over-end rotator. The labeled carrier
was washed twice with 0.1 M PPB, pH 7.2, and with
deionized water until the filtrate was colorless. Prior to
proceed with enzyme immobilization, as described in the
enzyme immobilization paragraph, the carrier was addi-
tionally washed with 1.5 M PPB, pH 7.5, to remove non-
bound luminescent dye. Then, after immobilization, the
resulting immobilized CCA was washed twice (0.1 M
PPB, pH 7.2) and incubated (10 min, room temperature,
end-over-end rotation at 15 rpm) in the presence of 10 mL
reagent solution which contained 1 mL of Ru(dpp) (2 mg/
mL) dissolved in EtOH and 9 mL of 0.1 M, PPB, pH 7.2. The
last wash was done with 0.1 M PPB, pH 8.5, and the dual-
labeled immobilized CCA was recovered by suction of the
supernatant. The total amount of luminescent dye offered
per gram dry carrier was 2.5 mg for LP-FLU and 5 mg for
Ru(dpp). It was verified that this derivatization of Sepabeads
did not affect the specific activity of the immobilized CCA.

We also prepared singly labeled particles in which
5-aminofluorescein was covalently attached via its amino
group to Sepabeads EXE096. The procedure was analogous
to that used for the non-covalent incorporation of LP-FLU
into the carriers. The resulting beads were used as reference
material in a comparison with the dual labeled particles.
Measurement of External and Internal pH During
Hydrolysis of Cephalosporin C

A cylindrical vessel with a working volume of about 2 cm3

(4 mm radius, 40 mm height) was used. It was equipped with
a magnetic stirrer (stirring at 270 rpm) and placed in a water
bath for temperature control at 378C. It was confirmed by
visual inspection that despite stirring, the particles were not
mechanically disintegrated during the course of the experi-
ment (�30 min). Figure S1 in Supporting Information
shows results of an analysis by confocal laser scanning
microscopy in which particles before and after performing a
Boniello et al.: Immobilized Amidase Kinetics and pH Gradients 531
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reaction are compared. A pH electrode (Minitrode,
Hamilton, Bonaduz, Switzerland), interfaced to a laptop
computer, was used for bulk pH measurement (Scheme 2).
The luminescence signal of the labeled particles was detected
by phase-shift measurements with a miniaturized lock-
in amplifier (pH-Mini, PreSens GmbH, Regensburg,
Germany) equipped with a 2-mm optical fiber. Measure-
ments were carried out at a modulation frequency of 45 kHz.
For each batch of labeled particles, a suitable calibration of
fluorescence signal against bulk pH was obtained under
conditions in which no enzymatic reaction took place.
When particles derivatized with 5-aminofluorescein were
employed, measurement of the internal pH required that
fluorescence intensities were recorded. This was done using
same pH-Mini instrument, applying analogous conditions
for excitation and detection. An analogous procedure for
calibration was applied.

Hydrolysis experiments were performed using 1 mL of
100 mM PPB, pH 8.5, containing a suitable amount of
immobilized enzyme, typically �3 U of activity. The pH in
bulk and the fluorescence from the particles were recorded
continuously. The reaction was started by the addition of
CC-Na once a stable signal from each sample was obtained.
It was monitored for typically 25 min.

Results

Method Development for Internal pH Measurement in
Suspended Particles

Fluorescein derivatives are useful pH indicators because they
can be applied in the neutral pH range and show high
Figure 1. Internal pH measurements for Sepabeads EXE096 suspended in PPB. A: C

pH during hydrolysis of CCA determined by DLR (solid line) or using fluorescence intensity-b

four-parameter sigmoidal function.
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quantum yields. A previously developed method called DLR
(Huber et al., 2001; Mayr et al., 2002), which enables the
conversions of fluorescence intensities signals into phase
shifts, was applied to measure the internal pH of particles
containing immobilized CCA (see Scheme 2). In the system
presented here, LP-FLU is used as the pH indicator and
Ru(dpp) as reference luminophore. LP-FLU shows a
luminescence decay time in the nanoseconds range, while
the luminescence of Ru(dpp) decays in microseconds. The
selected luminophores show overlapped excitation spectra
and their emission can be detected at a common band of
wavelengths with a single photodetector. The pH-dependent
fluorescence of LP-FLU is converted into a phase shift that
depends on the ratio of intensities of indicator and reference.
Because the reference intensity is invariant with pH, the
measured phase shift can be directly related to the proton
concentration (for details of DLR, see Huber et al., 2001;
Mayr et al., 2002). Note that Ru(dpp) is sensitive to oxygen.
However, measurements were carried out under constant
oxygen concentrations in air-saturated samples. Figure 1A
shows a calibration curve relating the measured phase shifts
for LP-FLU to external pH values in a suspension of doubly
labeled Sepabeads EXE096. Using the chosen combination
of luminophores, a representative pH range from 5.0 to 8.5
in which many enzymes are optimally active and stable, can
be covered. Figure 1B displays time course data for external
and internal pH determined in a hydrolysis experiment
where conversion of CC-Na by CCA immobilized on
Sepabeads EXE096 was carried out in the absence of pH
control in liquid bulk. The results show that the average
internal pH (solid phase) quickly dropped below the
external pH (bulk phase) once substrate was added to
alibration curve using the DLR system. B: Time course for the internal and external

ased data (dotted line). In panel A, (*) indicates the data and the line is their fit with a
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Figure 2. Immobilization of CCA on different types of Sepabeads. (*) Standard

Grade EXE096, (D) high porosity grade EXE030, (*) coarse grade EXE096/M,

and (!) fine grade EXE096/SS. The concentration of beads was 0.01–0.04 g dry

carrier/mL.
the system. Despite the gradual decrease in the
external pH as the reaction progressed, a negative DpH
remained throughout the entire course of hydrolysis.
Figure 1B compares internal pH data obtained using DLR
and fluorescence intensity-based measurements. The results
are clear in showing a dramatic enhancement in signal
stability achieved through incorporation of a reference
luminophore into the labeled particles. Furthermore,
internal pH measurements using singly labeled 5-amino-
fluorescein beads were afflicted with a large standard error
(data not shown) that was conveniently overcome by
employing the DLR approach.

Immobilization of CCA on Different Sepabeads

CCA was immobilized on four types of Sepabeads offering
the same surface chemistry but differing in pore size and
particle diameter. Immobilization was monitored by
measuring residual protein concentration and volumetric
enzyme activity in the supernatant as a function of
incubation time in the presence of carrier. Binding of
CCA activity (pDAB assay) was parallel to binding of protein
(Bio-Rad assay) and complete after �20 h. However, a
typical time course of CCA adsorption was characterized by
a fast initial phase (<5 h) in which about 85% of the total
amount of bound protein became attached to the carrier.
This was followed by a much slower phase of binding in
which the remainder of the respective protein was adsorbed.
These two phases probably express (see Mateo et al., 2002)
that immobilization occurs in two steps where rapid
physical adsorption between protein and carrier is followed
by a slower covalent reaction between different protein
groups (amino, thiol, and phenolic) and the epoxy groups of
the carrier. After 1 h of incubation no elution of protein
occurred upon transfer of the resulting beads into 1 M NaCl
suggesting that the immobilization of CCA had taken place
via coupled adsorption and covalent attachment. Figure 2
compares protein immobilization on the four carriers under
various conditions of offered protein amount per gram dry
carrier. Sepabeads EXE030, which according to technical
data provided by the supplier, have only half of the specific
surface area (40 m2/g dry carrier) and one-third of the
reactive oxirane content (120mmol/g dry carrier) as
compared to Sepabeads EXE096 (90 m2/g dry carrier and
350mmol/g dry carrier, respectively) showed the lowest
binding capacity among the carriers tested. Using three sieve
fractions of Sepabeads EXE096 having large (M), inter-
mediate (standard grade), and small (SS) diameter (Table I),
we found that contrary to our expectation for carriers of
spherical geometry, there was only a fairly modest effect of
particle size on protein binding capacity. However, because
Sepabeads EXE096 have relatively small mesopores (dia-
meter 30–40 nm), it is possible that a substantial fraction of
the total surface area is unavailable for the enzyme. Despite
this, from the crystal structure of a class I cephalosporin
amidase (Kim et al., 2000) it is estimated that CCA has a
maximum characteristic length of �7 nm. Carrier pores
should thus be large enough to let CCA diffuse into these
pores and bind evenly distributed onto the available surface
of the carrier.
Characterization of Immobilized CCA Preparations

A preparation of CCA immobilized on Sepabeads EXE096,
containing �70 mg bound protein per gram dry carrier,
was used to obtain a comparison of the catalytic properties
of free and immobilized CCA. It was observed that the
apparent activity of the immobilized enzyme was dependent
on the orbital shaking velocity (in the range 200 rpm and
lower) applied in the assay. To ensure the absence of
limitation of the overall enzymatic rate by external (liquid-
to-solid) mass transfer, we performed all further assays at a
shaking velocity of 250 rpm.

The specific activity of this immobilized CCA preparation
was one-fourth of that of the free enzyme. The optimum
temperature for both immobilized and free CCA was 508C.
Arrhenius plots constructed from temperature dependen-
cies of the enzyme activities were linear in the range 20–508C
(Fig. 3A) and yielded similar activation free energies for CC-
Na hydrolysis 45 kJ/mol (free enzyme) and 38 kJ/mol
(immobilized enzyme). The pH dependencies of immobi-
lized and free CCA are compared in Figure 3B. A decrease
in pH from 8.5 to 7.0 caused a �7-fold drop in activity for
the free enzyme, whereas immobilized CCA was clearly less
sensitive than the free CCA. The stability of free CCA was
affected by pH (Fig. S2 of the Supporting Information).
Assuming a first-order decay of enzyme activity, we can
calculate that the half-life time of CCA was increased two-
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Figure 3. Temperature (A) and pH dependencies (B) of the activities of free CCA and enzyme immobilized on Sepabeads EXE096. A: 15 mM CC-Na; pH 8.0, (*) CCA

immobilized on standard grade EXE096, 0.06 mg protein/mL; (*) free CCA, 0.01 mg protein/mL. B: 38mM CC-Na; 378C, (*) CCA immobilized on standard grade EXE096, 0.08 mg

protein/mL; (*) free CCA, 0.01 mg protein/mL.
and fourfold at pH 7.5 and 6.5, respectively, as compared to
the half-life time at pH 8.5. A decrease in pH, therefore, has
opposite effects on activity (decrease; Fig. 3B) and stability
(increase; Fig. S2).
Figure 4. Eadie–Hofstee plots of initial-rate data obtained for different prepara-

tions of CCA. Reactions were performed at pH 8.0 and 378C with agitation at 250 rpm in

an orbital shaker. CC-Na concentration was varied from 0.6 to 35mM. (*) Standard

grade EXE096, 0.06 mg protein/mL; (D) high porosity grade EXE030, 0.05 mg protein/mL;

(*) coarse grade EXE096/M, 0.06 mg protein/mL; (!) fine grade EXE096/SS, 0.06 mg

protein/mL. Inset: (&) free enzyme, 0.006 mg/mL; agitation at 350 rpm in a thermomixer.
Steady-State Kinetic Analysis

Initial rates of hydrolysis of CC-Na catalyzed by different
preparations of free and immobilized CCA were determined
at seven or more substrate concentrations in the range 0.5–
35 mM. Kinetic parameters (Vmax, KM) were obtained using
nonlinear fits of the Michaelis–Menten equation to the data.
They are summarized in Table S1 of the Supporting
Information. Figure 4 is an Eadie–Hofstee representation of
results obtained through variation of the carrier type using
a constant (intermediate) protein loading of 60–70 mg
protein/g dry carrier. Small particle diameters (as in Sepabeads
EXE096/SS) and large pore sizes (as in Sepabeads EXE030)
appear to be correlated with a relatively high Vmax and a
low KM.

Using the values of Vmax (¼13.2 U/mg) and a Vmax/KM

(¼4.00 U/mg mM) of the free CCA as the reference, we
calculated two types of stationary effectiveness factor (h) for
the different immobilized enzyme preparations, h (Vmax)
and h (Vmax/KM), where h is the ratio of the rate parameters
for immobilized to free enzyme. h (Vmax) and h (Vmax/KM)
refer to reaction conditions at which the substrate is
saturating and limiting, respectively. Figure 5A shows the
effect of enzyme loading on h (Vmax) and h (Vmax/KM) for
CCA immobilized on Sepabeads EXE096 and EXE030. h
(Vmax) was consistently higher than h (Vmax/KM), and
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effectiveness factors for the carrier with wide pores
(EXE030) exceeded those for the carrier with narrow pores
(EXE096). h (Vmax/KM) decreased with increasing enzyme
loading irrespective of carrier pore size. Interestingly, while
h (Vmax) for Sepabeads EXE030 showed a similar depend-
ence on enzyme loading as the corresponding h (Vmax/KM),
the h (Vmax) for Sepabeads EXE096 was independent of the
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Figure 5. Stationary effectiveness factors for immobilized CCA in dependence of enzyme loading (A) and carrier size (B). Full symbols h (Vmax); open symbols h (Vmax/KM) (A)

(*) standard grade EXE096; (&) high porosity grade EXE030. B: (*) Fine grade EXE096/SS; (!) standard grade EXE096; (&) coarse grade EXE096/M.
amount of protein bound/g dry carrier in the range tested.
Elimination of an enzyme loading dependence on h by
offering a saturation concentration of CC-Na suggests
that pore diffusion of substrate becomes increasingly rate
determining for Vmax/KM when a large amount of enzyme
(70 mg/g dry carrier) is immobilized on Sepabeads EXE096.
Figure 5B shows that h (Vmax/KM) and h (Vmax) for CCA
immobilized on Sepabeads EXE096 decreased as the particle
size of the carrier was increased. Therefore, this result
implies that substrate diffusional resistance was clearly not
the sole reason for the decrease of h at high enzyme loading.
It is consistent with the finding in Figure 5A that wider
pores (EXE030 relative EXE096) appear to contribute to
re-establishment of the dependence of h (Vmax) on enzyme
loading. The DpH (intraparticle compared with bulk) could
contribute to the observed dependence of h (Vmax) on
reaction conditions.
Dependence of Intraparticle pH Gradients on Carrier
and Reaction Parameters

The course of internal and external pH was measured as a
function of reaction time during hydrolysis of CC-Na
catalyzed by different preparations of the immobilized CCA
(Fig. 6, panels A–D). There was a maximum in DpH
immediately after the addition of substrate because of
the almost instantaneous drop of the internal pH. However,
the DpH reached a constant value after a few minutes of
reaction. Figure 6A shows for CCA immobilized on
Sepabeads EXE096 that DpH prior to and in the steady
state increased as the initial concentration of CC-Na was
increased. The effect of the initial substrate concentration on
DpH was markedly alleviated when using Sepabeads EXE030
instead of Sepabeads EXE096 (Fig. 6B). The difference in
carrier characteristics in Sepabeads EXE030 as compared to
Sepabeads EXE096 was associated with a strong reduction of
DpH formation, (i.e., the rate with which the internal pH
decreased relative to the external pH) during the initial
phase of the reaction (<1 min). Figure 6C shows that rate of
DpH formation in Sepabeads EXE030 was dependent on the
initial substrate concentration and typically just about half
of that in Sepabeads EXE096. Variation in the particle size of
Sepabeads EXE096 caused a clear change in steady-state
DpH when Sepabeads EXE096 and EXE096/M are compared
(Fig. 6D). However, the results do not support a simple
generalization that larger beads lead to more substantial
DpH. The DpH for Sepabeads EXE096/SS was nearly
identical to that observed for Sepabeads EXE096.
Discussion

7-ACA is an important intermediate for the industrial
production of a whole series of cephem antibiotics obtained
by fermentation and hydrolysis of cephalosporin C. The
classical enzymatic route occurred by a multi-step chemo-
enzymatic transformation, in which two biocatalysts were
required, as shown in Scheme 1 (Buchholz et al., 2005;
López-Gallego et al., 2004; Monti et al., 2000). Identification
of enzymes capable of hydrolyzing cephalosporin C in one
enzymatic step (Fritz-Wolf et al., 2002; Kim et al., 2000;
Lopez-Gallego et al., 2005; Oh et al., 2003; Otten et al., 2007;
Pollegioni et al., 2005) has promoted implementation of a
simpler route of biocatalytic processing on manufacturing
scale. Process technology developed for the hydrolysis of
glutaryl-7-ACA is applied in the conversion of cephalos-
porin C. This involves the use of carrier-bound enzyme
in stirred tank reactors at pH �8 where the reaction
equilibrium favors product yields of 95% or greater. Short
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Figure 6. Difference between external and internal pH (DpH) during hydrolysis of CC-Na by different preparations of immobilized CCA. One hundred millimolar PPB, pH 8.5;

378C; 270 rpm. A: Effect of substrate concentration on DpH for CCA immobilized on Sepabeads EXE096. (*) 5 mM CC-Na, (~) 50 mM CC-Na, (&) 150mM CC-Na, Sepabeads EXE096

70mg protein/g dry carrier; 1 mg protein/mL. B: Comparison of CCA immobilized on Sepabeads EXE096 and EXE-030; 150 mM CC-Na. (*) Sepabeads EXE096, 70 mg protein/g dry

carrier; (&) Sepabeads EXE030, 60 mg protein/g dry carrier. C: Rate of DpH formation in Sepabeads EXE096 and EXE-030. (*) Sepabeads EXE096, 70 mg protein/g dry carrier; (&)

Sepabeads EXE030, 60 mg protein/g dry carrier. D: Effect of particle size on DpH. (!) Sepabeads EXE096/SS, 67mg protein/g dry carrier, 50 mM CC-Na. (*) Sepabeads EXE096,

70 mg protein/g dry carrier; (*) Sepabeads EXE096/M, 47mg protein/g dry carrier.
hydrolysis times (�30 min) are preferred to avoid 7-ACA
loss due to intermolecular condensation reaction (Buchholz
et al., 2005). Design of the immobilization such that the
resulting CCA preparation is optimally active and stable
would present a useful improvement in the new process.
This article describes for the first time a detailed
characterization of immobilized CCA, focusing on intra-
particle concentration gradients for substrate and the proton
formed in the reaction. From analysis of the dependence
of these gradients on structural properties of the carriers
and reaction conditions, important criterions for carrier
selection are derived.

Immobilization of CCA

By comparison with relevant literature on other amidases
and esterases (Basso et al., 2007; Mateo et al., 2002;
Pollegioni et al., 2008), attachment to epoxy-activated
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Sepabeads is a useful method of immobilization of CCA.
There is only a one carbon atom spacer between the reactive
epoxy group and the particle surface in these carriers.
Consistent with literature (Mateo et al., 2002), it is assumed,
therefore, that the enzyme is bound through multi-point
covalent attachment, presumably contributing to the
observed stabilization of immobilized CCA at elevated
temperature (see Fig. 3A). The binding capacity for carriers
of the EXE096 type was greater than or equal to 150 mg
bound protein/g dry carrier; that of Sepabeads EXE030 was
�100 mg/g dry carrier. The larger amount of specific surface
in EXE096 as compared to EXE030 probably explains why
more protein could be loaded on the former carrier.
Interestingly, however, despite the fact that the density of
epoxy groups per area (�3.5mmol/m2) was similar in the
two carriers, the amount of protein bound per m2 was
higher in EXE030 (�2.5 mg/m2) than EXE096 (1.7 mg/m2).
EXE030 could thus be considered more efficient than
29



EXE096 in the exploitation of available surface area for
protein binding.

Even when working at high protein loadings (200–300 mg
offered protein/g dry carrier), the immobilization yield
(¼100%� (offered protein� unbound protein)/offered
protein) was still around 50% for EXE096 and 30% for
EXE030. Immobilized CCA retained between 20% and 50%
specific amidase activity of the free enzyme preparation,
depending on the type of carrier and the enzyme loading
used (see later). Both free and immobilized CCA were best
active at the highest pH employed herein (pH 8.5).
However, the activity of the immobilized preparation
displayed a twofold attenuated response, as compared to
that of the free CCA, to a drop of pH to a value of 7.0 or
lower, which may occur during the biocatalytic process.
While both enzyme preparations share the same optimum
temperature of 508C, the loss of activity above 508C was
much more dramatic for the free CCA, suggesting that
covalent immobilization on Sepabeads enhanced resistance
to thermal-induced denaturation.
Figure 7. Internal effectiveness factors for immobilized CCA in dependence of

substrate concentration: (*) standard grade EXE096 (72mg protein/g dry carrier), (D)

high porosity grade EXE030 (55 mg protein/g dry carrier), (*) coarse grade EXE096/M

(64mg protein/g dry carrier), (!) fine grade EXE096/SS (73 mg protein/g dry carrier).
Kinetic Evidence for Substrate Concentration Gradients
in Immobilized CCA Particles

Calculation of the Thiele modulus (Eq. 1) requires
knowledge of intrinsic kinetic parameters for the immobi-
lized enzyme. As these parameters were not available for
CCA, the observable modulus Fobs (Eq. 2; Bailey and Ollis,
1986; Blanch and Clark, 1996) was used to assess the
magnitude of diffusional limitation during hydrolysis of
CC-Na using immobilized CCA preparations

Fobs ¼
ðR=3Þ2vobs

ðDef f S0Þ
(2)

In Equation (2), vobs is the observed rate (mol/m3 s), and
S0 (mol/m3) is the initial substrate concentration in liquid
bulk. The enzymatic reaction is kinetically controlled for
Fobs < 0.3 and diffusion limited for Fobs > 3. Deff for
cephalosporin C was estimated using Equation (3) (Bailey
and Ollis, 1986)

Deff ¼ D
"

t
ð1 � rmolecule=rporeÞ4 (3)

where D is the substrate diffusivity in bulk liquid (m2/s), e
is the support porosity, t is the pore tortuosity, rmolecule (m)
and rpore (m) are the substrate molecular radius and
characteristic pore radius, respectively. Considering the
similarity of the reaction systems used rmolecule was
approximated using reported values for benzylpenicillin and
glutaryl-7-aminocephalosporanic acid (rmolecule ¼ 1.2 nm)
(Spiess et al., 1999). The molecular diffusivity D of
cephalosporin C in water was estimated according to
Wilke-Chang (Perry et al., 1997)

D ¼ 7:4 � 10�8 ðFMBÞ1=2

ðhBV
0:6
A Þ (4)

where MB is the molecular weight of the solvent, T the
absolute temperature (K), hB the viscosity of the solvent
(cp), and F a dimensionless association factor of solvent
(2.26 for water). The value of VA, the molar volume of
cephalosporin C at its normal boiling temperature was
estimated from the Schroeder’s group contributions method
(Reid et al., 1987) to be 385 cm3/mol. At 378C D was
5.95� 10�10 m2/s.

Using data in Table S2 for average porosity and a particle
density of 1.14 g dry carrier/mL, e was calculated as 0.27
for Sepabeads EXE096, EXE096/SS, and EXE096/M, and
0.70 for Sepabeads EXE030. The average rpore was assumed
to be the midpoint of the rpore range provided by the
supplier that is 17.5 nm for Sepabeads EXE096 and 100 nm
for Sepabeads EXE030. t was calculated according to
Beekman (Shen and Chen, 2007) as reported in Table S2.
Using these data and applying Equation (3), Deff for
Sepabeads EXE096 was just one-fourth of that of Sepabeads
EXE030 (Table S2).

The Fobs values summarized in Table I suggest that, in
substrate saturating conditions, reactions catalyzed by CCA
immobilized on Sepabeads EXE096 became increasingly
limited by diffusion as the particle radius R was increased.
The reaction catalyzed by CCA on Sepabeads EXE030, by
contrast, was limited by enzymatic conversion. A more
direct quantification of diffusion limitation is given by the
internal effectiveness factor (hi) which is the ratio between
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vobs and the reaction rate that would result if the entire
interior surface were exposed to external pellet surface
conditions. Considering spherical carrier geometry and the
chosen reaction conditions where S0/KM¼ 5, we used
reported dependencies of hi on Fobs (Bailey and Ollis, 1986)
to obtain effectiveness factors for the different immobilized
CCA preparations (Table I). Figure 7 shows a plot of hi

versus substrate concentration indicating that the internal
effectiveness decreased when the substrate concentration
was decreased, with a marked drop of hi being observed at
substrate concentrations lower than KM. The increase in
apparent KM for immobilized CCA preparations (Table S1),
relative to the KM for the free enzyme (3.3� 0.7 mM),
appears to reflect the variation of hi in response to changes in
pore and particle size as well as enzyme loading. However,
Figure 5 reveals that h values derived from experimental
kinetic parameters, while generally following the overall
trend expected from Table I, are substantially lower than is
explicable by substrate diffusional effects alone (hi). We
show that accumulation of acidic product in the enzyme
microenvironment probably accounts for additional low-
ering of h (Vmax/KM) and, noteworthy, h (Vmax). Effects of
immobilization on the protein structure (as relevant for
CCA activity) were not pursued.
Method for Determining Internal pH in Suspended
Biocatalytic Particles

Measurement of intraparticle pH using the DLR method
eliminated a major disadvantage of earlier analytical
approaches (Huang et al., 2008; Spiess and Kasche, 2001;
Spiess et al., 1999) that were not applicable to suspended
carriers in stirred or fluidized-bed systems. Phase-shift
measurements are, however, independent of particle density
and are therefore relatively insensitive to particle move-
ments in solution (Kuwana et al., 2004; Mayr et al., 2002).
Internal pH measurement under process-near mixing
conditions and at different scales of operation is thus
supported. Although not specifically examined for this
purpose (see Fig. 6), collection of internal pH data in a
time-resolved manner could provide a useful, hitherto
unexploited parameter for on-line control of the biocatalytic
process. Importantly, therefore, the phase-shift signal was
very stable, resulting in a pH response that was much more
accurate than the corresponding pH response obtained by
fluorescence intensity-based measurements.

Because particle labeling was achieved through direct
adsorption of the two luminophores by the carriers, we
believe that the labeling procedure is independent of the
enzyme chosen and should also be applicable to methacry-
late carriers other than Sepabeads. The DLR method should
be likewise compatible with different surface functionalities
as it avoids chemical modification of carrier as well as of
enzyme. Using more specialized techniques like confocal
laser scan microscopy (see Huang et al., 2008; Spiess and
Kasche, 2001; Spiess et al., 2008), it could certainly be
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adopted for spatial resolved measurements of intraparticle
pH.
Dependence of Intraparticle pH Gradients on Reaction
Conditions and Carrier Characteristics

The difference between internal and external pH (DpH)
at steady state increased in response to substrate concentra-
tion. Using CC-Na concentrations higher than 50 mM, DpH
was as large as �0.5. Considering the pH-activity profile
(Fig. 3B) for CCA immobilized on Sepabeads EXE096, the
observed pH decrease could cause about twofold reduction
in enzymatic activity and would hence significantly affect h
(Vmax). Widening the carrier pores in Sepabeads EXE030 as
compared to Sepabeads EXE096 resulted in a relatively
smaller DpH at steady state (DpH� 0.3; Fig. 6B) and a
slower rate of initial pH drop (Fig. 6C), all consistent with
the idea that internal diffusion of acidic product was
facilitated as rpore of the carrier increased. The marked effect
of rpore on internal pH was also noted by Spiess and Kasche
(2001) studying amidase-catalyzed hydrolysis of penicillin
G. Particle size did affect DpH, the overall trend being as
expected that larger carriers (EXE096/M compared to
EXE096) resulted in enhanced pH gradients. However, there
was only little difference between Sepabeads EXE096 and
Sepabeads EXE096/SS in our experiments. The change in
particle size range from 150–300mm (EXE096) to 75–
175 nm (EXE096/SS) may be simply too small to a produce
detectable response. Analysis of the distribution of bound
protein in these two carriers could provide further insight.
Interestingly, Van Roon et al. (2005) demonstrated
intraparticle enzyme heterogeneity for an industrial immo-
bilized penicillin G acylase.
Conclusions

Our study provides methodology for measurement of
intraparticle pH gradients and guides carrier selection for
preparation of immobilized CCA in order to achieve
optimum performance with respect to activity and stability.
Facilitated diffusion of substrate and in particular of an
acidic product is a clear advantage of Sepabeads EXE030
over Sepabeads EXE096. A higher Vmax and a lower KM are
obtained for comparable, yet technologically relevant
enzyme loadings (�50 mg protein/g dry carrier) when
using CCA bound to Sepabeads EXE030 as compared to the
Sepabeads EXE096. Improved enzyme kinetic efficiency may
thus compensate for the lower protein binding capacity (in
terms of mg per g dry carrier) of Sepabeads EXE030 as
compared to Sepabeads EXE096. The pore size of Sepabeads
EXE030 is within practical limits for enzyme carriers
(rpore ¼ 40–80 nm; Buchholz and Kasche, 1997). The particle
size range of Sepabeads EXE096 particles (150–300mm) was
suitable, and carriers of larger size are not recommended.
We believe that the findings for CCA in combination with
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the methodology developed are useful for others working
with immobilized amidase and esterase systems.
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structure of cephalosporin acylase. Structure 8:1059–1068.

Kuwana E, Liang F, Sevick-Muraca EM. 2004. Fluorescence lifetime spectro-

scopy of a pH-sensitive dye encapsulated in hydrogel beads. Biotechnol

Prog 20:1561–1566.

Liou JK, Rousseau I. 1986. Mathematical model for internal pH control in

immobilized enzyme particles. Biotechnol Bioeng 28:1582–1589.

Lopez-Gallego F, Betancor L, Hidalgo A, Mateo C, Fernandez-Lafuente R,

Guisan JM. 2005. One-pot conversion of cephalosporin C to 7-ami-

cephalosporanic acid in the absence oh hydrogen peroxide. Adv Synth

Catal 347:1804–1810.
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Schmidt TW, Schwendt T, Büchs J, Poprawe R, Marquardt W. 2008.
540 Biotechnology and Bioengineering, Vol. 106, No. 4, July 1, 2010
Model discrimination for the propionic acid diffusion into hydrogel

beads using lifetime confocal laser scanning microscopy. Chem Eng Sci

63:3457–3465.

Tischer W, Kasche V. 1999. Immobilized enzymes: Crystals or carriers?

Tibtech 17:326–335.

Van Roon JL, Groenendijk E, Kieft H, Schroen CGPH, Tramper J, Beeftink

HH. 2005. Novel approach to quantify immobilized-enzyme distribu-

tions. Biotechnol Bioeng 89:660–669.

Wang H, Seki M, Furusaki S. 1995. Mathematical model for analysis of mass

transfer for immobilized cells in lactic acid fermentation. Biotechnol

Prog 11:558–564.

Weidgans BM, Krause C, Klimant I, Wolfbeis OS. 2004. Fluorescent pH

sensors with negligible sensitivity to ionic strength. Analyst 129:645–

650.
33



SUPPORTING INFORMATION 

 

Intraparticle Concentration Gradients for Substrate and Acidic Product in 

Immobilized Cephalosporin C Amidase and Their Dependencies on Carrier 

Characteristics and Reaction Parameters 

 

Caterina Boniello, Torsten Mayr, Ingo Klimant, Burghard Koenig, Waander Riethorst, 

and Bernd Nidetzky 

 

Table S1. Kinetic parameters for different immobilized CCA preparations 

Sepabeads  
Loading (mg protein/g dry 

carrier) 
Vmax (U/mg protein) KM (mM) 

EXE096 73 3.5±0.1 10.8±0.6 

EXE096 70 2.9±0.2 13.5±1.9 

EXE096 65 2.7±0.2 10.6±1.7 

EXE096 58 3.9±0.1 11.1±1.0 

EXE096 30 4.1±0.1 7.4±0.3 

EXE096 14 3.4±0.2 6.2±1.2 

EXE096 6 3.4±0.1 5.3±0.7 

    

EXE030 59 4.1±0.1 7.7±0.4 

EXE030 55 4.2±0.1 6.3±0.7 

EXE030 34 5.8±0.2 6.3±0.8 

EXE030 17 5.8±0.2 5.1±0.5 

EXE030 7 6.9±0.1 5.0±0.2 

    

EXE096/SS 73 4.2±0.3 6.4±1.3 

EXE096/M 64 2.2±0.4 20.9±5.5 
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Table S2 Carrier characteristics and reaction conditions applied in the 

calculation of the observable modulus 

a Provided by the supplier. 

b Provided by the supplier. 

c According to Beekman τ2=ε/(1-(1- ε)1/3) as remarked in Shen and Chen (2007) for 

heterogeneous catalysts. 

d Obtained using Eq. 3 and data reported in text and this Table. 

e Obtained as product of enzyme loading (mg protein/g dry carrier), the immobilized 

enzyme specific activity (µmol product s-1 (mg protein)-1), and the particle density (g 

dry carrier/mL carrier). 

Sepabeads 

Average 
particle 
radiusa 

(m) 

Average 
porosityb 

(mL/ g dry) 

Tortuosityc

 (-) 
Deff 

(m2 s-1)d 

vobs  
(mol s -1 

m -3)e 

S0 
(mol m -3) 

Standard 
Grade 

EXE096 
1.15 × 10-4 0.32 1.65 7.25 × 10-11 3.38 35.2 

Coarse 
Grade 

EXE096/M 
2.00 × 10-4 0.32 1.65 7.25 × 10-11 1.64 35.3 

Fine Grade 
EXE096/SS 

0.60 × 10-4 0.32 1.65 7.25 × 10-11 4.44 35.2 

High 
Porosity 
Grade 

EXE030 

0.90 × 10-4 2.00 1.46 2.70 × 10-10 3.62 36.9 
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FIGURES 

 

 

 

 

Figure S1. Confocal laser scanning microscopic analysis of Sepabeads EXE096 

before (left) and after (right) reaction stirring. Confocal stacks were recorded with a 

Leica TSC SP (Leica Microsystems GmbH, Germany) equipped with a 10X objective 

(NA: 0.3), using a Z-step of 4 µm. Three-dimensional reconstructions were created 

with the software Imaris 6.4.0 (Bitplane, Switzerland).  
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Figure S2. Residual activity of free CCA after incubation in thermomixer at 37°C and 

350 rpm in 0.1 M PPB (●) pH 6.5, (▼) pH 7.5, () pH 8.5. Residual activity is the ratio 

between the activity (U/mL) at the current time and the activity (U/mL) at the initial 

time measured at pH 8.0 and 37°C as described for the standard assay.  
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Abstract. A reaction-diffusion model was developed describing the catalytic 

performance of a cephalosporin C amidase immobilized on a series of insoluble carriers 

(epoxy-activated Sepabeads) that differ in particle or pore diameter. The model was 

applied to fit experimental time courses of net proton formation during cephalosporin C 

conversion into 7-amino cephalosporanic acid (7-ACA) and D--amino adipic acid 

(DAAA), monitored both inside the carrier and in bulk liquid. This provided estimates for 

the maximal intrinsic reaction rate unmasked from diffusional and carrier acidification 

effects (Vmax) as well as for the effective proton diffusion coefficient (Deff,H+). The Deff,H+ 

estimate (≈ 1 – 2  10-10 m2/s) was about one order of magnitude lower than expected 

for proton diffusion in such porous structures, suggesting a role for co-diffusion of the 

proton and the corresponding DAAA anion in decreasing the proton diffusivity. Using 

Deff,H+ as a constant, time courses of product formation in bulk were also fitted with the 

model, and the resulting Vmax estimates showed that carrier-bound amidase had lost 20 

 50% of activity of the free enzyme due to the immobilization. Comparison of 

experimentally determined maximum rates (Vobs) to Vmax revealed that in carriers with 

standard pore diameter (30 – 40 nm), diffusional resistance and the intraparticle pH 

gradient associated with it resulted in an additional, up to 40% reduction of the intrinsic 

activity of the immobilized enzyme, depending on the amount of amidase loaded on the 

carrier. In carriers having large pore diameter (150 – 250 nm), Vobs/Vmax had a value 

near unity at all enzyme loadings tested (7 – 55 mg protein/dry carrier). Modeling was 

used to characterize the influence of geometrical characteristics of the carrier on 

distribution of substrate and products in the pore, and it is shown how these intraparticle 

concentration gradients affect enzyme performance under simulated process conditions. 

Key words: pH gradients; reaction-diffusion modeling; immobilized cephalosporin C 

amidase; porous carrier optimization 
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INTRODUCTION 

Enzymes bound on insoluble porous carriers represent the most prevalent catalysts 

used in biotransformations currently performed at industrial production scale (Buchholz 

et al. 2005). Unfortunately, despite significant research efforts over many decades (Cao 

2005), development of these enzyme preparations remains a largely empirical 

endeavour. Design of the immobilization for optimum biocatalyst performance is 

restricted by limited understanding of consequences that result from physico-chemical 

attachment of enzyme to carrier (Sheldon 2007). Firstly, the overall specific activity of 

the enzyme is likely to become negatively affected upon immobilization, reflecting 

conformational distortion and other alterations of the native protein structure in the 

carrier-bound enzyme. Non-productive orientation of the enzyme on the carrier surface 

can likewise cause activity loss (Hanefeld et al. 2009). Secondly, mass transfer 

resistances and the resulting concentration gradients between liquid bulk and solid 

carrier can also adversely impinge on the activity (Doran 1995). The key problem in 

practice is to determine how these two principal effects of the immobilization combine to 

lower the specific activity of the free enzyme to the observed specific activity of the 

immobilized enzyme preparation (Sheldon 2007). Relevant evidence would provide 

guidance for selecting suitable surface chemistry and morphological characteristics of 

the carrier. Trying to eliminate all mass transfer resistance in the enzyme immobilizate is 

a potentially useful approach (Tischer and Kasche 1999). However, it is also laborious 

and restricts one to optimization of geometry at given surface property of the carrier. 

Application of reaction-diffusion models in a combined experimental and modeling 

approach presents a powerful and flexible strategy for characterizing and optimizing 

immobilized enzyme preparations (Berendsen et al. 2006; Spiess et al. 1999; Valencia 

et al. 2010; Zavrel et al. 2010). It is used here to advance immobilization of an amidase 
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(EC 3.5.1.93) that is applied in the industrial conversion of cephalosporin C into 7-

amino-cephalosporanic acid (7-ACA) and -amino adipic acid (DAAA) (Scheme 1). 7-

ACA is the key intermediate in the production of a whole series of semisynthetic cephem 

antibiotics (Barber et al. 2004). 

Before a reaction-diffusion model can be applied for simulation and optimization 

purposes, its diffusional and kinetic parameters must be determined. This is usually 

done by measuring the concentrations of relevant reaction species in bulk liquid and 

fitting the model to the experimental time-course data (Berendsen et al. 2006; Giordano 

et al. 2000). Recently some authors stressed on the importance of additional 

measurements inside the carrier for proper estimation of reaction and transport 

parameter (Spiess et al. 2008; Zavrel et al. 2010). Zavrel et al. (2010) estimated enzyme 

kinetic, mass transfer and diffusion parameters for a reactive biphasic system where the 

carboligation of 3,5-dimetoxy-benzaldehyde with (R)-3,3’,5,5’-tetramethoxy-benzoin 

using benzaldehyde lyase in hydrogel beads takes place. Concentration measurements 

in the beads were performed applying two-photon laser scanning microscopy (LSM) and 

the diffusion-reaction model was fitted to experimental data at 8 different radial 

positions. Enzymatic hydrolysis of cephalosporin C presents a special case that is 

however typical of biocatalytic conversion of numerous amide and ester substrates in 

that it produces a net increase in the proton concentration as products are formed 

(Boniello et al. 2010; Kallenberg et al. 2005; Spiess et al. 1999; Tischer and Kasche 

1999). Diffusional resistance will cause development of a pH gradient along the 

characteristic dimension of the carrier (e.g. the radius of a spherical particle), and the 

resulting pH conditions may not be suitable for the enzymatic reaction. A reaction-

diffusion model for immobilized CephC amidase, therefore, must consider Deff for the 

proton (Deff,H+). 
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Previous studies have shown that Deff,H+ in porous carriers is not just a function of pore 

geometry (Ruckenstein and Sasidhar 1984). It displays a complex dependence on the 

presence of fixed and mobile buffers (Junge and Mclaughlin 1987) and can be strongly 

affected by co-diffusion of the anion of the proton-releasing species (e.g. DAAA) (Bailey 

and Chow 1974). Therefore, treating Deff,H+ as a constant may be invalid and evidence 

from literature strongly supports the suggestion that Deff,H+ should be determined as 

parameter of the reaction-diffusion model. However, proton concentration data from bulk 

solution alone may be insufficient to obtain a reliable estimate of the diffusion parameter 

(Spiess et al. 2008) and measurement of the pH gradient between carrier and bulk liquid 

is therefore a likely requirement to determine Deff,H+ in a given enzyme immobilizate.  

In a recent paper (Boniello et al. 2010) we have presented a method for time-resolved 

determination of the internal pH in CephC amidase immobilized on epoxy-activated 

Sepabeads and applied the method to delineate the role of carrier characteristics (e.g. 

particle size, pore diameter) and other reaction parameters (e.g. substrate 

concentration) on the development of differences in the (average) proton concentration 

in carrier and bulk liquid during the amidase-catalyzed conversion of CephC. It was 

pointed out in the paper that prevention of intraparticle pH gradient formation is an 

important criterion for choosing a suitable carrier for the immobilization. We have 

continued this work with the aim of providing a quantitative basis for optimal carrier 

selection and would like to report here on the application of reaction-diffusion modeling 

to time-course data for intraparticle and external pH, monitored during CephC hydrolysis 

by the previously described Sepabeads immobilizates of CephC amidase. The carriers 

used were different in average diameter of the particle or in pore diameter. From fits of 

experimental data with the model, we have determined Deff,H+ and obtained estimates for 

the maximum specific initial rate of immobilized amidase (Vmax), unmasked from all 
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diffusional effects. We show that about one half of the observed decrease of Vmax in 

immobilized enzyme as compared to soluble amidase results from inactivation 

processes caused by tethering of the enzyme onto the carrier surface. The remainder is 

ascribed to the effect of carrier acidification on enzyme activity. Simulation was used to 

characterize the role of intraparticle concentration gradients on the performance of 

different enzyme immobilizates under process-near reaction conditions. The results 

could be of significant interest to others working with immobilized amidases and 

esterases.  

REACTION-DIFFUSION MODEL FOR IMMOBILIZED AMIDASE 

The following assumptions were made to develop a reaction-diffusion model for the 

enzymatic conversion shown in Scheme 1. (1) Particles are spherical, and immobilized 

enzyme is uniformly distributed inside the carrier. (2) Conversion of CephC-Na takes 

place only inside the carrier. (3) No enzyme deactivation occurs during the course of the 

reaction. (4) The bulk concentration of CephC-Na is uniform and external mass transfer 

neglected due to efficient mixing (Sh ≈ 10). (5) Diffusion of all reactants is described by 

Fick’s law whereby the effective diffusion coefficient replaces molecular diffusivity. With 

these assumptions, the complete mass balance for each chemical species (subscript i) 

in the reaction, that is CephC-Na, 7-ACA, and DAAA, is given by Equations 1 – 6 where 

cb,i and cp,i stand for concentrations in bulk and particle, respectively.  

In bulk liquid: 
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In the intraparticle fluid: 

43



i
ip

ieff
ip v

r

c
r

rr
D

t

c



















 ,2
2,

, 1        (3) 

Initial conditions are: 

0t ,   ibib cc ,0,  ; ipip cc ,0,        (4) 

Boundary conditions are: 

0r   0, 




r

c ip         (5) 

Rr    
Rripib cc


 ,,         (6) 

In Equation 2 R is the particle radius (m), Ap is the total particles external surface area 

(m2) and Vp is the total volume of the particles in reactor (m3). εb designate the bulk 

porosity that is expressed by the fraction of the liquid volume (Vliq) in relation to the total 

reactor volume (Vliq +VP). In Equation 3 ε is the particle porosity and Deff,i  (m
2s-1) is the 

effective diffusion coefficient of the specie i in the particle pore. The volumetric reaction 

rate vi (mol m-3 s-1) in Equation 3 refers to biocatalytic particle volume. It is related to 

specific activity of the immobilized enzyme (vs; µmol min-1 mg-1) through Equation 7: 

  601   psi Evv         (7) 

where E is the enzyme loading (mg g dry-1) and ρp is the material density (mg mL-1). 

A minimal mathematical model was chosen to describe the kinetics of CephC amidase 

(see later). It assumes irreversible conversion of CephC-Na and Michaelis-Menten 

dependence of vi on the substrate concentration, implying the parameters Vmax and KM. 

Of the two, only Vmax is assumed to display significant pH-dependence. The acidic limb 

of this pH-dependence is known from experiments to be well described by Equation 8. 

Considering reported pKa values of 4.42 and 5.42 for the carboxylic groups of DAAA 

(Martell and Smith 1976), we assume that the DAAA produced in the enzymatic reaction 

at slightly alkaline pH is completely dissociated. 7-ACA does not undergo 
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protonation/deprotonation under the conditions used. Therefore, one proton is released 

for each CephC-Na converted. pH is calculated using an expanded Henderson-

Hasselbach relationship that includes buffering effect from the phosphate buffer 

(Equation 9). The concentrations of phosphate monoanion and dianion at the start of the 

reaction were calculated from initial pH. cH is the concentration of protons generated by 

enzymatic reaction and has a value of zero at t = 0. 
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MATERIALS AND METHODS 

Materials, Chemicals, and Assays 

The carriers used for immobilization were kind gifts of Resindion (Milano, Italy): 

Sepabeads EXE096 (standard grade), EXE096/M (coarse grade), EXE096/SS (fine 

grade) and EXE030 (high porosity grade). Table I summarizes relevant characteristics of 

these carriers. CephC-Na (87.1% purity), 7-ACA, and CephC amidase were kind gifts 

from Sandoz GmbH (Kundl, Austria). All other materials were reported elsewhere. The 

CephC amidase was described previously and its immobilization on Sepabeads was 

done by a reported protocol. Assays for enzyme activity measurement were previously 

reported (Boniello et al. 2010).  

Reaction Time Course Monitoring Using pH Measurement 

pH profiles in bulk and in particles were recorded for 30 min during the conversion of 50 

mM CephC-Na by immobilized CephC amidase. CephC amidase was covalently bound 

on epoxy-activated Sepabeads (50-70 mg/g dry carrier), differing in particle and pore 

diameter as indicated in Table I. CC-Na hydrolysis was performed in a 2 mL-cylindrical 
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vessel, with controlled temperature (37°C, water bath) and constant stirring (270 rpm, 

magnetic stirrer). Each reaction batch was loaded with about 0.02 g dry immobilized 

CephC amidase, (≈3 U) suspended in 1 mL 100 mM PPB pH 8.5. To start the reaction 

100 µL 550 mM CC-Na pH 8.5 were added. pH in the bulk liquid was recorded using a 

glass pH electrode (Minitrode, Hamilton, Germany). pH in immobilized CephC amidase 

was monitored using a method based on dual lifetime referencing (Boniello et al. 2010). 

Indicators as well labeling procedure were the same as described in the cited paper. 

Reaction Time Course Monitoring Using 7-ACA Detection 

7-ACA detection was based on derivatization with p-dimethylamino-benzaldehyde 

(pDAB) that leads to imine formation of its amino functionality (Patett and Fischer 2006). 

Assays were conducted as reported in (Boniello et al. 2010). Different experiments were 

carried out varying initial CephC-Na concentration from 0.5 to 35 mM. For each 

experiment 7-ACA concentration was measured after 15 min for seven or more initial 

substrate concentrations. The intermediate product concentrations at 3, 6, 9 and 12 

minutes respectively were extrapolated linearly between the measured concentrations at 

0 and 15 minutes. 

pH Effect on Reaction Rate 

Initial rates of CC-Na hydrolysis were measured in substrate saturating conditions (40 

mM CephC-Na) for the free CephC amidase. 500 µL CephC-Na and 500 µL enzyme 

solution (both in 0.1 M PPB) were incubated at 37°C in Eppendorf tubes (37°C, 350 

rpm). Buffer pH was varied from 6.0 to 9.0. Obtained reaction rates were normalized to 

the value measured at pH 9.0. The dependence of the relative activity vs pH was fit with 

a single pK curve (Equation 8) using the enzyme kinetic tool of the software Sigma Plot 

11.0. 
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Modeling and Simulation Tools 

Equations expressing mass balances in the bulk liquid phase (Equation 1) and in the 

intraparticle fluid (Equation 3) for CephC-Na, 7-ACA, DAAA and proton, are solved 

simultaneously using the software package Athena Visual Workbench v 12.3 (Stewart 

and Associates Engineering Software, Inc). Initial and boundary conditions were 

assigned as indicated by Equations 4 and Equations 5-6, respectively. Since reaction 

rate pH dependence (Equation 8) and the Henderson-Hasselbach equation (Equation 9) 

were included in the system, the implemented equation system resulted constituted both 

by algebraic and partial differential equations. Equations were numerical integrated 

using the software tool for mixed systems with diagonal matrix, where the diagonal 

elements of this matrix represent the numerical coefficients of the mass balances time 

derivatives. In our case all coefficients were unitary. The space domain was described in 

spherical coordinates, where the particle radius denoted the x coordinate. Particle radius 

was discretized using the central finite differences scheme with twenty discretization 

points applying second order approximation on both boundaries.  

Parameter Estimation 

Parameter estimation was preformed fitting experimental data by employing the non-

linear least squares method.  

From time-resolved pH in the bulk liquid and time-resolved pH in particles two 

parameters, Vmax and Deff,H+, were contemporaneously estimated. These two pH profiles 

constitute two responses for the model. The first (bulk pH) is the pH value on the particle 

surface, the second (particles pH) expresses pH at r=R/2. pH values calculated at r=R/2 

and r=R through Equation 9 were contemporaneously fitted to experimental data. Note 

that because mixing and substrate chemical self-hydrolysis it was necessary to shift the 

initial reaction time of a couple of seconds, correcting the initial substrate concentration, 
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calculating the amount of self-hydrolyzed substrate on the basis of the occurred pH 

change. 

From time-resolved 7-ACA concentrations Vmax was estimated. 7-ACA time-profile 

constitutes one response for the model. The seven or more formation curves, obtained 

starting from seven or more different initial substrate concentrations were fitted 

contemporaneously for each immobilized CephC amidase preparation. This was 

possible in Athena including to the model two more experimental settings (initial 

substrate concentration and reactor porosity) that were assigned singularly for each 

experiment. The value of Deff,H+ applied in the model, was that obtained from the fit of pH 

profiles data of the correspondent carrier used. All other parameters were considered 

known and independent of reaction conditions and are listed in table I. 

RESULTS AND DISCUSSION 

Reaction-Diffusion Model for Immobilized CephC Amidase 

All of the assumptions made for model development are supported by direct evidence 

for immobilized CephC amidase (Boniello et al. 2010) and literature precedent on other 

carrier-bound enzymes. Application of Fick’s law to describe diffusion of charged 

species is also reasonable (Bailey and Chow 1974; Ruckenstein and Rajora 1985; 

Spiess et al. 1999). Table II summarizes all non-adjustable model parameters and 

describes the procedures used to obtain them. The model applied to express the 

kinetics of CephC amidase is made very simple for practical reasons. However, we are 

fully aware that in order to represent the full course of the enzymatic conversion, at 

least, it would have to be expanded by kinetic terms for the reverse reaction. 

Notwithstanding, validity of the conceptual approach reported herein does not depend 

on the complexity of the enzyme kinetic model used. It was further assumed, in line with 

the widely held idea of carrier-bound enzymes and supported by results of steady-state 
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kinetic characterization of different CephC amidase immobilizates, that the intrinsic KM 

for the CephC substrate does not change substantially as result of immobilization of the 

amidase. Because substrate was nearly saturating under most of the experimental 

conditions applied, a possible pH dependence of KM was not considered. Data 

concerning the pH-profile for the reaction rate of the free enzyme as reported in our 

previous work (Boniello et al. 2010) were normalized to highest value (correspondent to 

pH 9.0) and fitted with Equation 8. The resulting pK is reported in Table I.  

Determination of Deff,H+  

Figure 1 shows experimental time courses for the pH change inside the porous 

biocatalytic carrier and in the bulk liquid phase, obtained under conditions in which 

different immobilizates of CephC amidase were applied for hydrolysis of CephC. The fit 

of the reaction-diffusion model having Vmax and Deff,H+ as adjustable parameters is 

superimposed on the measured data in Figure 1. The comparison reveals that the model 

provides good representation of the experimental situation both inside the carrier and in 

bulk liquid. Enzymatic reaction went along with a fast drop of internal pH to generate a 

substantial pH gradient (pH = external pH  internal pH) between the bulk phase and 

the carrier. The observed pH varied in the range 0.3 - 0.8, depending on the carrier 

used. As noted in the previous paper (Boniello et al. 2010), the pH magnitude 

increased with decreasing pore diameter (panel A,B) and increasing particle size 

(panels A,C,D) of the carrier. Figure 1 also shows that after the initial “burst” of pH 

formation that was complete within just a few seconds, both the internal and external pH 

decreased slowly over time.  

Data recorded to reaction times exceeding the 10-min time span indicated in Figure 1 

were applied for parameter estimation. The observed trend was that quality of the 
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overall fit, expressed by the R-square value from regression analysis, decreased in 

response to an increase in reaction time from 10 to 20 min. It was typical for extended 

reaction times that the model predicted a drop in pH for bulk liquid that was substantially 

faster than the corresponding pH drop measured experimentally (data not shown). This 

discrepancy was not unexpected, considering the aforementioned limitations of the 

simple Michaelis-Menten model used. Changes in the time range used lead to 

differences in the estimated values for Vmax and Deff,H+ of about 20%.  

Table II summarizes estimates for Deff,H+ and Vmax obtained from fits of the data in Figure 

2. Both parameters have useful relative S.D. of 2% or smaller and are therefore 

considered to be statistically well determined. However, it should be noted that a 

substantial degree of linear correlation (≤ 0.6) generally exists between the Deff,H+ and 

Vmax estimate, except for the case of using EXE096/M as carrier. Values of Vmax differed 

by about 2.5-fold across the series of carriers used and possible reasons for this 

variation will be discussed below in more detail. The values of Deff,H+ determined for the 

different carriers span about 2-fold. The diffusion coefficient for the proton in water (DH+) 

at 37 °C was reported as 7.83 × 10-9 m2s-1 (Perry et al. 1997). The relationship proposed 

by (Bailey and Ollis 1986) for the effective diffusion coefficient in porous structures 

(Equation 10) 

Deff,i = Di (1-rm/rp)
4         (10)

was applied to obtain values of 1.27 × 10-9 m2s-1 and 3.75 × 10-9 m2s-1 for Deff,H+ in 

standard porosity carriers (EXE096, EXE096/M, EXE096/SS) and the high porosity 

carrier EXE030, respectively. The calculated values for Deff,H+ exceed the Deff,H+ 

estimates in Table III by an order of magnitude or more. We therefore considered a co-

diffusion model (Equation 11) described by (Bailey and Chow 1974) in which Deff,H+ is 

affected by diffusion of the corresponding anion from the protic acid (DB).  
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Applying effective diffusion coefficients for proton and DAAA, calculated with Equation 

10 for EXE096 and EXE030, we can use Equation 11 to obtain values of 1.37 × 10-10 

m2s-1 and 5.04 × 10-10 m2s-1 for Deff,H+ in carriers having standard (EXE096) and large 

(EXE030) pores, respectively. The calculated Deff,H+ for EXE096 is in excellent 

agreement with the averaged Deff,H+ estimate of 1.63 × 10-10 m2s-1 for this type of carrier 

that was obtained from the data in Table II. There is not as good, however still useful 

consistency between the theoretical Deff,H+ in EXE030 and the corresponding Deff,H+ 

derived from the experimental data.  

A possible role for fixed and mobile buffers on altering Deff,H+ has been discussed in 

literature (Junge and Mclaughlin 1987; Swietach et al. 2003). However, observation that 

the Deff,H+ estimate for standard grade carriers of the EXE096 type was not dependent 

on the amount of CephC amidase loaded on the carrier in the range 7 - 60 mg protein/g 

dry Sepabeads (data not shown) supports the idea that in the system studied, proton 

effective diffusivity is not affected by a fixed buffer effect in which ionizable protein 

groups that are attached to the surface of the carrier slow down diffusion of the proton. 

We therefore think that the co-diffusion model represented by Equation 11 provides a 

useful description of effective proton diffusivity in immobilized CephC amidase and the 

data in Table II are applicable for the simulation of intraparticle pH-gradient formation 

during enzymatic hydrolysis of CephC.  

Intrinsic Vmax of Immobilized CephC Amidase 

The Vmax of free CephC amidase at pH 8.0 and 37 °C had a value of 7.8 ± 0.2 U/mg that 

serves as reference for evaluating the immobilized enzyme preparations used. A two-

step procedure was applied for determination of Vmax in immobilized CephC amidase. 

51



Vmax thus obtained is meant to be unmasked from effects of diffusion and carrier 

acidification. Therefore, the true loss of catalytic activity that results from fixation of the 

enzyme on the carrier can be determined. A first estimate of Vmax was obtained from fit 

of the reaction-diffusion model to data in Figure 2. Results are shown in Table II. In the 

second step, experimental time courses of 7-ACA formation in bulk liquid (Figure S4) 

obtained with carriers containing varied amount of bound CephC amidase were fitted 

with the reaction-diffusion model whereby Vmax was the adjustable parameter and Deff,H+ 

was a constant from Table II. Results are summarized in Table III. 

Table II shows that Vmax estimates for enzyme immobilized on EXE096 were decreased 

in comparison to free amidase. By contrast, enzyme immobilized on EXE030 displayed 

a Vmax comparable to that of the free amidase. Considering the common material basis 

of all carriers used in this work, variation of Vmax across the series of EXE096 and 

EXE030 immobilizates was not clear, especially because effects of changes in carrier 

size (EXE096) and pore diameter (EXE096, EXE030) had already been eliminated in 

the estimate for the intrinsic activity of the immobilized enzyme. However, aside from the 

possible error contained in the Vmax estimate (Table III), we cannot exclude the 

possibility that batch-to-batch variability in the carrier samples used is a relevant source 

of the observed variation in Vmax. It was our own experience with different samples of 

EXE030 that the experimentally determined specific activity of immobilized CephC 

amidase could change by as much as twofold depending on the batch of carrier used. 

The results in Table III provide a detailed analysis of Vmax in CephC amidase 

immobilizates. Vmax estimates obtained at high enzyme loading (≥ 30 mg protein/dry 

carrier) reveal that except for coarse grade EXE096/M where both experimental and 

calculated Vmax were unexpectedly low, immobilizates of the enzyme express between 

55 and 75% of the intrinsic activity of the free amidase. Comparison of the observed 
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Vmax with the Vmax estimate shows that standard porosity carriers (EXE096) had lower 

effectiveness factors () of ~0.7 than the high porosity carrier EXE030 for which  was 

unity at all enzyme loadings examined. In EXE096, had a value of 1 only at low 

enzyme loading and it decreased as the enzyme loading was raised. We conclude from 

Table III that product diffusion and carrier acidification contribute to a reduction of Vmax 

by about 30  40%. The loss of enzyme activity resulting from attachment of CephC 

amidase onto the insoluble carrier is of a similar magnitude (25 – 45%).  

Simulation of Intraparticle Concentration Profiles 

Using values for Deff,H+ (Table II) and Vmax (data for highest enzyme loading in Table III), 

we employed the reaction-diffusion model to simulate concentration gradients for 

CephC, DAAA and the proton along the internal radius of the different carriers. Results 

are displayed for varied reaction time in Figures S1 (CephC), S2 (DAAA) and S3 (pH) of 

the Supporting Information. An initial CephC concentration of 35 mM was assumed that 

represents the maximum level of substrate used for analysis of time courses of 7-ACA 

formation (Table III).  

In the high-porosity carrier EXE030 (panels B in Figures S1 – S3), CephC was almost 

evenly distributed inside the carrier. There was little accumulation of DAAA in the center 

of the carrier and consequently, a modest pH gradient of maximally 0.25 pH units 

developed relative to the pH in bulk liquid. In standard-grade EXE096, by contrast, the 

available CephC was completely exhausted already at a position corresponding to about 

half of the particle radius (Panels A in Figures S1 – S3), resulting in a high internal 

concentration of DAAA and a large pH gradient of up to 0.5 pH units. As expected, the 

effect of substrate depletion along the radial dimension of EXE096 carriers was a 

maximum in coarse grade particles. Using fine grade EXE096/SS, about 10 mM of 

CephC substrate were still available for enzymatic reaction in the center of the particle. 
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In other words, enhanced diffusional resistance resulting from having wider pores in 

EXE030 as compared to EXE096 can be partly compensated by decreasing the 

diameter of the carrier particles.  

Figure 2 depicts the combined effects of substrate depletion and pH drop due to internal 

product accumulation on formation of a reaction rate gradient along the radius of the 

carrier. Only in EXE030 is it possible to utilize all of the immobilized amidase effectively. 

In standard grade and coarse grade EXE096 where the reaction rate vanishes at slightly 

below and above half the radial distance, just about 60% and 40% of the particle volume 

are exploited for biocatalytic conversion, respectively. Reduction in particle size as in 

fine grade EXE096 alleviates the effect on the reaction rate real though utilization of the 

overall carrier volume for enzymatic conversion is still lower than in EXE030. 

Simulation of Performance of Mixed Batch Reactor with pH Control 

Typically, on industrial scale, Cephalosporin C hydrolysis is carried out in stirred batch 

reactors with controlled pH in bulk, performed by addition of a base like sodium 

hydroxide or ammonia, to neutralize the generated acid. Here we simulate the behavior 

of the four enzymatic preparations, described in the previous paragraph, in a stirred 

batch reactor with controlled pH in bulk under typical assay conditions. The model is 

modified for the right boundary condition of the proton mass balance, to assure that 

there is no pH change in the bulk solution. Figure 3 shows for EXE030 the highest 

catalytic performances and pH in particles that remained almost constant during 

substrate conversion. EXE030 showed furthermore the lowest pH. In all the “low 

porous” carriers pH in particles increased with reaction proceeding and the pH 

increased increasing particle size. The small difference in internal pH between EXE096 

and EXE096/SS was probably due to the fact that the smaller particles were higher 

catalytically active. 
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CONCLUSIONS 

The theoretical analysis carried out through the development of a mathematical model 

describing the behavior in reactor of CephC amidase immobilized on epoxy-activated 

Sepabeads, where diffusion and reaction in the carrier are treated separately, lead to 

conclude that mass transfer effects and enzyme deactivation after carrier attachment 

contributed with similar magnitude (30-40%) to the observed loss of enzyme activity. To 

make this deduction a proper estimation of the proton effective diffusion coefficient was 

performed, dictating Deff,H+ the magnitude of pH between bulk and particles. Together 

with the possibility of evaluating otherwise unknown parameters, reaction modeling 

provided information about concentration profiles inside the carrier and allowed for 

evaluation of carrier characteristics in experimental conditions differing from that 

employed as well for the choice of an optimal carrier. Results emerging from this 

analysis confirmed the experimental results obtained in our previous work (Boniello et al. 

2010). Geometrical characteristics of Sepabeads EXE030 showed to favor diffusion of 

substrate and product, being they evenly distributed in the whole particles and being 

their concentration similar to that of the bulk solution. These facts lead to a less 

pronounced carrier acidification and to almost constant reaction rate value along the 

particle radius, showing that enzyme worked in the same conditions independently of its 

position in the particles. Reduced porosity, which is the case of EXE096, dramatically 

hindered species diffusion. A reduction of the particle size like in Sepabeads 

EXE096/SS alleviated effects on the reaction rate but an internal particle core, where 

enzyme was not active or working in substrate limiting conditions still remained. 
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NOMENCLATURE 

Ap Total particle external surface area (m2) 

cb,i Concentration in the bulk (mol·m-3) 

cp,i Concentration in the particles (mol·m-3) 

DA Diffusion coefficient of proton in pores (m2·s-1) 

DB Diffusion coefficient of the anion from the protic acid in pores (m2·s-1) 

Deff,i Effective diffusion coefficient (m2·s-1) 

DH+ Proton diffusion coefficient in water (m2·s-1) 

Di Diffusion coefficient in water (m2·s-1) 

E Enzyme loading (mg·g dry carrier-1) 

KM Michaelis constant (mol m-3) 

R Particle radius (m) 

r Radial distance in the particle (m) 

rm Molecular radius (m) 

rp Pore radius (m) 

t Time (s) 

vi Volumetric reaction rate (mol·m-3·s-1) 

Vliq Bulk volume (m3) 

Vmax Maximal reaction rate: volumetric(mol·m-3·s-1), specific (µmol min-1 mg-1) 

Vmax* Maximal reaction rate reached if all the enzyme is in catalytically active form: 

volumetric (mol·m-3·s-1), specific (µmol min-1 mg-1) 

Vp Total particles volume (m3) 
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vs Specific reaction rate (U·mg-1) 

Greek letters 

 Particle porosity (-) 

b Bulk porosity Vliq/(Vliq+Vp) (-) 

p Material density (g·mL-1) 

 Pore tortuosity (-)  
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Table I. Model parameters used for fitting time-resolved pH profiles curves in bulk 

and particles (Figure 1) 

Parameter Value Units Equations 

R  (EXE096) a1.15 × 10-4 m (2), (6) 

R  (EXE030) a0.90 × 10-4 m (2), (6) 

R  (EXE096/SS) a0.60 × 10-4 m (2), (6) 

R  (EXE096/M) a2.00 × 10-4 m (2), (6) 

rp (EXE096, EXE096/M, EXE096/SS) b17.5 nm (10) 

rp (EXE030, EXE096/M, EXE096/SS) b100 nm (10) 

ε (EXE096, EXE096/M, EXE096/SS) c0.27 - (3), (7) 

ε (EXE030) c0.70 - (3), (7) 

ρp 
d1.14 g cm-3 (7) 

Deff,S (EXE096, EXE096/M,EXE096/SS) e7.25 × 10-11 m2 s-1 (1), (3) 

Deff,S (EXE096) e2.70 × 10-10 m2 s-1 (1), (3) 

KM f4.54 Mol m-3 (3) 

pK g7.7 - (8) 

 

a Averaged particle radius as provided by the supplier  

b Pore radius calculated as middle point in the range provided by the supplier 
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c Carrier porosity calculated as reported in Boniello et al., 2010 

d Carrier density as provided by the supplier 

e Effective diffusion coefficients for CephC were calculated using Equation 10 as 

reported in Boniello et al., (2010) 

f KM for the used free CephC amidase preparation 

g pK for free CephC amidase as calculated fitting pH profiles data with Equation 8 
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Table II. Estimated parameters and fit goodness 

 

Sepabeads 
Deff,H+  

(m2 s-1) 
SD 
(m2 s-1) 

Vmax 

(U mg-1) 
SD 
 (U mg-1) 

Correlation R-square 

Standard Grade 
EXE096 

1.63 × 10-10 1.11 × 10-12 3.37 0.02 -0.710 0.9594 

High Porosity 
Grade EXE030 

1.81 × 10-10 2.07 × 10-12 7.24 0.06 -0.799 0.9297 

Fine Grade 
EXE096/SS 

9.66 × 10-11 6.99 × 10-13 6.40 0.05 -0.621 0.9491 

Coarse Grade 
EXE096/M 

1.25 × 10-10 1.30 × 10-12 2.79 0.05 -0.392 0.9239 
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Table III. Calculated and apparent maximal reaction rate as depending on carrier 

characteristics and enzyme loading 

Sepabeads 
Enzyme Loading 

(mg g dry-1) 
Vmax 

(U mg-1)
Vobs 

(U mg-1)
Vobs/Vmax

(-) 

EXE096 72 4.8 3.3 0.69 

EXE096 58 5.9 3.9 0.66 

EXE096 30 5.7 4.1 0.73 

EXE096 14 3.6 3.4 0.95 

EXE096 6 3.3 3.4 1.05 

     

EXE030 55 4.2 4.2 0.98 

EXE030 34 5.9 5.8 0.99 

EXE030 17 5.6 5.8 1.03 

EXE030 7 6.3 6.9 1.09 

     

EXE096/SS 73 5.8 4.2 0.73 

EXE096/M 64 3.7 2.2 0.59 
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FIGURES 

 

 

Scheme 1. Single-step amidase-catalyzed conversion of cephalosporin C to 7-

aminocephalosporanic acid as compared to the classical two-step chemo-

enzymatic transformation using D-amino acid oxidase (DAO) and glutaryl acylase 

(GA).  
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Figure 1. Experimental and calculated pH in bulk and in particles. Solid line: 

experimental bulk pH; Dash line: calculated bulk pH; Dotted line: experimental particles 

pH; Dash-dot-dot line: calculated particles pH. Panel A. EXE096; Panel B. EXE030; 

Panel C. EXE096/SS; Panel D. EXE096/M. 
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Figure 2. Calculated reaction rate in immobilized CephC amidase preparations. (●) 

0 sec; (●) 10 sec; (▼) 15 sec; (□) 100 sec; (▲) 500 sec; (○) 900 sec. Panel A. EXE096; 

Panel B. EXE030; Panel C. EXE096/SS; Panel D. EXE096/M. 
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Figure 3. Calculated CephC-Na conversion (Panel A) and internal pH at r=R/2 

(Panel B) for immobilized CephC amidase preparations in stirred batch reactor 

with controlled pH in bulk. 50 mM CC-Na; 100 mM PPB pH 8.0; 37°C; 11 mg 

protein/assay; 50 mL (●) EXE096 72 mg protein/g dry; (○) EXE030 55 mg protein/ g dry; 

(▼) EXE096/SS 73 mg protein/ g dry; (∆) EXE096/M 64 mg protein/ g dry. 
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SUPPORTING INFORMATION 

 

 

 

Figure S1. Calculated CephC-Na concentrations in immobilized CephC amidase 

preparations. (●) 0 sec; (·) 10 sec; (▼) 15 sec; (□) 100 sec; (▲) 500 sec; (○) 900 

sec. Panel A. EXE096; Panel B. EXE030; Panel C. EXE096/SS; Panel D. EXE096/M. 
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Figure S2. Calculated D-AAA concentrations in immobilized CephC amidase 

preparations. (●) 0 sec; (·) 10 sec; (▼) 15 sec; (□) 100 sec; (▲) 500 sec; (○) 900 

sec. Panel A. EXE096; Panel B. EXE030; Panel C. EXE096/SS; Panel D. EXE096/M. 
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Figure S3. Calculated pH in immobilized CephC amidase preparations. (●) 0 sec; 

(●) 10 sec; (▼) 15 sec; (□) 100 sec; (▲) 500 sec; (○) 900 sec. Panel A. EXE096; 

Panel B. EXE030; Panel C. EXE096/SS; Panel D. EXE096/M. 
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Figure S4. Experimental (●) and calculated (-) 7-ACA concentrations  
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Abstract 

Background 

pH changes in enzyme microenvironment have important influence on the charge distribution of 

the protein molecule. The reactivity of the active site groups and substrate binding are modified 

with considerable effects on enzymatic activity and structural stability. Many industrial 

biocatalysts are used as immobilized enzyme preparations. Near positive aspects like easy 

catalyst recovery, reusability and protein-free products, some effects related to the modification 

of the enzyme microenvironment due to the carrier have to be taken into account. In case of 

microporous supports, often preferred for covalent enzyme attachment, reactants have to diffuse 

from carrier surface to the enzyme active site and vice versa and may accumulate in the carrier 

itself. When reactions lead to formation of protons, the knowledge of pH profiles in the carrier 

microdomain becomes necessary to optimize biocatalysts performances. 

Results 

A simple and non-invasive method based on dual-lifetime referencing (DLR) for pH monitoring 

in immobilized biocatalysts is presented. The fluorescence intensities of two luminophores 

(fluorescein as pH indicator and Ru(II) tris(4,7-diphenyl-1,10-phenantroline) Ru(dpp) as 

reference) are converted in an overall phase shift that is recorded in a time-resolved way. Using 

the chosen combination of luminophores a pH range from 5.0 to 8.0 could be covered. Internal 

pH of immobilized Cephalosporin C amidase (CCA) was followed during Cephalosporin C 

hydrolysis in a stirred batch reactor under controlled pH conditions in the bulk liquid phase. A 

pH difference of about 1 unit between particles and bulk was observed after substrate addition, 

then pH in particles increased up to reaching equilibrium with the bulk in correspondence to the 

reaction to go to completion. Labeling of the biocatalyst did not affect protein loading and only 

slightly (lower than 10%) enzymatic activity.  
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Conclusions 

The combined knowledge of carrier acidification and immobilized enzyme activity is crucial in 

the evaluation of the performances of immobilized CCA and other biocatalysts, which catalyze 

the formation of acidic products. The proposed methodology enables on-line monitoring on both 

variables also in stirred reactors and can be applied as valuable tool for efficient selection of 

carrier optimal geometrical characteristics.  

Background 

Enzyme immobilization, where the protein is tethered on the surface of an insoluble porous 

carrier, is often necessary for industrial application. It enables biocatalyst recovering and reuse 

and can prolong enzyme operational stability. [1] Carrier binding might anyway strongly 

influence the catalytic efficiency of an enzyme preparation. The properties of immobilized 

enzymes are in this case dictated by both enzyme and carrier and their interactions to each other 

[2] An accurate choice of the immobilization method and carrier characteristics becomes 

necessary to obtain optimal catalytic performances [2]. 

Hindered diffusion of reactants is one of the main reasons, why a loss in specific activity is often 

observed after enzyme immobilization, because of substrate depletion and product accumulation 

in the carrier [3]. When the biocatalytic reaction involves generation of an acidic product, a pH 

gradient may establish in the carrier, affecting enzyme activity, stability and reaction equilibrium 

[4]. 

Evaluation of diffusion limitation in porous catalyst is often performed through estimation of the 

Thiele modulus that expresses a ratio between a reaction rate and a diffusion rate [5]. Since 

carrier geometrical characteristics as well as reactant size are taken into account in this 

estimation, useful information for optimal carrier selection may be provided by this analysis. 
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Carrier acidification results as combination of the amount of generated product that is the 

enzymatic activity loaded on the carrier and hindered product diffusion because of carrier 

characteristics [6-7]. Experimental methods based on biocatalyst labeling with fluorescent pH 

indicators have been proposed in literature for evaluating the magnitude of pH gradients during 

the course of proton generating enzymatic reactions. The simplest way is to evaluate 

luminescence intensity changes of the pH indicator in response to increases in proton 

concentration. Spiess et al. [4] measured pH in biocatalytic particles in a stirred batch reactor, 

following the intensity of the pH-responsive fluorophore fluorescein isothiocyanate (FITC). 

Intensity-based measurements, anyway, are affected by drifts in the optoelectronic setup (light 

sources and light detectors) and by variation of the properties of the sensor layer (dye 

concentration or thickness) [8]. Combining the indicator with a reference dye and measuring 

emission or excitation at two different wavelengths may overcome some of these drawbacks. 

Referenced intensity measurements were performed with a confocal laser scanning microscope 

by Spiess and Kasche [9] and Huang et al. [6] for determining proton concentration in 

biocatalytic beads and membrane respectively. The possibility to determine pH gradients in a 

spatial-resolved way is definitively an advantage of this method. However, light scattering and 

reflection are not referenced because luminescence is measured at two wavelengths [10]. 

Equipment is furthermore expensive and not suitable for stirred reactors. 

Lifetime measurements of indicators that show lifetime dependence on pH are more accurate 

because lifetime is independent of intensity or wavelength interferences [10]. Spiess et al. [11] 

evaluated the diffusion of a propionic acid into hydrogels measuring the pH-dependent resorufin 

lifetime using CLSM and pulsar excitation. Kuwana and coworker [12] applied a frequency 

domain proton migration (FDPM) technique to measure the phase shift and thus the lifetime of a 

pH-sensing fluorophore, carboxy seminaphthofluorescein-1 (C-SNAFL-1) immobilized in 
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poly(ethylene glycol) (PEG) microparticles. However, lifetime measurements in the nanoseconds 

range of fluorescent pH indicators, require sophisticated optoelectronic equipment [10] . 

Hydrolysis of ester and amide is among the most important industrial enzymatic conversions. 

Considering the influence of carrier costs on biocatalyst production, the choice of a carrier 

tailored for the biocatalyst becomes a priority. The goal of this work is to propose an effective 

method for bioreactor monitoring that takes into account biocatalyst activity and at the same time 

the established pH in the immobilized enzyme microenvironment.  As model biocatalyst we 

chose Cephalosporin C amidase (CCA) immobilized on epoxy-activated Sepabeads. This enzyme 

is responsible for the direct hydrolysis of cephalosporin C into 7-amino cephalosporanic acid (7-

ACA) and D--amino adipic acid (DAAA). Product determination can be preformed by titration 

with an opportune base like NaOH. pH detection in the carrier has to be performed in stirred tank 

reactors, has to be detected in a time resolved-way and instrumentation must be cheap and easy to 

handle. The above reported methods are not applicable for these purposes or when they are, they 

might be too inaccurate, like the case of intensity-based measurements or require sophisticated 

equipments. Here we apply a pH detection method based on dual lifetime referencing (DLR) [13-

14]. Combining a pH indicator with a reference standard, which shows similar excitation and 

emission spectra to the sensitive fluorophore, fluorescence intensity is converted into a phase 

shift [14]. The result is self-referenced measurements, not influenced by optical system 

interferences and relative independent of particle movements. 

Results and discussion  

Internal pH detection: choice of materials and sensor calibration 

Dual lifetime referencing has been applied for opto-chemical sensor sensor for  pH, oxygen, 

chloride, copper and ammonia  [7, 9, 12-16]. In this work we apply DLR for pH detection in 

75



 

immobilized biocatalysts, for monitoring acidification in immobilized CCA as consequence of 

DAAA and 7-ACA generation during cephalosporin C (sodium salt; CC-Na) hydrolysis.  

To apply DLR for our purposes a pH-sensitive fluorophore with a fluorescence lifetime in the 

nanoseconds range is combined with a reference phosphore, which lifetime is in the 

microseconds range. Both are simultaneously excited at a common wavelength. After excitation 

in the frequency domain, their fluorescence intensities are converted in an overall phase shift that 

is related to the proton concentration. Essential for indicator and reference luminophores is to 

show overlapping excitation and emission spectra. Fluorescein and Ru(dpp) respond to these 

requisites [8, 10]. In order to attach these luminophores to the carrier without involving its 

functional groups necessary to enzyme immobilization, we opted for the more lipophilic variants 

5(6)-N-octadecyl-carboxamidofluorescein and ruthenium(II)tris(4,7-diphenyl-1,10-

phenanthroline di(trimethylsilylpropan sulfonate) respectively. This lipophilic dyes  could be 

physically immobilized on the porous methacrylic polymer matrix of epoxy-activated Sepabeads. 

Labeled biocatalyst particles were excited with a blue LED light at a wavelength of 470 nm. The 

excitation light was modulated sinusoidally with a frequency of 45 kHz.  

In defined reaction conditions for each Fluorescein/Ru(dpp) ratio the detected phase shift 

depends only on the proton concentration. Note that Ru(dpp) is oxygen sensitive and the pH 

response depends on the oxygen partial pressure Therefore, measurements were performed under 

constant oxygen concentrations (air-saturation). The system is cross-sensitive to ionic strength 

and temperature. Calibration was performed in the same conditions as the sample. 

Since the overall phase shift depends on the relative intensity of the two luminophores [14], 

decreasing the offered amount of Ru(dpp) in relation to fluorescein, will result in a lower phase 

shift. Indicator concentration effect on phase shift is reported in Figure 1. The higher the ratio 

between Ru(dpp) and fluorescein the higher the phase shift at a certain pH. In the applied 

working conditions, the chosen amounts of luminophores to label the carrier (fluorescein 2.5 mg 
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per gram dry carrier; Ru(dpp) 5 mg per gram dry carrier) lead to phase values between about 21° 

at pH 8.5 and 30° at pH 3.0 (Figure 2B) and were optimal to get the best phase resolution using 

the applied frequency. 

Figure 2A shows how calibration was performed. Starting from pH 8.6, phase shift changes were 

recorded as response to bulk pH decrease by titration with suitable amounts (50-100 µL) of 1.2 M 

HCl. In correspondence to the each applied pH phase shift was recorded for 1 minute and an 

average value was calculated. Average values resulting from two independent titrations are 

plotted versus pH in figure 2B and fitted with a four parameters sigmoidal curve according to 

Equation 1 (R2=0.9983) [15]. 

  min´
minmax

101
A

AA
xpKpH a





         (1) 

where Φ is the overall phase shift. Amax and Amin are values of the phase shift of the sample in 

fully protonated state (Amin) and fully deprotonated state (Amax). x is a numerical coefficient 

related to the slope of the curve. pKa´ is the apparent pKa for the indicator/reference dye system 

immobilized on the enzyme carrier. In the applied working conditions (50 mM PPB) the pKa´ 

was calculated to be 5.80±0.05. Values for pKa´ as well for Amax and Amin and x resulting from fit 

are reported in Table 1. 

On-line monitoring of internal pH and product formation  

Internal particles pH was monitored for 1 hour during the biocatalytic conversion of 50 mM CC-

Na performed by immobilized CCA. For each reaction batch (liquid volume 8.8 mL) 0.3 g wet 

biocatalyst were used, which correspond to an enzyme concentration of 0.65 mg/mL. First the 

immobilized enzyme was suspended in 8 mL 50 mM PPB pH 8.0. Phase shift at pH 8.0 was 

recorded for about 2 minutes before adding 800 µl 550 mM CC-Na to start the reaction (it was 

checked that the added liquid did not influence the recorded phase shift using buffer instead of 

substrate). Phase shift of the labeled biocatalytic particles was then converted in pH using the 
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calibration curve (Figure 2B). Figure 3A shows time-course of pH in bulk and in particles. In the 

bulk liquid phase pH was kept constant by titration of the generated acid with 0.1 M NaOH. pH 

in particles decreased fast upon substrate addition from pH 8.0 to approximately pH 6.9, showing 

acidic product accumulation in the carrier itself. During the catalytic reaction, pH in particles 

increased, reflecting the fact that the relative rate of reaction to diffusion decreased as 

consequence of substrate consumption, leading to equilibrium between internal and external pH 

approaching reaction completion.  

The volume of titrating agent added for controlling bulk pH expresses acidic product 

concentration in the bulk liquid phase. Using the chosen enzyme and substrate concentrations, 

substrate conversion reached 60% after 1 hour. From the slope of the initial part of the curve 

(between 100 and 600 seconds), where the product dependence is linear versus time, enzymatic 

activity was calculated. For the 4 experiments reported in Figure 3B specific activity referred to 

the amount of bound protein was 1.48±0.02 U/mg. This result is in accord to the activity 

measured with the spectrophotometric assay in the same reaction conditions (1.45±0.01 U/mg). 

Effect of labeling on protein loading and enzymatic activity 

Fluorescein and Ru(dpp) were physically attached to the Sepabeads. Because of their lipophilic 

characteristics they could be adsorbed without involving the functional groups of the carrier, 

which remained available for enzyme immobilization. Comparison of protein loadings for 

fluorescence labeled and untreated carrier confirmed that the applied treatment did not influence 

enzyme binding (Table 2). On the other side, introducing indicator molecules in the enzyme 

microenvironment might alter the catalytic activity of immobilized CCA when interactions 

between indicators and protein occur [18]. However no effect on the specific reaction rate was 

observed as consequence of fluorescein labeling. The presence of Ru(dpp) caused a decrease of 

about 10% in the catalytic activity (Table 2). 
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Reproducibility and applicability  

Figure 3A and 3B show pH and product time course obtained from three independent 

experiments. pH standard deviation was in the range of (0.10 pH units) at the beginning of the 

reaction and increased to 0.20 pH units after 1 hour. This increase is assumed to pH approaching 

8.0 that corresponds to work far from pKa´ of the indicators system, at the boundary of the linear 

range of the sigmoidal curve (Figure 2B), where a certain phase perturbation results in higher 

changes in pH response.  

On the other side reproducibility of product measurement was good as indicated in Figure 3B. 

Relative standard deviation calculated upon the four independent experiments was 4%.  

A signal drift was observed that is assumed to leaching or photobleaching of indicator dye 

molecules. These effects result in losses in intensities of the luminophores contributing to the 

phase signal and are not referenced in DLR [10]. In order to avoid leaching we washed properly 

the labeled beads after each treatment, with 100 mM PPB pH 7.2, with deionized water and 

finally with the buffer used in the next step.  A phase drift of 2.5° in 1 hour (equivalent to 1.5 pH 

units) was observed when sampling was performed every second. This increase in phase shift 

denotes decomposition of the pH indicator and is caused by singlet oxygen generation by the 

reference dye in the presence of molecular oxygen [15]. Lower phase drifts (1.8° in 1 hour 

equivalent to 1.2 pH units) were observed when sampling was performed every 5 seconds but 

signal resolution was not satisfactory, because it was not possible to apply a dynamic averaging 

of the collected values. Our attempts to lower the light intensity to decrease photo-bleaching by 

applying 10% of the available LED intensity did not improve the phase drift.  

To overcome the problem of signal drift, a blank experiment was performed (Figure 4). The 

recorded phase values of the blank experiment were subtracted from the phase signals when 

measurements were performed. 
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Note that higher signal intensities on other hand are expected to increase the amplitude of the 

signal leading to more stable values, higher resolution and thus to smoother responses. Higher 

amplitude values and thus improved signal stability can be achieved increasing particle density. 

We adopted a compromise between enzyme concentration and labeled particles density. 

Substrate auto-hydrolysis 

In alkaline conditions and higher temperature CC-Na undergoes self-hydrolysis. Experimental 

set-up requires that enzyme has to be suspended first in the reactor to get an initial phase shift 

value at pH 8.0 and CC-Na has to be added at a second time to the reaction mixture to start the 

reaction. In order to cause as small as possible volume changes, the amount of added CC-Na did 

not exceeded 10% of the reaction volume. CC-Na solution was prepared at high concentration 

(550 mM) and its pH adjusted to 8.0 with 1 M KOH. In order to prevent self-hydrolysis of the 

CC-Na stock solution it was kept at 4°C until use checking pH correctness before conducting 

reactions. Anyway when substrate was added to the reactor a fast decrease in pH was observed, 

likely due to temperature increase (37°C). NaOH titration curves for the enzymatic reactions 

were thus corrected with a blank obtained titrating substrate in absence of enzyme. Figure 5 

shows that after an initial fast hydrolysis self-hydrolysis proceeded linearly versus time. Self-

hydrolysis rate was calculated to be 0.68 µmol per minute. 

Conclusions 

Dual lifetime referencing, an established method in opto-chemical sensors, is here applied to 

internal pH monitoring of stirred biocatalyst particles. This method allows pH monitoring in 

moving particles improving the signal quality of intensity based-measurement and overcoming 

the limit of microscopic techniques that require the use of fixed bad reactors or membranes for 

the sample to be analyzed. This is definitely an advantage for bioreactor monitoring being batch 

reactors the preferred choice for biocatalytic conversions. Considering  the lipophilic character of 
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the chosen luminophores the proposed labeling methodology is applicable to a variety of 

hydrophobic carriers independently of their functional activation. Reproducibility of results was 

satisfactory. The observed drift in the phase signal due to photobleaching could compensated by 

calibration. The use of recently developed red light-excitable pH sensing materials [17], which 

exhibit chemical and photochemical robustness and are not affected by oxygen, could overcome 

this disadvantage.    

Methods 

Dual luminescence labeling 

A stock solution of fluorescein (2 mg/mL in ethanol) was prepared and successively diluted with 

100 mM PPB pH 7.2 (5% (v/v)). 1.6 g dry Sepabeads were incubated with 40 mL of this solution 

at room temperature (mixing overnight; 15 rpm; end-over-end rotator). After opportune washing 

(100 mM PPB pH 7.2, deionized water and 1.5 M PPB pH 7.5) CCA was immobilized (see later) 

on the labeled beads. After enzyme immobilization and opportune washing, beads were incubated 

for 10 min (room temperature, 15rpm, end-over-end reactor) with 40 mL of a solution constituted 

by 10% (v/v) Ru(dpp) (2 mg/mL in ethanol) and 90% (v/v) 100 mM PPB pH 7.2. The last wash 

was performed with 50 mM PPB pH 8.0. Beads were finally recovered by filtration through a 

0.20 µm membrane filter. 

Measurement of internal pH 

Phase shift measurements were performed with a lock-in amplifier (pH-mini, PreSens GmbH, 

Germany). This apparatus consists in a blue LED light source (excitation frequency at 470 nm), a 

2-mm polymer optical fiber as transducer with a polished distal tip and a photodetector (emission 

is collected after filtering at 550 nm). Measurements were carried out in the frequency domain, 

adjusting the modulation frequency to the decay time of Ru(dpp) (modulation frequency of 45 

kHz). Time-resolved recorded phase shift was than converted in pH through the calibration curve. 

81



 

Experimental set-up 

CC-Na hydrolysis was carried out in a 20 mL batch reactor equipped with an overcoat for 

temperature control. About 0.3 g wet biocatalyst were suspended in 8 mL 50 mM PPB pH 8.0. If 

necessary was adjusted with pretitration with 0.1 M NaOH. A titrator (T-50, Mettler Toledo, 

Greifensee, Switzerland) equipped with a pH electrode (Minitrode, Hamilton, Bonaduz, 

Switzerland) was used for stirring and pH control in bulk. Stirring rate was set at 10%. The 

hydrolytic reaction was started adding 800 µl 550 mM CC-Na pH 8.0 previously kept at 4°C. pH-

sta (pH 8.0) was performed by addition of 0.1 M NaOH (Roth, Germany). Temperature was kept 

at 37°C by circulation in the reactor overcoat of a preheated fluid. 

For phase shift detection of the labeled particles the 2-mm polymer optical fiber connected to pH-

mini was fixed inside the reactor in correspondence of the pH-electrode. 

Enzyme Immobilization 

An engineered CCA from Pseudomonas sp. SE83 (more details on this enzyme were previously 

reported [19]) was covalently immobilized on standard grade epoxy-activated Sepabeads 

(Resindion, Milan, Italy). The protein was obtained from Sandoz GmbH (Kundl, Austria) as 

partially purified preparation (4.5 U/mg, 60% purity). Protein concentration was 36.5 mg/mL. 

For immobilization we adopted the method of Mateo et al. [20] with some simplifications. A 

solution constituted by 3.5 mL enzyme stock solution, 16.5 mL 20 mM PPB pH 7.5 and 20 mL 

1.5 mM PPB pH 7.5 was added to 1.6 g dry labeled Sepabeads. The 50 mL vessel containing the 

suspension was incubated at 18°C using gentle mixing (5 rpm) in an end-over-end rotator. After 

24 hours the immobilized CCA was washed twice with 20 mM PPB pH 7.5 and recovered using 

a 0.20 µm membrane filter and stored at 4°C until further use. 
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Protein and activity assay 

Protein was measured using the Bio-Rad assay referenced against known concentrations of BSA 

in the range of 0.10 - 1.0 mg/mL. 

Activity measurements of free and immobilized CCA were performed using a reported 

spectrophotometric assay [21] with some modifications as previously described [19]. 
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Tables 

Table 1. Effect of buffer concentration on fit parameters of the pH/Phase calibration curve 

(Equation 1) at 37°C 

Buffera Amax (°) Amin (°) pKa x R2 

50 mM PPB 31.1±0.7 20.2±0.23 5.80±0.05 1.26±0.08 0.9983 

100 mM PPB 31.5±0.3 20.9±0.11 6.36±0.02 0.80±0.02 0.9997 
aIonic strength 50 mM PPB 0.139 M; Ionic strength 100 mM PPB 0.279 M 

  

Table 2. Effect of luminophores labeling on protein loading and specific activity of 

immobilized CCA 

Labeling 
Offered protein (mg/g 

dry) 
Bound protein (mg/g 

dry) 
Specific activity a 

(U/mg) 

Fluorescein 85 68 1.66±0.06 

Fluorescein+ Ru(dpp) 85 68 1.50±0.09 

None 82 64 1.74±0.17 

 

a Specific activity was measured with the spectrophotometric assay: 40 mM CC-Na; 100 mM 

PPB pH 8.0; 37°C 
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Figures 

 

 

Figure 1. Effect on phase shift of Ru(dpp) amount in relation to fluorescein.  

50 mM PPB pH 8.0; 37°C; Fluorescein 2.5 mg/g dry; modulation frequency 45 kHz. 
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Figure 2. Response curve to pH (Panel A) and calibration curve (panel B).  

50 mM PPB; 37°C. 
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Figure 3. Panel A. Internal pH in immobilized CCA as result of 3 independent experiments. 

Panel B. 7-ACA concentration in the bulk liquid phase.  

Long dashed line Exp A; Dotted Exp B; Short dashed Exp C; Solid average. pH in bulk is kept 

constant to pH 8.0 by titration with 0.1 NaOH. 0.65 mg/mL CCA; 50 mM CC-Na; 50 mM PPB 

pH 8.0. 
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Figure 4. Phase drift as effect of light excitation.  

Sampling rate every second; LED intensity 10%. Dashed line Exp A; Dotted line Exp B; Solid 

line average. 
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Figure 5. CC-Na self-hydrolysis.  

800 µl 550 mM CC-Na pH 8.0 added to 8 mL 50 mM PPB pH 8.0; 37°C. 
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