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H I G H L I G H T S
c A method to measure enzyme kinetics on paper from a single test was developed.
c The method is designed to be compatible with telemedicine combining cellphone camera.
c ALP Enzymes physisorbed on paper follow a first order kinetics.
c ALP reaction rate on paper is 2 to 3 orders of magnitude lower than in solution.
c CPAM and PAA polymers do not affect ALP reaction rate on paper; PEO decreases it.
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a b s t r a c t

The reaction kinetics of alkaline phosphatase (ALP) adsorbed on paper was quantified by image analysis

using a colorimetric technique under conditions of excess enzyme. A classical reaction kinetics

approach integrated with image processing technique was used to analyse the coloured product

formation from the enzyme substrate reaction against time. The order of reaction and rate constant of

enzyme activities on paper surface were calculated. ALP was either physisorbed directly on paper or

adsorbed on paper treated with a monolayer of a high molecular weight cationic polyacrylamide

(CPAM), an anionic polyacrylic acid (PAA) or a high molecular weight polyethylene oxide (PEO). The

reaction rate of enzymatic paper follows a first order reaction with respect to the concentration of

enzyme–substrate complex. ALP immobilized on paper has a reaction rate 2 to 3 orders of magnitude

lower than the free ALP enzyme in buffer solution. This might be due to a critical loss of enzyme

flexibility upon adsorption. No increase in reaction rate was achieved by immobilizing ALP on paper

treated with a high molecular weight cationic polyacrylamide (CPAM) or a highly charged anionic

polyacrylic acid oligomer (PAA), which suggests the enzyme orientation was not significantly affected.

However, the reaction rate for ALP on PEO treated paper was lower than that on CPAM or PAA treated

papers. That is probably due to some PEO-enzyme interaction affecting the tertiary structure of the ALP

enzyme.

Crown Copyright & 2012 Published by Elsevier Ltd. All rights reserved.
1. Introduction

Bioactive papers have captured wide attention for the novel
class of low cost products they promise for industrial and
diagnostic applications (Aikio et al., 2006; Pelton, 2009). Dispo-
sable bioassays for routine health and environment monitoring
are of special interest. Water analysis of microbial activity, rapid
blood typing (Khan et al., 2010) and specific infection detection
are three examples of emerging paper applications.
012 Published by Elsevier Ltd. All
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Two major developments are needed for bioactive papers to
hold their promises. The first requires the immobilized biomole-
cules to retain their functionality upon immobilization (reaction
rate and selectivity). The second is a cheap product resulting from
the combination of low cost materials with high efficiency
process. Paper is cheap. Since the biomolecule is often the most
expensive component of the device, it is important to maximize
its lifetime, activity and retention on paper. Retention is critical
as most bioactive papers are used wet either in contact with a
biofluid containing an analyte (saliva, blood, urine) or washed
with solutions. Printing is efficient at delivering well-defined and
complex patterns of fluids on a surface (Khan et al., 2010).
Functional printing has been explored for manufacturing bio-
devices. Many types of biomolecules have been printed
(Nakamura et al., 2005; Xu et al., 2005) and complex micro-
fluidic systems have been created by printing hydrophobic
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barriers and channels (Aikio et al., 2006; Pelton, 2009). However,
the printing technology has a potential limitation: developing a
covalent bond between the surface and the printed biomolecule
can drastically reduce efficiency. A challenge is to retain biomo-
lecules on the surface without a chemical coupling reaction or an
expensive bio-affinity method.

Most paper-based diagnostics rely on an enzyme, a cell or an
antibody immobilized on paper for the specific detection of the
analyte. For enzymatic papers, the detection is usually achieved at
steady state, once the enzyme has fully reacted with the substrate,
producing a coloured product. The presence or concentration of the
analyte substrate is simply indicated and calculated from the
product colour intensity at the end of the reaction (Khan et al.,
2010). The ability to rapidly measure the enzymatic kinetics would
be a significant development of paper-based bioassays as a reac-
tion rate is often more reliable and meaningful than the measure-
ment of a single concentration. This approach is technically feasible
as all modern cell phones and tablet computers have high resolu-
tion video cameras with the ability to download and install a
diagnostic application module or to rapidly communicate a video.
Bioactive papers combined with the camera of a cell phone could
well revolutionize telemedicine (Martinez et al., 2008).

The reaction kinetics of enzymes is typically measured with
the Michaelis–Menten (M–M) kinetics which assumes fast equili-
brium between enzyme [E], substrate [S] and enzyme–substrate
complex [SE]. M–M kinetics also assumes that at maximum
(saturating) substrate concentration, the rate of reaction
approaches to a maximum asymptotic value (Vmax) (Bailey and
Ollis 1986; Holme and Peck 1998). M–M constant (Km) defines the
state of equilibrium of the enzymatic reaction and characterizes
the affinity of the enzyme for a substrate; the lower Km value, the
greater the affinity. The substrate concentration that results in a
velocity which is half of the maximum velocity corresponds to
Km: at v¼Vmax/2, [S]¼Km. Determining Vmax and Km requires a
series of enzyme assays performed at different substrate concen-
trations (Bailey and Ollis, 1986; Holme and Peck, 1998).

Zhang and Rochefort (2011) showed that enzymes immobi-
lized on paper follow the Michaelis–Menten kinetics. While
scientifically exact and robust, the M–M kinetics is difficult to
translate into instantaneous kinetics measurement for bio-
diagnostic because the M–M approach requires multi-steps. Since
the M–M approach requires multiple experiments performed
until equilibrium, it is poorly compatible with automation and
direct kinetics measurement from image analysis. This study
investigates the feasibility of a more practical method to measure
enzymatic reaction kinetics from a single paper bioassay.

The activity and stability of enzymes are well studied in
aqueous medium (Akahori et al., 2004; Brena and Batista-Viera,
2006). A few studies describe the stability of laccase, alkaline
phosphatase (ALP) and horseradish peroxidase (HRP) physisorbed
on paper (Akahori et al., 2004; Guerrero et al., 2011; Khan et al.,
2010; Chen et al., 2008). Enzymes and antibodies physisorbed on
paper retain their activity and specificity but show poor retention
upon wetting (Zhang and Rochefort, 2011; Guerrero et al., 2011;
McArthur and Shard, 2006). Water soluble polymers adsorbed on
paper from solution are efficient at anchoring enzymes on paper
but affect enzyme aging (Khan et al., 2010, 2010); their effect on
enzyme kinetics is unknown. The effects of the enzyme–paper
interaction on the functionality, orientation and reactivity of the
immobilized enzyme are also poorly understood.

This study has two primary objectives. The first is to investi-
gate the feasibility of a single step method to rapidly quantify the
reaction rate of an enzyme immobilized on paper using modern
image analysis concepts. The second is to analyse the effect of
retention polymers on the kinetics of enzyme immobilized on
paper using the method developed.
In this study, three water soluble polymers were investigated
as retention aids to immobilize enzyme on paper: a high molecular
weight medium charge cationic polyacrylamide (CPAM), a highly
charged low molecular weight anionic polyacrylic acid (PAA) and a
high molecular weight neutral polyethylene oxide (PEO). The effect
of these polymers on the aging and retention of enzymes on paper
was reported elsewhere (Khan et al., 2010). Alkaline phosphatase
(ALP) was chosen as model enzyme for its robustness, predictability
and well documented behaviour (Coleman, 1992; Holtz and
Kantrowitz, 1999; Kim and Wyckoff, 1991). A novel image analysis
technique quantifying the intensity of the colour product was
developed to efficiently measure the enzymatic rate directly on
paper. The first part of this study reviews the enzyme and reaction
kinetics using a colorimetric method and their conditions of validity.
The second part quantifies the kinetics of the enzymatic paper and
measures the effect of 3 model retention polymers on enzyme
kinetic rate. This study was performed under excess of enzyme
([E]4[S]) to increase test sensitivity. Last, the application and
robustness of the direct single test method is critically analysed.
2. Experimental

2.1. Materials

Alkaline phosphatase (ALP) from bovine intestinal mucosa,
was purchased from Aldrich and used as received (Sigma P7640;
Z10 DEA units/mg solid) (Product Information, 1995). ALP was
immobilized on paper using three different water soluble poly-
mers. A cationic polyacrylamide (CPAM) of Mw¼5�106 and
medium charge density (2.1 meq/g), Percol 1550*, was provided
by BASF, Ludwigshafen, Germany. Polyacrylic acid (PAA),
Mw¼2000 and polyethylene oxide (PEO), Mw¼4�106, were
purchased from Aldrich. All polymers were dissolved to a con-
centration of 1 g/L in deionised water (Millipore, 18 MO).

ALP was dissolved to a concentration of 0.5 mg/mL (E5 DEA
units/mL) in 1 M diethanolamine buffer with 0.50 mM magnesium
chloride and 5 M HCl to maintain pH at 9.8. Water (Millipore,
18 MO) was used for making all dilutions. The 5-bromo-4-chloro-3-
indolyl phosphate and 3,30-(3,30-dimethoxy-4,40-biphenylene)-bis-
(2-p-nitrophenyl-5-phenyl-2H-tetrazolium chloride) liquid sub-
strate system (BCIP/NBT), purchased from Aldrich, was selected to
quantify the enzymatic activity of ALP on paper (BCIP/NBT Liquid
Substrate System, 2009). The biochemical reaction of ALP with BCIP/
NBT under alkaline conditions results in a blue–purple complex; its
intense colour can be directly observed, is very stable and does not
fade upon exposure to light (Khan et al., 2010). The system was
selected to optimize colour intensity contrast as blue is the
complementary colour of the white/yellowish paper support. What-
man 4 filter paper (basis weight: 96 gsm) was chosen as paper
substrate to immobilize enzymes. 150 mM p-Nitrophenyl Phosphate
(PNPP) (Aldrich) was used to quantify ALP in solution. ALP catalyses
the hydrolysis of PNPP at pH 9.8, liberating p-nitrophenol and
phosphate (Ref: Sigma, Chronolab) and form yellow colour solution.
A UV–VISIBLE Spectrophotometer (UV-1601, Shimadzu, Japan) was
used to measure the rate of p-nitrophenol formation, which is
proportional to the catalytic concentration of ALP present in the
sample (Product Information, 1995).

2.2. Methods

2.2.1. Polymer on paper

Paper samples (diameter of 16 cm) were soaked into polymer
solutions (25 mL; 1 g/L) contained in a glass tray for about 1 min.
To remove the unretained free polymer, the paper samples were
then rinsed thoroughly in excess water for 1 min (Fig. 1). This



Fig. 1. Experimental system to prepare the ALP enzymatic papers.

M.S. Khan, G. Garnier / Chemical Engineering Science 87 (2013) 91–99 93
methodology created a consistent polymer layer on paper. The
polymer treated samples were immediately soaked (wet) into the
enzymatic solution.

2.2.2. Enzyme on paper

Enzyme aqueous solutions were homogeneously applied onto
paper following TAPPI standard (T 205sp-95). Circular paper
samples (d¼16 cm), with or without polymer, were immersed
into the ALP enzymatic solution (0.5 mg/mL) contained in a large
Petri-dish (Fig. 1). The well-soaked paper samples were then
blotted and dried in a dark chamber at 23 1C and 50% relative
humidity (RH), for 24 h. This system combines the enzyme–
substrate (E–S) reaction upon formation of the product (blue–
purple complex). To visualize the uniformity of enzyme distribu-
tion on paper, a diluted ink jet ink (cyan) was applied on the
paper using the same procedure. Experimental information on
surface profile analysis and histogram distribution of gray values
as shown in supporting information (Fig. A1 and Table A1).

2.2.3. Calibration curves

A calibration curve was developed using the Continuous Spec-
trophotometric Rate Determination method to quantify ALP in
solution (Fig. 2a) (Ref: Sigma, Chronolab). ALP buffer (pH¼9.8),
PNPP and ALP solution were mixed at different ratios (in mL) in the
two cuvettes: Test (2.70:0.30:0.10) and Blank (2.80:0.30:0.00). The
reagents were mixed by inversion and the cuvettes were immedi-
ately placed in the UV–VISIBLE Spectrophotometer. The absorbance
(A) was recorded for 5 min at wavelength, l¼405 nm.
The DA405nm/s was obtained using the maximum linear rate.
DA405nm/s is proportional to the catalytic concentration of ALP
present in the test sample (Product Information, 1995). The colour
intensity increased with enzyme concentration in solution (Fig. 2).

To apply enzyme on paper, paper was immersed into the ALP
solution. The concentration of remaining ALP solution was mea-
sured using the Spectrophotometer reading and the calibration
curve (Fig. 2). Balancing the volume and concentration in solution,
ALP adsorbed on paper was quantified.
A calibration curve to qualify the extent of enzymatic reaction
on paper from the intensity colorimetric sample produced is
provided as supporting information (Fig. A2).

2.2.4. Reactivity of ALP enzymatic papers

The liquid substrate system BCIP/NBT was applied onto the
enzymatic papers at the time defined as t¼0. Small droplets of
fresh liquid substrate were deposited onto the enzymatic papers
using a 1.0 mL syringe equipped with a stainless steel flat-tipped
needle (0.21 mm outer diameter). The E–S reaction was allowed to
proceed under standard conditions: 23 1C and 50% relative humid-
ity (RH) for 30 min; this insures a complete enzymatic reaction
(Khan et al., 2010). The colour change due to the E–S reaction was
captured using a standard imaging system. From the colour
intensity of the E–S reaction on paper, the relative activity of the
enzymatic paper was measured from the gray value analysis. The
relative activity measurement of enzymatic papers from gray value
analysis was described elsewhere (Khan et al., 2010). Each mea-
surement reported results from the average of 6 full replicates.

2.2.5. Image capturing and activity measurement

A novel technique was developed to measure enzymatic
reaction kinetic directly on paper. This involved rapid image
analysis of about thousand images per sample. The reaction
kinetics images were captured using a standard video camera
(JVC Camcoder Everio GZ-MG530) (Fig. 2). Two sets of lighting
systems (SCHOTT KL1500LCD, Germany and ELMO Visual Pre-
senter, EV-2500AF PAL, Japan) were used for optimal resolution.
The video clips were transferred to a computer and converted to
1 frame per second (fps) using Prism Video Converter v 1.27.
Using VirtualDub-1.8.8 software the video clips were then con-
verted to avi files, a compatible format for ImageJ software
(ImageJ 1.41o). ImageJ converts 32-bit RGB images by linearly
scaling from min–max to 0–255 (Ferreira and Rasband, 2010).

The images were analyzed directly from the video files using
ImageJ software, which calculates the gray values of RGB (red–
green–blue) images. The sample area was specified by fixing



Fig. 2. Calibration curve of the DA405nm/s of enzymatic products resulting from ALP-PNPP reaction in solution.
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coordinates, width and height from selection panel. For any
selected area, the ImageJ software calculates the weighted aver-
age gray value within the selection, which can be related to the
activity of enzymatic paper.
3. Theory

The indoxy tetrazolium method (McGadey and Tetrazolium,
1970) was selected to investigate the reaction kinetics of alkaline
phosphatase (ALP). The standard liquid substrate system BCIP/
NBT was used as the enzymatic substrate system. ALP has a
molecular weight ranging from 89 to 140 kDa: 89 kDa for E. coli
ALP and 126–140 kDa for bovine intestinal ALP (Coleman, 1992;
Besman and Coleman, 1985; Fosset et al., 1974). Its phosphate
substrate is a much smaller molecule of molecular weight of
95 Da. ALP enzyme has two active sites; each contains three
closely spaced metal binding sites identified as A, B and C. A and B
contain zinc ions and C contains magnesium ion (Coleman, 1992).
The enzymatic hydrolysis of phosphate from an ester to a
secondary alcohol involves two sequential in-line nucleophilic
attacks at the phosphorous atoms, which forms intermediate
products (Coleman, 1992; Kim and Wyckoff, 1991). It is believed
that the ALP enzyme renders the nucleophilic path more favour-
able by creating protein-binding sites reducing the negative
charge of the phosphate group (Coleman, 1992). The complete
reaction proceeds at a steady rate, allowing accurate control of
the relative sensitivity and control of the development of the
reaction (NBT/BCIP Substrates, 2009).

3.1. Mechanism

With the indoxy tetrazolium method, BCIP is hydrolyzed by
the ALP enzyme into an intermediate, which under alkaline
conditions dimerises to produce an indigo dye: 5,50-dibromo-
4,40 dichloro indigo white. Under alkaline conditions the reaction
involves the loss of two hydrogen atoms, used to reduce a
tetrazolium salt Nitro B.T. into NBT-diformazan at the enzyme
site (Fig. 3a) (Coleman, 1992; Altman et al., 1976). The diformazan
is insoluble in alcohols and can be dehydrated, mounted in a
synthetic medium and thus a permanent specimen can be
obtained (McGadey and Tetrazolium, 1970). The second step
illustrated in Fig. 3a represents the tautomerism of the BCIP
intermediate, which is a second order reaction with a high rate
constant of kE3–4�109 M�1s�1 (for pH 7 to 9) (Dodin et al.,
1980). The redox reactions of NBT and BCIP intermediate to form
NBT-formazan and the indigo white dye are also second order
reactions (Blelski et al., 1980; Abugo and Rifkind, 1994); the rate
constant of NBT-formazan formation at pH 7–9: kE1.7–
3.7�108/M/s (Blelski et al., 1980). The first step of the reaction
scheme: hydrolysis of BCIP by ALP is a first order reaction with
rate constants of kE8.5–45 s�1 (for pH 8) (Coleman, 1992) and
can be considered the rate limiting step of the reaction scheme.

The hydrolysis mechanism of phosphate monoesters by ALP
is described on Fig. 3b, where E, R-OP, E�R-OP, E�P and Pi are,
respectively free enzyme, substrate, activated enzyme–substrate
complex, phosphorylated enzyme and inorganic phosphate (Craig
et al., 1996). The first and second step represents ligand bonding
and catalytic reaction, respectively (Wilson and Dayan, 1965). The
covalent E–P intermediate is subsequently hydrolyzed into an
enzyme–phosphate complex (E�Pi). Wilson and Dayan (1965) and
Hull et al. (1976) demonstrated that the hydrolysis of the non-
covalent E–Pi is the rate limiting step under alkaline condition.
Detailed discussion of ALP reaction mechanism can be found in
Holtz and Kantrowitz (1999); Coleman (1992); Kim and Wyckoff
(1991) and Craig et al. (1996).

3.2. Kinetic model

The simplest form of an enzyme reaction converting a sub-
strate (S) into a product (P) via the formation of an enzyme–
substrate complex (E�S) is represented by Eq. (1).

EþS"
k1

k2

E�S��!
k3

PþE ð1Þ

A Michaelis–Menten (MM) and a traditional reaction kinetic
approach can both be followed. M–M approach considers two
assumptions: (i) the enzyme is present either as complexed (ES)
or free enzyme (E), and (ii) the rate of enzyme substrate complex
(ES) formation is zero; the later hypothesis is justified either by a
high reactivity of the complex or by a low instantaneous con-
centration. These equations as stated as Levenspiel (1999):

½E0� ¼ ½E�þ½ES� ð2Þ

d½ES�=dt¼ 0 ð3Þ

the rate of product (P) formation is then expressed as:

d½P�=dt¼ k3½ES� ð4Þ

and the rate of enzyme complex is defined by:

d½ES�=dt¼ k1½S�½E�2k2½ES�2k3½ES� ¼ 0 ð5Þ



Fig. 3. (a) Kinetic scheme of the indoxy tetrazolium method for the histochemical demonstration of non-specific ALP; redrawn from (Coleman, 1992; Altman et al., 1976),

(b) mechanism of the ALP reaction; redrawn from (Coleman, 1992; Wilson and Dayan, 1965; Craig et al., 1996).

M.S. Khan, G. Garnier / Chemical Engineering Science 87 (2013) 91–99 95
by eliminating [E] from Eqs. (5) and (2) yields:

ES½ � ¼
k1 ½S�½E0�

k2þk3ð Þþk1½S�
ð6Þ

introducing Eq. (6) into Eq. (4)

d½P�

dt
¼

k1 k3½S�½E0�

k2þk3ð Þþk1½S�
ð7Þ

and defining the M–M constant KM ¼ k2þ k3ð Þ=k1

d½P�

dt
¼

k3½S�½E0�

KMþk1½S�
¼ �

d½S�

dt
ð8Þ

which is the well-known Michaelis–Menten equation. Eq. (8) has
three regimes of interest:

ð1Þ at low enzyme concentration, d½P�=dt¼ ½E0� ð9Þ

ð2Þ at KMc½S�, then d½P�=dt a ½S� ð10Þ

ð3Þ at ½S�cKM , then d½P�=dt¼ independent of ½S� ð11Þ

The reaction rate is: a first order reaction with respect to initial
enzyme concentration at low enzyme concentration, (Eq. (9));
proportional to the substrate concentration [S] at high MM
constant KM (Eq. (10)); and independent of substrate concentra-
tion [S] at high substrate concentration (Eq. (10)). Eq. (1) can also
be considered with traditional reaction kinetic:

t¼ 0 a 0

t¼ t a�x x

EþS"
k1

k2

E�S�!
k3

PþE

ð1Þ
where a is the initial enzyme–substrate concentration [ES] and x is
the concentration of product [P] at time t. For the initial instant of
reaction or for large excess enzyme ([E0]c[S0]), the system can be
simplified for a zero, first and second to Atkins and Paula (2006):

zero order : x¼ k3t ð12Þ

first order : ln a�xð Þ ¼�k3tþc ð13Þ

second order : 1= a�xð Þ ¼ k3tþc ð14Þ

Considering the limiting condition, which is: at starting (t¼0),
product formation is zero, the constant c can be expressed for
Eqs. (13) and (14) ‘ln a’ and ‘1/a’, respectively.
4. Results

4.1. Enzymatic paper

Two types of enzymatic papers were developed. In the first,
enzyme was simply physisorbed through immersion in an enzyme
solution, blotted and dried. A consistent deposition of 3.77 mg
(E37.7 DEA Units) ALP per g of paper (mg/g) was achieved.

In the second, paper samples were soaked into polymer
solutions, rinsed thoroughly with excess water to remove the
unretained free polymer, immersed in the enzyme solution,
blotted and dried. The amount of ALP deposited on CPAM and
PEO treated paper was 4.92 and 4.57 mg/g, respectively.
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4.2. Kinetic model

A consistent layer of CPAM, PAA or PEO was applied on the
paper subsequently immersed in enzyme solutions (in excess).
The liquid substrate BCIP/NBT was applied onto the ALP enzy-
matic papers and the E–S reaction was allowed to proceed to
completion. All tests were performed under conditions of excess
enzyme ([E]4[S]). The reaction converting the substrate system
with ALP results in a blue–purple colour of product complex. The
colour formation on paper was video captured and the images
were analyzed. The activities of the enzymatic papers were
calculated from the weighted mean grey value measured from
the images. The colorimetric evolution of ALP reactivity on paper
was analyzed as a function of time. A novel routine was devel-
oped to rapidly analyse hundreds of pictures per experiment.
Pictures of product colour formation on ALP enzymatic papers are
shown in Fig. 4. Two enzymatic papers are compared; in the first,
ALP is directly physisorbed on paper (Fig. 4a); in the second, ALP
is adsorbed on paper treated with a high molecular weight
cationic polymer CPAM (Fig. 4b). The colour intensity of the
product-complex increased non-linearly as a function of time.
The evaluation of colour intensity also varied as a function of the
paper used.

Fig. 5 illustrates the product formation by E–S reaction on the
four different ALP enzymatic papers as a function of time. The
product colour intensity (x) on enzymatic paper increased rapidly
for the first 35–40 s; then, the colour change slows down and
levels-off to a saturation value (Fig. 5a–d). Each line on Fig. 5
represents the average and standard deviation of six replicates.
Very low variance appears in the initial period, critical to quantify
00s  01s  07s  

35s  49s  63s  

00s  01s  07s  

35s  49s  63s  

Fig. 4. Product formation on ALP enzymatic paper at different times. (a) ALP on

(ALP)—substrates (BCIP/NBT) reaction. (For interpretation of the references to color in
the reaction kinetics. The variance increases slightly with time, as
the reaction progresses. The plateau representing final product
concentration differs among the different enzymatic papers; this
might suggest some polymer–enzyme–substrate interaction. The
time to reach saturation of the product formation also varied
among the different enzymatic papers.
5. Discussion

5.1. Kinetic model

As enzyme was used in excess on all enzymatic papers, a
pseudo first order reaction with respect to enzyme concentration
is expected. Whether the enzyme preferentially exists as
enzyme–substrate (E–S) complex or as free enzyme (E) depends
on the values of the kinetic constants k1, k2, k3 introduced in
Eq. (1). However, the product colour concentration is directly
related to the E–S complex formation. The simplest model is a
first order reaction with respect to the E–S complex formation,
described by Eq. (13), and expressed in the logarithmic form:

2:303� log a�xð Þ ¼ �k3tþc ð15Þ

Assuming a first-order reaction with respect to the E–S com-
plex concentration, a linear relationship is expected between the
log([ES0]–[P]) as a function of time, the slope of which indicating
the reaction rate constant k3. Fig. 6 represents the relationship
between log ([ES0]–[P]) as a function of time for the four different
enzymatic papers. Linear relationship suggesting a first order
reaction kinetics is observed for all papers.
14s  21s  28s  

70s  100s  150s  

14s  21s  28s  

70s 100s 150s  

paper; (b) ALP on CPAM Paper. The blue purple colour reveals the enzyme

this figure legend, the reader is referred to the web version of this article.)



Fig. 5. E–S product formation on ALP enzymatic papers as a function of time.

(a) ALP on paper, (b) ALP on CPAM paper, (c) ALP on PAA paper and (d) ALP on PEO

paper, n¼6, at 23 1C.

Fig. 6. ALP reaction kinetics on enzymatic papers. (a) ALP on paper, (b) ALP on

CPAM paper, (c) ALP on PAA paper and (d) ALP on PEO paper, n¼6, at 23 1C.
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The reaction kinetic constants (k3) calculated from Eq. (15)
are presented in Table 1. The reaction kinetics of the substrate
reacting onto the various enzymatic papers are compared in
Fig. 7.

The reaction kinetics of ALP immobilized on paper is three
orders of magnitude slower than that of the free enzymes in
buffer solution (Table 1). Rate constants of ALP reaction in buffer
ranging from 108 to 425�103 h�1 are reported (Coleman 1992;
Holtz and Kantrowitz 1999; Craig et al., 1996); this compares to k

ranging from 114 to 150 h�1 measured from our enzyme immo-
bilized on paper. A decrease of enzyme reaction rate upon
immobilization was also reported by Voss et al. for the
horseradish peroxidase (HRP) enzyme immobilized in nano-
silica (Voss et al., 2007). Four possible explanations are foreseen
for this observation. First, a fraction of the enzymes might be
locked by adsorption into a limiting configuration, which may
prevent the substrate molecules to fully access all the enzyme
active sites. Second, mass transport of the substrate to and from
the surface might represent a delaying resistance. Third, the
enzyme might require mobility of its active sites or of the
molecule to optimize the reaction; enzyme immobilization would
reduce this mobility. Fourth, immobilization might denature the
enzyme; the last hypothesis can be rejected as separately inves-
tigated elsewhere (Khan et al., 2010, 2010).



Fig. 7. Reaction rate constant of ALP reacting with BCIP/NBT on paper at 23 1C.

Table 1
ALP rate constants on different treated papers at 23 1C.

ALP enzymatic papers Rate constant, k3 (h�1)

ALP on paper 150.1

ALP on CPAM paper 150.1

ALP on PAA paper 143.5

ALP on PEO paper 114.4

ALP in buffer (Coleman, 1992) 30.6 to 162�103

M.S. Khan, G. Garnier / Chemical Engineering Science 87 (2013) 91–9998
5.2. Polymer effect on enzyme adsorption and reactivity

The model polymers studied were efficient at increasing the
enzyme deposition on paper (Khan et al., 2010).

It should be noted that the first order reaction is a specific
example of the Michaelis–Menten kinetics for which KMc [S];
this corresponds to the second regime of MM (Eq. (10)). This
condition can be reached in four ways. First, at very low substrate
condition ([S] tends to 0); second, if k1 is small: slow formation
rate of active complex; third and fourth if k2 and k3 are large: very
active enzyme complex that readily return to substrate or
product.

However, the nature of immobilization can affect the kinetics
of enzyme reaction. ALP simply physisorbed on paper, or CPAM
and PAA treated papers, all have a similar reaction rate constant
of k3¼150 h�1 (Fig. 7 and Table 1). The cationic polyacrylamide
(CPAM) is a high molecular weight linear polymer of medium
charge density that can bridge colloids through electrostatic
interaction with the anionic groups of the enzyme. The PAA is a
highly charged polyacrylic oligomer able of electrostatic interac-
tion with the cationic groups of ALP, but of insufficient molecular
weight for bridging. The last is a high molecular weight neutral
polyethylene oxide (PEO), known for its efficient bridging ability.
The polymers are adsorbed such as to leave a full monolayer, but
without any excess, on the cellulose fibres. Polymer molecules are
also expected to be adsorbed flat under their equilibrium config-
uration and not as random coils because of the relatively long
preparation time (2 min) before enzyme adsorption. Therefore,
the different polymer molecules are not expected to act as
spacers, increasing the distance enzyme–surface or extending
the enzyme mobility. This is demonstrated by the similar reaction
rate constants obtained by the high molecular weight CPAM and
the PAA oligomer. However, all the polymers do increase the
adhesion strength of enzyme on paper as revealed by the higher
initial colour concentration (blue–purple) seen on Fig. 5, which
was further investigated elsewhere (Khan et al., 2010).
The similar reaction rates achieved by the ALP enzyme
immobilized on the cationic paper (CPAM), or on the anionic
paper (PAA) suggest that neither the accessibility nor the orienta-
tion of the enzyme was significantly improved by controlling the
electrostatic forces between enzyme and paper. This can have a
few explanations: the expected change of orientation of the
enzyme active sites might have failed. The increase in enzyme
reaction rate due to improved active site accessibility might be
obscured by a corresponding reduction in reaction rate caused by
a loss in enzyme molecule flexibility.

Interesting is the significant reduction in reaction rate of ALP
immobilized on PEO paper (Fig. 7). PEO is well known to prevent
protein deposition on surfaces (Cole et al., 2007; Kang et al.,
2007).

The reaction rate constant ranging from 114 to 150 h�1 for the
enzymatic conversion of the BCIP/NBT substrate system into the
blue–purple product is many orders of magnitude slower than
either of the tautomerism or the electron transfer steps. This
confirms that the limiting step of the enzymatic reaction is
measured by following the evolution of the intensity of the
indigo dye.

No significant difference in enzyme kinetics was observed for
ALP immobilized by CPAM, PAA or simply physisorbed on paper.
No improvements were seen whether the enzyme was linked to
paper by bridging, by charge reversal or by interacting with the
enzyme cationic or anionic groups; this suggests similar enzyme
morphology and orientation on the surface. A study using
synchrotron small angle x-ray scattering (SAXS) is addressing
this issue.

While ALP enzyme immobilized on paper has a lower reaction
rate than the enzyme in solution, it also has a much higher
stability (Khan et al., 2010, 2010). Considering the critical enzyme
life-time, its higher surface density and retention upon wetting,
enzymatic paper offers an attractive option for health, environ-
mental and industrial applications.
6. Conclusion

The reaction kinetics of alkaline phosphatase (ALP) adsorbed
on paper was quantified by image analysis using a colorimetric
technique. A novel image analysis technique quantifying the
intensity of the colour product was developed to measure the
enzymatic rate directly on paper. This study was performed under
excess of enzyme ([E]4[S]). The colour intensity of the blue
purple product complex was measured as a function of time. ALP
was either directly physisorbed on paper or adsorbed on a paper
treated with a monolayer of a high molecular weight cationic
polyacrylamide (CPAM), an anionic polyacryilc acid (PAA) or a
high molecular weight polyethylene oxide (PEO). The classical
chemical reaction kinetics approach was selected for its simplicity
and compatibility with image analysis, allowing fast and single-
step diagnostics. The reaction rate of enzymatic paper follows a
first order reaction with respect to the enzyme concentration.
Under the specific conditions studied, the first order reaction rate
is a particular case of the Michaelis–Menten kinetics. ALP immo-
bilized on paper has reaction rate 2 to 3 orders of magnitude
lower than the free ALP enzyme in buffer solution. This might be
due to a critical loss of enzyme flexibility upon adsorption. No
increase in reaction rate was achieved by immobilizing ALP on
paper treated with a high molecular weight cationic polyacryla-
mide (CPAM) or a highly charged anionic polyacrylic acid oligo-
mer (PAA). This suggests that enzyme orientation was not
significantly affected through preferentially linking with its anio-
nic or cationic groups. Polymers simply provide a strong adhesion
of the biomolecule to paper which remains unaffected upon
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wetting. However, the reaction rate of ALP on PEO treated paper
was lower than that on CPAM or PAA treated papers. That is
probably due to some PEO–enzyme interaction affecting the
tertiary structure of the enzyme molecules. PEO is a well-known
polymer preventing protein fouling on surfaces.

In spite of a lower reaction rate, enzymatic bioactive papers
offer a great potential in biotechnology, medicine and environ-
mental applications because of their significantly increased sta-
bility, aging, surface density and retention of the biomolecules in
wet conditions.
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