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A colorimetric method for quantification of galactose, which utilizes a nanostructured multi-catalyst

system consisting of Fe3O4 magnetic nanoparticles (MNPs) and galactose oxidase (Gal Ox)

simultaneously entrapped in large pore sized mesocellular silica, is described. Gal Ox, immobilized in

a silica matrix, promotes reaction of galactose to generate H2O2 that subsequently activates MNPs in

silica mesopores to convert a colorimetric substrate into a colored product. By using this colorimetric

method, galactose can be specifically detected. Along with excellent reusability via application of

simple magnetic capturing, enhanced operational stability was achieved by employing a cross-linked

enzyme aggregate (CLEA) method for Gal Ox immobilization. This protocol leads to effective

prevention of enzyme leaching from the pores of mesocellular silica. The analytical utility of the new

colorimetric biosensor was demonstrated by its use in diagnosing galactosemia, a genetic metabolic

disorder characterized by the inability to utilize galactose, through analysis of clinical dried blood

spot specimens. A microscale well-plate format was employed that possesses a multiplexing

capability. The multi-catalyst system entrapping Gal Ox and MNPs represents a new approach for

rapid, convenient, and cost-effective quantification of galactose in human blood and it holds promise

as an alternative method for galactosemia diagnosis, replacing the laborious procedures that are

currently in use.
1. Introduction

Galactosemia is a group of inherited metabolic disorders char-

acterized by enzyme deficiencies, which disrupt normal metab-

olism of galactose. Three types of galactosemia have been

identified thus far.1 These include type I associated with a defi-

ciency of galactose-1-phosphate uridyl transferase (GALT), type

II involving a deficiency of galactokinase (GALK), and type III

connected with a deficiency of uridine diphosphate galactose-4-

epimerase. Among this group, the most common and severest

form of galactosemia is type I, termed as ‘‘classic galactosemia’’,

which causes accumulation of galactose and galactose-1-phos-

phate in blood.2 Galactosemia patients must carefully restrict

their galactose intake from foods like milk and dairy products.

Infants with galactosemia appear normal at birth, but serious
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symptoms such as liver dysfunction, cataracts, and kidney

problems usually appear a few days after initiating milk intake

unless properly treated.3–5 Thus, early stage diagnosis of galac-

tosemia in newborn babies, by determining the levels of galactose

or galactose-1-phosphate in their blood or evaluating the activ-

ities of the three galactose-metabolizing enzymes, is critically

needed. Due to its significance in human health, galactosemia is

classified as one of the main metabolic disorders of newborn

babies and, as a result, the diagnosis of this disease is currently

mandatory and financially supported by governments of major

countries including the USA and Korea.

The diagnosis of galactosemia is generally achieved by

measuring galactose or galactose-1-phosphate concentrations

using dried blood spot specimens to screen defects in the enzymes

involved in galactose metabolism. For this purpose, several

diagnostic methods have been developed. The most traditional

one of these is a cell-based biological inhibition assay employing

the method described by Guthrie6 and Paigen.7 However, this

cell-based method can lead to erroneous results owing to the

difficulty of consistently maintaining cell viability. The exact

quantification of galactose concentrations at low levels is a

challenging task. Procedures using instrumental methods,

such as HPLC8,9 and tandem mass spectrometry (MS/MS),10

have also been used to rapidly determine galactose or
Analyst, 2012, 137, 1137–1143 | 1137
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galactose-1-phosphate concentrations with high sensitivities.

However, these techniques suffer from several drawbacks

including the requirement of highly specialized instrumentation

and complicated pre- or post-treatment methods, both of which

lead to relatively high costs. An amperometric biosensor was

developed by immobilizing Gal Ox in polyvinyl formal

membrane for estimation of galactose in dairy products;

however, the biosensor showed very limited linearity from 5 to 30

g L�1, which is not applicable to determine galactose concen-

tration at low levels like in the diagnosis of galactosemia.11

A microscale well-plate colorimetric assay, based on the

coupled reactions catalyzed by alkaline phosphatase and galac-

tose dehydrogenase, was recently developed.12–14 In this assay,

galactose is produced through the reaction of galactose-1-phos-

phate promoted by alkaline phosphatase and galactose dehy-

drogenase catalyzes the formation of NADH through oxidation

of galactose by NAD+. The resulting NADH activates diapho-

rase to convert iodonitrotetrazolium violet into the red colored

product formazan, which can be detected colorimetrically. This

method is both sensitive and quantitative, but its use of multiple

components and complicated procedures could still limit its

widespread use. Thus, a more advanced method for galactose

quantification that overcomes the above-mentioned limitations is

needed.

Recently, we described a new strategy, involving a multi-

catalyst system comprised of glucose oxidase or cholesterol

oxidase and MNPs as peroxidase mimetics, for achieving effi-

cient colorimetric detection of target molecules.15 The peroxidase

activity of MNPs has been intensively utilized to develop novel

colorimetric strategies to detect various biomolecules such as cell,

protein, and carbohydrate.16–18 In a continuing investigation in

this area focusing on the development of practical clinical

applications to the detection of galactose, we have developed

a nanostructured multi-catalyst system that consists of MNPs

and the oxidative enzyme Gal Ox simultaneously entrapped in

mesoporous silica. In this effort, various analytical features of

the new system, such as its selectivity, sensitivity, reusability,

operational stability, and precision were assessed, and its clinical

utility for galactosemia diagnosis using dried blood spot speci-

mens derived from clinical samples was evaluated.

2. Experimental

2.1 Materials

2,20-Azino-bis(3-ethylbenzo-thiazoline-6-sulfonic acid) dia-

mmonium salt (ABTS), glutaraldehyde (GA), galactose, glucose,

arabinose, lactose, fructose, trichloroacetic acid and Gal Ox were

purchased from Sigma-Aldrich (Milwaukee, WI), and 35% H2O2

was purchased from Junsei Chemical Co. (Japan). All other

chemicals were at least analytical grade.

2.2 Characterization of synthetic materials

Transmission electron microscope (TEM) images were obtained

on a Jeol EM-2010 microscope (Jeol Co.). N2 adsorption/

desorption isotherms at 77 K were performed using a micro-

meritics ASAP 2010 sorptometer (Micromeritics Co.). Powder

X-ray diffraction (XRD) patterns were obtained with an 18 kW

rotating anode X-ray generator (Rigaku Co.) and
1138 | Analyst, 2012, 137, 1137–1143
one-dimensional position sensitive detector (M. Braun Co.) using

Cu Ka radiation (l¼ 1.5418 �A) at a scanning rate of 4.00� min�1.

The dynamic light scattering (DLS) measurement of MMS-40

was performed on a Malvern particle size analyzer (Malvern,

UK). To measure the diameter, MMS-40 (1 mL, 0.1 mg mL�1)

solution was placed in a polystyrene cuvette and scanned for 9

min (three runs) to obtain one set of raw data for the effective

and most probable diameters. The average values for the diam-

eters were determined with at least three repeated measurements

per sample.
2.3 Synthesis of magnetic mesocellular silica (MMS)

Mesocellular silica was synthesized by modifying the reported

procedure.19 In a typical preparation, 9.8 g of triblock copolymer

pluronic P123 was dissolved in 200 mL of water containing 4.4

mL of concentrated acetic acid. Subsequently, 5.9 g of 1,3,5-tri-

methylbenzene was added and the resulting mixture was heated

to 60 �C with vigorous stirring for more than 2 h. Sodium silicate

(16 mL) diluted with 200 mL of water was poured into the

solution with vigorous stirring. The solution was reheated to 60
�C and aged for 20 h, followed by hydrothermal aging at 100 �C
for 24 h. After calcination at 550 �C under air to remove block

copolymers, mesocellular silica was obtained. To synthesize

mesocellular silica impregnated with 40 wt% magnetite, 6.97 g of

Fe(NO3)3$9H2O was dissolved in 80 mL of ethanol, followed by

addition of 2 g of mesocellular silica. The solution was stirred

until the solvent had been evaporated and the resulting powder

was heat-treated at 400 �C under a stream of argon (95%)/

hydrogen (5%). The resulting sample was denoted as MMS-40.

Mesocellular silica with 20 and 60 wt% magnetite were synthe-

sized via the same procedure described above but using different

amounts of Fe(NO3)3$9H2O (2.62 and 15.69 g). The resulting

samples were denoted as MMS-20 and MMS-60, respectively.
2.4 Preparation of the multi-catalyst system entrapping

galactose oxidase in MMS

Amixture ofMMS (10 mg) and 1.5 mL of Gal Ox (6 mgmL�1) in

a sodium phosphate buffer (10 mM, pH 6.5) was vortexed for 30

s, sonicated for 10 s, and incubated at room temperature with

shaking (250 rpm). After 1 h incubation for adsorption of Gal Ox

in MMS, the mixture was briefly washed with an aqueous buffer

(100 mM sodium phosphate, pH 8.0), and incubated in the same

buffer containing GA (0.1% w/w) at 200 rpm for 30 min. After

GA treatment, the mixture was washed briefly with a sodium

phosphate buffer (100 mM, pH 8.0) followed by capping of

unreacted aldehyde groups at 200 rpm for 30 min using a Tris–

HCl buffer (100 mM, pH 8.0). The sample was then washed once

with a sodium phosphate buffer (100 mM, pH 8.0), twice by

another sodium phosphate buffer (10 mM, pH 6.5), and stored at

4 �C in the buffer (10 mM sodium phosphate, pH 6.5). For an

adsorbed sample, fresh phosphate buffer (100 mM, pH 8.0) was

used instead of the GA solution.

The amount of protein leaching from the multi-catalyst system

into the supernatant was measured by using the BCA (PIERCE,

Rockford, IL) method.20 The final enzyme loading in the multi-

catalyst system was calculated from the difference between the
This journal is ª The Royal Society of Chemistry 2012
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amount of initially added enzyme and the amount in leached

solution.
2.5 Preparation of catalyst systems consisting of MNPs

covalently (Cov-Gal Ox) or physically (Phy-Gal Ox)

immobilized by Gal Ox without silica matrix

For covalent immobilization of Gal Ox on MNPs, amine groups

were first modified on MNPs by following the reported proce-

dure.21 Aminated MNPs (10 mg) were incubated in 1.5 mL of

0.1% GA solution (100 mM sodium phosphate buffer, pH 8.0)

for 1 h, and washed five times with the same buffer without GA.

The aldehyde-functionalized MNPs were then incubated in Gal

Ox solution (6 mg mL�1 in 10 mM sodium phosphate buffer, pH

6.5) for 1 h, and subjected to the same procedures as those used

for the multi-catalyst. Gal Ox was physically adsorbed on MNPs

following the same procedures with Cov-Gal Ox but using free

MNPs instead of aldehyde-functionalized MNPs.
2.6 Determination of galactose concentration using the multi-

catalyst system

Galactose detection was performed in a single tube by employing

the following procedure. The multi-catalyst (12 mL of 20 mg

mL�1) and 120 mL of the sample solution were added to 36 mL

sodium phosphate buffer (10 mM, pH 6.5) and incubated at 30
�C for 30 min. To this mixture, 24 mL of the colorimetric

substrate (60 mM ABTS) and 48 mL of sodium acetate buffer

(500 mM, pH 4.0) were added followed by incubation at 40 �C
for 10 min. After reaction, the multi-catalyst was removed from

the solution by application of a strong external magnetic field for

30 s giving a supernatant that was used to capture color images.

The supernatant (100 mL) was diluted with 900 mL of water for

the absorption spectroscopy measurement. Spectrophotometric

measurements were carried out in a scanning mode or at 417 nm

on a Cary 100 Conc UV-Visible spectrophotometer (Varian, CA)

equipped with a desktop computer for absorbance data

acquisition.

For the assay in a 96 well-plate, a mixture of 9 mL of multi-

catalyst (20 mg mL�1) and 90 mL of sample solution in 27 mL

sodium phosphate buffer (10 mM, pH 6.5) was incubated at 37
�C for 30 min. Into each well, 18 mL of ABTS (60 mM) and 36 mL

of sodium acetate buffer (500 mM, pH 4.0) were added followed

by incubation at 37 �C for 10 min. After reaction, the well-plate

was subjected to the same procedures as those used in a tube

detection using a Microplate reader (Molecular Devices, CA).

The operational stability of the galactose sensing system was

checked in aqueous buffer (10 mM sodium phosphate, pH 6.5) at

room temperature under non-shaking conditions. The initial and

residual activities at each time point were determined by

measuring the absorbance at 417 nm as described above. The

relative activity (%) was calculated by using the ratio of the

residual activity to the initial activity of each sample. Magnetic

reusability was measured after iterative cycles involving the

typical reaction using ABTS, magnetic capture, and excessive

washing (3 times) with aqueous buffer (10 mM sodium phos-

phate, pH 6.5). The excessively washed sample was reused for the

measurement of the residual activity. The relative activity (%) at
This journal is ª The Royal Society of Chemistry 2012
each cycle point was determined by using the ratio of the retained

activity to the initial activity.
2.7 Diagnosis of galactosemia from clinical dried blood spot

specimens

A standard curve was first constructed using reference samples

prepared by loading 20 mL solutions containing various

concentrations of galactose onto a filter paper disk (5/16 in. in

diameter, type 2992, Schleicher & Schuell). The filter papers

were dried overnight at room temperature and stored in

a zippered plastic envelope at 4 �C until use. Blood discs (3 mm

diameter) were punched from clinical samples, derived from

dried blood specimens of newborns at clinical hospitals. The

disks were placed into wells of the 96 well-plate. Artificial

galactosemia mimics were prepared by applying 10 mL galactose

solution containing higher levels of galactose than cutoff values

(80 mg L�1) of galactosemia onto the blood disc (3 mm diam-

eter). The concentrations of galactose in each blood disc

equaled the added galactose plus that present in the original

blood sample.12 The galactose concentrations of the blood discs

were determined by using an enzymatic galactose assay (Bio-

rad, UK) and then by analysis using a Microplate reader

(Molecular Devices, CA) according to the manufacturer’s

instructions and protocols.

The spot specimens (3 mm diameter), including standard,

control, artificial galactosemia mimics, and unknown real clinical

samples, were placed into the respective wells of the 96 well-plate.

To elute galactose adsorbed on the paper, samples were incu-

bated with 3% trichloroacetic acid for 1 h at room temperature

with moderate shaking. Then, 30 mL of each eluted solution was

transferred into another well and mixed with 60 mL of a mixture

comprised of 0.5 mL of sodium bicarbonate (1 M) and 1.5 mL of

sodium phosphate (10 mM, pH 6.5). The galactose concentration

in each solution (90 mL) was then determined by using the

procedure described in Section 2.6.
3. Results and discussion

3.1 Construction of the multi-catalyst system for colorimetric

quantification of galactose

The new nanoscale multi-catalyst system for galactose quanti-

fication consists of Gal Ox and MNPs, simultaneously entrap-

ped in large pore sized mesocellular silica (Fig. 1). For

construction of this system, MNPs were first incorporated in the

mesopores of silica by impregnation with Fe(NO3)3$9H2O fol-

lowed by heat treatment at 400 �C under an Ar/H2 atmosphere.

This procedure results in the formation of magnetic mesoporous

silica (MMS) containing 40 wt% magnetite to the weight of

silica matrix (MMS-40). XRD, DLS, and TEM analyses were

performed to gain insight into the structure of MMS-40. The

peaks in the XRD pattern of MMS-40 (Fig. S1, ESI†) heat-

treated at 400 �C matched those with the standard crystal

structure data of MNPs (JCDPS, no. 19-0629) and the size of

the MNPs formed within the matrix was determined to be 16

nm, as calculated using the Scherrer equation.22 Narrow particle

size distributions of MMS-40 around 700 nm were observed by

the DLS method (Fig. S2, ESI†). As seen in the TEM images
Analyst, 2012, 137, 1137–1143 | 1139

http://dx.doi.org/10.1039/C2AN15889B


Fig. 1 Schematic illustration of the multi-catalyst system for quantifi-

cation of galactose, entrapping both MNPs and Gal Ox in mesocellular

silica.

Fig. 2 (a) Photographs of the selective colorimetric detection of galac-

tose using the multi-catalyst system entrapping Gal Ox in MMS-40 and

(b) corresponding absorption spectra using ABTS as a substrate. Samples

including 5 mM galactose and other control substances such as glucose,

arabinose, lactose, and fructose were employed in this experiment.
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(Fig. 1 and S3, ESI†), a high fraction of vacant pores exist in the

MMS-40 which are available to accommodate enzyme mole-

cules. Gal Ox was subsequently immobilized in the MMS-40 by

employing the cross-linked enzyme aggregate (CLEA) method,

which has proven to be effective for preventing enzyme leaching

from the matrix.19,23 A final Gal Ox loading amount after

excessive washings was determined to be over 10 wt%, by using

a BCA assay.20 We also examined the effect of different

amounts of magnetite and the concomitant enzyme loading on

the sensing performance of target molecule using three MMSs

with different magnetite loadings (MMS-20, MMS-40, and

MMS-60). As the magnetite loading increased to MMS-40 and

MMS-60 from MMS-20, the respective Gal Ox loading amount

decreased to 11 wt% and 6 wt% from 13 wt%. This is due to the

higher pre-occupation of MNPs inside the silica restricting the

amount of immobilized Gal Ox. Studies of the colorimetric

reaction of ABTS to detect target galactose using multi-catalyst

systems prepared from MMS-20, MMS-40, and MMS-60

showed that the multi-catalyst system from MMS-40 has the

highest sensing activity even though the differences between the

systems were small (Fig. S4, ESI†). The results of these exper-

iments led us to select MMS-40 as a matrix for the immobili-

zation of Gal Ox in further efforts to develop a MMS-based

galactose biosensor.

To confirm that Gal Ox molecules are well immobilized inside

the mesopores of silica, nitrogen physisorption was carried out

on the multi-catalyst system containing Gal Ox and a control

consisting of bare MMS without enzyme (Fig. S5, ESI†). By

employing this procedure, the BET specific surface area, single

point pore volume, and pore size were determined to be 273 m2

g�1, 1.34 cm3 g�1, and 38.7 nm, respectively, for MMS without

Gal Ox, and 197 m2 g�1, 1.01 cm3 g�1, and 32.8 nm, respectively

for the MMS containing immobilized Gal Ox (Fig. S5, ESI†).

The decrease observed in the three parameters by 15–28%

confirms that Gal Ox molecules are located inside the silica

pores.
1140 | Analyst, 2012, 137, 1137–1143
3.2 Analytical capabilities of the multi-catalyst system:

specificity, linearity, sensitivity, and precision

We envisioned that the nanostructured material obtained by

entrapping Gal Ox in MMS would serve as an efficient colori-

metric galactose biosensor system capable of being used for

diagnosing galactosemia. In this multi-catalyst system, Gal Ox

generated H2O2 by catalyzing the oxidation of galactose, which

subsequently activates the MNPs to convert a selected substrate

into a colored product (Fig. 1). The peroxidase-like activity of

MMS-40 was also proven to be higher than that of free MNPs

due to the well-dispersed immobilization of MNPs whereas free

MNPs are prone to aggregation.15 To achieve maximal sensing

performance of the multi-catalyst system, various reaction

parameters including buffer system (pH, composition, and ionic

strength), reaction time, and the amount of reagents (multi-

catalyst and ABTS) were tested and optimized to find the optimal

reaction conditions for the detection of target galactose (Fig. S6,

ESI†). We also prepared two other catalyst systems by immo-

bilizing Gal Ox directly onto the MNPs without the silica matrix.

For the directly immobilized systems, Gal Ox was covalently

immobilized (Cov-Gal Ox) or physically adsorbed (Phy-Gal Ox)

on MNPs. The loading capacity of Gal Ox onto the MNPs was

below 3 wt% with the two control systems, a value that is much

lower than that of the multi-catalyst in MMS-40 (11 wt%).

Consequently, the respective volumetric activities of Cov-Gal Ox

and Phy-Gal Ox were only 30% (Fig. S7, ESI†), when they were

employed in the colorimetric reaction of ABTS to detect target

galactose. The results clearly indicate that the silica matrix is

essential in order to achieve desired performance of the multi-

catalyst system.

The analytical capability of the multi-catalyst system for

quantitative detection of galactose in samples was assessed. By

utilizing the simple colorimetric reaction and ABTS as the

substrate (Experimental), galactose was detected through

observation of the development of a vivid color change to green

and a corresponding absorption spectral change in 40 min

(Fig. 2). In contrast, no significant colorimetric change and

absorption band development were observed for negative control

samples, such as those containing glucose, arabinose, and fruc-

tose. This finding demonstrates that the sensor has excellent

specificity only toward galactose. In the case of lactose, however,

a considerable signal is detected, which is consistent with the fact

that Gal Ox exhibits significant catalytic activity for this carbo-

hydrate.24 The undesirable reactivity of lactose should not

interfere with galactose detection because lactose is efficiently
This journal is ª The Royal Society of Chemistry 2012
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cleaved to form glucose and galactose by the enzyme lactase

found in humans. As a result, lactose does not exist in an

appreciable quantity in human blood.25

From analysis of a dose–response curve for the multi-catalyst

system, the limit of detection (LOD) for galactose was deter-

mined to be as low as 5 mg L�1 with a linear range from 10–200

mg L�1 (Fig. S8, ESI†). The LOD is 10 times lower than those of

previously reported enzyme catalysis-based colorimetric detec-

tion methods for galactose.12–14 Considering that the galactose

cut-off value in the blood of patients with galactosemia is about

80 mg L�1, the new sensor system is sufficiently sensitive to

distinguish between diseased and normal patients. Owing to the

fact that in this convenient strategy galactose quantification is

associated with generation of a visible color or a spectroscopi-

cally detected absorption change, like that employed in

a conventional ELISA method, the multi-catalyst system is

applicable to a microscale well-plate format with a multiplex

analyzing capability. As a result, multiple samples containing

galactose at various concentrations were simultaneously

analyzed in the same manner based on visible images along with

corresponding absorption spectral changes (Fig. 3a and b). The

well-plate format also displays excellent linearity in quantifica-

tion of galactose up to 200 mg L�1 (Fig. 3c), an ideal range for

diagnosis of galactosemia.

The precision of analysis in a well-plate format was assessed by

employing within- and between-analytical assays using several

galactose concentrations (50, 100, and 200 mg L�1). For this

purpose, the coefficient of variation (CV) and recovery rate ([CV

(%) ¼ SD/average � 100] and [recovery (%) ¼ measured value/

expected value � 100]) were determined. The within- and

between-assay variations were determined by using the results of

three parallel experimental set-ups for each sample carried out

over a 3 d period. The finding that the within- and between-assay

CVs are less than 8% and the recovery rates vary from 99–103%

in all experimental datasets show that the expected galactose

concentrations can be determined with excellent precision (Table

S1, ESI†). All of the results were found to be within an acceptable

range when compared with those reported using currently used

methods,9,10,12 ensuring the reliability and reproducibility of this

strategy.
Fig. 3 Linearity of the multi-catalyst system for the quantification of

galactose in a well-plate format. (a) Photographs of linear colorimetric

detection for galactose and (b) corresponding absorption spectra using

ABTS as a substrate. (c) Linear calibration plot. The error bars represent

the standard deviations of three independent measurements.

This journal is ª The Royal Society of Chemistry 2012
3.3 Magnetic reusability and stability

The new multi-catalyst system was designed to enable easy

separation and reuse of the MNPs by employing a simple

external magnetic field strategy. The regeneration capability of

the multi-catalyst system was assessed and compared with that of

the adsorbed Gal Ox in MMS (Ads-Gal Ox) to investigate the

effect of CLEA immobilization on the prevention of enzyme

leaching from the silica. Magnetic capture of the multi-catalyst

system, carried out in a simple and rapid manner, results in

capture of the entire system within a 30 s time frame (Fig. 4a).

Importantly, the original activity of the system was almost

completely retained over 20 iterative cycles. In contrast, the Ads-

Gal Ox in MMS lost about 60% of its initial activity after 20

cycles (Fig. 4b) as a consequence mainly of continuous enzyme

leaching from the matrix.

The prevention of enzyme leaching achieved by employing the

CLEA method also led to enhanced long-term operational

stability, as the results in Fig. 4c show. During 20 d operation at

room temperature under non-shaking conditions, no significant

activity decrease was observed with the multi-catalyst system,

whereas Ads-Gal Ox entrapped in MMS and free-Gal Ox in the

presence of MMS displayed significant losses of activities (60%

and 80%, respectively). We assume that, along with the preven-

tion of the leaching, limited protein unfolding within the

confined nanostructure also contributes to this remarkably

enhanced stability.23
3.4 Diagnosis of galactosemia using clinical blood samples

The most promising application of the new strategy for the

quantification of galactose is the diagnosis of galactosemia, one

of the metabolic disorders associated with the high levels of

galactose in human blood.1,3,4 Currently, the diagnosis of

galactosemia involves the use of special filter paper, which is

employed to adsorb a trace amount of blood from the foot of

a newborn baby. As a result, we evaluated the clinical
Fig. 4 Magnetic reusability and stability of the multi-catalyst system. (a)

Pictures showing that magnetic separation takes place in 30 seconds. (b)

Relative activity during 20 iterative cycles of galactose sensing, magnetic

capture, and excessive washing using a magnet. (c) Long-term stability.
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Table 1 Detection precision of the multi-catalyst assay system in a well-
plate format for the determination of galactose levels in dried blood spot
specimens

Sample 1 Sample 2 Sample 3

Expected galactose/mg L�1 24 46 89
Within-assay
Averagea/mg L�1 25.0 46.3 90.5
SDb 1.52 3.05 3.00
CVc (%) 6.1 6.6 3.3
Recoveryd (%) 104.1 100.7 101.6
Between-assay
Average/mg L�1 25.3 47.5 90.2
SD 1.42 3.32 3.60
CV (%) 5.6 7.0 4.0
Recovery (%) 105.2 103.3 101.3

a Mean of three independent measurements. b Standard deviation of
three measurements. c Coefficient of variation. d Measured value/
expected value � 100.

Pu
bl

is
he

d 
on

 1
9 

Ja
nu

ar
y 

20
12

. D
ow

nl
oa

de
d 

by
 M

on
as

h 
U

ni
ve

rs
ity

 o
n 

02
/0

7/
20

13
 1

8:
10

:1
8.

 

View Article Online
applicability of the multi-catalyst system to diagnose galacto-

semia by determining the concentration of galactose eluted from

the dried blood specimens provided by clinical hospitals.

Following the procedures described in Experimental, the

concentrations of galactose of three independent blood speci-

mens were determined and their detection precisions were
Fig. 5 Colorimetric quantification of galactose in dried blood specimens

to diagnose galactosemia. (a)Measurement of different levels of galactose

in dried blood specimens representing normal and patients with galacto-

semia. Inset graph shows the standard curve of the multi-catalyst system

for galactose adsorbed on filter paper specimens. (b) Real images showing

the colorimetric signal corresponding to each measurement in (a).
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evaluated (Table 1). The within-assay precision was determined

from the results of at least three parallel experimental datasets

and the between-assay was performed by quantifying galactose

for each sample over 3 d. The recovery rates of the within- and

between-assays were found to be in the ranges of 100.7–104.1%

and 101.3–105.2%, respectively, verifying the excellent precision

of the assay system. When compared with currently used

methods,9,10,12 the reproducibility of the new galactose assay

system is in an acceptable range as demonstrated by the fact that

the CVs of all experimental datasets are less than 7%.

Finally, the diagnostic capability of the new method was

utilized to determine normal (24 mg L�1, 74 mg L�1) and patient

levels (174 mg L�1, 374 mg L�1) of galactose in blood specimens.

Dramatic differences were observed in colorimetric signals for

blood specimens derived from normal and patient samples

(Fig. 5). In all cases, galactose in the blood specimens were

quantified with excellent precisions yielding CVs in a range of

2.5–6.7% and recovery rates from 93–104% (Table S2, ESI†).

These observations show that the galactose assay using the multi-

catalyst system should serve as a promising analytical tool to

diagnose galactosemia in clinical settings.
4. Conclusions

In the investigation described above, a nanostructured multi-

catalyst system, consisting of galactose oxidase and Fe3O4

magnetic nanoparticles simultaneously entrapped in large pore

sized mesocellular silica, was shown to be an excellent colori-

metric sensor to detect and determine the concentrations of

galactose. The system displays excellent specificity, linearity, and

sensitivity for galactose quantification and it has a high stability

along with magnetic reusability. Its use in a well-plate format

endows the system with parallel analysis capabilities that were

successfully demonstrated by precisely determining galactose

concentrations in human dried blood spot specimens. Finally,

the multi-catalyst based galactose sensor should serve as

a powerful method to detect galactose as part of the diagnosis of

galactosemia in newborn babies.
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