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Enzyme and antibody entrapment by sol-gel process- 
ing has received increased attention in recent years.1-8 
A sol-gel matrix offers several advantages for biomol- 
ecule entrapment and the development of new chemical 
biosensors: inherent low-temperature processing condi- 
tions, simplicity, tunable porosity, chemical inertness, 
and negligible swelling of the final glass ma t r i~ .~ - l l  To 
date, silicon alkoxide precursors have been most exten- 
sively studied because they are inexpensive and exhibit 
relatively slow overall reaction kinetics. Thus, one can 
readily prepare silica sol-gels that are doped with a 
wide variety of reagents (e.g., chemical recognition 
elements) and tune the characteristics of the final glass 
matrix by adjusting the processing conditions (pH, 
precursor ratios, etc.).l-16 
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In this paper, we report a new sol-ge1:enzyme:sol- 
gel sandwich architecture based on the enzyme urease 
(hexamer, MW = 590 000) encapsulated between two 
sol-gel-derived thin films. The new film architecture 
is used as a sensing element for the quantification of 
urea. The activity, detection limits, linear dynamic 
range, preparation repeatability and performance, stor- 
age and operation stability, and response time of this 
new sensor platform are characterized. The response 
of the new sensing element is followed by using the well- 
known complexation of Nessler's reagent (K~Hg~14) with 
ammonia produced by the enzymatic hydrolysis of 
urea.I7 The key reactions are the following: 

NH2CONH2 (urea) + H20 - 2NH3 + CO, 

2NH3 + 2Hg"I;- - NH,Hg213 (Amm = 405 nm) + 
(catalyzed by urease) 

NH4+ + 51- 

Urease catalyzes the hydrolysis of urea to  produce 
ammonia which in turn reacts with Nessler's reagent 
to  form a colored product. By following the absorbance 
of the colored product at 405 nm, urea can be quanti- 
fiedl* and the analytical performance of the new sand- 
wich architecture is determined. 

A stock sol-gel solution was prepared by mixing 4.5 
mL of TEOS (tetraethoxysilane), 1.4 mL of H20, and 100 
p L  of 0.1 M HC1 in a glass vial. Mixing was terminated 
after a clear solution was formed (3 h). The sol-gel: 
urease:sol-gel sandwich films were prepared on glass 
slides. Prior to film preparation, the glass slides were 
soaked in concentrated HN03 for 2 h and then rinsed 
with copious amounts of distilled-deionized water. The 
slides were wetted with n-propyl alcohol prior to initial 
film casting. The thin films were then formed by spin 
coating (3000 rpm for 30 s) onto the substrate using 200 
pL of the appropriate sol-gel solution. The lower film 
was produced from a 1:2 dilution of the sol-gel stock 
solution with methanol. After drying under ambient 
conditions for 6 h, the film was cured for 10 min at 200 
"C. After removal from the oven, the film was kept in 
air at room temperature for 30 min. The final film 
thickness was 0.30 pm (determined using a surfometer, 
Model SF 200; Planner Industrial). Twenty-five micro- 
liters of a 10 mg/mL urease (Sigma; 69 000 pM units/g 
of solid) solution was then spread onto the sol-gel- 
coated substrate. The urease-coated film was then kept 
in the refrigerator at 4 "C. After 24 h, a diluted stock 
sol-gel solution (1:4, sol-gel stock:water) was spun cast 
on top of the sol-ge1:urease surface to form a 0.10-pm- 
thick upper film to complete the sol-ge1:urease:sol-gel 
sandwich film. All films were stored dry a t  4 " C .  

After preparing the sol-ge1:urease:sol-gel films, we 
began our characterization by testing for enzymatic 
activity. Toward this end, films were placed in a test 
tube that contained 10 mL of Tris buffer (0.01 M, pH = 
7.0) and incubated at 30 "C for 15 min. Urea (Ul- 
traSigma, Sigma) was then added to the test tube. After 
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Figure 1. Normalized W-vis absorbance spectra resulting 
from the reaction of the new sol-ge1:urease:sol-gel sandwich 
film (-1 and native urease (- - -1 to Nessler’s reagent and 10 
mM urea. 

15 min, the film was removed and 1 mL of Nessler’s 
reagent (Qualigens, Glaxo India Ltd.) was added to the 
test tube and the total volume of liquid in the test tube 
increased to 20 mL with distilled-deionized water. This 
solution was subsequently diluted 1:lO with water and 
the absorbance read at 405 nm. Blanks were run under 
identical conditions using sandwich films fabricated 
with bovine serum albumin in place’of urease. 

Figure 1 shows typical normalized absorbance spectra 
that result after 10 mM urea is exposed to a 7-day-old 
sol-ge1:urease:sol-gel film (-1 or native urease (- - -1 
and treated subsequently with Nessler’s reagent. The 
results illustrate two key points. First, urease is clearly 
active within the sol-gel sandwich film architecture. 
Second, there is little spectral dissimilarity, suggesting 
no unusual behavior of the enzyme in the sol-gel 
matrix. 

We tested for urease leaching by storing a sol-gel: 
urease:sol-gel film in Tris buffer for 3 days and assay- 
ing (urea and Nessler’s reagent added) the solution for 
urease. No detectable urease was found in the buffer. 
This suggests that the sol-gel sandwich scheme is a 
good, stable matrix in which to entrap enzymes like 
urease. Of course, it is also possible that any urease 
that may have leached from the film is inactive. 

We next investigated the response of the sol-gel: 
urease:sol-gel films to varying concentrations of urea. 
Figure 2 presents a typical calibration curve for urea. 
The linear range covers the physiological concentration 
of urea found in bloodlg and detection limits were on 
the order of 0.5 mM. 

One of the key features of any viable biosensor is a 
rapid response to analyte. Sol-gel-derived chemical 
sensors have been previously fabricated for quantifica- 
tion of 0 2 1 5  and N H P  and exhibit response times on 
the order of 5-10 s. However, these sensor schemes 
operated in the gas phase only and one16 required 
processing at 150 “C. Many enzymes like urease cannot 
survive such harsh processing conditions. 

Any real biosensor is required to  respond rapidly in 
aqueous media. To date, one of the key problems 
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Figure 2. Photometric calibration (d = 405 nm) curve using 
a sol-ge1:urease:sol-gel film (aged for 7 days) on exposure to  
varying concentrations of urea and identical amounts of 
Nessler’s reagent. 
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Figure 3. Absorbance (405 nm) vs time profile for a sol-gel: 
urease:sol-gel sandwich film on exposure to Nessler’s reagent 
and 20 mM urea. 
associated with the use of sol-gel-derived chemical 
sensors in liquids is the slow response time.3,4s20p21 For 
example, the response time of sol-gel monoliths con- 
taining glucose oxidase, peroxidase, and an oxidizable 
dye to P-D-glucose was approximately 1 h.3 Lev et a1.20 
reported that 1,lO-phenanthroline, encapsulated within 
sol-gel-derived disks, responded to Fez+ in 1-24 h. 
Kurokawa et al.596 demonstrated urease activity in 
ZrO2- and TiOz-cellulose composites, but (in the only 
system reported) response times were more than 30 
min. 

In the present work, we attempt to  alleviate this 
shortcoming by using a thin-film sandwich architecture 
that provides one simultaneously with high levels of 
active enzyme and rapid diffusion. The analytical 
response vs time profile of our urease sandwich film to 
an aqueous urea sample is shown in Figure 3. The 
response is 85% of the maximum value in approximately 
10 s. These results suggest fast diffusion of urea into 
and ammonia out of the sol-gel sandwich architecture. 

(20) Lev, 0.; Kuyavskaya, B. I.; Gigozin, I.; Ottolenghi, M.; Avnir, 
D. Fresenius J. Anal. Chem. 1992,343, 370. 

(21) Braun, S.; Shtelzer, S.; Rappoport, S.; Avnir, D.; Ottolenghi, 
M. J. Non-Cryst. Solids 1992, 147, 739. 

(22 )  Biosensors: Fundamentals, Technologies, and Applications; 
Scheller, F., Schmid, R. D., Eds.; VCH: Weinheim, Germany, 1992, 
pp 159-174. 



1598 Chem. Mater., Vol. 6, No. 10, 1994 Communications 

Table 1. Comparison of the New Sol-Gel:Urease:Sol-Gel Film Sensor Platform to Representative Urease-Based 
Biosensors or Urease Immobilization Schemes 

composition of response detection storage run-to-run activity 
matridsupport time limits stability stability vs native ref 

TiOz-cellulose 130  min ND few weeks N P  ND 5 
T i 0 2  ND ND few weeks ND ND 5 
ZrOz-cellulose ND ND ND 100 i 20%" 10% 6 
antimony-based NH3 electrode 30-45 s 0.1 mM 1-2 daysb ND ND 23 
avid-biotin-silica 70 s 0.1 mM <1 week ND 6% 24 
collagen films 2 7  min 0.2 pM ND ND ND 25 
poly(viny1 alcohol) 2 min 0.1 mM 28 daysC 1-5% RSD ND 26 
silanized silica ND ND >168 h (25 "C) ND 88% 27 

> 1 h (100 "C) ND 88% 27 
21 h (100 "C) ND 100% 28 

Relative activity compared to  initial preparation (20 replicates). Due to enzyme leaching. 14% decrease in response over this time 

this work sol-gel sandwich 10 s 0.5 mM 2 6  weeks 3.9% RSW 12% 

period. Response drops after the 5th replicate to 50% of original value. e ND: not determined or not reported. 
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Figure 4. Reproducibility and  stability of sol-gel:urease:sol- 
gel films. (A) Response of five different sol-ge1:urease:sol- 
gel films (prepared under identical conditions) to Nessler's 
reagent and  6 mM urea.  (B) Response of the  same sol-gel: 
urease:sol-gel film to replicate samples containing 6 mM urea 
and  Nessler's reagent. 

Another issue associated with any chemical sensing 
platform is the reproducibility of the preparation scheme. 
Figure 4A shows the response (to 6 mM urea) of five 
replicate sol-ge1:urease:sol-gel films. The recovered 
RSD is 2.1%. We also investigated the response of a 
single sol-ge1:urease:sol-gel film to successive urea 
determinations (Figure 4B). The response remains 
moderately constant for the first five replicates (RSD 
= 3.9%) but decreases by approximately 50% after the 
sixth determination. We speculate that because each 
assay requires incubation of the film at 30 "C, the 
decrease in response is a result of temperature-induced 
loss in the urease activity. We have confirmed that 
temperature has an affect on the sensor performance 
and note that a film stored for 2 h at 30 "C in buffer is 

only 75 f 3% as active as a similar film stored at 4 "C. 
The urease entrapped within our thin-film architecture 
remained active ('95% of original activity) for at least 
6 weeks if stored at 4 "C. 

Finally, there have been many urease-based urea 
sensors reported in the literature,22 and it is reasonable 
to  compare our scheme to previous designs. Table 1 
present a summary of the performance characteristics 
of several representative sensor  h he me^^^^^^^-^^ and the 
new sol-gel sandwich scheme. Although the current 
detection configuration is far from optimized, it is 
comparable to previous schemes in terms of detection 
limits. Activities are comparable to the majority of 
other urease sensor schemes. When compared to previ- 
ous sensor platforms, the new sensor film exhibits a 
combination of more rapid response, high storage stabil- 
ity, good run-to-run stability, simplicity in fabrication, 
does not involve any chemical modification of the 
substrate or enzyme, and does not require secondary 
organic codopants. 

Acknowledgment. This work was supported in part 
by the National Science Foundation (CHE-9300694). 
The work at the Photonics Research Laboratory was 
supported in part by the National Science Foundation 
(DMR-9213907) and by the office of Innovative Science 
and Technology of BMDO and the Air Force Office of 
Scientific Research, Directorate of Chemistry and Ma- 
terials Science, through Contract F49620-90-C-0053. We 
would also thank Dr. E. S. R. Gopal, Director, National 
Physical laboratory, New Delhi, India for his keen 
interest and encouragement during this work. The 
work at the National Physical Laboratory was sup- 
ported by the Department of Science and Technology, 
India under their sponsored project (No. F121/TSD/DST/ 
89). A.K. and N.D.K. wish to  thank the council of 
Scientific and Industrial Research, India for financial 
assistance. 

(23) Joseph, J. P. Anal. Chim. Acta 1986, 169, 249. 
(24) Luo, S.; Walt, D. R. Anal. Chem. 1989, 61, 1069. 
(25) Mikkelsen, S. R.; Rechnitz, G. A. Anal. Chem. 1989, 61, 1737. 
(26) Narinesingh, D.; Mungal, R.; Ngo, T. T. Anal. Chim. Acta 1991, 

(27) Kallury, K. M.; Lee, W. E.; Thompson, M. Anal. Chem. 1992, 

(28) Kallury, K. M.; Lee, W. E.; Thompson, M. Anal. Chem. 1993, 

249, 387. 

64, 1062. 

65, 2459. 


