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ATP is present in all living cells; hence, the ATP level on a
surface or in a medium is a useful indicator of biological
contamination that is either of human or bacterial origin. A prevalent
method for detection of ATP is via bioluminescence using the ATP-
dependent luciferase-luciferin reaction.1 In solution, detection limits
of 10-15 g (ca. 1 amol) of ATP can be achieved, corresponding to
a single bacterial cell.2,3 However, when used in solution, luciferase
is unstable and cannot be reused.4 Most of the methods developed
thus far to immobilize luciferase involve the covalent attachment
of firefly luciferase (FL) to a solid support, which is generally
accompanied by a substantial loss in enzyme activity.5 Retention
of high levels of enzyme activity in relation to solution was achieved
by Filippova et al. through the immobilization of FL on film
carriers.6 However, the retention of FL activity in the membrane
was only about 10% after several washes.

One approach that has been used to immobilize a number of
proteins has been entrapment in inorganic glasses formed by the
sol-gel processing method.7 However, in cases where either low
pH or high alcohol levels destabilize proteins, encapsulation can
result in a substantial loss of biological function8 and can cause
significant structural changes in proteins immediately upon entrap-
ment and as the materials age.9 It is worth noting that active FL
has not been entrapped in sol-gel-derived materials, although other
bioluminescent proteins such as aequorin have been entrapped in
high water content silica materials.10

In this work, we have prepared sol-gel precursors that are based
on covalent linkage ofD-gluconolactone orD-maltonolactone to
(aminopropyl)triethoxysilane to formN-(3-triethoxysilylpropyl)-
gluconamide (GLTES) orN-(3-triethoxysilylpropyl)maltonamide
(MLTES).11 Hydrolysis and condensation of these species, along
with diglycerylsilane, results in a material that has nonhydrolyzable
sugar moieties covalently bound into the silica network.

Figure 1 shows the relative activity of FL in materials derived
from TEOS, evaporated TEOS (EvTEOS),12 sodium silicate (SS),13

and diglycerylsilane (DGS)14 that contain either a soluble sugar
(AllylGL) or covalently bound GLTES or MLTES (experimental
procedures are provided in the Supporting Information). EvTEOS,
SS, and DGS were chosen since they are all commonly used
biocompatible precursors for sol-gel synthesis. TEOS was selected
since it has been widely employed for protein entrapment. No FL
activity was detected in any of the unmodified silica-derived
materials, including DGS-derived glasses. However, there was
substantial enzymatic activity observed for sugar-modified SS- and
DGS-derived silica containing 10-20 mol % of GLTES or MLTES.
Interestingly, adding GLTES to TEOS had no beneficial effect,
showing that the ethanol liberated from TEOS denatures FL even

when GLTES is present. Thus, the data show that both a
biocompatible precursor and a covalently bound sugar are needed
to achieve activity for FL. It must be noted that such materials are
the first sol-gel-based bioencapsulates to show any appreciable
FL activity. Similar increases in activity in the presence of GLTES
and MLTES were also observed for entrapped urease and Factor
Xa (see Supporting Information).

The covalent incorporation of gluconamide or maltonamide into
the silica matrix results in a material that shows less shrinkage (15%
v/v for DGS/GLTES, 70% v/v for DGS, 85% for TEOS or SS after
drying), larger pore diameters (7.3 nm for DGS/GLTES, 4.6 nm
for DGS, 2.6 nm for TEOS or SS after drying), and higher enzyme
activity than alkoxysilane- or DGS-derived materials.11b,12 To
demonstrate the importance of covalently tethering the sugar to the
silica, assays were performed in TEOS-, SS-, and DGS-derived
materials that had free allylGL (0.1 mole ratio); such materials did
not show any enzymatic activity. The results show that only
covalently tethered sugars lead to improved enzyme activity,
indicating that it is not direct effects of the sugars on the enzyme
that are most important, but rather the effect of the sugars on the
structure of the material (i.e., degree of cross-linking and pore size)
that result in improved FL activity. It is also likely that the coverage
of the silica pore surface with nonhydrolyzable sugars may reduce
adsorption of protein onto the silica surface, thus reducing the
tendency for protein denaturation.

Figure 2 shows the variation in catalytic efficiency with the reuse
for firefly luciferase entrapped in a 0.2 mol:mol GLTES/DGS gel.
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Figure 1. Relative activity of FL entrapped in a range of silica materials,
showing significant activity only in sugar-derived silica glasses. All sugar-
derived glasses contain 20 mol % of the sugarsilane.
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The initial KM values of the enzyme entrapped in 0.2 mol:mol
GLTES/DGS materials in relation to luciferin and ATP were 4.9
( 1.3 and 5.2( 0.4µM, respectively, just slightly higher than the
corresponding values in solution, 2.4( 0.2 and 3.4( 0.1 µM.
This result shows that the accessibility of substrates to the enzyme
in the sugar-modified sol-gel-derived silica was relatively high.
Our results also demonstrate higher accessibility of the substrates
to the enzyme in relation to the data reported for other immobiliza-
tion methods. For example, theKM values for luciferin and ATP in
a system where the FL was covalently immobilized in agarose beads
were 12.5 and 177.3µM, respectively;5f in epoxy methacrylate the
values were 89 and 6.6µM;5d and in sepharose the values were
5.5 and 300µM, respectively.5a

As shown in Figure 2, the kinetic parameters of the entrapped
enzyme were highly stable after reusing the gel in catalytic reactions
over five cycles. There was no enzymatic activity in the washing
solution before the assay, which rules out leaching of the enzyme
from the gel as the source of the activity. The increase in catalytic
efficiency of the encapsulated enzyme after the first use is not fully
understood, but has been observed previously for enzymes en-
trapped in silica.14 It is possible that during the drying of the gel,
part of the enzyme became highly adsorbed to the silica surface.
The interaction with at least one of the substrates during the first
catalytic cycle may change the conformation of the enzyme,
releasing it to the void volume of the pores and making the protein
available for both substrates in the second catalytic cycle. We cannot
exclude the possibility that a fraction of the luciferin remained in
the gel after the first catalytic cycle. After five catalytic cycles,
both Km and kcat decreased, leading to an increase inKm/kcat for
luciferin.

Figure 3 shows the use of the FL-DGS/GLTES system as a
sensor with high sensitivity toward ATP detection. We were able
to measure a concentration as little as 1 pM ATP, which means a
quantity of 20 amol ATP in our detection volume of 20µL (S/N
) 3). This corresponds to the total quantity of ATP in about 20
cells. Similar values of ATP detection with immobilized FL have
been reported elsewhere.5d,6 However, this is the first time FL has
been encapsulated in a sol-gel system in a reusable format, and
hence, this work paves the way for further development of
organically modified glasses with higher sensitivity and higher

retention of enzyme activity, which may push detection limits to
even lower levels.
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Figure 2. Variation in catalytic efficiency with reuse for firefly luciferase
entrapped in a 0.2 mol:mol GLTES/DGS gel.

Figure 3. Sensitivity toward ATP of FL entrapped in 0.2 mol:mol GLTES/
DGS. Errors represent RSD over three replicates. The value of the blank
was 760( 5 cps.
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