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Selective Deposition of Biocompatible Sol-Gel Materials
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Abstract. An aqueous sol-gel route has been developed for electrochemically controlled deposition onto micro
and nanofabricated electrodes. TEOS and MeTEOS were hydrolyzed under acidic conditions, and alcohol products
were removed by distillation. The resulting clear sol has a hydrolysis ratio between 40 and 45. Following hydrolysis,
pH was raised to 5.0 with addition of potassium hydroxide. At room temperature, this sol is stable for approximately
30 min. Gelation can be electrochemically induced at cathodic surfaces by locally increasing pH. Films of significant
thickness and durability have been formed within seconds of deposition at −1.0 V. Selective deposition has been
demonstrated on platinum microelectrodes. Furthermore, proteins and other biological species can be incorporated
into this aqueous route due to mild pH, ionic, and temperature conditions. Proteins such as bovine serum albumin have
been successfully entrapped in electrodeposited gel, while smaller molecules such as fluorescein have been observed
to diffuse through the pores. This sol-gel electrodeposition process is ideal for device fabrication, particularly in the
field of electrochemical biosensors.
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1. Introduction

Previous sol-gel deposition has relied either on non-
selective techniques, which coat an entire substrate, or
techniques that require harsh solution conditions such
as extremes of pH, ionic strength, or the use of organic
solvents. Dip coating, spin coating, aerosol spraying,
screen printing, ink-jet printing, and electrophoretic
deposition have all been used to deposit sol-gel ma-
terials, and some have found use in biosensor fabrica-
tion [1, 2]. The work presented in this paper was based
upon a particular sol-gel electrodeposition technique
that utilizes low voltages for base-catalyzed conden-
sation [3]. Despite the variety of deposition tech-
niques available, sol-gel routes have traditionally not
met the requirements for both selective deposition and
bioencapsulation.

A major problem separating sol-gel production and
biocompatibility has been the use of alkoxide precur-
sors and organic solvents. Alkoxide precursors yield al-
cohol byproducts of hydrolysis and condensation, and
it has been known that excessive amounts of alcohol
or other organic solvents can be detrimental to the ac-
tivity of biomolecules and the viability of whole cells
[4, 5]. Only recently have sol-gel routes been adapted
to avoid organic solvents and remove alcohol prior to
bioencapsulation [6, 7].

While sol-gel bioencapsulation has been studied ex-
tensively in the past decade, there is still a need for
selective deposition at features of diminishing size. Re-
cent reviews have stated that interfacing microfabrica-
tion with sol-gel technology will greatly enhance the
development of new analytical devices [8, 9]. The re-
search presented in this paper demonstrates bioencap-
sulation at microscale electrodes by electrodeposition
of sol-gel films.

2. Materials and Methods

A sol-gel route of acid hydrolysis with a high hy-
drolysis ratio was used in order to obtain a sta-
ble aqueous sol from alkoxide precursors. Fifteen
milliliters of Tetraethyl orthosilicate (TEOS) (Aldrich)
was added to 60 mL of 0.05 M HNO3 heated to 85◦C.
2 mL Methyltriethyloxysilane (MeTEOS) (Aldrich)
was subsequently added, and the solution was suf-
ficiently stirred to mix reactants so that the solu-
tion became optically clear. A temperature controlled
hotplate was set at 95◦C and solution temperature
was observed to gradually increase as alcohol from

hydrolysis was boiled off. Distilled water was added
to maintain volume. Total heating time was approxi-
mately 45 min. The solution was allowed to cool to
room temperature before partial neutralization and sub-
sequent electrodeposition.

Following removal of alcohol, the solution had a vol-
ume of approximately 60 mL and a pH between 1.5 and
2.0. The solution was divided into 20 mL aliquots for
partial neutralization with potassium hydroxide. Ap-
proximately 2 mL of 0.5 N KOH was used to raise the
pH close to 5.0 prior to electrodeposition. A solution
at pH < 2 was observed to be stable for days, but gela-
tion could be induced immediately if pH was increased
above 7. At pH 5, the solution used in this research re-
mained liquid for 30–60 min at room temperature. This
bulk gelation time was found to be suitable for elec-
trodeposition, which could be completed in less than
60 s. The final deposition solution had an ionic con-
centration of 0.0645 M (K+ and NO−

3 ), and a H2O:Si
molar ratio of approximately 45.

Electrodeposition was demonstrated on both
stainless steel substrates (1 cm2) and platinum
microelectrodes (50 µm × 50 µm pads, 10 µm wide
lines). Stainless steel experiments used a platinum
mesh counter electrode and 20 µL of solution, and
microelectrode experiments used a symmetrical plat-
inum counter electrode and 250 µL of solution. In
both cases, a saturated calomel electrode (SCE) was
used as a reference. Electrochemical experiments were
performed with a DLK-60 Electrochemical Analyzer
(Perkin-Elmer).

For bioencapsulation experiments, proteins or cells
were added to the deposition solution after the pH
had been raised to 5.0. Bovine serum albumin (BSA)
BODIPY

©R
FL conjugate (Molecular Probes), acid

phosphatase (from wheat germ) (Sigma), and alka-
line phosphate (from shrimp) (Sigma) were used
for protein entrapment experiments. An ELF

©R
97

Endogenous Phosphatase Detection Kit (Molecular
Probes) was used to detect activity of entrapped phos-
phatase enzymes. Escherichia coli were used for whole
cell entrapment experiments, and polyethylene gly-
col (PEG) (MW 400) (Aldrich) was dissolved in the
deposition solution prior to the addition of bacteria.
PEG was expected to increase the pore size of the
sol-gel material and consequently increase the sur-
vival rate of entrapped cells [7]. A LIVE/DEAD

©R

BacLightTM bacteria viability kit (Molecular Probes)
was used to test the survival of cells trapped in elec-
trodeposited films.
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3. Results and Discussion

Electrodeposition was characterized by studying the
effects of voltage and deposition time on the thickness
of deposited films. Film thickness was measured by
an optical depth-of-field technique on stainless steel
substrates. Gel deposition was observed at voltages
from −0.4 V to −1.0 V. There was no gel observed on
the stainless steel substrates at voltages smaller than
−0.4 V. At voltages of −1.1 V or more, bubbles were
formed at the working electrode and remained trapped
in the final gel. To avoid bubbles, a voltage of −1.0
V was used for most deposition experiments. Films of
significant thickness (30–50 µm) and durability were
formed within 60 s of deposition at−1.0 V. Films of 100
µm were obtained following several minutes of deposi-
tion, but such thick films were not necessary for the pur-
poses of this research. A result of standard deposition
on microelectrodes, −1.0 V for 15 s, is shown in Fig. 1.

Gel electrodeposition observed in this research was
due to a near-surface pH increase, which catalyzed
sol-gel condensation. The reactions responsible for the
local pH increase were dissolved oxygen reduction and
water reduction:

O2 + 2H2O + 4e− → 4OH− (1)

2H2O + 2e− → H2 + 2OH− (2)

Evidence for these reactions can be seen by moni-
toring current during a linear sweep of voltage (Fig. 2).
Both oxygen reduction and water reduction produce

Figure 1. Silica gel was selectively deposited at microelectrodes.
This image shows dry gel that was cracked yet still bonded to the
silicon substrate.

Figure 2. Oxygen reduction was observed from 0 to −0.8 V and
water reduction began at −0.8 V. From −0.2 to −0.8 V, current was
limited by diffusion of dissolved oxygen from the bulk solution to
the electrode surface.

hydroxide ions that increase pH at the electrode
surface.

Bioencapsulation was initially tested with fluores-
cently labeled BSA. As seen in Fig. 3, fluorescence
was observed in wet gel, and corresponding dry residue
confirmed the presence of selectively deposited sol-gel
material.

A phosphatase enzymatic reaction was used to
determine if the proteins remained functional fol-
lowing entrapment. ELF

©R
97 phosphatase substrate

(C14H7Cl2N2Na2O5P) was allowed to diffuse into the
electrodeposited gel. When an entrapped enzyme re-
moved the phosphate group from the substrate, a
fluorescent yellow-green precipitate was observed at
the reaction site. Fluorescence was observed from
both acid phosphatase and alkaline phosphatase en-
trapped in sol-gel material. Figure 4 shows an exam-
ple of acid phosphatase activity in an electrodeposited
gel.

E. coli was incorporated into a deposition process on
stainless steel substrates. Results of the LIVE/DEAD

©R

BacLightTMtest showed that the bacteria were vi-
able in gel films following electrodeposition. PEG
was included in the sol-gel deposition solution
for several experiments. It was found that bac-
teria in PEG-containing films had a better sur-
vival rate than those in films without PEG. E. coli
was able to survive for 1–2 weeks in a wet gel
environment.

The results of protein function and cell viability
tests suggest that this electrodeposition technique
can be used for successful bioencapsulation. The
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Figure 3. BSA entrapment was observed in wet gel deposited at −0.4 V for 60 s (left). Selective deposition was confirmed by dry gel residue
(right).

Figure 4. Bright spots of green fluorescent precipitate were ob-
served when substrate reacted with acid phosphatase in electrode-
posited gel (deposition conditions: −1.0 V, 15 s).

local pH increase responsible for gel deposition was
either small enough or of short enough duration not
to destroy the function of biological components. It
is possible that a pH gradient may have damaged
proteins or cells closest to the electrode, while those
further out in the gel remained functional. It is also
possible that sol-gel condensation at high pH occurred
fast enough to trap biomolecules in a functional state.
A combination of these factors may have contributed
to the observed results.

4. Conclusion

The electrodeposition process developed in this
research was found to be both selective and

suitable for bioencapsulation. Future work should
involve pulsed deposition for better control of pH
and gel formation, the use of smaller electrodes
as deposition sites, and the encapsulation of clini-
cally important biological components. The work pre-
sented in this paper has shown that sol-gel elec-
trodeposition is a promising technique for biosensor
fabrication.
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