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Abstract Sol–gel technique represents a remark-

ably versatile method for protein encapsulation. To

enhance sol–gel biocompatibility, systems envisaging

the presence of calcium and phosphates in the sol–gel

composition were recently prepared and investigated.

Unfortunately, the low pH at which solutions were

prepared (pH \ 2.5) dramatically limited their appli-

cation to proteins, because the acidic environment

induces protein denaturation. In this paper we apply a

new protocol based on the introduction of calcium

nitrate to the inorganic phase, with formation of a

binary bioactive system. In this case protein encap-

sulation results versatile and secure, being achieved

at a pH close to neutrality (pH 6.0); also, the presence

of calcium is expected to enhance system biocom-

patibility. To determine the properties of the salt-

doped sol–gel and the influence exerted on entrapped

biosystems, the structural and functional properties of

embedded cytochrome c have been investigated.

Data obtained indicate that the salt-doped sol–gel

induces no significant change in the structure and the

redox properties of the embedded protein; also,

the matrix increases protein stability. Interestingly,

the presence of calcium nitrate appears determinant

for refolding of the acid-denatured protein. This is of

interest in the perspective of future applications in

biosensoristic area.

Keywords Bio sol–gel � Protein encapsulation �
Cytochrome c � Cyclic voltammetry

Introduction

Protein encapsulation methods have recently attracted

great attention in view of the high potentialities they

offer for the development of new materials to be

employed in biotechnological area. The sol–gel

technique represents a remarkably versatile method

for protein encapsulation, since it provides the

opportunity to work with (i) material modifiable

with polymer additives and redox compounds (of

interest for developing electrochemical sensors); (ii)

transparent and inert samples (important for the

construction of optical sensors); (iii) sol–gel matrices

characterized by tuneable pore size and distribution

(which permit free diffusion of ions and small

molecules, but retain macromolecules entrapped in

the silica network) (Avnir et al. 1994; Gill and
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Ballesteros 2000; Jin and Brennan 2002; Gupta and

Chaudhuri 2007). Interestingly, protein entrapment in

sol–gel is achieved at room temperature and the

adopted procedure does not alter protein structure,

although the alcohol produced during sol–gel forma-

tion may potentially induce protein denaturation

(Dave et al. 1997; Das et al. 1998). As matter of

fact, sol–gel-entrapped proteins exhibit higher stabil-

ity and react more promptly with exogenous reagents

than soluble proteins (Dunn et al. 1998).

Nowadays, protocols concerning protein encapsu-

lation into a sol–gel matrix are well established. The

synthesis of the inorganic matrix (sol phase) gener-

ally starts with the partial (or complete) acid- (or

base-) catalyzed hydrolysis of a precursor as, for

example, the tetramethyl-orthosilicate (TMOS). To

enhance sol–gel biocompatibility, a new protocol

envisaging the presence of calcium and phosphates in

sol–gel composition was recently appointed, and the

properties of the ternary bio-gel (composed by

calcium nitrate, phosphoric acid, and TMOS) were

analyzed (Sepulveda et al. 2002; Sarapanavan et al.

2003; Balamurugan et al. 2006; Vallet-Regi et al.

2006). A dramatic limit to application of ternary bio-

gels is represented by pH (\2.5), which often induces

protein denaturation.

In this paper, we apply a new protocol based on

the introduction of calcium nitrate to the inorganic

phase with formation of a bioactive binary system

(calcium is considered fundamental for biocompati-

bility). With respect to ternary bioactive systems, this

procedure brings about several advantages as the

possibility to achieve protein entrapment at a pH

close to neutrality (i.e., pH 6.0). This avoids unde-

sired events as protein unfolding or, in the case of

myoglobin and horseradish peroxidase, release of the

prosthetic group once the protein is mixed with sol–

gel. Thus, this procedure renders protein encapsula-

tion more versatile and secure.

The properties of the calcium nitrate-doped sol–

gel matrix (that we shall call here bio sol–gel) have

been defined by investigating the influence exerted by

the matrix on structure and functionality of an

embedded protein. Cytochrome c (cyt c) was chosen

as reference system. This single chain hemoprotein,

which acts as electron carrier in mitochondria (Moore

and Pettigrew 1990; Meyer 1996), is composed of

104 aminoacidic residues and shows three major and

two minor a-helices in the structure. The prosthetic

group is covalently bound by two thioether bridges to

two cysteine residues (Cys14 and Cys17), while

His18 and Met80 are the axial ligands of the heme

iron under physiological conditions. The protein

high-resolution X-ray structure of cyt c has been

solved (Bushnell et al. 1990) and its properties in

solution determined (Qi et al. 1996; Banci et al.

1997; Milne et al. 1998). The relatively high stability

together with some peculiar properties, as the rapid

and fully reversible acid-induced unfolding process,

render cyt c an ideal model system for studies aimed

(as the present) to determine the influence of solid

matrices on the properties of entrapped proteins.

Results shown in the present paper provide new

insights on the potential offered by biocompatible

sol–gels for future application in biotechnology.

Materials and methods

Chemicals

Horse heart cytochrome c (type VI) and calcium

nitrate, [Ca(NO3)2 � 4H2O] were from Sigma (St

Louis, USA) and were used without further purifica-

tion. TMOS was from Fluka. All reagents used were

of analytical grade.

Samples preparation

Protein solutions were prepared by dissolving a

proper amount of cyt c in 50 mM Tris–HCl buffer,

pH 7.0, in the absence and in the presence of 0.6 M

calcium nitrate tetra-hydrated. Protein concentration

was 25 lM for cyclic voltammetry measurements

and 10 lM for absorption and CD measurements.

Protein concentration was estimated using a e408 =

106 mM-1 cm-1.

Preparation of sol–gel-encapsulated cyt c

The sol–gel stock solution was prepared by mixing in

an ice-bathed flask 3.34 ml of bi-distillated water,

3.56 ml of a TMOS solution and 0.2 ml of a 0.04 M

HCl solution. The mixture was kept under stirring

until the sol phase was formed. Then, 3.56 ml of a

salt solution (formed by adding 1.68 g of Ca(NO3)2
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to 3.34 ml of bidistilled water and 0.2 ml of 0.04 M

HCl) were added to the TMOS solution. During the

sol preparation, hydrolysis and condensation of

TMOS were catalysed by HCl. The sol–gel compo-

sition is shown in Table 1.

Cyt c was entrapped in the sol–gel by adding the sol

phase to a buffered protein solution (50 mM Tris–HCl

buffer, pH 7.0) at a 2:3 (v/v) ratio. The gel phase

formed in a relatively short time, estimated in 10 min.

for pure SiO2 and 20 min. for salt-modified (CaO–

SiO2) sol–gel. The wet gels were then stored at 4�C.

Acid-induced unfolding of sol–gel-entrapped cyt c

was achieved by adding 2 ml of a HCl solution, pH

1.5, in the cell containing the encapsulated protein.

To follow the reverse process (i.e., protein refolding),

the HCl solution was replaced by 2 ml of a 50 mM

Tris–HCl buffer, pH 7.2.

Circular dichroism measurements

The CD measurements were carried out in the Soret

region (380–450 nm) using a Jasco J-710 spectropo-

larimeter equipped with a PC as a data processor. The

molar ellipticity (deg cm2 dmol-1) is expressed as

[h], on a molar heme basis.

Electronic absorption measurements

Electronic absorption spectra were recorded using a

Perkin–Elmer spectrophotometer, model Lamba 18.

One-centimeter path-length cells were used for the

spectroscopic measurements.

Dc cyclic voltammetry (CV) measurements

Dc cyclic voltammograms were run in (a previously

degassed) 20 mM phosphate buffer pH 7.0, containing

0.1 M NaClO4. In the electrochemical cell, the anaer-

obic environment was maintained by a gentle flow of

high-purity grade N2 just above the surface of the

buffer solution, for *20 min. A chemically modified

pyrolytic graphite (PG) electrode (3 mm diameter;

Amel) was the working electrode, a saturated calomel

electrode (Amel) was the reference and a Pt ring the

counter-electrode. An Amel 433/W multipolarograph

interfaced with a PC as data processor was employed

for CV measurements. The potentials reported in the

text are referred to the Normal Hydrogen Electrode

(NHE). The procedure adopted for electrode modifi-

cation is summarized as follows: a GP electrode,

previously polished with a fine emery paper and

alumina powder and sonicated for 20 s, was coated

with 5 ll of a 50 lM cyt c solution. Immediately later,

the electrode was covered with 5 ll of a doped-sol–gel

solution and let to dry for 24 h at room temperature.

Then, the chemically modified electrode was ready for

voltammetric measurements.

Results and discussion

Structural properties of embedded cyt c

Addition of calcium nitrate (1 M final concentration)

to soluble cyt c at neutral pH produces no significant

change in the absorption spectrum of the protein (not

shown), suggesting that the protein is not sensibly

influenced by the salt. Acidification affects the

absorption spectrum of soluble cyt c; as shown in

Fig. 1, the Soret band (which is sensitive to the spin

state of the heme-iron and to the nature of the axial

ligands) blue-shifts from 410 to *394 nm, indicating

full protein unfolding (Goto et al. 1990). Conversely,

in the presence of calcium nitrate the Soret band blue-

shifts from 410 to *401 nm, consistent with partial

protein denaturation. This is supported by the absorp-

tion spectra illustrated in the inset of the figure: the

620-nm absorption band, ascribed to high spin

(denatured) forms and clearly observable at acid pH,

is weaker in the presence of salt. Taken together, these

data suggest that the salt opposes full protein unfold-

ing; an equilibrium between (at least) two distinct

forms, a fully unfolded high spin form and a compact

non-native low spin form, is observed in solution. In

agreement with previous reports, we assume the latter

being the A state of cyt c, a non-native compact form

Table 1 Chemical composition of bio sol–gel determined

by elementary analysis on single samples

Elements Bio sol–gel (%) Sol–gel (%)

N 3.6 0.3

C 0.7 1.1

H 1.6 1.4
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with molten globule character (Goto et al. 1990; Jeng

et al. 1990; Santucci et al. 2000). The acidic transition

proved to be fully reversible.

As shown in Fig. 2, at neutral pH the absorbance

and CD spectra of the encapsulated protein are almost

indistinguishable from those of soluble cyt c, indicat-

ing (in agreement with previous results, Ellerby et al.

1992; Savini et al. 1999; Droghetti and Smulevich

2005) that the entrapped protein retains a close-

to-native conformation. The slightly higher absor-

bance Soret spectrum shown by the embedded protein

may result from the interaction (of polar nature)

between protein and methanol forming during sol–gel

preparation. The protein-embedding bio sol–gels

(prepared as monoliths) here investigated, were

homogeneous, stable, and crack-free.

The acid-induced denaturation of sol–gel-entrapped

cyt c was investigated following the shift of the Soret

absorption band as a function of time. Unlike soluble

cyt c, the embedded protein undergoes full unfolding

both in the absence and in the presence of salt (spectra

not shown). Thus, the salt is unable to prevent

denaturation of entrapped cyt c, perhaps because

involved in bio sol–gel reticulation. The unfolding

profile of the immobilized protein is shown in Fig. 3;

with respect to soluble cyt c (which unfolds within few

seconds both in the absence and in the presence of salt,

not shown), the encapsulated protein requires longer

time to unfold. However, the denaturation kinetics is

fastened by calcium nitrate; this may be ascribed to two

distinct factors: (i) the highly crowded system created

by small pores in the salt-doped matrix (which is

characterized by longer condensation times with

respect to the salt-free matrix), and (ii) the high salt

concentration that significantly reduces the protein-

silica electrostatic interactions, with consequent pro-

tein destabilization. Cyt c and silica have in fact

opposite net charge around neutrality, the former

showing an isoelectric point, IP = 10.0, while the

latter an IP = 2.1.

Figure 4 illustrates the refolding kinetics of acid-

denatured cyt c in bio sol–gel, after that the acidic
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Fig. 1 Electronic absorption spectrum of acid-denaturated

cytochrome c (pH 1.5) recorded in the absence (dashed line)

and in the presence (solid line) of 1 M calcium nitrate. Insert:

The same spectrum, shown in expanded scale, in the 450–

650 nm wavelength range. The optical spectrum of the native

protein (dash–dot line) is shown for comparative purposes

Fig. 2 Electronic absorption spectrum of cyt c encapsulated in

bio (i.e., calcium nitrate-doped) sol–gel (solid line). The optical

spectrum of the native protein (dotted line) is shown for

comparison. Experimental conditions: 50 mM Tris–HCl

buffer, pH 7.0; the temperature was 25�C. In the inset, the

electronic absorption spectrum of cyt c encapsulated in bio

(solid line) and in pure (dotted line) sol–gel are compared
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solution was replaced by 50 mM Tris–HCl buffer, pH

7.0. The process was followed monitoring the red-

shift of the Soret absorption band, which required

*250 min to recover the wavelength maximum

typical of the native state (k = 408 nm). The transi-

tion revealed to be fully reversible. By contrast, acid-

denatured cyt c embedded in pure (salt-free) sol–gel

is unable to refold even after 20 days, as shown in the

inset of the figure. Thus, collapse of the embedded

protein into the native conformation is facilitated by

salt. CD Soret spectra, illustrated in Fig. 5, support

the absorbance data: the negatively charged 416 nm-

dichroic band, typical of the native protein, is almost

fully recovered in bio sol–gel, while no spectral

change is detected for acid-denatured cyt c embedded

in pure sol–gel.

On the whole, our data show that calcium nitrate

plays a critical role in influencing the unfolding/

refolding process of sol–gel-embedded cyt c. In

particular, the observation that the acid-denatured

protein refolds only in the presence of calcium nitrate

reflects the general tendency of salts to facilitate

collapse of unfolded proteins into a compact state

(Goto et al. 1990; Jeng et al. 1990; Santucci et al.

2000).

Since data of Figs. 3 and 4 were obtained in the

presence of a limited volume of solvent (i.e., that

contained in a cuvette, which may affect the rate of

the unfolding/refolding process), we carried out

additional experiments on bio sol–gel samples soaked

in a Falcon tube containing 20 ml of solution. We

found that in excess of solvent the protein unfolds
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Fig. 3 Acid-denaturation kinetics of cyt c encapsulated in

pure (open circles) and in bio sol–gel matrix (solid circles).

The process was followed determining the blue-shift of the

Soret absorbance band as a function of time after acidification

(see text for more details). The temperature was 25�C

396.5

398.7

400.8

403.0

405.2

407.3

0

Time (min)

λ
m

ax
)

m
n(

395.0

396.0

397.0

398.0

10 100 1000 10 4 10 5

50 100 150 200 250 300 350 400

Fig. 4 Renaturation kinetics of cyt c encapsulated in bio sol–

gel. The process was investigated by following the shift of the

Soret band maximum as a function of time, after that the acid

solution had been substituted with 50 mM Tris–HCl buffer, pH

7.0. The encapsulated protein fully recovers the native signal

*300 min after the change of solution occurred. The inset

shows the same experiment carried out on cyt c encapsulated

in pure sol–gel. In this case, the protein doesn’t recover the

native signal even after 20 days
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Fig. 5 Soret CD spectrum of acid-denatured cyt c entrapped

in pure (………..) and bio (————) sol–gel, recorded after

5 h from immersion in 50 mM Tris–HCl pH 7.0. The CD

spectrum of the native protein (- - - - - - -) is shown for

comparison. Note that the CD spectrum of the protein

embedded in pure sol gel is identical to that of the acid-

denatured protein. The temperature was 25�C
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more rapidly. The Soret absorbance band blue-shifts

from 410 to 394 nm within 120 min (rather than 150–

200 min), indicating that the amount of solvent

influences the diffusion rate inside the cyt c-entrap-

ping sol–gel network. Finally, (similarly to sol–gels)

bio sol–gels stabilize the embedded protein: 1 month

after preparation, the samples stored at 4�C still

appeared transparent and crack-free, and their absorp-

tion spectra were almost undistinguishable from those

of fresh sol–gels.

Redox properties of embedded cyt c

The effect exerted by the sol–gel matrix on the

functional (i.e., redox) properties of the embedded

protein was determined by electrochemistry. To this

issue cyclic voltammograms of the embedded protein,

properly immobilized on a PG electrode, were run at

pH 7.0 and 25�C (for a detailed description of electrode

modification, see the ‘‘Materials and methods’’ sec-

tion). Figure 6 shows the cyclic voltammogram run at

1.5 V s-1. A well defined, quasi-reversible electro-

chemistry is observed; the peak-separation, DEp =

200 mV, while the calculated E1/2 = 0.244 V versus

NHE, is very close to the formal redox potential

determined for soluble cyt c at the same pH (E1/2 =

0.255 V) (Eddowes and Hill 1979). This indicates that

the embedded protein retains its native-like redox

properties and that the native Met80–Fe(III) axial

coordination is preserved (Ferri et al. 1996; Senn and

Wuthrich 1985; Sinibaldi et al. 2001). Well defined,

quasi-reversible cyclic voltammograms were obtained

at scan rates ranging from 20 to 1,500 mV s-1; the

high scan rates reached indicate that the immobilized

protein undergoes rapid electron exchange with the

electrode surface. Also, the embedded system shows

enhanced stability: the cyclic voltammograms run

every 24 h for 7 days showed shape and signal

intensity almost unchanged. This suggests that the

bio sol–gel matrix not only maintains unaltered the

redox potential of cyt c, it also exerts a protecting

action by enhancing protein stability and facilitating

the heterogeneous electron transfer with the electrode

surface.

Conclusions

In conclusion, our data reveal that cyt c entrapped

into a calcium nitrate-doped (bio) sol–gel matrix

shows spectroscopic (an, thus, structural) properties

unaltered with respect to the soluble protein. Further,

the presence of the salt results critical for refolding of

the acid-denatured protein into the native conforma-

tion (the process does not take place in pure, salt-

missing, sol–gel). The embedded protein shows high

stability: 1 month after preparation, the aged samples

appear transparent and crack-free, with spectroscopic

properties almost identical to those of fresh samples.

The redox potential of bio sol–gel embedded cyt c

remains unchanged with respect to the soluble native

protein, suggesting that the matrix does not alter the

protein behaviour. The bio sol–gel facilitates a rapid

heterogeneous electron transfer between the protein

and the electrode surface and exerts a protecting

action on the protein (which remains electroactive for

at least 1 week after preparation). Taken together,

these features open new perspectives for future

application of bio-gels in biosensoristic area.
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