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Nanocomposites of colloidal gold particles and fatty acids formed by

the high-affinity biotin—avidin interaction
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The formation of thin nanocomposite films comprising colloidal gold particles in a fatty acid matrix by a
simple solution based diffusion process is described. A simple two-step process accomplishes the formation of
the composite films. In the first stage, avidin molecules are incorporated into thermally evaporated arachidic
acid (AA) films by simple immersion of the lipid films in an aqueous solution of the protein. The diffusion of
the avidin molecules is driven by attractive electrostatic interaction between charged side chains of the protein
and the carboxylate ions of the AA matrix. Thereafter, biotinylated colloidal gold particles are incorporated
into the protein-containing AA matrix by a similar immersion procedure. The high-affinity biotin—avidin
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interaction drives the diffusion of the biotinylated gold particles into the matrix and a colloidal nanocomposite
results. The kinetics of protein incorporation as well as colloidal particle diffusion in the fatty acid matrix were
characterized using quartz crystal microgravimetry (QCM) and ultraviolet—visible spectroscopy and analyzed

in terms of a one-dimensional diffusion model. The nanocomposite films were further characterized by Fourier

transform infrared (FTIR) spectroscopy which, together with the QCM and UV-vis spectroscopy
measurements of the biotin—avidin recognition driven gold particle diffusion, indicates that the protein
molecules are encapsulated in the fatty acid matrix without significant perturbation to their biological activity.

Introduction

The synthesis and organization of nanoscale inorganic
materials is a problem of topical interest. Thin nanoparticle
films of metals and semiconductors have been formed by a
number of techniques. Some of the more prominent methods
based on the use of colloidal nanoparticles include simple
solution casting,!*?> immobilization at the surface of self-
assembled monolayers,>* and organization at the air/
water>~7 and hydrosol/organic solution interfaces.® Thin films
of metal and semiconductor nanoparticles have also been
grown by chemical treatment of fatty acid salt Langmuir—
Blodgett (LB) films.>''® Much of the work is driven by the
application potential of nanoparticles, as an example of which
one may consider metal nanoparticles in transparent matrices
that are being investigated as non-linear optical materials'! as
well as for third harmonic generation.!?

In this laboratory, we have developed a technique wherein
nanocomposites of colloidal particles in thermally evaporated
fatty lipid films can be formed by a simple solution based
immersion procedure.!371® Attractive electrostatic inter-
actions between charged colloidal particles and oppositely
charged amphiphilic molecules in the organic matrix were
used to drive the diffusion of the colloidal nanoparticles.!3—1¢
In a variant of the above process, it is conceivable that alter-
native and possibly stronger interactions could drive the diffu-
sion of colloidal particles into the organic matrix. One such
approach may be based on biomolecular recognition of com-
plementary units such as the well-studied high-affinity (K, ~
10> mol™!) specific binding of biotin to avidin/
streptavidin.!”"'® The above-mentioned molecular recognition
process has been used with success to form multilayer films of
avidin and biotin-labeled poly(amine)s,'® in the organization
of ordered networks of superparamagnetic iron oxide nano-
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particles,?® and in the construction of enzyme multilayer
films.?! In this paper, we advance our studies into the forma-
tion of nanocomposites using electrostatic interactions to
probe the incorporation of avidin protein molecules in ther-
mally evaporated fatty acid films (arachidic acid, AA) and
thereafter to assemble biotinylated gold colloidal particles in
the fatty acid-avidin composite film via the biotin—avidin
molecular recognition process. This procedure is illustrated in
Scheme 1. In the first step, the fatty acid film is thermally
evaporated onto suitable solid supports. The second step con-
sists of immersion of the AA film in the avidin solution until
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Scheme 1 Diagram illustrating the various stages of formation of
nanocomposites of AA. Step 1, deposition of AA films on suitable
substrates; step 2, incorporation of avidin molecules in the AA matrix
by immersion in protein solution; and step 3, incorporation of bio-
tinylated gold particles in the avidin—AA composite film by immersion
in gold colloidal solution. The biotin—avidin molecular recognition
process driving nanocomposite formation is illustrated in this step of
the procedure.
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equilibration of the protein molecule density in the fatty acid
matrix is achieved. In the final step, the AA-avidin composite
film is immersed in biotinylated gold colloidal particle solu-
tion and the colloidal particles assembled in the lipid matrix
via the biotin—avidin molecular recognition process. The
extraction of the protein and gold colloidal particles into the
lipid matrix has been studied using quartz crystal micro-
gravimetry (QCM) and UV-vis spectroscopy measurements
and analyzed in terms of a one-dimensional diffusion model.
The films at various stages of composite formation have been
further characterized using Fourier transform infrared (FTIR)
spectroscopy. Presented below are details of the investigation.

Experimental details

Aqueous colloidal gold particles were synthesized by citrate
reduction of HAuCl, as described elsewhere.'® This procedure
yielded particles of 130 + 30 A size at a pH of ca. 3. The gold
particles were capped with disulfide biotin as described in an
earlier report.>> Chemisorption of the biotin disulfide mol-
ecule on the gold colloidal particle surface via a thiolate bond
formation with gold leads to biotinylation of the gold particle
surface. After biotinylation of the colloidal gold particles, the
pH of the solution was adjusted to 8 using buffer solution.

A 1075 M concentrated aqueous solution of avidin (SISCO
Research Laboratories) was prepared and the pH adjusted to
3, 8 and 11 using suitable buffer solutions for the immersion
measurements.

Thin films of arachidic acid (AA) of ca. 1000 A thickness
were thermally evaporated onto gold-coated AT cut quartz
crystals (6 MHz frequency), quartz substrates and oxidized
Si(111) substrates for QCM, UV-vis and FTIR measurements
respectively (step 1, Scheme 1). The AA film depositions were
carried out in an Edwards E306A coating unit equipped with
a liquid nitrogen trap at a pressure of better that 1 x 1077
Torr. The film deposition rate and thickness were monitored
in situ using an Edwards FTM5 QCM. After deposition, the
AA films were immersed in the pH 3, 8, 11 avidin solutions
and the incorporation of avidin molecules in the fatty acid
matrix was followed using QCM, UV-vis and FTIR spectros-
copy measurements (step 2, Scheme 1). The QCM measure-
ments were carried out ex situ after thorough washing with
water and drying of the quartz crystals in flowing N, . Similar
ex situ QCM measurements were carried out during immer-
sion of the AA-avidin composite film in biotinylated gold
solution at pH 8 after complete diffusion of the protein mol-
ecules into the AA matrix was established (step 3, Scheme 1).
The frequency measurements were made with the Edwards
FTMS frequency counter which had a stability and resolution
of +1 Hz. For the 6 MHz crystal used, this translates to a
mass resolution of 12.1 ng cm 2. The frequency changes mea-
sured during incorporation of the avidin molecules as well as
the biotinylated gold colloidal particles were converted to
mass loading using the standard Sauerbrey formula.?® It may
be mentioned here that QCM measurements of the protein
incorporation into separate AA films of 1000 A thickness at
pH 8 (maximum protein incorporation) followed by incorpor-
ation of biotinylated gold particles yielded mass uptake values
that were within 6-10% of each other in the different runs.
This may be taken as a measure of the confidence limits that
may be attributed to the QCM measurements of this study.

UV-vis measurements of the AA film on quartz substrates
during incorporation of avidin and biotinylated gold colloidal
particles were performed on a Hewlett Packard 8542 A diode
array spectrophotometer operated at a resolution of 2 nm.
FTIR measurements of AA films on Si(111) substrates under
similar stages of nanocomposite formation were carried out
on a Shimadzu FTIR-8201 PC instrument in the diffuse reflec-

tance mode at a resolution of 4 cm ™ L.
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Results and discussion

Detailed knowledge of the encapsulation of protein molecules
in suitable inert hosts is important for the development of bio-
sensors.?* Proteins have been organized at the surfaces of
phospholipids,?® self-assembled monolayers,?® in polymer
matrices,?” and by electrostatic attachment to the galleries of
a-zirconium phosphate.?® Avidin protein molecules, which
have a plI 10,%2° have amino acid groups on the surface
which may be charged by suitable choice of the solution pH.
It should be possible, in principle, to extend the method devel-
oped by us for the electrostatically controlled diffusion of
charged colloidal particles into fatty lipid matrices!3~1¢ to
biologically important molecules such as proteins. Fig. 1
shows a plot of the QCM mass uptake vs. time of immersion
of a 1000 A thick AA film in the avidin solution held at pH 8
(circles), while the inset of Fig. 1 shows similar plots of the
protein mass uptake recorded during immersion of AA films
in pH 3 (triangles) and pH 11 (squares) avidin solutions. The
solid lines in Fig. 1 and the inset are based on a 1-D analysis
of the QCM data and will be discussed subsequently. It can be
seen that, while the kinetics of avidin incorporation in the AA
film is rather similar for all the pH solutions up to ca. 1000
min of immersion, significant differences are observed between
the pH 8 curve and the pH 3 and 11 curves beyond this time
interval. The equilibrium protein mass loading for the pH 11
and 3 composite films is nearly identical at 18 and 10 pg cm 2
respectively. The concentration of the avidin molecules in the
AA matrix stabilizes for these pH values within 2500 min of
immersion in the respective solutions. For the film immersed
in avidin solution at pH 8, the uptake of avidin is consider-
ably larger and equilibrates at a protein loading of ca. 150 pug
cm~? in the composite film. This translates into a roughly
700% increase in the protein loading in this film in compari-
son to the pH 3 and 11 cases. The equilibration of the avidin
molecule density in the films takes ca. 6000 min at pH 8 and is
considerably longer than for the pH 3 and 11 films. A step-like
variation in the avidin uptake kinetics with time is clearly
observed in the pH 8 mass uptake data (indicated by arrows
in Fig. 1) and is similar to the features observed during diffu-
sion of charged colloidal gold and silver particles in fatty
amine matrices.!3~1® The variation of the avidin concentra-
tion in the films with solution pH may be explained in terms
of a simple electrostatic model. At pH 3, while the amino acid
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Fig. 1 QCM avidin mass uptake data measured ex situ as a function
of time of immersion of a 1000 A thick AA film in 107% M avidin
solution at pH 8. The arrows highlight “ steps ” in the mass uptake
kinetics data. The inset shows the QCM avidin mass uptake data for
the AA films immersed in pH 11 (squares) and pH 3 (triangles) protein
solutions. The solid lines are based on fits to the QCM data using a
1-D diffusion model (see text for details).
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groups on the protein surface would be fully positively
charged, the AA molecules in the thermally evaporated film
are expected to be fully un-ionized since the pK, of the acid
molecules is ca. 5.4.3° Thus, there would be minimal attractive
electrostatic interaction between the fatty acid molecules and
the proteins leading to a small number density of avidin mol-
ecules in the film. At pH 11, the protein molecules would be
close to electrically neutral (pI of avidin = 10) and the AA
molecules would be fully negatively charged. This also leads
to negligible electrostatic interaction between the host (AA)
and guest (avidin) molecules and is reflected in the lower
avidin concentration in the film. At pH 8, however, the AA
molecules would be fully negatively charged while the avidin
molecules would be positively charged. Maximum attractive
electrostatic interaction occurs at this pH, leading to
enhanced avidin concentration in the film. Thus, electrostatic
interactions may be used for the incorporation of protein mol-
ecules such as avidin in fatty lipid molecules quite easily by
the simple immersion procedure described herein. However, it
is important to note that, even in the absence of attractive
electrostatic interactions between the protein molecules and
the AA host film (at pH 3 and 11), there is considerable avidin
uptake in the films, which clearly indicates that additional
interactions such as hydrogen bonding, hydrophobic forces
etc. also play a significant role in driving the proteins into the
fatty acid matrix.

The mass loading of ca. 150 pg cm ™2 observed for the AA-
avidin composite film grown at pH 8 is extremely large and
suggests that surface adsorption of the avidin molecules may
also contribute to the protein uptake. It is well known that
protein molecules spontaneously concentrate at phase
boundaries®! and therefore we performed contact angle mea-
surements on both the as-deposited AA film as well as the
AA-avidin composite film grown at pH 8 on quartz. The
contact angle measurements were performed on a sessile water
drop (1 pl) using a Rame-Hart 100 goniometer. The contact
angles for the AA and the AA-avidin composite films were
measured to be 95 and 90° respectively, while the contact
angle recorded from an avidin film deposited on quartz by
evaporation of a drop of avidin solution was 15°. This clearly
indicates that the avidin molecules are entrapped within the
hydrophilic regions of the AA matrix as in the case of surface-
modified colloidal gold and silver particles!3~1® and adsorp-
tion of the avidin molecules on the AA film surface may be
ruled out. The large mass uptake may also be a consequence
of entrapment of water along with the avidin molecules. We
carried out careful measurement of the QCM quartz crystal
frequency as a function of drying time of the AA—avidin com-
posite film and observed that frequency stabilization occurred
within a time interval of ca. 30 min of extraction of the film
from solution. Therefore, all QCM mass measurements
reported herein have been made after thorough drying (and
stabilization of the quartz crystal resonance frequency) of the
composite films in N, for at least 45 min.
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The kinetics of protein incorporation in the AA films
studied by QCM measurements (Fig. 1) may be conveniently
analyzed in terms of a one-dimensional (1-D) diffusion model
as has been demonstrated by us for colloidal nanoparticles of
silver, gold and CdS in fatty amine films.!3~'® The mathemati-
cal details of the 1-D diffusion model and discussion per-
taining to the appropriate boundary conditions in the model
may be obtained from refs. 14 and 15 and will not be repli-
cated here. However, we would like to point out that there is
considerable swelling of the films during avidin incorporation
and therefore the film thickness values used in the 1-D
analysis are different from the as-deposited thickness of 1000
A. The thickness of the composite films after avidin incorpor-
ation at different pH values was measured using optical inter-
ferometry and are listed in Table 1 along with the values of
the avidin concentration at the film/protein solution interface
(C,, molecules cm~3) and the protein diffusivity (D, A2
min~1). We have not attempted to analyze the protein incorp-
oration profile for the AA—avidin composite film grown at pH
8 beyond 1500 min of immersion due to the “ step-like ” fea-
tures observed (Fig. 1) and therefore the values of C, and D
given in Table 1 for this film pertain to analysis of avidin dif-
fusion in the first 1500 min only.

The following observations may be made based on the 1-D
analysis results presented in Table 1. The concentration of the
avidin molecules at the film/solution interface (C,) for all pH
values is, within a factor of ca. 4, nearly identical. The values
of C, are 3—-4 orders of magnitude smaller than the nominal
protein concentration taken for the experiments and indicates
that the interaction of the protein with the lipid matrix does
not lead to substantial concentration enhancement at the film
surface. In the case of charged colloidal particle diffusion into
fatty amine films, we had observed a large enhancement of the
particle density at the film/solution interface which was
attributed to strong electrostatic interactions between the col-
loidal particles and the lipid matrix.!>~1® In this respect it
appears that the avidin interaction with the AA matrix is con-
siderably weaker and suggests a surface barrier for adsorption.
This also underlines the role of interactions other than purely
electrostatic which contribute to protein incorporation in the
lipid matrix. The protein diffusivities are also seen to be
strongly solution pH dependent with maximum diffusivity cal-
culated for the pH 8 case (within the 1500 min diffusion
window). The avidin diffusion coefficient is quite large for the
pH 3 film and considerably less for the pH 11 film. The large
difference in the diffusion coefficients of the protein molecules
incorporated at pH 3 and 11 is surprising given that the equi-
librium protein mass loading is nearly identical. This aspect
along with an apparent surface barrier for protein adsorption
at the film/solution interface is not understood at the
moment.

From the QCM studies presented above, the optimum con-
ditions for incorporation of avidin molecules in 1000 A thick
AA films is found to be pH 8 and an immersion time of ca.

Table 1 Parameters obtained from a 1-D diffusion analysis of QCM mass uptake measurements during extraction of avidin and biotinylated

gold particles in AA films

C,/molecules

Solution pH Film thickness/A (clusters) cm 3 D/A? min~!
(a) Protein diffusion

3 2000 3.8 x 10*° 2760

11 2000 1.3 x 10! 180

8 20007 1.5 x 10! 2750
(b) Biotinylated gold

diffusion
8 3500 1.5 x 10° 260

“ This value is the thickness of the film measured after ca. 1500 min of immersion of the 1000 A thick AA film in avidin solution. ® This value is
the composite film thickness measured after both complete avidin and biotinylated gold particle incorporation.
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6000 min. After equilibration of the avidin molecule density in
the 1000 A thick AA film had occurred, the quartz crystal was
immersed in biotinylated colloidal gold solution at pH 8 (step
3, Scheme 1) and the mass uptake measured ex situ as a func-
tion of time of immersion. Fig. 2 shows a plot of the QCM
mass uptake with time for the above experiment. It is
observed that there is considerable diffusion of the bio-
tinylated colloidal gold particles into the film driven by the
avidin—biotin molecular recognition process. This process of
colloidal gold incorporation by molecular recognition is
shown in step 3 of Scheme 1. The time taken for equilibration
of the cluster density in the films to occur is found to be ca.
30000 min (500 h). The equilibrium gold particle density in
the film is ca. 95 pg cm~2 and corresponds to 4.3 x 10!2 gold
particles cm ™2 of the film surface. Comparing this density
with the equilibrium density of avidin molecules in the film
(1.5 x 105 cm~?2) yields a protein/gold colloidal particle ratio
of ca. 350. Avidin is a tetrameric protein (Scheme 1, step 2)
and is capable of binding to four biotin groups simulta-
neously. The fact that the protein to gold colloidal particle
ratio is so high indicates that steric constraints prevent com-
plete coordination of biotin groups on the colloidal particle
surface with available sites on the avidin protein surface.

The QCM data of the biotinylated gold particle incorpor-
ation in the AA matrix shown in Fig. 2 was also analyzed in
terms of a 1-D model and the parameters obtained are listed
in Table 1. The mass of the gold particle with the biotin mol-
ecules (area per biotin molecule of 25 AZ) was taken to be
20.5 x 10~° ng for the diffusion analysis. Assuming complete
reduction of the gold salt, the gold particle density at the film/
solution interface is seen to be ca. 2 orders of magnitude less
than that of the nominal particle density in the solution (ca.
2.8 x 10! ¢cm™3). This may be a consequence of repulsive
electrostatic interaction between the negatively charged citrate
reduced gold and the negatively charged AA matrix, which, to
some extent, is screened by the positive charges on the avidin
molecules in the AA matrix. This is in contrast to the large
enhancement of the gold particle concentration observed
during electrostatically controlled diffusion into fatty amine
films where strong attraction between the particles and film
occurs.'® What is most interesting, however, is the magnitude
of the diffusion coefficient calculated for the biotinylated gold
particles. The value of 260 Ai min~! compares quite favor-
ably with the value of 300 A2 min~! calculated for carb-
oxylated gold particles diffusing into 1000 A thick
octadecylamine films under maximum electrostatic interaction
conditions.'® This indicates that, in spite of the repulsive inter-
action of the biotinylated colloidal gold particles with the AA
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Fig. 2 QCM mass uptake measured ex situ as a function of time of
immersion of an avidin—-AA composite film (thickness 1000 A) in bio-
tinylated gold solution. The solid line is based on a fit to the QCM
data using a 1-D diffusion model (see text for details).
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matrix, the biotin—avidin high-affinity molecular recognition
process is able to drive the diffusion of the gold particles into
the matrix quite rapidly and is an important result of this
study.

As mentioned above, we have recently carried out a detailed
study of the electrostatically controlled diffusion of carboxylic
acid derivatized colloidal gold particles of different sizes into
thermally evaporated octadecylamine (ODA) films.!® The
equilibrium cluster mass uptake for 130 A size colloidal gold
particles in 1000 A thick ODA films was found!® to be 70 pg
cm ™2 This mass uptake is nearly 25 pug cm™2 less than that
observed in this study for similar thickness fatty acid films (see
Fig. 2). Thus, the avidin-biotin interaction leads not only to a
relatively high diffusivity of the colloidal gold particles, but
also to a greater colloidal particle density in the composite
films than that obtained from purely electrostatic interactions.
The strength of the biotin—avidin interaction vis-a-vis purely
electrostatic interactions appears to play an important role in
this process.

The encapsulation of avidin in the AA matrix as well as the
subsequent incorporation of biotinylated colloidal gold par-
ticles via the avidin—biotin molecular recognition process was
also studied using UV-vis spectroscopy. These measurements
were carried out ex situ on a 1000 A thick AA film on quartz
immersed in 107° M avidin solution at pH 8 (optimum
binding conditions for avidin, QCM results above) and there-
after immersed in the biotinylated gold solution (pH 8). Fig. 3
shows plots of the spectra recorded from the AA film under
various stages of nanocomposite formation. Curve 1 corre-
sponds to the spectrum recorded from the as-deposited AA
film and is essentially featureless in the visible region of the
electromagnetic spectrum. After immersion in avidin solution
for 150 h, very little change is observed in the visible region
and the growth of a resonance at ca. 205 nm is seen (curve 2).
On immersion of the avidin—~AA composite film in the bio-
tinylated solution, interesting changes could be seen in the
color of the film with time of immersion and this is reflected in
growth of an absorption feature in the UV-vis spectra (curves
3-5, Fig. 3). Curve 3 corresponds to the absorption spectrum
recorded from the avidin—-AA film after immersion in the gold
solution for 100 h while curves 4 and 5 correspond to mea-
surements on the film after immersion for 300 and 500 h
respectively. A barely discernible absorption feature at ca. 590
nm is seen in curve 3 which clearly grows with time and satu-
rates in intensity after 500 h of immersion (curves 4 and 5).

Absorbance (arbitrary units)

1 L ] n 1 " 1 " 1 L 1
200 300 400 500 600 700 800
Wavelength/nm

Fig. 3 UV-vis spectra recorded from a 1000 A thick AA film on
quartz during various stages of nanocomposite formation. Curve 1,
as-deposited AA film; curve 2, AA film after immersion in 107¢ M
avidin solution (pH 8) for 150 h; curves 3, 4 and 5, avidin—~AA com-
posite film after immersion in biotinylated gold sol for 100, 300 and
500 h respectively. The gold surface plasmon resonance at ca. 590 nm
is indicated in the figure.
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The resonance at ca. 590 nm is due to excitation of surface
plasmons in the gold particles and is responsible for the strik-
ing color of gold colloidal solutions.>? The growth of the
surface plasmon resonance indicates that the biotinylated col-
loidal gold particle density in the film increases with time and
is in agreement with the QCM results presented earlier (Fig.
2). We would like to add here that immersion of the as-
deposited AA film directly in the biotinylated gold solution
(bypassing step 2, Scheme 1) did not result in a measurable
growth of the surface plasmon resonance at 590 nm even after
prolonged periods of immersion (500 h). This was cross-
checked with QCM measurements as well which yielded negli-
gible mass changes on immersion of the AA film in the gold
solution. The above results clearly show that the incorpor-
ation of the biotinylated gold particles in the AA film is driven
by the high-affinity biotin—avidin interaction. We would like
to mention that the plasmon resonance wavelength of ca. 590
nm in the films is considerably higher than that recorded from
the gold colloidal solution (530 nm)!® and indicates that the
particles are in a close-packed aggregated state in the film.
The plasmon resonance wavelength obtained for the bio-
tinylated gold-avidin composites of this study are in agree-
ment with that obtained for gold particle-fatty amine
composite films studied earlier.®

An important aspect of encapsulation of protein molecules
in host structures is ascertaining whether the biological activ-
ity of the protein is retained.?® The host should ideally be
inert and not perturb the secondary structure of the protein
after incorporation. The secondary structure of proteins is
conveniently studied using FTIR spectroscopy measure-
ments.?8:33-3* The amide I and II bands occur at ca. 1657 and
1540 cm ™! in native proteins and are known to be indicators
of the environment in which the proteins are
entrapped.?8-33:34 FTIR spectra of a 1000 A thick AA film on
a Si(111) substrate before and after immersion in avidin (10~¢
M, pH 8) and biotinylated gold solutions (pH 8) for 150 and
500 h, respectively, are shown in Fig. 4. In Fig. 4A, the methy-
lene antisymmetric (2920 cm ') and symmetric (2850 cm ™)
stretch modes are shown for the AA film before (curve 1) and
after immersion in avidin (curve 2) and the biotinylated gold
solutions (curve 3) as briefly mentioned above. It can be seen
that the intensity of the methylene vibrational bands decreases
on incorporation of avidin (compare curves 1 and 2) and a
further reduction in intensity is observed on incorporation of
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Fig. 4 FTIR spectra of (A) the methylene stretch modes and (B) of
the amide I and II bands recorded from a 1000 A thick AA film on
Si(111) during various stages of nanocomposite formation. Curve 1,
as-deposited AA film; curve 2, AA film after immersion in 107¢ M
avidin solution (pH 8) for 150 h; and curve 3, avidin—~AA composite
film after immersion in biotinylated gold solution for 500 h. The
arrow in (B) indicates the methylene scissoring absorption band.
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the biotinylated gold particles. We have observed a similar
variation in the intensity of the methylene stretch bands
during electrostatic incorporation of surface modified colloi-
dal gold particles in thermally evaporated fatty amine films.!®
This observation has been explained in terms of randomiza-
tion in the orientation of the hydrocarbon chains as a conse-
quence of incorporation of the nanoparticles in the fatty lipid
matrix.!® Since the avidin molecule is fairly large as are the
colloidal gold particles, we believe a similar explanation holds
in this case as well. A loss in the AA molecules from the film
would also explain this behavior. AA molecules are insoluble
in water, and would be expected to separate out at the surface
of water and reduce the surface tension of the colloidal solu-
tion. However, we have not observed a significant reduction in
the surface tension of both avidin and gold colloidal solutions
after immersion of the AA films for prolonged periods and it
thus appears likely that the reduction in intensity of the
methylene stretch bands is due to reorganization in the orien-
tation of the AA hydrocarbon chains.

Fig. 4B shows the FTIR spectra recorded for the AA films
under similar stages of nanocomposite formation in the spec-
tral range 1400 to 1720 cm 1. Curve 1, which corresponds to
the FTIR spectrum recorded from the as-deposited AA film,
shows two absorption features at 1700 and ca. 1465 cm™?!
(indicated by an arrow in the figure). The band at 1700 cm~?!
is due to excitation of carbonyl stretch vibrations and indi-
cates that the matrix is in the un-ionized form.*>-¢ The other
absorption band is due to excitation of the methylene scis-
soring mode of vibration and can be clearly seen to be split
into two bands at 1474 and 1462 cm ™. The splitting of this
band is a clear indication that the hydrocarbon chains in the
as-deposited AA matrix are in a microcrystalline environment
and in the all-trans configuration.3%-3% After equilibration of
the avidin molecule density in the film (curve 2), it is seen that
the splitting of the methylene scissoring modes is reduced con-
siderably. The intensity of the scissoring band is further
reduced on incorporation of biotinylated gold particles in the
film (curve 3). This indicates that the hydrocarbon chains are
no longer close-packed and suggests considerable reorganiza-
tion of the chains in the AA matrix. This is in agreement with
the FTIR results shown in Fig. 4A where a concomitant
reduction in intensity of the methylene stretch vibrations was
observed on avidin and biotinylated gold colloidal particle
incorporation.

A comparison of curves 1 and 2 in Fig. 4B shows that the
carbonyl stretch mode has disappeared on avidin incorpor-
ation. It is known for fatty lipid films that salt formation leads
to a shift in the carbonyl stretch vibration to around 1540
cm~! (refs. 35 and 36) and a band at this wavelength is
observed for the AA-avidin composite film (curve 2). The dis-
appearance of the band at 1700 cm ™! indicates fairly strong
electrostatic coupling of the avidin molecules with the carbox-
ylate ions of the AA matrix. Unfortunately, the amide II band
of the avidin molecule is also known to occur at this
wavelength3* and therefore we are unable to make an
unequivocal assignment of the features observed close to 1540
cm~ !, The amide I band which is known to occur at 1640
cm~! can be clearly seen in the AA-avidin composite film
(curve 2) and indicates that the avidin molecules are incorpor-
ated in the AA matrix without significant perturbation to the
protein secondary structure. On immersion in the biotinylated
gold solution, it is observed that the amide I band increases in
intensity and there is a sharpening of the band as well. We are
unable to account for this behavior and are currently investi-
gating the avidin—biotin interaction within confined spaces
such as those provided by the hydrophilic regions of fatty
lipids to understand this better.

To sum up, the FTIR measurements indicate that the avidin
molecules are encapsulated within the AA matrix without sig-
nificant distortion of the protein secondary structure. The
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hydrocarbon chains undergo randomization in their orienta-
tion as they accommodate the large protein and biotinylated
colloidal gold particles. However, the biological activity is
mainly dictated by the tertiary structure of the proteins and is
not amenable to characterization using FTIR spectroscopy.
The fact that the presence of avidin in the AA matrix drives
the diffusion of biotinylated gold into the fatty acid film
together with the observation that biotinylated gold does not
diffuse into the bare AA film clearly shows that the biological
activity (and hence the tertiary structure) of avidin (in terms of
the biotin—avidin high-affinity binding) is not affected by the
encapsulation process.

Conclusions

It has been demonstrated that avidin molecules can be incorp-
orated in thermally evaporated fatty acid films by a simple
beaker-based immersion technique. The interaction of the
protein molecules with the fatty acid host is predominantly
electrostatic. FTIR results show that the protein is encapsu-
lated within the AA matrix without significant perturbation to
the protein secondary structure. Biotinylated colloidal gold
particles could be incorporated thereafter into the avidin-AA
composite film by a similar immersion procedure. The incorp-
oration of colloidal gold particles is driven by the high-affinity
biotin—avidin molecular recognition process.
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