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We find that thin peptide films and coatings doped with metallic nanoparticles are more stable due to the role
of electromagnetic fluctuations. It is shown that for the doped freestanding in vacuum peptide film the Casimir
attraction becomes larger in magnitude. For dielectric substrates coated with peptide films, the nanoparticle
doping leads to a wider range of film thicknesses where the Casimir pressure is attractive and to larger pressure
magnitudes at the points of extremum. The doping of peptide coatings with magnetic nanoparticles preserves all
the advantages of nonmagnetic ones and simultaneously imparts superparamagnetic properties to the coating,
which could extend significantly the application areas of bioelectronics.
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It is common knowledge that thin films and coatings
based on peptides, proteins and other biological polimers find
increasing bioelectronic and biomedical applications [1,2].
Peptides are the relatively short chains of amino acids linked
by peptide bonds. These are nonmetallic materials which
posses some electrical conductivity and enjoy wide use in
optical and electronic devices, as well as in biomedical
technologies, for creating thin film transistors, biomarkers,
sensors, and biocompatible electrodes alternative to conven-
tional devices based on the silicon technologies [3-9].

The most general requirements imposed upon peptide-
based coatings are the stability, even in adverse conditions,
reproducible diagnostic results, the ease of fabrication and,
in medical applications, biocompatibility, and nontoxicity
[10-12]. In the last two decades, great progress has been made
in developing miniature bioelectronic devices satisfying these
requirements (see, for instance, Refs. [13—17]). In doing so,
with decreasing the characteristic device dimensions to below
a micrometer, the role of quantum effects and, specifically,
the zero-point and thermal fluctuations of the electromagnetic
field, increases in importance.

The fluctuation phenomena and their role in nanoscale sci-
ence are the long-explored areas [18,19]. Much experimental
and theoretical attention has been paid to investigation of
the fluctuation-induced van der Waals and Casimir forces be-
tween the boundary surfaces made of inorganic materials (see,
e.g., Refs. [20-23] for a review). It was demonstrated that at
separations below a micrometer these forces may exceed in
magnitude the characteristic electric force and can be used as
an actuator in micro- and nanoelectromechanical devices of
the next generations.

These experimental and theoretical advances are largely
based on the fundamental Lifshitz theory which allows cal-
culation of the van der Waals and Casimir forces between
surfaces with known frequency-dependent dielectric permit-
tivities [20-24]. The Lifshitz theory was also used to calculate
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the fluctuation-induced forces acting between varied in com-
position organic films [25-28] and the free energies of both
freestanding in vacuum and deposited on substrates peptide
films [29,30]. It was shown that the free energy of peptide
coating is a nonmonotonous function of the film thickness
and may change its sign. However, the fluctuation-induced
pressure in peptide films and coatings was not considered so
far.

In this Rapid Communication, we investigate the pressure
in peptide films and coatings in the Casimir regime (i.e., for
film thicknesses below a micrometer), and find the effect of in-
creased stability which arises via the nanoparticle doping. For
this purpose, we calculate the Casimir pressure in the frame-
work of the Lifshitz theory for the ordinary and doped with
metallic nanoparticles peptide films and coatings. Both cases
of nonmagnetic and magnetic nanoparticles are considered.
In the latter case, the coating becomes superparamagnetic
which is beneficial for various applications (the possibility
for fabrication of peptide films with well distributed metallic
nanoparticles was demonstrated in Ref. [31]). According to
our results, the doping of a peptide coating with metallic
nanoparticles leads to a larger in magnitude (negative) min-
imum value of the Casimir pressure which makes the coating
more stable. Taking into consideration that stability is an
essential feature required of peptide coatings, future prospects
for the use of this effect are discussed.

We consider the three-layer system consisting of a vacuum
and a doped peptide film of thickness a deposited on a non-
magnetic dielectric substrate. Separate layers of this system
are described by the dielectric permittivities £ = 1, e(V(w),
£?(w), and magnetic permeabilities 1@ = 1, uV(w) and
w® = 1, respectively. The substrate is assumed to be thicker
than 2 pm in which case it can be replaced with a semispace in
calculations of the Casimir pressure [32]. For a freestanding
in a vacuum peptide film, one should put £ (w) = 1. The
Casimir pressure of the peptide coating (film) at temperature
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T is given by the Lifshitz theory
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Here, kg is the Boltzmann constant, & = 2xkgT!/h with
1 =0,1, 2, ... are the Matsubara frequencies, the prime on

the sum in / divides the term with / = 0 by two, k is the
magnitude of the wave vector projection on the plane of pep-
tide film, the sum in « is over two independent polarizations
of the electromagnetic field, transverse electric (« = TE) and
transverse magnetic (¢« = TM), and
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Equation (1) also contains the reflection coefficients on the
boundary planes between a film and a vacuum

P&, k) — eV iEp (&, k)
P&, k) + V(g O (&, k)

_ paE, k) — nDig)p (g, k)
= pW(ig, k) + p V(&) pO (g, k)

and between a film and a substrate
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Equation (1) has been extensively used to investigate the
Casimir effect in inorganic (metallic and dielectric) films and
coatings [33-38]. It allows computation of the Casimir pres-
sure as a function of film thickness by the known quantities
e"™(ig) and uV(i&). In doing so, at room temperature the
result depends only on 11 (0) [39].

An application of the same approach to peptide films is not
a simple task. The point is that for typical peptides the optical
data over the wide frequency range are not available. What is
more, peptide films usually contain some volume fraction of a
plasticizer whose role may be played by water [40,41]. If the
peptide film is doped with nanoparticles, this should be taken
into account in its effective dielectric permittivity.

In Ref. [29], the dielectric permittivity of a model peptide
eP)(i&) along the imaginary frequency axis was composed
from the imaginary parts of the permittivities of electrically
neutral 18-residue zinc finger peptide in the microwave region
[42] and of cyclic tripeptide RGD-4C in the region of ultra-
violet frequencies [43]. The permittivity of water, £ (i&;),
was used in the representation of Ref. [44]. The molecules of
the model peptide are assumed to have an irregular shape, be
a few nanometers in size and randomly distributed in water.
Under an assumption that a peptide film contains the volume
fraction of water @, the film dielectric permittivity, sg’)(i&),
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FIG. 1. The Casimir pressures in freestanding undoped peptide
films (the dashed line is for a pure peptide and the following three
black solid lines from top to bottom are for the films containing ® =
0.1, 0.25, and 0.4 fractions of water, respectively) and in doped with
Au nanoparticles peptide films with ® = 0.4 (the lowest and the next
to it solid lines are for the films containing 8 = 0.05 and 0.03 volume
fractions of nanoparticles, respectively) are shown as the functions of
film thickness at 7 = 300 K.

is then found from the mixing formula [45]
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which is a consequence of the Clausius-Mossotti equation.
The obtained dielectric permittivities sg’) @i&) for ® =0, 0.1,
0.25, and 0.4 as the functions of £ are presented in Fig. 2 of
Ref. [29]. It is seen that £ (i&) = e (i&)).

Substituting e = ¢ and " = @ = 1 in Eq. (1), we
have computed the Casimir pressure in the freestanding in
a vacuum undoped peptide film containing different volume
fractions @ of water at T = 300 K. The computational results
are shown in Fig. 1 by the dashed line ($ = 0) and by the fol-
lowing three black solid lines counted from top to bottom for
® = 0.1, 0.25, and 0.4, respectively, as the functions of film
thickness. As is seen in Fig. 1, the pressure is negative which
corresponds to an attraction and makes film more stable.

Now we consider the peptide film containing the volume
fraction @ of water and assume that it is then doped with
Au nanoparticles of spherical shape occupying the volume
fraction B of the obtained film. The dielectric permittivity of
Au nanoparticles along the imaginary frequency axis e, (&)
is found using the optical data for Au [46] and was extensively
used in calculations of the Casimir force [21-23]. As a result,
the dielectric permittivity of doped peptide film is given by the
Maxwell-Garnet mixing formula [47]
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FIG. 2. The Casimir pressures in undoped peptide films de-
posited on a SiO, substrate are shown as the dashed line for a pure
peptide and by the lines 1, 2, and 3 for the films containing & = 0.1,
0.25, and 0.4 fractions of water, respectively, as the functions of film
thickness at 7 = 300 K.

Computations of the Casimir pressure are made at T =
300 K for the doped freestanding peptide films using Eq. (1)
where ¢l = 8515’)/3, uM=e® =1 & =04, and 8 = 0.03 or
0.05. The comphtational results are shown in Fig. 1 as the
functions of film thickness by the lowest and next to it solid
lines (B8 = 0.05 and 0.03, respectively). It is seen that these
lines demonstrate much larger in magnitude Casimir pressures
than the bottom black line which holds for an undoped film
with ® = 0.4.

Now we turn our attention to the most interesting case
from the practical standpoint, i.e., to peptide films deposited
on a dielectric substrate. As a substrate material, we use SiO,
glass [6], which dielectric permittivity &® (i€ ) has an accurate
analytic representation [45]. First we calculate the Casimir
pressure in an undoped coating using Eq. (1), where ¢ =
e and " = 1. The computational results as functions of
the film thickness are shown in Fig. 2 by the dashed line for
a pure peptide coating and by lines 1, 2, and 3 for peptide
coatings containing the fractions ® = 0.1, 0.25, and 0.4 of
water, respectively. As is seen in Fig. 2, for pure peptide
coating of less than 130-nm thickness the fluctuation-induced
Casimir pressure becomes positive which makes the film less
stable. The same holds for coatings containing ® = 0.1, 0.25,
and 0.4 fractions of water if they are thinner than 133, 128,
and 115 nm, respectively. The maximum in magnitude neg-
ative Casimir pressures contributing to the coating stability
are reached for the film thicknesses a = 175, 180, 170, and
155 nm for the fractions of water in the film ® = 0, 0.1, 0.25,
and 0.4, respectively.

Next we consider the peptide coating doped with Au
nanoparticles. As in the case of a freestanding film, the ® =

P (mPa)
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FIG. 3. The Casimir pressures in doped with Au nanoparticles
peptide films with & = 0.4 fraction of water deposited on a SiO,
substrate are shown by the lines 1, 2, and 3 for the volume fractions of
nanoparticles § = 0.01, 0.03, and 0.05, respectively, as the functions
of film thickness at 7 = 300 K. The black line with no number
presents similar results for an undoped coating.

0.4 fraction of water in the film before doping is assumed.
The computations are again performed by Eq. (1) where now
e =P 1™ =1, and ¢? is the dielectric permittivity of
a SiO, substrate. The computational results for the Casimir
pressure in peptide coatings are shown in Fig. 3 as functions
of the film thickness by the lines 1, 2, and 3 for the doped films
with the volume fractions of Au nanoparticles g = 0.01, 0.03,
and 0.05, respectively. For comparison purposes, the black
line with no number reproduces the line 3 in Fig. 2 showing
the Casimir pressure in an undoped peptide coating containing
® = 0.4 fraction of water.

As is seen in Fig. 3, the presence of doping widens the
range of film thicknesses where the Casimir pressure is neg-
ative and makes the minima deeper. Specifically, for the
fractions 8 = 0.01, 0.03, and 0.05 of nanoparticles in the
peptide coating the pressure changes its sign from negative to
positive for film thickness below 110, 100, and 87 nm, respec-
tively, to compare with 115 nm for an undoped coating (the
black line with no number in Fig. 3). The largest magnitudes
of the negative Casimir pressure at the points of minimum are
8.98, 12.63, and 20.0 mPa reached for the film thicknesses
a =150, 135, and 115 nm, respectively (compared to 7.91
mPa reached at a = 155 nm for an undoped peptide coating).
Thus an addition of Au nanoparticles makes the peptide coat-
ing more stable over a wider range of film thicknesses.

Finally we consider the case of peptide coatings doped
with magnetic nanoparticles which endows the coating with
superparamagnetic properties. The computations below are
performed for the iron oxide (Fe;O4) magnetite nanoparticles,
which are often used in ferrofluids [48,49]. The dielectric
permittivity of magnetite along the imaginary frequency axis,
en(1€), was found in Ref. [49] basing on the measurement
data of Ref. [50]. Then, the dielectric permittivity sg)ﬂ (i&) of
peptide film containing some fraction of water and doped with
magnetite nanoparticles was calculated by Eq. (6) where ea,
was replaced with &,,. It was used as ¢(V(i&) in Eq. (1).

The magnetic permeability of peptide coating doped
with magnetic nanoparticles deserves special attention. As
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FIG. 4. The Casimir pressures in doped with magnetite nanopar-
ticles peptide films containing ® = 0.4 fraction of water deposited
on a SiO; substrate are shown by the lines 1, 2, and 3 for the volume
fractions of nanoparticles 8 = 0.01, 0.03, and 0.05, respectively, as
the functions of film thickness at 7 = 300 K. The black line with no
number presents similar results for an undoped coating.

was mentioned above, the magnetic properties influence the
Casimir pressure only through the term of Eq. (1) with / = 0.
This is explained by the fact that at 7 = 300 K the mag-
netic permeability drops to unity at much smaller frequencies
than &; [39]. For the static magnetic permeability of peptide
coating which is a superparamagnetic system containing the
fraction B of single-domain magnetic nanoparticles of radius
R one obtains [51]

1672R3 BM>

D) =1
w0) =1+ T

, N

where M, ~ 300 emu/cm’® = 3 x 10° A/m is the saturation
magnetization per unit volume for a single nanoparticle of
magnetite [52].

We note that according to this equation the magnetic per-
meability of doped peptide film depends not only on the
volume fraction of nanoparticles 8 but also on their radius.
This is not the case for the dielectric permittivity of the same
coating which, according to Eq. (6), is completely determined
by the value of 8. We use the typical value R = 5 nm in below
computations. Then, for 8 = 0.01, 0.03, and 0.05 one obtains

from Eq. (7) for the static magnetic permeability u"(0) =
1.05, 1.14, and 1.24, respectively.

Computations of the Casimir pressure in peptide coat-
ings doped with magnetite nanoparticles were performed by
Eq. (1) using the dielectric permittivity and magnetic perme-
ability obtained above as well as the dielectric permittivity
of a SiO; substrate £ (i&;). In so doing the ® = 0.4 volume
fraction of water in the film was assumed. The computational
results are shown in Fig. 4 by the lines 1, 2, and 3 as functions
of the film thickness for the volume fractions of nanoparticles
B =0.01, 0.03, and 0.05, respectively, at T = 300 K. The
black line with no number shows the Casimir pressure in an
undoped peptide coating with the same fraction of water. As is
seen in Fig. 4, the presence of magnetite nanoparticles in pep-
tide coating again widens the range of film thicknesses where
the pressure is negative and makes the minima deeper. Thus
the pressure changes its sign at a = 113, 108, and 102 nm for
peptide coatings with 8 = 0.01, 0.03, and 0.05, respectively
(to compare with @ = 115 nm for an undoped film). The
maximum magnitudes of the Casimir pressure 8.3, 9.6, and
11.9 mPa are reached at the extremum points of 150, 145,
and 135 nm for g = 0.01, 0.03, and 0.05, respectively. This
should be compared with 7.91 mPa at a = 155 nm for an
undoped coating. Thus doping with magnetic nanoparticles
results in more stable peptide films possessing superparam-
agnetic properties.

In the foregoing, we have calculated the fluctuation-
induced (Casimir) pressure in thin peptide films and coatings,
both undoped and doped with metallic nanoparticles, which
makes an impact on the film stability. Estimations show that
for films of about 100-nm thickness the electromagnetic fluc-
tuations may contribute up to 20% of the total cohesive energy
of a film [29,53] and all the more for thinner films. This adds
in importance to the effect of increased stability of peptide
films and coatings due to their doping with metallic nanopar-
ticles. Taking into account that stability is the crucial property
of a coating, the harnessing of doped peptide films may
become beneficial in various applications mentioned above.
The proposed doping of a peptide coating with magnetic
nanoparticles not only increases the film stability, but makes it
superparamagnetic which opens further application areas for
bioelectronics, such as in spintronics and magnetic resonance
imaging.
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