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Simple molecular models predict key aspects of the “microscopic” assembly behavior of various peptide systems
in the fabrication of multilayer films. Such films show substantial differences in density for different peptide
systems. The data suggest that exponential film growth is possible in the absence of polymer diffusion and that
“macroscopic” assembly behavior is more a function of peptide-peptide interactions than peptide sequence alone.

Introduction

It is well established that buildup of a polyelectrolyte
multilayer nanofilm by alternate dipping of a charged substrate
into solutions of oppositely charged polymers1-7 is based on
the reversal of sign and the “overcompensation” of the net
surface charge density.8 Two general categories of “macro-
scopic” nanofilm growth mode are described in the multilayer
film literature: linear and supralinear.2,3,5,6 The latter can be
called exponential for some polyelectrolyte systems. It is said
that the physical basis of exponential growth in a wet film is
the inward diffusion of at least one of the two assembling species
in a binary polyelectrolyte system.6 Questions remain, however,
concerning mechanisms of nanofilm growth at different levels
of structure.

Here, 32mer polypeptides have been designed to probe the
physical basis of polyelectrolyte multilayer nanofilm growth
with regard to electrostatic interactions, hydrophobic interac-
tions, and hydrogen bonds.9 The same types of interactions
stabilize the folded state of proteins. Data show that model-
based predictions of a relative mass increment of 0.5 (1:2), 1
(1:1), or 2 (2:1) in successive polypeptide adsorption steps
(“microscopic” level) are corroborated by experiments on four
peptide systems. In addition, overall film growth (“macroscopic”
level) of a given peptide structure has been found to depend on
the electronic character of the peptide assembly partner and
therefore on subtleties of interactions between the adsorbing
peptides, and film density has been found to have a marked
dependence on film architecture.

Experimental Details

The peptide structures were K31Y (“P1”), E31Y (“N1”), (KV) 15KY
(“P2”), and (EV)15EY (“N2”), where the single-letter code for amino
acids is used.9,10 The backbones of these polymers are identical. Figure
1a shows the chemical structures of E, K, V, and Y, and Figure 1b
shows a space-filling model of P2. The side chain of K is basic; E,
acidic; V, hydrophobic. The aromatic side chain of Y was for
spectroscopic detection. K and E are ionized in solution at neutral
pH.11,12For P1 and N1,|λ| ≈ 1 in units of electronic charge per amino
acid residue at neutral pH; for P2 and N2,|λ| ≈ 0.5. The solubility of
P2 and N2 in an aqueous medium is lower than that of P1 and N1
owing to fewer ionized side chains and the relatively large nonpolar
surface of the valine side chain.

Calculated molecular masses of the designed peptides in solution
at neutral pH are 4186 Da (P1), 4152 Da (N1), 3735 Da (P2), and
3717 Da (N2), accounting for ionization of side chains and termini.
Amino acid composition and purity of the synthetic peptides were
assessed by mass spectrometry and high-performance liquid chroma-
tography, respectively. Some sample heterogeneity, due apparently to
nonideal monomer coupling, was tolerated; typical nonpeptide polymer
preparations in the multilayer film literature are highly polydisperse.

Lyophilized peptides were reconstituted in 10 mM tris(hydroxy-
methyl)aminomethane, 10 mM NaCl, pH 7.4 at 2 mg/mL. Buffer
chemicals, from Sigma-Aldrich (USA), were used without further
purification. Multilayer nanofilms of all four combinations of designed
peptide were fabricated on negatively charged solid supports by layer-
by-layer assembly (LBL).1 The magnitude of the surface charge density
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Figure 1. Polymer structure. (a) Chemical structure of amino acid
constituents of the peptides studied here. The side chain of E is
negatively charged and that of K is positively charged at neutral pH.
The side chain of V is hydrophobic. (b) Molecular model of polycation
P2 at neutral pH in classical â conformation. The size of the molecule
is approximately 10.5 nm × 1.5 nm × 0.5 nm, where the depth
measure does not include the natural twist of the molecule. Oxygen
atoms, shown in red, define where the plane of the â-pleated sheet,
which is perpendicular to the plane of the page, intersects the plane
of the page. Carbon is shown in green, nitrogen in blue, hydrogen in
white. The lysine side chains point upward, the valine side chains
downward. These sets of side chains are on opposite sides of the
plane of â-pleated sheet.
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following cleaning (see below) was not necessarily the same for silver-
coated quartz crystal microbalance (QCM) resonators, quartz slides,
and silicon dioxide wafers. The substrates for film assembly had an
area of 0.16( 0.01 cm2, ∼10 × 25 mm2, and ∼10 × 25 mm2,
respectively. In the first peptide adsorption step, P1 or P2 molecules
were deposited by immersion of the substrate in 2 mg/mL peptide
solution for 15 min. Loosely bound polycations were removed by
rinsing the substrate 3× with deionized water, and the film was dried
with N2 gas. Then N1 or N2 molecules were deposited on the initial
layer, and loosely bound polyanions were removed as before. The
resulting bilayer was dried with N2 gas, completing the first adsorption
cycle. All nanofilms were dried for characterization ex situ. Diffusion
of either adsorbing species within a film was therefore minimal. A
total of 16 or 20 layers (8 or 10 bilayers) of peptide were deposited.

Nanofilms were built on QCM resonators (9 MHz nominal
frequency; Sanwa Tsusho Co., Ltd, Japan) for determination of mass
increment. The resonators were cleaned by immersion in acetone for
30 min and ultrasonication for 1-2 min, followed by thorough rinsing
with deionized water and drying with N2 gas. Shift in resonant frequency
(Agilent 53131A 225 MHz universal counter, USA) was converted to
mass increment by the Sauerbrey equation.13 The mass sensitivity
constant was 1.83× 108 Hz‚cm2‚g-1. Nanofilms were built on quartz
slides for characterization by spectroscopy in the ultraviolet range. Slides
were cut into pieces and cleaned sequentially by agitation in hot 1%
sodium dodecyl sulfate for 30 min, immersion into 1% NaOH in 99.8%
CH3OH/H2O (50/50, v/v) for 2-3 h, and agitation in a hot 1:3 (v/v)
mixture of 98% H2SO4 and 27% H2O2 for 5 min (“piranha”). Slides
were stored in piranha solution, and they were rinsed thoroughly with
deionized H2O and dried with N2 gas immediately before peptide film
assembly experiments. Nanofilms were built on Si wafers (N/Phos-
〈100〉 , resistivity 1-10 ohm‚cm, thickness 375-425µm, diameter 100
( 0.5 mm; Silicone Technology Corp., USA) for evaluation of thickness
by ellipsometry (Sentech Instruments GmbH SE 850 ellipsometer,
Germany). The wafers had a very thin layer of naturally grown SiO2

on the Si surface. Wafers were cut into pieces in a clean room, rinsed
with deionized H2O, dried with N2 gas, and stored in sealed dust-free
vials.

Results

QCM analysis revealed that growth of a multilayer film of
polycation P1 with polyanion N1 (“P1/N1”) was “linear” from
the macroscopic perspective under the conditions of the experi-
ments (Figure 2a). A similar result was obtained for P2/N2.
Linearity of growth was corroborated in both cases by optical
spectroscopy (Figure S1, Supporting Information). More mate-
rial was deposited in a given number of adsorption cycles for
P2/N2, however, than for P1/N1. There are more charged groups
in P1 or N1 than in P2 or N2, but a 1:1 peptide complex has a
net charge of 0 in P1/N1 and in P2/N2. P2 is substantially more
hydrophobic and less soluble in aqueous solution than P1.

Macroscopic growth of P1/N2 and of P2/N1, by contrast,
was supralinear (Figure 2a). The inset of Figure 2a shows that
buildup of the latter was exponential.6,9 In these peptide systems,
a 1:1 complex has a theoretical net charge of(15 electronic
charges;|λ| is “mismatched”, i.e., not the same for both
assembly partners.

Salt concentration was a constant in the nanofilm assembly
experiments reported here. This suggests that the observed
difference in growth mode between P1/N1 and P2/N2 on one
hand and P1/N2 and P2/N1 on the other hand might be
attributable to the extent of “matching” of|λ| or to a difference
in hydrophobicity between the assembling polymers.

Polypeptides are weak polyelectrolytes;|λ| can depend
significantly on pH. P1 and N1 are highly charged at neutral
pH. Figure 2a shows that little polymer was deposited in

successive adsorption steps during P1/N1 assembly, consistent
with earlier work on low molecular weight poly(L-lysine) (PLL)
and poly(L-glutamic acid) (PLGA).14 Strong electrostatic at-
tractions and repulsions dominate polymer interactions in this
system, particularly when the film is dry and the effective
dielectric constant between molecules is reduced, promoting self-
limited polymer adsorption and, as shown below, yielding an
ultrathin and dense multilayer film. Similar behavior is shown
by strong polyelectrolytes.1

|λ| is “matched” in P2/N2, as in P1/N1, but P2 or N2 has a
lower value of |λ| than P1 or N1, and P2 or N2 is more
hydrophobic than P1 or N1. Self-limited deposition is therefore

Figure 2. Peptide multilayer nanofilm assembly and thickness. (a)
Analysis of nanofilm assembly by QCM. 9, P1/N1; b, P1/N2; 2, P2/
N1; f P2/N2. P1/N1 and P2/N2 show linear growth; P1/N2 and P2/
N1, supralinear growth. Variance in overall frequency shift increased
with increasing adsorption step. Error bars represent the standard
deviation of measurements made in four independent nanofilm
assembly experiments. Inset, logarithm of frequency shift and
uncertainty for P2/N1. The linear least-squares fit to all available data
points (broken line) has a correlation coefficient r > 0.99. For 16
observations, the probability of exceeding this value of r in a random
sample of observations taken from an uncorrelated parent population
p < 0.05%. (b) Density of peptide films. QCM film mass after 16 layers
is plotted against ellipsometric film thickness after 20 layers. A
substantial dependence of density on the combination of polymers
is evident. For instance, the density and thickness of films containing
N1 depends markedly on assembly partner. Uncertainties in thickness
represent standard deviation of measurements made at three different
points on the same sample.
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less probable for P2 and N2 than for P1 and N1; hydrophobic
interactions will compete less well than strong electrostatic
interactions with thermal fluctuations. The degree of polymer-
ization of the polymers and the ionic strength of solution were
low in the experiments reported here, limiting the formation of
“loops” and “tails” in adsorbed polymers,8 minimizing increases
in film surface roughness in successive layers and promoting
organized self-assembly of peptides into a multilayer film.15

In P1/N2 and P2/N1, there is a difference in|λ| between the
assembling polymers. The presumed condition of charge
neutrality within a polyelectrolyte multilayer film (e.g., ref 16)
might require the relatively large mass deposition of the lower
|λ| peptides, for example, N2 molecules in the P1/N2 system,
particularly at a low concentration of small counterions.

Ellipsometric film thickness was 4.4( 0.2 nm for P1/N1,
44 ( 0.4 nm for P1/N2, 73( 1.5 nm for P2/N1, and 50( 0.2
nm for P2/N2 (Figure 2b). Film refractive index was a fitting
parameter; the best-fit values fell in the range 1.35-1.55 and
varied inversely with film thickness. P1/N1, built of high|λ|
peptides, was the thinnest film by an order of magnitude. P2/
N2 was somewhat thicker than P1/N2. The thickest film,
however, P1/N2, was not the one built of the most hydrophobic
peptides. These findings suggest that the complex interplay of
electrostatic interactions, hydrophobic interactions, thermal
fluctuations, and peptide solubility together will determine
polymer assembly behavior and film growth mode.

Analysis of peptide multilayer nanofilms by atomic force
microscopy confirmed that all films completely covered the
substrate after deposition of 10 bilayers, and it revealed that
film surface roughness was a function of film architecture (e.g.,
Figure S2, Supporting Information). Deswelling will have
occurred on drying the film with N2 gas, but the degree was
almost certainly less than 70%, the amount obtained with 30-
70 kDa PLL and 50-100 kDa PLGA at an ionic strength of
∼0.15.17 It is likely that the thickness of the designed peptide
multilayer nanofilms on rewetting was similar to that before
drying, as in the cited PLL/PLGA study.17

The density of dry P1/N1 was severalfold greater than that
of dry P2/N2 (Figure 2b), despite the linearity of film assembly
in both cases (Figure 2a). Presumably this difference reflects
the relative contributions of electrostatic interactions and
hydrophobic interactions to polymer adsorption;|λ| is high in
P1 and N1, it is half as much in P2 and N2, and P2 and N2 are
rather hydrophobic. P1/N2 and P2/N1 show supralinear growth.
These nanofilms are comparatively thick and dense. The
differences in density between similar peptide systems suggest
a limitation on the accuracy of estimates of film thickness based
on mass measurement, a dubious but nevertheless common
practice.

Average ellipsometric thickness per layer after 10 bilayers
was 0.22 nm for P1/N1, 2.2 nm for P1/N2, 3.6 nm for P2/N1,
and 2.5 nm for P2/N2. Given that the “thickness” of a
polypeptide is about 1.2 nm (Figure 1) and that peptides studied
here are likely to adopt a relatively extended conformation,
because|λ| is relatively large and the degree of polymerization
is relatively small, the ellipsometry data suggest that multiple
molecular layers are deposited per adsorption step in P1/N2,
P2/N1, and P2/N2 but not in P1/N1.

Further examination of the data in Figure 2a suggests that
they corroborate the hypothesis that multiple molecular layers
are deposited per adsorption step. Let the frequency shift of
polycation deposition for a given bilayer be∆f+, and let that of
the polyanion be∆f-. The frequency shift ratioR for a given
bilayer can be defined as∆f+/∆f-. When overall film growth

is linear, R will depend on the relative amount of material
deposited in successive adsorption steps. For example, if 3 times
as much polycation is deposited as polyanion in a given
adsorption cycle, thenR ) 3. R could be a function of extent
of film growth, providing clues as to a possible change in
mechanism for polyelectrolyte deposition near to and far from
the influence of the substrate.R can be computed in cases of
nonlinear film growth as an indicator of “microscopic” film
growth behavior. As shown in Figure 3a,R tends to 1 for P1/
N1 as the number of adsorption steps increases, hovers around
1 for P2/N2 and around 2 for P2/N1, and tends to 1/2 for P1/
N2. The data suggest, for example, that twice as much P2 than
N1 is deposited per adsorption step in P2/N1. Comparison of
the molecular structures of the peptides suggests that differences
in |λ| or in hydrophobic surface area underlie this behavior. In
P2/N2, where both peptides have|λ| ≈ 0.5, both are hydro-
phobic, and both have the same distribution of charge, the mass
increment will be independent of the number of layers deposited
per adsorption step, if film surface roughness and charge density
are approximately constant. Assuming two layers per adsorption
step in P2/N2 and one in P1/N1,R will be 1.78 for adsorption
of P2 in P2/N2 relative to adsorption of P1 in

Figure 3. Frequency shift ratio R as a function of film buildup. (a)
Frequency shift ratio for different combinations of peptides is plotted
as a function of number of layers. As the number of layers deposited
increases, P1/N1 tends to R ) 1, P2/N2 hovers around 1, P2/N1
tends to 2 and P1/N2 hovers around 0.5. Scatter in the P1/N1 data
are from the relatively large error in the QCM frequency shift
measurements. P1/N1 layers are thin; little material is deposited per
adsorption step. The broken line highlights the tendency of the P1/
N1 data. See Figure S3 in the Supporting Information for uncertainty
in R values. (b) Ratio of frequency shift R of P2/N2 to that of P1/N1
as a function of layer number (adsorption step). The calculation
validates Model 2 for P2/N2 in Figure 4, which predicts a frequency
shift ratio of 1.78 for P2 and P1 and a ratio of 1.79 for N2 and N1.
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P1/N1, and 1.79 for N2 relative to N1, based on calculated
peptide mass. Figure 3b shows the computed values ofR for
the data in Figure 2. The experimental data clearly tend to the
predicted value.

Simple, first-approximation models of microscopic growth
for all four peptide nanofilms are shown in Figure 4. The models
are based in part on CD data, which show that a substantial
proportion of peptide bonds in a polypeptide multilayer nanofilm
are inâ sheet conformation (Figure S1), but they take no account
at all of surface roughness, polymer backbone flexibility,
heterogeneity of molecule conformation due to thermal fluctua-
tions, or film viscoelasticity; just|λ| and hydrophobicity.
Nevertheless, the measured values ofR are remarkably consis-
tent with model predictions, as shown in Figure 3. Deviation
of the measured values from predictions could be due to changes
in surface roughness during film growth. In any case, the QCM
data, which show a relatively constant frequency shift from
adsorption step to adsorption step, are more supportive of model
2 than model 1 for P2/N2. This stands to reason, as formation
of a single layer of P2 or N2 on a charged substrate is
improbable during deposition from an aqueous environment,
given the hydrophobic nature of the valine side chain. The
thickness increment is more than 10-fold larger for P2/N2 than
P1/N1, not 2-fold larger, despite the frequency shift being just
twice as great for P2/N2 as for P1/N1. The apparent discrepancy
between QCM and ellipsometry could be due to the formation
of aggregates of P2 or of N2 in solution (Figure S4) or to the
thickness-related differences in optical properties of the nano-
films. In any case, P2/N2 is substantially less dense than P1/
N1 (Figure 2b).

Discussion

Previous studies have shown that the poly(styrene sulfonate)/
poly(allylamine hydrochloride) system, for example, shows

linear growth and that the PLGA/PLL system shows supralinear
growth at neutral pH and moderate ionic strength.12 A change
in mode for a given system from linear to supralinear growth
can result from an increase in ionic strength of the polyelec-
trolyte deposition solutions.5,17-20 The character of film buildup
can also be influenced by details of the film fabrication process.
For example, a pH or an ionic strength jump during or after
film assembly can reduce surface roughness by an annealing
process21 and possibly result in pore formation.22 Film structure
can also be altered by drying.23 Proposed mechanisms of growth
mode under various conditions have been a source of contro-
versy in the scientific literature. Polyelectrolyte self-assembly
in multilayer nanofilm fabrication is akin to self-organization
in protein folding when the polyelectrolytes are peptides.24,25

The data presented here show that the degree of “matching”
of molecular properties between polypeptides influences film
growth mode. For example, growth is linear in P1/N1, where
|λ| is matched, but growth is exponential in P2/N1, where|λ|
is not matched. For comparison,|λ| is not matched in the PLL/
hyaluronic acid (HA) system at pH 6.0-6.5,12 as every other
residue is ionizable in HA, and|λ| is only approximately
matched in the chitosan (CHI)/HA system at pH 5.0.24 Never-
theless, both systems show what the respective authors call
exponential film growth. In the cited studies, however, ionic
strength was moderately high (0.15 M NaCl), increasing
screening of polymer charges and decreasing persistence length,
and films were not dried for characterization. PLL/HA is a
particularly complex system because the unit lengths of the
polymers are different, the degrees of freedom in the polymer
backbone and in the side chains are different, the monomer
masses differ by severalfold, the degrees of polymerization were
different, the average polymer molecular weights were different,
and the degrees of polydispersity were different. In the present
work, by contrast, assembly data are shown for polyelectrolytes
of the same unit length and approximately the same average
number of degrees of freedom per monomer, monomer mass,
degree of polymerization, and overall polymer mass. We decided
to study the behavior of designed polypeptides to simplify the
interpretation of growth mode data.

“Exponential” polyelectrolyte multilayer film growth is
sometimes described as arising from polymer diffusion in a wet
film. In the PLL/HA system, for example, the diffusing species
is PLL.6 |λ| ≈ 1 for PLL under the conditions of the experiments
(near neutral pH). In the present work, by contrast, experimental
conditions were such that polymer diffusion was improbable
or limited: The films were dried between adsorption steps and
before measurement. Let us assume, however, that the expo-
nential growth of P2/N1 resulted from polyion diffusion. Were
P2 molecules or N1 molecules the species that diffused
throughout the film? Let us suppose P2. Why then does P2/N2
show linear growth, as it too is built from P2? Do P2 molecules
diffuse in the presence of N1 but not N2 molecules? If so, what
is the physical basis of the difference in behavior in the two
cases? Is it the difference in|λ| between N1 and N2? Is it the
difference in hydrophobic surface area? The difference in|λ|
or hydrophobic surface area must be responsible. Why should
a smaller value of|λ| for P2 than for N1 promote diffusion of
P2 in the film? The diffusing species in the PLL/HA system is
the more highly charged PLL.6 So let us suppose that N1
molecules were the diffusing species in the P2/N1 system. Why
then does P2/N1 show exponential growth but P1/N1 linear
growth? The same form of logic applies to analysis of the P1/
N2 system. The observed assembly behavior of P2/N1 and the
conditions of these experiments together imply, then, that

Figure 4. Structural models. There is but one adsorption mode for
P1/N1, P1/N2, and P2/N1 but two for P2/N2. Model 1 of P2/N2,
however, is substantially less plausible than model 2, as it would
require exposure of a hydrophobic surface to a hydrophilic environ-
ment each (KV)15KY deposition step. More important, the experi-
mental data reported in Figure 2 are more consistent with model 2
than model 1. The ratio of positive layers to negative layers in each
case is 1:1, 1:2, 2:1, and 1:1, respectively. Multilayer formation with
P2 and N2 resembles film formation from phospholipids.29
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exponential film growth might not have an essential dependence
on the inward diffusion of polyelectrolytes.

Fibril formation of P2 or of N2 in solution25,26might increase
the odds of exponential film growth in P2/N1 and P1/N2 by
way of successive increases in surface roughness with increases
in the number of layers deposited.2,3,5 Growth of P2/N2,
however, is linear, not exponential. Such behavior might be
attributable to the similar solubility of the two peptides. That
is, adsorbing N2 molecules might displace some adsorbed P2
molecules during adsorption, because the binding affinity to a
surface of given absolute charge density is about the same for
both polymers, and solubility is about the same for both
polymers (both have the same number of charges per unit length
and the same number of valine residues). In any case, the data
are consistent with the view that “macroscopic” nanofilm growth
arises not from peptide structure per se, but from the interaction
of one type of polymer with its assembly partner. For example,
growth of P1/N1 is linear but that of P2/N1 is exponential.
Aggregation of P2 or N2 in solution (see Figure S4 in the
Supporting Information) does not invalidate the models shown
in Figure 4, because, idealized as they are, the simple models
accurately predict the quantal nature of self-assembly of peptide
layers evident in Figure 3. To some degree, then, the models
must provide insight on the nature of the polypeptide film
formation process.

Conclusions

Four 32mer peptides were designed for investigation of the
physical basis of weak polyelectrolyte multilayer nanofilm
assembly. All experiments were done at neutral pH and low
ionic strength, and all films were dried prior to measurement.
The results have revealed striking differences in the growth
characteristics of the various combinations of peptide. Analysis
suggests that “microscopic” properties of nanofilm growth will
depend largely on the linear structures of the polymers and that
“macroscopic” properties of film growth will depend on
interactions between polymers. The self-assembly of peptides
in a multilayer nanofilm resembles the self-organization of
peptides in protein folding.24,25The results of this work provide
more support for dry macroscopic polyelectrolyte multilayer film
growth being governed primarily by surface area than by
volume, even in cases of exponential increase in film mass per
adsorption step. Polypeptide nanofilms are promising for the
development of multifunctional materials and coatings for
medical devices.27 Elucidation of the underlying mechanisms
of polypeptide multilayer nanofilm growth will inform related
research on “fuzzy nanoassemblies”, bionanomaterials, and
protein folding.
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