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ABSTRACT Polyelectrolyte multilayer nanofilms and nanocomposites have shown considerable promise for

the rational development of multifunctional materials with wide-ranging properties. Polypeptides are a distinctive

and largely unexplored class of polyelectrolytes in this context. Methods now exist for the synthesis of peptides

with control at the level of the amino acid sequence, and for the preparation of these polymers in massive

quantities. Here, we analyze the roles of six designed 32mer peptides in the fabrication, structure, and stability

of multilayer nanofilms prepared by layer-by-layer self-assembly. The data show that amino acid sequence and the

specific combination of anionic and cationic peptides together have a marked impact on nanofilm growth

behavior, secondary structure content, and density in experimental studies. The same factors determine physical

properties of the corresponding interpolypeptide complexes in molecular dynamics simulations.
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peptide

reparation of polyelectrolyte multi-

layer films by layer-by-layer assem-

bly (LBL)" is attractive for a host of
reasons. For example, polymers can be de-
posited inexpensively from aqueous solu-
tion onto a solid support, minimizing the in-
volvement of organic solvents; the process
itself is environmentally benign. Moreover,
the films can be built on substrates of virtu-
ally any size or shape, and the layering pro-
cess can be automated, which is important
for industrialization. Furthermore, diverse
linear ionic polymers and natural biomacro-
molecules are demonstrably suitable for
fabrication of multilayer films,"~* including
polypeptides.® The general approach there-
fore holds promise for the development of
novel materials which have realistic pros-
pects for large-scale production and com-
mercialization.

In ordinary polyelectrolyte LBL, strong
electrostatic interactions both limit the
amount of material deposited per layer
and stabilize the multilayer film structure.'®
Hydrophobic interactions and hydrogen
bonding too can influence polymer assem-
bly and the properties of the resulting
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films.”~® Less clear is how the various kinds
of noncovalent interactions will influence
film assembly, stability, and other physical
properties in any particular polyelectrolyte
system. Increased knowledge of the roles of
noncovalent interactions will be important
for the full exploitation of polypeptide films
in practical applications.’®

Polypeptides are unique among organic
polymers in being able to form the familiar
secondary, tertiary, and quaternary struc-
tures displayed by folded proteins.’’'2 Con-
trol of peptide adsorption properties,
through control of peptide structure or as-
sembly conditions, translates into control of
the physical, chemical, and biological prop-
erties of the polypeptide multilayer
nanofilms.>'° Experimental studies have
shown that dried polypeptide multilayer
nanofilms resemble folded globular pro-
teins in being crystal-like."® In addition,
both proteins and polypeptide multiayer
nanofilms are stabilized by noncovalent in-
teractions,” and both generally feature a
substantial proportion of amino acid resi-
dues in their secondary structure.’®'® Re-
versible formation of disulfide bonds be-
tween cysteine-containing peptides
increases nanofilm stability at neutral pH
and in harsh environments,’® ">~ mimick-
ing the well-known stabilization of the na-
tive structure of disulfide bond-containing
hormones and proteins,'" and enabling
control over film properties by changing
the reducing potential.>'92°

Complementary approaches have pro-
vided insight on causal relationships per-
taining to polyelectrolyte multilayer film
structure and function. For instance, the re-
sults of molecular dynamics (MD) studies of
model polypeptide multilayer nanofilms
are consistent with the view that electro-
static interactions, hydrophobic interac
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Figure 1. Polymer structure and assembly method. (a) Schematic diagrams of the designed 32mer peptides at neutral pH. The single-
letter code is used to indicate peptide structure: K, lysine; E, glutamic acid; V, valine; S, serine; N, glutamine. Tyrosine, Y, was included
for quantification of concentration by aromatic absorbance at 280 nm. All peptides are shown in 8 sheet conformation (cf. Figure 2a
and Table 2): alternating side chains point above and below the plane of the sheet, which is perpendicular to the plane of the page.
Side-chain lengths and physical properties vary from peptide to peptide. P1 and N1 were designed to probe the role of electrostatic in-
teractions in multilayer film assembly; P2 and N2, hydrophobic interactions; P3 and N3, side-chain hydrogen bonding. (b) Side chains
of the amino acids used to synthesize the peptides depicted in panel a. Lys and Glu are ionized at neutral pH. Val is always hydropho-
bic. Ser and Asn are polar but not ionized. (c) Layer-by-layer assembly. Polypeptide multilayer films were prepared by sequential depo-
sition of polycationic peptides and polyanionic peptides on a solid support from aqueous solution at neutral pH. Under such condi-
tions, the linear charge density of the polymers is high. Films were rinsed between polymer adsorption steps to remove loosely bound
material and dried to minimize the water content for characterization. (d) Multilayer films studied here. The substrate is shown at the
left. Film growth proceeds to the right. Layers of P1 and of N1 are deposited in successive polymer adsorption steps. There is some over-
lap of material in adjacent layers. Nine combinations of designed peptide have been studied in this research.

RESULTS AND DISCUSSION
Six peptide structures have been designed, synthe-

sized, and purified in order to study the role of differ-
ent kinds of noncovalent interactions in multilayer

-tions, and hydrogen bonds influence peptide self-
assembly in a multilayer film context.?" Physical proper-
ties of interpolyelectrolyte complexes (IPECs) of vari-
ous combinations of polyelectrolytes have been

investigated extensively;*? soluble IPECs are now con-
sidered key conceptual antecedents of polyelectrolyte
multilayer films, which are a sort of condensed phase of
highly aggregated IPECs. Nevertheless, many ques-
tions remain concerning the physics of polypeptide
self-assembly in multilayer nanofilms.'® Answering such
questions will increase the predictability of the
polypeptide multilayer nanofilm fabrication process
and promote an understanding of the nature of mat-
ter in the transition from molecules to aggregates of
molecules to bulk material.

Here, polypeptide multilayer film assembly, surface
morphology, internal structure, and structural stability
and the structure and energetics of polypeptide com-
plexation have been studied for different systems of
cationic 32mers and anionic 32mers.

www.acsnano.org

nanofilm formation and stability (Figure 1a). P1 and N1
represent electrostatic interactions; P2 and N2, hydro-
phobic interactions; and P3 and N3, side-chain hydro-
gen bonding.?® Figure 1b depicts the side chains of
these polymers. The Lys side chain is positively charged,
whereas that of Glu is negatively charged at neutral
pH. There are twice as many methylene groups in Lys
as in Glu. Val has a purely hydrophobic side chain. The
hydroxyl group of Ser is a hydrogen bond donor; the
side chain of Asn can be a hydrogen bond acceptor or
donor. The aromatic ring of Tyr is useful for spectro-
scopic detection. At pH 7.4, the absolute linear charge
density A ~ 1 per amino acid residue for P1 and N1; A =
0.5 for P2, N2, P3, and N3.""** As to hydrophobicity,
(P2 or N2) > (P3 or N3) > (P1 or N1).2° Control over
amino acid sequence thus allows control over the abil-
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Figure 2. Fabrication of P2/N2, P1/N2, and P2/N1, moni-
tored by optical spectroscopy. (a) UV spectra of P2/N2. In-
set, CD spectra of P2/N2. (b) Magnitude of positive CD ab-
sorption bands at 198 nm (filled symbols) and negative
absorption bands at 216 nm (open symbols) in millide-
grees. The behavior in each case is corroborated by QCM
measurements. Inset, location of peak maximum in nanom-
eters. The shift in spectral properties indicates a dependence
of internal film structure on thickness; the dependence var-
ies with peptide system.
ity of peptides to form different noncovalent interac-
tions. The relatively high value of \ enables controlled
incorporation of peptides into multilayer films.'2°
lonized amino acid side chains are generally found
on the surface in folded proteins, where the charged
groups determine aqueous solubility and binding speci-
ficity."" The hydrophobic “force”, which drives nonpo-
lar side chains to associate in a polar solvent, is gener-
ally considered to be the dominant force in protein
folding; the “core” of a folded protein is predominantly
hydrophobic.?”-*® Backbone hydrogen bonds stabilize
secondary structures, « helices, and B sheets;'? side-
chain hydrogen bonds stabilize tertiary structure,
whether the hydrogen bond is formed with another
side chain or with the polypeptide backbone.
Conventional polyelectrolytes, for instance poly(sty-
rene sulfonate) and poly(allylamine), are nonchiral; they
do not form regular structure under typical conditions.
Polypeptides, which are chiral, therefore present advan-
tages for analyzing the internal structure of nanofilms.
Circular dichroism spectrometry (CD) measures the dif-
ference in absorption between right- and left-circularly
&) VOL. 1 = NO.5 = ZHANG ET AL.

polarized light. The far-UV CD signal is remarkably sen-
sitive to the conformation of the polypeptide back-
bone,’? whether the peptides are in solution 2°7" or
in a film.3%33

The nine oppositely charged combinations of the
polypeptide designs in Figure 1a are indicated in Fig-
ure 1d. All nine combinations have been analyzed here,
experimentally in a multilayer film context by CD, ultra-
violet spectroscopy (UVS), and quartz crystal microbal-
ance (QCM), and computationally in an IPEC context by
MD simulations in implicit solvent. Nanofilm density
has been found to vary by well over an order of magni-
tude, depending on the peptide system, and experi-
mental film surface roughness has been found to corre-
late with the calculated potential energy of the
corresponding IPEC. The results provide clues as to
how peptide primary structure will determine self-
assembly behavior and physical properties of multi-
layer films. These general conclusions are based on the
following data.

Experiments. Multilayer nanofilm fabrication of all op-
positely charged combinations of P1, N1, P2, and N2
has been characterized by UVS, CD, and QCM. Figure
2a shows spectra of the P2/N2 system at different
stages of nanofilm fabrication. A substantial increase in
optical density results from the deposition of each layer
of polypeptide, indicating successive increases in nano-
film thickness. Film growth is an approximately linear
function of the number of polymer adsorption steps in
the range shown.

Structural changes within P2/N2 during the assem-
bly process are apparently “cooperative”, judging by
the coincidence of signal intensity at specific wave-
lengths (~190 and ~205 nm). That is, the adsorption
process seems not to involve reorganization of peptide
structure during nanofilm buildup; if structure reorgani-
zation did occur, the variation in CD signal intensity
would be a function of wavelength. The P1/N2 system,
by contrast, shows supralinear growth (Figure 2b),
whereas for P2/N1 growth is exponential and for P3/N2
it is non-cooperative (see Supporting Information).

The collective spectroscopic data support the view
that the self-assembly of a given polypeptide design,
e.g., P2, during multilayer nanofilm fabrication is “con-
text dependent”. In other words, the assembly behav-
ior of a given peptide molecule is determined as much
by its own structure as by that of its oppositely charged
assembly partner. Film mass for a fixed number of lay-
ers corroborates the general conclusion of context de-
pendence (Figure 2b and Table 1). This perspective
gains yet further support from the observation that
the positive (198 nm) and negative (216 nm) CD band
amplitudes are generally consistent with the corre-
sponding UVS amplitudes and QCM mass increments
(Table 1).

The context dependence of peptide behavior in
nanofilm fabrication and structure resembles the “con-
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TABLE 1. Physical Properties of Dry Polypeptide Multilayer
Nanofilms?

film frequen thickness ranule size rowth

structure sl|iqft (Hg absorbance (nm) ! (nm) gmode
P1/N1 800 0.02 4.4 46 L
P1/N2 4700 1.40 439 204 S
P1/N3 1500 0.09 35 104 L
P2/N1 6600 271 72.8 86 S
P2/N2 1500 0.53 49.9 95 L
P2/N3 4300 0.60 463 150 S
P3/N1 1400 0.13 14.6 75 L
P3/N2 1000 0.40 313 160 L
P3/N3 500 0.15 1.5 140 L

“Frequency shift after 16 layers, measured by QCM, is proportional to actual mass
deposited; UVS absorbance after 15 layers is a measure of optical thickness; ellipso-
metric thickness was determined after 20 layers; granule size after deposition of 20
layers was determined by AFM (see Figure 4). Apparent growth mode: S, supralinear;
L, linear. The experimental thickness of a single layer of P1/N1 s 0.22 nm. For com-
parison, the dimensions of a 32mer peptide in extended conformation are roughly
10.5 nm X 1.5 nm X 0.5 nm. This implies uncertainty in the ellipsometric thick-
ness or incomplete surface coverage during initial adsorption steps, especially when
N is high. Ellipsometric thickness is a fitting parameter, as is index of refraction. It
must nevertheless be assumed that the measured values indicate relative film thick-
ness and moreover approximate actual thickness.

formation switching” exhibited by some peptides and
proteins,®* the context dependence of B sheet propen-
sities,®> and the context dependence of contributions
of backbone hydrogen bonds to 8 sheet folding ener-
getics.?® The rules whereby a disordered polypeptide
chain folds spontaneously into a functional small globu-
lar protein cannot be fundamentally different from the
rules governing the organization of matter in a
polypeptide multilayer nanofilm.

Closer analysis of the CD spectra of 15-layer films
has revealed additional dissimilarities in structure be-
tween nanofilms which have just one polypeptide
structure in common. The amplitude of the negative ab-
sorption band in the P2/N2 spectrum, for example, is
about 2.7 times the size of the positive band (Figure 2a),
the positive band is a factor of 1.3 greater than the am-
plitude of the negative one in the P1/N2 spectrum,
and in the P2/N1 spectrum the two bands have about
the same amplitude (Figure 2b). The differences in rela-
tive band amplitude suggest differences in film struc-
ture. The signal-to-noise ratio of the P1/N1 system is
poor; these films are very thin under the conditions of
the experiments reported here. P1/N1 nanofilms made
of a greater number of layers do show a significant CD
signal, as do 15-layer films of high-molecular-weight
poly(L-lysine) and poly(L-glutamic acid).'3”

Shifts in position of the positive and negative CD ab-
sorption peaks during film fabrication have been found
to resemble peak amplitude changes for all combina-
tions of peptides. The positive band is blue-shifted on
film buildup, whereas the negative band shifts to the
red (inset, Figure 2b). In the P2/N2 system, the positive
adsorption band shifts initially to the red and then to
the blue by as much as 0.5 nm; the negative band shifts

www.acsnano.org

TABLE 2. Results of Deconvolution of CD Spectra after
Deposition of 15 Layers”

secondary structure content

film structure « helix 13 sheet B turn random coil

PI/N1 - - - -

P1/N2 0 0.72 0.04 0.24
P1/N3 0.08 0.41 0.21 0.31
P2/N1 0 0.92 0.05 0.03
P2/N2 0 0.19 0.12 0.70
P2/N3 0 0.24 0.19 0.57
P3/N1 0.09 0.35 0.24 0.32
P3/N2 0 0.26 0.23 0.51
P3/N3 0.07 0.37 0.22 0.34

“B sheet, B turn, and random coil are prevalent in all the nanofilms; little v helix
is present in any of them. P1/N2, P2/N1, P1/N3, and P3/N1 (“mismatched” combi-
nations involving P1 or N1) have a large amount of 3 sheet, whereas P2/N2, P2/N3,
P3/N2, and P3/N3 (“matched” combinations) have a large amount of random coil.
MD simulations have revealed that the conformation of the corresponding IPECs is
“extended” in the “mismatched” combinations and “bent” or “collapsed” in the
“matched” ones (excluding P1/N1).

0.9 nm to the red. The negative band of P1/N2 shifts
to the red over 50% more than this, with further change
probable on increasing the number of layers. The oscil-
latory behavior of the positive band of P2/N1 with suc-
cessive peptide adsorption steps, which are as large as
2.3 nm peak-to-peak, suggests that nanofilm surface
charge, or the migration of polymers within the film
during the adsorption process, influences internal film
structure.

The CD spectra of dried polypeptide nanofilms (e.g.,
inset of Figure 2a) closely resemble the spectra of
model B sheets in aqueous solution.?*32 This alone
strongly suggests that the peptides of the present study
adopt a B sheet conformation on incorporation into a
multilayer film. Deconvolution aims at the accurate
resolution of a CD spectrum into contributions from a
small number of more elementary structures, typically
a helix, B sheet, § turn, and random coil.>® The decon-
voluted secondary structure content of the present
nanofilms (Table 2) suggests that little if any a helix is
present in the 15-layer structures at neutral pH (or in
any of the uncomplexed peptides in solution, data not
shown; helical structure can be formed in a polypeptide
multilayer nanofilm at extremes of pH.'?) Apparent he-
lical structure in P1/N3, P3/N1, and P3/N3 is possibly an
artifact of deconvolution, a consequence of the rela-
tively high average a helix propensity of P1 or N1,%° or
a consequence of side-chain hydrogen-bonding poten-
tial in P3 and N3 (Figure 1b). Deconvolution suggests
that a large proportion of random coil (~7/10) and a
small proportion of 3 sheet (~1/5) are present in P2/
N2. Both P2/N3 and P3/N2 also have a large percent-
age of random coil (=1/2). P1/N2 and P2/NT1, by con-
trast, have a large percentage of B sheet (=1/2); the
molecules P2 and N2 have a high average propensity
to form B sheets.”® The high B turn content in the other
films suggests protein-like B sheets: the higher the con-
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Figure 3. Assembly and disassembly of combinations of
P2, N2, P3, and N3. (a) Assembly at pH 7.4 as monitored
by QCM. The frequency increment is directly proportional
to mass increment under the conditions of the experi-
ment. (b) Disassembly at pH 4.0 (solid symbols) or pH 2.5
(open symbols) as monitored by UVS. Color coding of
data points is the same in both panels. Film disassembly
can be modeled as a first-order exponential decay pro-
cess. The fitted time constants at pH 4.0 are 52 (P2/N2),
71 (P2/N3), 30 (P3/N2), and 36 min (P3/N3).

tent of B turns, the shorter and more protein-like the B
strands.

The stability of the polypeptide multilayer nano-
films has been assessed by immersion into buffer at
acidic pH."®"” Results obtained for P2, N2, P3, and N3,
for example, are shown in Figure 3. The behavior of
these peptides during nanofilm fabrication resembles
the behavior of P1, N1, P2, and N2: it is context depend-
ent (Figure 3a). Substantially more material is depos-
ited for P2/N3 than for P2/N2 for a given number of lay-
ers. During disassembly at pH 4.0, P2/N2 and P2/N3
exhibit relatively little mass loss after 3 h (Figure 3b).
P3/N2 and P3/N3, by contrast, show steady and sub-
stantial mass loss under the same conditions, the
former retaining more mass than the latter. Film stabil-
ity at mildly acidic pH is a direct reflection of the collec-
tive strength of noncovalent interactions between poly-
mers and the film-substrate. Acidic conditions will
induce the rupture of ionic bonds between oppositely
charged peptides, even if the average pK of glutamic
acid will vary with polymer structure, film architecture,
and assembly conditions.*'** The behavior of P2/N2
and P2/N3 suggests that side-chain hydrogen-bonding
and hydrophobic interactions, which are due to the
structure of the side chains in these peptides
(Figure 1b), will stabilize polyelectrolyte films under
some conditions.”®** The hydrophobic surface is
greater and the hydrogen-bonding potential is lower
per peptide molecule in P3/N2 than in P3/N3. The nano-
film disassembly data in Figure 3b therefore suggest
that satisfying hydrogen-bonding potential in the vicin-
ity of neutral pH, which is known to be required in the
hydrophobic core of proteins from crystal structure
analysis, could destabilize a polypeptide film relative
to hydrophobic interactions. A more certain conclusion

30
25
20
15
10

5=

0

Figure 4. Surface morphology of P1 films as determined by AFM. Upper panels, height mode image; lower panels,
profilometric section of the indicated location. The z-axis scale is 30 nm throughout. Note the large difference in gran-
ule size and surface roughness. These physical properties of a polypeptide multilayer film are context dependent;
bulk properties are determined not by P1 per se, but by the interaction of P1 with the negatively charged peptide. Con-
text dependence of surface morphology was found for the other peptide combinations as well (see Supporting Infor-

mation).
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Figure 5. Relationship between frequency shift (film mass
as determined by QCM), film thickness (as determined by el-
lipsometry), and granule size (surface roughness as deter-
mined by AFM). (a) Frequency shift vs thickness. The line,
which represents the best-fit linear model to all data points,
passes close by the origin; there is no change in frequency
of a resonator unless peptide is adsorbed. Density varies be-
tween films by more than an order of magnitude, suggest-
ing that direct translation of frequency shift into film thick-
ness for different combinations of polyelectrolyte, though
common in the scientific literature, is a dubious practice at
best. (b) Frequency shift vs granule size. The error in fre-
quency shift for P2/N1, P2/N2, and P2/N3 is the standard de-
viation of four independent samples. The error in ellipso-
metric thickness is the standard deviation of three randomly
selected points on the same sample. The error in granule
size is set to =10% from analysis of AFM data. The line is a
linear fit to all data points except those indicated by an ar-
row; it is a visual aid only.

is that the film properties of a given polypeptide are
context dependent.

The pH dependence of film disassembly behavior
has been characterized for different nanofilm architec-
tures. The results show that behavior at pH 2.5 differs
from that at pH 4.0. At pH 2.5, P3/N3 is the most stable
film, P2/N3 is the least stable, and P2/N2 and P3/N2 are
in between (Figure 3b). A relatively large percentage
of glutamic acid side chains will be protonated at pH
2.5, weakening the electrostatic attraction between
positive and negative peptides and increasing the in-
ward migration of small counterions and charge repul-
sion between polycations. The effect of charge neutral-
ization on P3/N3 will be less great than for the other
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film surface roughness.

films, because interactions between side-chain hydro-
phobic groups will tend to hold molecules together and
polar side chains will contribute to the formation of
hydrogen-bonding networks.

The reason why the order of stability of peptide sys-
tems is not the same at pH 2.5 as at pH 4.0 remains un-
clear. It seems likely, though, that any plausible expla-
nation will have to involve both the probability of
protonation of Glu side chains as a function of pH and
the relative contribution of electrostatic interactions
versus hydrophobic interactions and hydrogen bonds
to nanofilm stability. In any case, the film disassembly
data at acidic pH are consistent with a model in which
Coulombic interactions dominate film stability, particu-
larly at neutral pH, but hydrophobic interactions and
hydrogen bonds are present and significant and in fact
relatively important at acidic pH. This view is in accord
with the predominant view of polyelectrolyte multilayer
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Figure 7. Calculated nonbonded potential energy in implicit
solvent versus average hydropathy for the nine IPECs stud-
ied here. Average hydropathy per residue was calculated
with data from ref 30. N2 has the highest average hydropa-
thy. Generally, the greater the hydropathy, the greater the
potential energy. P1/(N2,N3) is clustered with (P2,P3)/N1,
and P2/(N2,N3) with (P2,P3)/N2.
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film assembly,’ but it seems contrary to the hypothesis
that the hydrophobic effect is the dominant force in
protein folding and stability.?”-®

Basic features of the surface morphology of 20-
layer polypeptide nanofilms built on silicon wafers
have been determined by atomic force microscopy
(AFM; Figure 4). “Granule size”, defined as the diameter
of a representative “grain-like” structure on the film sur-
face, has been found to vary as P1/N1 < P2/N2 < P3/N3
by up to ~300% (Table 1). The high density of electro-
static interactions per unit mass in P1/N1 makes the film
dense and smooth,' whereas the surface of P2/N2,
which is stabilized internally by numerous hydropho-
bic interactions, is comparatively diffuse and rough.
P3/N3 has a large granule size (142 nm), but the film is
relatively smooth by profilometric analysis. Side-chain
hydrogen bond donors and acceptors must form hydro-
gen bond networks in P3/N3, and charge interactions
and hydrophobic interactions will be present. The need
to satisfy hydrogen bond donors and acceptors and
charge interactions in P3/N3 may induce structural ir-
regularities in individual peptides and thus the entire
film. Dehydration of hydrophobic groups during film
drying in P3/N3 and P2/N2 will result in the “collapse”
of structure, as in desolvation of hydrophobic core side
chains in protein folding.'>?” The overall secondary
structure content of a polypeptide multilayer nanofilm
is retained during drying and rewetting,** as in protein
crystallization and lyophilization.

Film surface roughness (AFM) can be compared to
mass of peptide deposited (QCM) and film thickness (el-
lipsometry). In Figure 5a, a linear fit to all data points
distinguishes films of higher density (e.g., P1/N3, 11.4
g-cm™?) from ones of lower density (e.g., P2/N2, 0.84
g-cm~ 2 and P3/N2,0.88 g - cm3). The difference in ex-
tremes of density is huge. Figure 5b shows that nano-
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Figure 8. Relationship between calculated nonbonded potential en-
ergy of peptide pairs in implicit solvent and deconvoluted proportion
of B sheet in the film. See Table 2. Note the clustering of P2/(N2,N3)
with (P2,P3)/N2 and of P1/(N2,N3) with (P2,P3)/N1. The former IPECs
have a net charge of 0, whereas the latter ones are only partially
charge-neutralized.
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film roughness tends to increase as mass deposited in-
creases. Other researchers have suggested that
supralinear film growth might arise from irregular poly-
mer deposition, creating an increasingly rough surface
and inducing interpenetration of layers.*> The present
results indicate that supralinear growth does not always
correlate with surface roughness.

Further analysis of the surface roughness data in
Table 1 has revealed intriguing patterns. Experimental
granule size follows the same order in peptide combi-
nations involving N1 or N3: P1/N(1,3) < P3/N(1,3) < P2/
N(1,3). Moreover, all film systems involving N1 have a
smaller granule size than the corresponding system
with N3. Furthermore, the order of granule size for com-
binations with P1 or P3 is the same as for N1 or N3:
P(1,3)/N1 < P(1,3)/N3 < P(1,3)/N2. The cause of large
granule size is apparently a difference in X between
peptides. The existence of patterns suggests the possi-
bility that further study will reveal the underlying physi-
cal basis of the behavior. One way of gaining further un-
derstanding these peptide systems is to carry out MD
simulations and to compare the results with experimen-
tal data.

Simulations. The behavior of IPECs corresponding to
the combinations of peptide in the experimental stud-
ies described above has been analyzed in MD simula-
tions. The approach is justified on the view that IPECs
are a key analogue of polyelectrolyte multilayer films.??
Simulations of larger aggregates of peptides were not
feasible with the tools available for the work described
here. All simulations were done in implicit solvent. In
each case, the starting structure consisted of two oppo-
sitely charged peptides in a B sheet (Table 2) in order
to base the simulations on the results of the experimen-
tal work (Table 1) and with classical bond angles in or-
der to have a common reference state. The trajectory in
each case was calculated for 1-2 ns, depending on the
time required for the IPEC to reach equilibrium. Simula-
tion results were compared with the experimental data
presented above.

Figure 6 presents the calculated total potential en-
ergy of an IPEC in implicit solvent versus surface rough-
ness of the corresponding polypeptide multilayer film
for the various combinations of peptide (Table 1). IPEC
energies clustered in three groups, determined appar-
ently by the structure of the negative peptide because
N1 < N3 < N2. The same order was found for granule
size in systems of N1, N2, or N3 with P1 or P3. The poly-
anionic peptides may have a more significant effect on
electrostatic potential than the polycationic peptides
because the side-chain charges are closer to the poly-
mer backbone in glutamate residues than in lysine
residues.

The three groups of peptide systems with regard to
electrostatic potential are also groups in terms of nano-
film surface roughness. The N1 group has the lowest
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Figure 9. Film models based on experimental evidence presented here and in ref 46. (a) Highly schematic models of P1/N1 and P2/N2.
Amino acid side chains are uniformly oriented in the plane of the page. Backbones are in a 3 sheet conformation (see Table 2). Each posi-
tive side-chain charge forms an ion pair with a negative side-chain charge. Hydrophobic side chains, indicated by triangles, interact
not with charged side chains (energetically unfavorable) but with each other (energetically favorable). (b) More realistic models of P1/
N1, P2/N2, and P2/N1. P1/N1 and P2/N2 grow linearly; P2/N1, exponentially. Again, the side chains are oriented vertically. This orienta-
tion is simpler to depict than horizontal side-chain orientation. The film situation must be more complex than the models suggest.

See text for further discussion.

surface roughness; the N2 group, the highest. In the
N1 and N3 groups, nanofilm surface roughness follows
the same pattern as calculated IPEC total potential en-
ergy: P1/N(1,3) < P3/N(1,3) < P2/N(1,3). The data sug-
gest that peptide combinations with a high charge den-
sity and strong interaction energy will tend to have a
low surface roughness, and vice versa. The results also
support the idea that the greater the similarity of pep-
tide structures in a peptide pair, the higher the energy
of interaction in an IPEC, especially when hydrophobic
interactions are involved, and the lower the surface
roughness of the corresponding film.

Calculated nonbonded potential energies of IP-
ECs correlate with average per-residue hydropathy
values (Figure 7). An experimentally determined
quantity, hydropathy measures the tendency of a
compound to avoid partitioning into water from a
less polar solvent. Hydropathy is calculated from the

www.acsnano.org

transfer free energy of a compound between an or-
ganic phase and water. Hydrophobic side chains
have a higher hydropathy than hydrophilic side
chains. The data in Figure 7 show that the higher
the charge density of a polyelectrolyte, the greater
the electrostatic contribution of the IPEC to poten-
tial energy, the lower the potential energy of the
peptide complex, and the lower the hydropathy.

Comparison of computational results and experi-
mental data has revealed that the calculated solvation
energy of an IPEC correlates with the deconvoluted per-
centage of B sheet in the corresponding multilayer
film (Figure 8). The larger the solvation energy, the
more probable the formation of B sheet in the film.
The relationship suggests that the propensity of a pep-
tide to form secondary structure in a multilayer film will
not be a function of amino acid sequence alone*® but
also of the structure of its assembly partner.

O
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Models. Idealized structural models of P1/N1 and
P2/N2 are shown in Figure 9a. Individual molecules
of P1 and N1 have the maximum possible value of
\ at neutral pH: all side chains are charged;?* these
polymers are highly soluble. Experimental data sup-
port the view that the ratio of deposition of P1 to N1
in successive film layers is 1:1,%® which is consistent
with the view that approximately one “layer” of mol-
ecules is deposited per deposition cycle. Charge re-
pulsion will be high between molecules within a
single film layer. Each layer will be comparatively
thin because the contour length of the polymers and
the ionic strength are low (refs 1, 10, and 13; Table
1). In the copolypeptides P2 and N2, by contrast, hy-
drophobic residues alternate with charged ones at
neutral pH. The nonpolar side chains will strongly in-
fluence peptide structure and solubility. P2 can form
B sheet-containing fibrils in aqueous solution.*”*®
Experimental evidence indicates that the mass ratio
of P2 (or N2) deposition to that of N1 (or P1) is close
to 2 (ref 46; Supporting Information). Stacking of lay-
ers will be stabilized by hydrophobic interactions be-
tween valine residues.*”

METHODS

Peptides. Six 32mer peptides, designated P1, N1, P2, N2, P3,
and N3 (Figure 1a), were designed to test the role of electro-
static interactions, hydrophobic interactions, and hydrogen-
bonding potential in LBL.?* Details of the chemical structure of
the amino acid constituents of these peptides—Ilysine (Lys),
glutamic acid (Glu), valine (Val), serine (Ser), glutamine (GIn),
and tyrosine (Tyr)—are depicted in Figure 1b. The polypeptides
were synthesized by standard F-moc solid-phase synthesis, puri-
fied, characterized by mass spectrometry and high-performance
liquid chromatography, and lyophilized prior to incorporation
into multilayer nanofilms. Some sequence heterogeneity was tol-
erated. Most polyelectrolyte multilayer film studies involve
highly polydisperse preparations of polymers. Earlier work from
our laboratory has shown that the same preparations of peptides
display behavior that can be predicted on the basis of amino
acid sequence.*®

Solutions. All polypeptide multilayer nanofilms were fabri-
cated by LBL (Figure 1c). A schematic of the product of polypep-
tide LBL is shown in Figure 1d." For nanofilm fabrication, lyophi-
lized peptides were dissolved in 10 mM
tris(hydroxymethyl)aminomethane buffer, 10 mM NaCl, pH 7.4,
to a final concentration of 2 mg/mL. The peptide adsorption time
was 15 min per adsorption step (i.e., per “layer”). Disassembly ex-
periments were done by immersing nanofilms in 10 mM ac-
etate buffer, 10 mM NaCl, pH 4.0, or 10 mM glycine buffer, 10
mM Nadl, pH 2.5. All nanofilms were rinsed three times with
deionized water and dried with a gentle stream of nitrogen gas
after each assembly or disassembly step.

Instruments. A quartz crystal microbalance (Agilent 53131A,
225 MHz universal counter, Agilent Technologies, Santa Clara,
CA) was used to monitor the sequential assembly of the films on
silver-coated resonators with a nominal frequency of 9 MHz
and a surface area of 0.16 cm? (Sanwa Tsusho Co., Ltd., Tokyo, Ja-
pan). Quartz microscope slides for ultraviolet spectroscopy (UV-
1650 PC UV-vis spectrophotometer, Shimadzu Corp., Kyoto, Ja-
pan) and circular dichroism spectrometry (J-810
spectropolarimeter, Jasco Corp., Tokyo, Japan) were from Elec-
tron Microscopy Sciences (Hatfield, PA). The step size for CD ex-
periments was 0.1 nm, and the bandwidth was 1 nm. The thick-
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More realistic nanofilm models, of P1/N1, P2/N2,
and P2/N1, are shown in Figure 9b. Highly charged P1
and N1 can readily form favorable charge pairs between
layers. These polymers are likely to adopt a relatively ex-
tended conformation because intramolecular charge
repulsion is high and degree of polymerization is low.
B sheet structure is present.'*** The lesser charged
polymers P2 and N2 are more likely to show intrachain
clustering due to the large number of hydrophobic side
chains. “Collapse” of peptide structure on itself, if it oc-
curs, could hinder formation of favorable charge pairs
between layers. P2 and N2 could also be deposited in a
single layer per adsorption step, leading to less B sheet
formation, more charge repulsion within each plane,
and a less highly networked film. In the case of P2/N1
(or P1/N2), there will be less conformation-based hin-
drance of formation of ordered structure, if any at all,
because the overall density of charged groups in the
film will be higher than in P2/N2. These charged groups
will increase the tendency of the peptides to adopt an
extended conformation, as in P1/N1. Layer stacking is
more probable at each adsorption step involving P2 or
N2 than P1 or N1.%¢

ness and surface morphology of nanofilms prepared on silicon
wafers were characterized by ellipsometry (SE 850 ellipsometer,
Sentech Instruments GmbH, Berlin, Germany) and atomic force
microscopy (Q-Scope 250 AFM, Quesant Instrument Corp., Santa
Cruz, CA), respectively. Silicon wafers (N/Phos (100), resistivity
1-10 Q- cm, thickness 375-425 wm, diameter 100 = 0.5 mm,
bare silicon) were from Silicone Technology Corp. (Newport
News, VA). A very thin layer of naturally grown SiO, was present
on the Si surface. Details of substrate cleaning procedures, in-
strument settings, and deconvolution of CD spectra can be
found in refs 13, 14, 16, and 49.

Simulations. Twenty-six qualitatively different MD simula-
tions of IPECs in implicit solvent were done: P1—N1 with par-
allel strands (P1—N1_P); P1—N1 with antiparallel strands
(P1—N1_A); P2—N2 with charged side chains on same side
of the B sheet (P2—N2_PS, P2—N2_AS); P2—N2 with charged
side chains on opposite sides of the B sheet (P2—N2_PO,
P2—N2_AO); and so on, including P3—N3_PO, P3—N3_AO,
P3—N3_PS, P3—N3_AS, P1-N2_P, P1—N2_A, P2—N1_P,
P2—N1_A, P1—=N3_P, P1—N3_A, P3—N1_P, P3—N1_A,
P2—N3_PO, P2—N3_AO, P2—N3_PS, P2—N3_AS, P3—N2_PO,
P3—N2_AO, P3—N2_PS, and P3—N2_AS. The starting struc-
ture was a 3 sheet with classical bond angles in each case.
32mer peptide models were built with the Biopolymer mod-
ule of Insight Il (Accelrys, San Diego, CA) to represent the
peptides studied in the experiments described here.?® All
simulations were run with the Amber 8 simulation package®
and the ff99 force field.>' Each peptide IPEC configuration
was simulated in implicit solvent. The GB solvation model
(igb = 5) was used,’? the salt concentration was 15 mM, and
the pH was 7.4. At this pH, glutamic acid is negatively
charged and lysine is positively charged with high probabil-
ity. The protonation state of Glu and Lys side chains therefore
was fixed in the ionized state. Each IPEC system was energy
minimized for 1000 cycles prior to MD simulation, and each
residue was constrained to its original position by a harmonic
potential with a force constant of 5.0 kcal - mol™" - A=2, The
system was heated from 240 to 300 K in 10 ps and weakly
coupled to a Berendsen temperature bath at 300 K for 1 ns
with a time constant of 2 ps.>® Lengths of bonds involving a
hydrogen atom were constrained with the SHAKE algo-

0
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rithm.>* The time step for MD was 2 fs. Each MD trajectory
was sampled every 1 ps for further analysis with DeCipher
(Accelrys). Attainment of equilibrium was ascertained in each
case by analysis of the time course of potential energy. Each
qualitatively different simulation was repeated at least once.
In all cases, the outcome of the repeated simulation was es-
sentially the same as the original.
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