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Designed polypeptides and electrostatic layer-by-layer self-assembly form the basis of promising research
in bionanotechnology and medicine on development of polyelectrolyte multilayer films (PEMs). We show
that PEMs can be formed from oppositely charged 32mers containing several cysteine residues. The
polypeptides in PEMs become cross-linked under mild oxidizing conditions. This mimicking of disulfide
(5—S) bond stabilization of folded protein structure confers on the PEMs a marked increase in resistance
to film disassembly at acidic pH. The reversibility ofS bond stabilization of PEMs presents further
advantages for controlling physical properties of films, coatings, and other applications involving PEMs.

Introduction attractive for a host of reasons: polypeptides and proteins
o ~__are important to biology and medicine;-S bonds can be
PEMs are of broad and growing interest to scientific formed under relatively mild conditions, the number and

research in areas ranging from electronics to biomatérfals. gistribution of S-S bonds can be controlled in a variety of
Layers of nanometer-scale thickness can be readily fabricatedyays, and S'S bond formation is reversible.

by electrostatic layer-by-layer self-assembly (LBLJhe  Development of films and coatings in food science,
variation on the general theme when the linear charge densitypharmaceutics, waste disposal, and other areas has involved
of the self-assembling polyelectrolytes is higkO(5-1 proteins to a substantial extetithis pertains to the present

electronic charges per monomer). The simplicity and uni- work because a protein comprises one or more polypeptide
versality of LbL holds much promise for commercial chains. At the same time, however, the present work is far
exploitation of PEMs. Common polymers in LbL are organic mgre general in scope, because all the different protein
homopolyelectrolytes of high water solubility but low bio-  sequences on Earth are but a very tiny fraction of all of the
compatibility. Our work in bionanotechnology has aimed to polypeptide sequences that are both possible and realizable
broaden the frontier of PEMs research by initiating and de- by molecular biology or synthetic chemistry.
veloping the use of designed polypeptides for LbL. A key amino acid in the present work is cysteine (Cys),
Analysis of PEM properties has been largely concerned which can form an SS bond in an oxidizing environment.
with chemical, mechanical, or thermal stré3®PEMs show S-S bonds occur naturally in biological matter, where they
reduced structural integrity or tend to dissdi at a pH are important for stabilizing folded structure of proteins, e.g.,
near the [, of the ionizable groups of the polycations or  |ysozyme® To the best of our knowledge, this report is the
polyanions, owing to electrostatic repulsion. In the present first one in the scientific literature where PEMs of any sort
work, we have assessed the structural integrity of polypeptideare strengthened by mimicking=% bond stabilization of
PEMs in a model harsh environment, viz. strongly acidic proteins and, moreover, where PEMs have been fabricated
pH, in the presence and absence ofSScross-links. Harsh  from such short polyelectrolytes. The results suggest a
conditions are common in industrial chemistry; they are also multitude of new possibilities for developing polypeptide
pertinent to some situations in biology. PEMs. Areas of research and development most likely to be
There are two main ways of stabilizing a PEM: choosing affected by this work are biotechnology and medicine.
polyelectrolytes of high intrinsic structural integrity and Applications of this technology include implanted device
cross-linking the polyelectrolytes following assembly. As to coatings, drug delivery systems, and artificial cells.
the latter various approaches are known: thermal/photo-
induced cross-linking, for instance by diazonium groups;
glutaraldehyde cross-linking; other; but the modification
process will be irreversible or involve a toxic chemical or Polypeptides. The sequences were
structure-damaging ultra-violet radiation. The present work
is concerned with cross-linking and stabilization of polypep- (1) KVKG/KCKV/KVKG/KCKV/KVKG/KCKV/
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tide PEMs by formation of SS bonds. The approach is KVKG/KCKY
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where K, E, V, G, C, and Y represent, respectively, the amino Oxidized and non-oxidized PEMs on quartz slides were
acids lysine, glutamic acid, valine, glycine, cysteine, and incubated in the resulting solution for 30 min. The slides
tyrosine. Peptide synthesis was by F-moc chemistry. The were removed, and the absorption spectra of the solutions
products were confirmed by mass spectrometry and analyzedvere measured in the range 190100 nm. The pH of the
by high-performance liquid chromatography and used with- solutions was adjusted to 10.5, and the samples were
out further purification. immersed for another 30 min. The slides were removed and
LbL Assembly and Disassembly.Peptide multilayers  the absorbance spectra were measured and compared.
were assembled at room temperature on quartz crystal
microbalance (QCM) resonators (Sanwa Tsusho Co., Ltd,
Japan) or quartz microscope slides as described previbusly.

The peptide concentration was 2 mg/mL in each case, and \ye have designed peptides (1) and (2) on the basis of
the buffer was 10 mM tris-HCI, pH 7.4. The rinsing solution  principles described elsewhefeBriefly, at the pH of PEM

was 10 mM tris-HCI, pH 7.4. Following polyelectrolyte  3ssembly all ionized side chains of a peptide were required
adsorption, each sample was dried using a stream of dry gasio have the same sign and polypeptide charge per unit length
nitrogen for non-oxidized samples and air for oxidized ones. \ya5 required to be above 0.5 in solution, assuming complete
The film fabrication process was (1) prepare solutions of jgnjzation for the sake of simplicity; quantitative determi-
peptides as described above; (2) sequentially immerse thenation of a probable shift in side chaipon PEM formation
QCM resonator in each of these solutions for 20 min; (3) was beyond the scope of the present study. The sequence
rinse the resonator for several seconds after each adsorptiogjesigns were intended to test whetherSsbonds could
step; (4) dry the resonator in a stream of gas; (5) monitor stapilize polypeptide PEMs in a manner resemblingSS

the deposition of material by QCM. An illustration of film  pond stabilization of ordered structure of a protein at acidic
assembly is provided in the Supporting Information. QCM  pH 6 Sequences resembling peptides (1) and (2) but encoded
resonator frequency shiftAf, was converted to mass of py a genome could be especially useful for maximizing
adsorbed materiahmasAm(ng) ~ —0.87 x Af (Hz) (see,  piocompatibility or minimizing immunogenicity of a film,

for example, ref 1d and citations therein). coating, or microcapsule in the respective orgarfism.

The efficiency of covalent cross-linking in multilayers was We have shown that peptides (1) and (2) can be used to
measured by determining the resonant frequency at definedfabricate chemically cross-linked polypeptide PEMs. The
time points following exposure of the film to acidic pH. peptides were dissolved in 10 mM Tris-HCI, pH 7.4 to a
Samples were exposed for a defined length of time to an final concentration of 2 mg/mL. Figure l1a displays film
oxidizing environment or a reducing environment, and then assembly on QCM resonators as monitored by QCM. The
immersed in a 10 mM KClI solution buffered at pH 2.0. This change in polypeptide mass deposited per adsorption step
pH is well below the K, of the side chains of the negatively was linear. This implies that the surface density of charge
charged peptide in aqueous solution; glutamic acid titrates of the substrate reversed sign on peptide adsorption, con-
at pH 4.0-4.58 After treatment in acidic pH for 240 min,  sistent with the assumed net charge at neutral pH based on
oxidized samples were or were not exposed for several hoursamino acid sequence composition. It is remarkable that such
to 50 mM tris(2-carboxyethyl)phosphine hydrochloride (TCEP) a large quantity of designed 32mers was deposited, over 285
buffered at pH 2.0; TCEP is an effective sulfhydryl reducing ng per layer; the adsorption of poiylysine and poly:-
agent in the range 1:9.0° QCM was used to determine  glutamic acid, which is qualitatively different, is discussed
mass of the PEM at defined time points. All samples were in ref 7. The behavior of the designed peptides may reflect
dried in a stream of gaseous nitrogen at each time point priorthe relative importance of hydrophobic interactions in
to QCM measurement to minimize the dependence on polypeptide PEM assembly.
frequency of the viscoelastic properties of a PEM. An We have developed a novel way of using QCM to
illustration of film disassembly is provided in the Supporting measure the effectiveness of cross-linking in polypeptide
Information. PEMs. Following assembly, PEMs of peptides (1) and (2)

Determination of S—S and S-H Groups. Ellman’s were exposed for several hours to an oxidizing agueous
reagent, (5,5dithiobis[2-nitrobenzoic acid], DTNB), isused environment (air-drying for 30 min, then immersion in 20
in a standard method of determining reactive sulfhydryls in v/iv % DMSO, 10 mM Tris-HCI saturated with air, pH 7.5)
proteins (pH 8). It can also react with-S linkages when  or a reducing environment. Figure 1b shows that acidic pH
one free sulfhydryl group is available for reaction (pH 10.5). treatment of non-oxidized polypeptide PEMs led to film
The product, TNB~, has an absorbance maximum at 412 disassembly with relatively rapid kinetics. The absolute net
nm. Titration of cysteinyl residues with DTNB was used to charge of the negative polymers declined on protonation, and
characterize the relative abundance eft6and S-S bonds. the positive polymers repelled each other, weakening attrac-
Detailed information on procedure can be found in ref 10. tion between layers. By contrast, oxidized polypeptide PEMs
Briefly, in the present context two sets of sample films, containing Cys retained most of their mass after 240 min at
oxidized and non-oxidized, were assembled on quartz slides.acidic pH. (Optimization of the extent of mass retention will
For each sample or reference, 1 mL of DTNB solution (50 be discussed elsewhere.) All retained material was lost from
mM sodium acetate, 2 mM DTNB inJ@, pH 8.0), prepared  the oxidized PEMs, however, on immersion of the sample
fresh, was added to 2 mLf & M tris, pH 8.0 and 17 mL of in a reducing aqueous environment: TCEP reduced S
H,O, mixed thoroughly, and dispensed into a UV cuvette. bonds in the oxidized PEMSs, leading to complete film

Results and Discussion
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Figure 1. Polypeptide PEM assembly and disassembly monitored
by QCM. Symbols indicate the average of three independent trials.
(a) LbL of designed 32mers 1 and 2. Deposited polymer increases
linearly with adsorption step. The mass sensitivity constant for
conversion of frequency shift into mass deposited was assumed to
be 1.83 x 108 Hz cm? g~1.14 (b) Representative time course of loss
of polypeptide from QCM resonator at acidic pH. Substantially less
material was lost from S—S bonded PEMs (oxidized) than ones
stabilized by van der Waals interactions alone (reduced). After
treatment with a reducing agent at acidic pH, however, complete
disassembly of the film was observed; S—S bond formation in

polypeptide PEMs was reversible.
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Figure 2. Confirmation of S—S bond formation in polypeptide PEMs.
S—H and S—S determination using Ellman’s reagent. Absorption
spectra of non-oxidized samples are shown with dashed lines,
oxidized samples with solid lines. The proportion of S—S is much
higher in the oxidized sample than the non-oxidized one, and vice
versa for S—H.

disassembly at acidic pH, as in the reduced sample. This
resembles the known reversibility of-& bond formation

in proteins®

DTNB was used to demonstrate the formation ofS

bonds in oxidized polypeptide PEMs. At pH 8, free-IS

reacts with DTNB, giving a mixed disulfide and 2-nitro-5-

thiobenzoic acid (TNB"). Figure 2 shows that at pH 8 £

determination) TNB- absorbance was higher in the non-

oxidized film than the oxidized one, indicating more-8
groups in the former than the latter. At pH 10.5+S

determination), DTNB also reacts with-S in the presence
of S—H. In this case, TNB™ absorbance was higher in the
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Figure 3. Effect of S—S bond formation on Cys-containing polypep-
tide PEM stability under extreme conditions, in this case strong acid.
The cross-linked polymers would also be stable in different harsh
conditions, e.g. an organic solvent. S—S cross-links stabilize the
oxidized film. The formation of S—S bonds is reversible. On addition
of a reducing agent, the disulfide-bonded PEM becomes unstable at
acidic pH. Counterions are omitted for clarity.

oxidized sample than the non-oxidized one; there were more
S—S bonds in the former than the latter. The data thus
indicate that more SS bonds were present in samples after
than before oxidation. Quantitative determination efS
bonds per unit mass of PEM, though possible, was beyond
the scope of the present work, as the primary concern was
demonstration of proof of principle.

The mechanism proposed for the results of this work is
presented in Figure 3. Exposure of a Cys-containing PEM
to an oxidizing solution promotes-S5 bond formation;
cross-links form between like-charged polypeptides within
a single layer and between oppositely charged polypeptides
in adjacent layers. The product is a cross-linked PEM of
three-dimensional structure which resists disintegration in a
harsh environment, in the present case acidic pH. By contrast,
non-crosslinked (“reduced”) samples readily disintegrate at
acidic pH, due in large measure to charge repulsion between
positively charged polypeptides—S cross-link formation
increases PEM stability against chemical degradation, sub-
stantially reducing the kinetics and extent of disintegration
of oxidized Cys-containing polypeptide PEMs relative to
non-oxidized ones (cf Figure 1b).

Taken together, the experimental results indicate that
oxidation of a PEM assembled from a Cys-containing
polypeptides increases film stability by the following reac-
tion:

NH;* OXIDIZING
CO0 —CH-CH-SH + HS—CH,—CH-C00 - —
NH.* REDUCING
o
[ele]on —?H—CH;—S—S—CH:—CH—COO “+2H
NH;*

Other researchers have cross-linked PEMs by thermal or
photoinduced processes for various purposes, e.g., micro-
pattern polymer films, stabilize enzyme crystals for synthetic
applications, enhance ion-transport selectivity of polyelec-
trolyte membranes, and stabilize biocompatible albumin/
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heparin coating®’ In all such cases, however, cross-linking References and Notes

was irreversible. SS cross-linking of polypeptide PEMs is
both distinctive and advantageous for fabrication, it can be
achieved under mild reaction conditions, for example on air
oxidation in the absence of added chemicals, and advanta-
geous for controlling properties of PEMs, it is chemically
reversible. The PEM fabrication methodology outlined in this
work thus is promising for development of biocompatible
coatings for implanted devices, edible food coatifigs,
artificial cells intended for use in viv&? and other applica-
tions.

Conclusion

Short custom-designed polypeptides (32mers) can be used
to create PEMSs by electrostatic LbL. Polypeptide PEMs have
exceptional potential for functional design and a vast range
of possible uses in areas involving protein-based films,
coatings, and microcapsules, for example pharmaceutical
science, biotechnology, food science, and waste disposal.
Inclusion of Cys in a polypeptide suitable for electrostatic
LbL permits controlled and reversible cross-linking between
polypeptide chains under mild conditions. Stability of
polypeptide PEMs to disintegration at acidic pH is substan-
tially increased on film oxidation. Further investigation is
needed to determine whether S cross-linking will stabilize
polypeptide PEMs in other types of harsh environment and
the extent to which the character and extent of cross-linking
can be optimized for a specific application.
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