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Fine Tuning of Physical Properties of Designed Polypeptide Multilayer Films by
Control of pH

Yang Zhong, Bingyun Li," and Donald T. Haynie*

Biomedical Engineering and Physics, Bionanosystems Engineering Laboratory, Center for Applied Physics Studies, Louisiana
Tech University, PO Box 10137, Ruston, Louisiana 71272

Adjustment of pH can alter the ensemble of three-dimensional structures of a polypeptide in
solution by changing the distribution of charge and Coulombic interactions. The role of pH in
layer-by-layer self-assembly (LbL) of designed 32mer peptides containing the amino acid cysteine
has been investigated using a combination of physical methods. Results show that pH can have
a substantial influence on the mass of adsorbed peptide, surface roughness, and film density
over a range of 1.5 pH units. Peptide film thickness depends on the number of layers, as with
“conventional” polyelectrolytes. Film density and morphology, however, vary more with pH
than does thickness, translating into a change in density on the order of 70% over the pH range
7.4—8.9. Results of this work provide insight on the physical basis of LbL and suggest that
peptides are a promising class of polyelectrolytes for the creation of designer thin films for
applications in biotechnology and other areas.

Introduction structure. The mean charge per unit length of a “weak” PE varies
fgradually with pH. Polypeptides are considered weak PEs.
Experimental multilayer film studies involving “conventional”
eak PEs, for instance, poly(allylamine hydrochloride) and poly-
acrylic acid), have revealed that various film properties can
depend strongly on the pH of the polyelectrolyte assembly
solution. Examples include surface friction, roughness, film
morphology, and dielectric properties4—19). pH can be used
to “tune” film thickness 15, 20—23), polymer interpenetration
and surface wettabilityl@), film stability and morphology6,
25-29), and permeability 24, 30) when PEs are weak. The
effect of solution pH on weak PE multilayer film assembly has
also been studied theoreticallg1).

Despite extensive work on weak PE multilayers, further study
should be devoted to polypeptide films for at least two
reasons: the properties of a film and therefore its suitability
for an application, particularly in a biological context, could
depend essentially on chemical properties of peptides versus
some other type of weak PE, and it should not be assumed that
all polypeptides, particularly designed peptides, will behave in
ways that can be predicted from the known properties of a
handful of well-studied weak PEs or even the known properties

Peptides and proteins constitute one of four basic classes o
biological macromolecule. These extraordinary polyelectrolytes,
alone or in aggregate form, serve as nanoscale machines in th
synthesis of organic molecules, building blocks of tissue,
vehicles for gas transport, and chemical effectors of development
and growth in living organisms. In biotechnology, surface
modification with proteins or peptides is of considerable interest
for different applications, for example, membranes, biosensors,
and implants 1—3). The interaction of biomolecules and cells
with an implant depends on not only topology and roughness
of the surface but also chemical compositidh Self-assembled
peptide scaffolds have imaginatively been proposed for the
development of three-dimensional cell culture and tissue
engineering §).

Different approaches are taken in the self-assembly of
molecules into films and related structures. Examples include
Langmuir-Blodgett deposition, 7), sol-gel entrapment§),
covalent binding9), spontaneous adsorption from solutid®,(

11), and polyelectrolyte (PE) LbL. The last of these is attractive
to biotechnology for several reasons. LbL is simpi@e can
make a film from PEs in aqueous solutieand it is versatile ) . .
with respect to incorporation of specific chemical functionalities of poly(L-Iysme) (P_LL) and poly(-glutamic acid) (PLGA)'

(12, 13). Moreover, films prepared by LbL can feature nano- _ revious work in our laboratory has characterized self-
meter-scale organization, controlled thickness, and designed""sse,mbly O,f polypeptides and various properties of the resulting
supramolecular architecture. The ability to build a “nanofilm” multilayer films. We have shown, for instance, that pH can be

from peptides in a predetermined way therefore seems promisingUS€d 10 the control assembly of PLL and PLGA in the range

for the development of applications in biotechnology, medicine, F.’H 4-10 af‘d the gecqndary structure content of PLL/PLGA
and other fields. films following fabrication at neutral pH29, 32). We have

Material properties of an LbL film can be manipulated in found that peptides designed according to a few basic principles

different ways. Variables include choice of substrate, solution can be suitable for LbL, even when the molecular weight is as

conditions, method of post-fabrication functionalization, and PE low as ~3500 .D‘?‘ 83, 34).' and we have shown that films of
cysteine-containing peptides have increased resistance to deg-

radation at acidic pH on formation of disulfide bond=l,
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adsorption of designed 32mer peptides onto various types of T
solid support (QCM resonators, quartz slides, Si wafers). Film g s ‘“m*tm‘“m'iv
thickness has been assessed by ellipsometry and surface = 10fF AV
profilometry. Atomic force microscopy (AFM) has been used = - Ag
to characterize surface morphology. Results indicate that smooth .2 ST a
and dense polypeptide multilayer films or comparatively rough E 0 pEOL - =Y o--
and loose-packed ones can be prepared from 32mers by g - o “VV‘
adjusting solution pH over a range of just 1.5 pH units near E“ -5 - o 'Yy
neutral pH. We have also found that adjustment of solution pH ‘E‘” 0k o
influences surface roughness, thickness, and refractive index = - o
(RI) of multilayer films of these peptides in distinct ways from S5 Cooo Oog
conventional PEs and long homopolypeptides. > 20k . mooog
. . -n|-|||||||n|||-||??????‘
Experimental Section 1 2 3 4 5 6 7 8 9 10 11 12 13
In earlier work two 32mer peptides were designed to contain pH
cysteine and to have a high density of positive charge or a high Figure 1. Calculated net charge versus pH. Shaded regions indicate
density of negative charge at neutral pH: range of values discussed in this work. Triangles: Peptide 1. Squares:
Peptide 2. Solid symbols: Peptides 1 and 2 as studied here. Open
(1) KVKG/KCKV/KVKG/KCKV/IKVKG/KCKV/ symbols: Peptides 1 and 2 with cysteine replaced by serine.
KVKG/KCKY available in various source8{—41). Here, a four-layer optical
(2) EVEG/ECEV/EVEG/ECEV/EVEG/ECEV/ layer model (Si substrate/Si(peptide film/ambient air) was
EVEG/ECEY used to determine mean values of Rl and average film thickness

from the measured ellipsometric anglgsandA, with a Sentech

where K, E, V, G, C, and Y represent lysine, glutamic acid, SE 850 instrument (Germany). The angle of incidence was 70
valine, glycine, cysteine, and tyrosine, respectivelf)( The Measurements were made on dry films at ambient temperature.
design rationale was as follows. In Peptide 1, K is for It was assumed that the films were homogeneOUS and iSOtrOpiC;
electrostatic attraction to a negatively charged surface, V for this obvious simplification could have some bearing on the
hydrophobicity, G for polypeptide backbone flexibility, and C measured values. Film thickness was also determined in contact
for reversible disulfide bond formation. In Peptide 2, E is for mode using an Alpha-Step 1Q surface profiler (KLA Tencor
electrostatic attraction to a positively charged surface. In both Corporation, USA). A peptide film was gently scratched, and
cases Y, which is aromatic, is for spectroscopic detection and the scratch was profiled with a diamond stylus tip. The force
quantification of peptide concentration. A large increase in film Wwas 16.2 mg, scan length 4@, speed &m/s, sampling rate
stability can be achieved with these peptides by disulfide bond 50 Hz, and sensor range 20m/1.19 pm. Surface scanning
formation B4), and their average net charge varies more or less €xperiments were done at ambient temperature in tapping mode
predictably with pH (see below)36). using a Q-scope 350 scanning probe microscope (Quesant
The present study has investigated the role of solution pH Instrument Corp., USA). Scanning rate was 2 Hz, resolution
on deposition of Peptides 1 and 2 and physical properties of 500 pixels (2Qum x 20 um images) or 1000 pixels n x 1
the resulting films. Peptide concentration was 2 mg/mL in 10 #Mm images).
mM Tris-HCI buffer, 20 mM NaCl, and 10 mM DTT. pH was
7.4, 7.8, or 8.9. Tris buffers throughout this range and was used
in all experiments. The range pH 78.9 was chosen for two Peptide 1 and Peptide 2 are weak PEs. The linear charge
reasons: the cysteine side chain titrates in this region, and usedensity of the peptides, however, will be high throughout the
of the same buffer reduces variables, simplifying interpretation pH range 7.4-8.9 (Figure 1) 85). This is because the intrinsic
of results. The rinsing solution for samples prepared on QCM pK,’s of Lys and Glu, respectively, 10.5 and 4.3, are outside
resonators or quartz microscope slides contained 10 mM Tris- the range of interest here; normally both side chains are charged
HCl and 20 mM NacCl, and the pH matched that of the assembly at neutral pH, even in unstructured polymers and proteins, and
buffer. The presence or absence of DTT, a reducing agent, incomplex formation between PLL and PLGA will shift th&gs
the rinsing solution had no effect on film assembly (data not away from neutral. By contrast, thiol titrates in the range-7.4
shown).[100Si wafers of 1.4 nm average Si@hickness were 8.9. An increase in pH from neutral therefore will decrease the
used for ellipsometry, surface profilometry, and AFM experi- net charge on Peptide 1 and increase it on Peptide 2 (Figure 1).
ments. Wafers were cleaved into ¥025 mn? rectanglesina A single Peptide 1 molecule thus will have both positive and
clean room with fewer than 100 particles larger than 1% negative side chains at pH 8.9, increasing the odds of intra-
per cubic foot of air space (class 100), rinsed with deionized molecular salt bridge formation and aggregation. In Peptide 2
water, dried with nitrogen gas, and sealed in dust-free vials. the side chains of Glu will repel those of Cys when the latter
The average value of at least three measurements at ambienbecome ionized, increasing chain stiffness. The absolute net
temperature was obtained in QCM, ellipsometry, and profilo- charge of Peptides 1 and 2 is matched at pH 7.4, but disparity
metry experiments. Further information on materials used, the grows with increase in alkalinity (Figure 1). It was suspected
film assembly process, QCM, and CD is available in Supporting that changes in peptide charge density would have some impact
Information and ref 36. of film assembly. Experiments described here were done to
Absorption spectra of peptide multilayer films deposited on determine the general character and magnitude of change.
quartz microscope slides were recorded at ambient temperature UV absorbance of quartz slides increased and resonant
in the wavelength range 1900 nm with a Shimadzu UV-  frequency of QCM resonators decreased with adsorption step
1650 PC UW~vis spectrophotometer (Japan). Background during peptide self-assembly (Figure 2a). This was expected
information on ellipsometry and the underlying theory is from the previous studies on “conventional” PEs and peptides

Results
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Figure 2. pH dependence of peptide multilayer film preparation. Error bars represent standard deviations-{&. \$pectra were collected after
deposition of 3, 6, 9, 12, or 15 layers. Films were otherwise treated in the same way after each adsorption step. Absorbance increased with the
number of layers. (b) Comparison of UWis and CD (inset) for 15-layer films. (c) QCM. Resonant frequency decreased with number of layers

of short designed peptide, indicating deposition of material. Frequency shift depends substantially on pH. (d) QCM. Resonant frequency decreased
with number of layers of 32mers of PLL and PLGA or (inset) 13.6 kDa PLL and 14.6 kDa PLGA, indicating deposition of material. Frequency
shift is practically independent of pH.

cited above. For Peptide 1 and Peptide 2 at pH 7.4, absorbanc&able 1. Film Mass Measurement’
was about 0.056 AU/layer at 194 nm (Figure 2b) and frequency % difference
shift about—310 Hz per adsorption step near 9 MHz (Figure

; H \Y M D
2c¢), the nominal resonant frequency of the resonators. Not P by UVS by QC by €
predicted was the 3680% decrease in adsorption of these ;-g 768 735? 763
peptidesf detected by uvs _(Figure 2b), C_:D (Figure_ 2b), and 8.9 _84 65 ~80
QCM (Figure 2c) on increasing the pH by just 1.5 units (Table Adsorbed for 15 | d by ch n ohot

; a8 Adsorbed mass for ayers was measured by change in photon

1). PLL and PLGA have an approximately constant charge per absorbance (UVS), change in resonant frequency (QCM), and change in

unit length in the range pH 7-48.9, because neither lysine nor  gjjipicity (CD). Differences between the optical methods and QCM may
glutamic acid titrates in this region, and these peptides exhibit have to do with the character of the surface onto which the peptides were

similar assembly behavior under these conditions (Figure 2d). adsorbed. Films for UVS and CD were prepared on quartz microscope slides,
CD has revealed that Peptide 1/Peptide 2 films have a Iargeand the consistency of results is very good. Silver-coated quartz resonators

content off sheet (Figure 2b inset). The negative Cotton effect were used for QCM measurements.

at ca. 216 nm and the positive one at ca. 197 nm provide the

necessary evidence for secondary structure cond&t This

is consistent with our previous study of the designed peptides

(36) and similar to the secondary structure content of PLL/PLGA

films (29). There was some conformational change in peptides

in the film, but apparently little, on change of pH in the range

7.4—8.9; a structural transition will result in a corresponding

3c). This difference, however, was always less than 2% and
decreased with increasing layers.

Figure 4 displays AFM images of the surface morphology
of 40-layer Peptide 1/Peptide 2 films. Evidently, contaminant
particles were on the surface of unmodified wafers (Figure 4d),
despite preparation in a class 100 clean room. Nevertheless,
change in the shape of the spectrua)( films fabricated at pH 7.4 were relatively smooth (Figure 4c),

whereas ones prepared at pH 8.9 were comparatively rough

Ellipsometry has shown that film thickness increases with ,_. ; : -
: : - : (Figure 4a). Films made at pH 7.8 had an intermediate roughness
number of adsorption steps (Figure 3a). Surprisingly, thickness (tFigure ab). Essentially the same result was obtained with

at pH 8.9 was about the same as at pH 7.4, despite the apparen : .
difFerence in deposited mass (Figure ob ar|1od o). SSrgace independently prepared 20-layer films (see Supporting Informa-

profilometry measurements (Figure 3b) corroborated ellipsom- tAion)i;/Th?]vertlfalifncatles of tnr][ﬁ At\il\:/Mr:qmagef (Iefgenr? of Frlgurr;_
etry, in most cases to within 15% (Table 2). Ellipsometric RI ) give an approximate quantitative measure of surface roug

varied with adsorption step, from 1.58 to 1.65 over a range of ness and dependence on pH.

thickness of 2660 nm, similar to protein films in air (see Discussion

below); the opposite trend was found for film disassembly. Rl Peptides 1 and 2 were known to be suitable for multilayer
was higher for samples deposited at pH 7.4 than 8.9 (Figure film formation at neutral pH prior to the study described here
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(a) = would suggest that predicting the assembly behavior of weak
Bo b | =E PEs and the physical properties of the resulting films will be
5}3 - ) ? difficult on the basis of chemical structure alone: predicting
F it ” ? ’ ? the assembly behavior of polypeptides and the properties of the
60 —g ¢E ?’g? ? corresponding films is akin to solving the protein folding
I ’ﬁ’g’ problem.

Figure 2a shows variation in UVS signal with adsorption step
on assembly of Peptides 1 and 2. The monotonic increase in
signal implies that peptide was deposited during each step of
the fabrication process. Both UVS (Figure 2b) and CD (Figure
2b), optical methods, and QCM (Figure 2c), a mechanical
method, indicated that pH has a substantial effect on assembly
of Peptides 1 and 2 in the range #8.9. “Mass” measurements
40 by these methods are compared in Table 1. If any of the change
in UVS signal is attributable to conformational change of peptide

4 6 8 10 12 14 16 18 20

Adsorption step %-‘
0 W @-‘ 1 1 1
15 20 25 30 35

Thickness, nm
3
T

8]
o
I

(b) Adsorption step - . .
bonds, it must be small according to CD. By contrast, neither
E 200 32mers of PLL and PLGA nor larger versions of these peptides
- B exhibited an obvious dependence on pH in the indicated range
& 160 - (Figure 2d), as expected from earlier study of PLL and PLGA
_f'; | B Scratch films (2'9, 34) and .related reportsiB, 44).
£ E Peptide 1, Peptide 2, PLL and PLGA are weak PEs. Why,
=2 e m then, does their assembly behavior differ? Charge density
' 40 - depends on pH. At pH 7.4, the absolute value of the net charge
= I on Peptides 1 and 2 is matched; the linear charge density is
S m about the same (Figure 1). The same is true of PLL and PLGA,
2 40| though the linear charge density, close to 1, is about twice that
E g0l of Peptides 1 and 2. The similarity in charge density may allow
3 E Peptides 1 and 2 to form tight complexes at neutral pH, all
e e s TR charges being compensated in the peptide film. Because Peptides
a R IR N e O Rl e € [l 1 and 2 are relatively short and the linear charge density is
Scanning range, um relatively high at neutral pH, they closely approximate rigid
rods under these conditions. 32mers of PLL and PLGA will be
(c) 1.70 even stiffer at neutral pH, given the higher charge density.
RSIpH 7.4 4 i : As the pH becomes increasingly alkaline, cysteine deproto-
CpH78| £asf nates; its ja is near 8.4. At pH 8.9, then, Peptide 2 is more
_ 165 | gqlE=1pH89 S 3 extensively ionized and has a higher net charge than at pH 7.4.
- Z1n[ i Peptide 1 must have a lower net charge (Figure 1, inset). The
E it g g é E § é 3 increase in net charge of Peptide 2, though modest, will lead to
Z 160 L TR T a change in the ensemble of conformations in solutions, as the
& Adsorption step like-charged side chains of glutamic acid and cysteine will repel
E each other and influence backbone structure and chain stiffness.
155 L Thiolate will contribute to the overall electrostatic potential of
the peptides and thus alter their tendency to adsorb onto a
charged surface and the mechanisms of intermolecular interac-
1.50 L N It IS I tion during and after adsorption. Peptide 1 has positively charged
15 20 25 30 35 40 lysine and negatively charged cysteine side chains at pH 8.9.
Adsorption step Oppositely charged residues within a single peptide molecule

Figure 3. Bulk film thickness and surface properties. (a) Peptide will attract each other to some extent, biasing peptide conforma-

1/Peptide 2 film thickness versus adsorption step measured by ellip- tion in solution ,Or in the film. The pH-based mismqtch in charge
sometry. (b) Typical surface profilometry scanning profile over a scratch between Peptides 1 and 2 could potentially influence the
on a Peptide 1/Peptide 2 film sample. At least three thickness cooperative association of peptidd§)and the rate and extent
tmhgasg;iggné? mzres (r;:g?c% fgrn eta;]%hfmhezga;al %?igt:;{; ég)}riﬂlstﬁgiggww diffusion of molecules in the film46). By contrast, the
films determined by ellipsometry. The value after 20 layerd.@) is adsorp_tlon behavior of PLL and PLGA showec_i no dependt_ence
close to that of protein films measured in air. on pH in the range pH 7:48.9, reflecting marginal change in

average molecular charge and chain stiffness under these
(34). The present work has revealed that a small adjustment in conditions.
pH can lead to a substantial difference in the assembly behavior Peptide 1/Peptide 2 film thickness has been studied by
of these peptides and physical properties of the correspondingellipsometry and profilometry. Figure 3a shows that ellipso-
films. The 1.5 unit pH range was chosen to test the effect of metric film thickness at pH 8.9 was about the same as at pH
ionization of cysteine on polymer assembly and film properties. 7.4, despite the significant dependence of mass deposition on
In broad terms results presented here resemble previous workpH. Surface profilometry experiments have confirmed the
on PLL and PLGA 29, 34) and on “conventional” polyelec-  ellipsometry data. Measured thickness was a few percent smaller
trolytes (L6, 25—28). Comparison of the behavior of Peptide by surface profilometry than by ellipsometry, presumably
1/Peptide 2 and PLL/PLGA under identical conditions, however, because the former is a contact mode method, requiring a stylus
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Figure 4. AFM micrographs of 40-layer peptide films deposited at different pH valuegn20« 20 um and 1um x 1 um (insets). (a) pH 8.9,
(b) pH 7.8, (c) pH 7.4, and (d) Si wafer. Vertical scales are 194, 150, 84, and 36 nm, respectively or 20 um, and 34, 29, 27, 15,
respectively, for um x 1 um. Some of the surfaces cannot be visualized if the same vertical scale is used throughout.

Table 2. Film Thickness Measurementd

20 layers 40 layers
% diff % diff
pH SP (nm) % diff E (nm) % diff  between methods SP (nm) % diff E (nm) % diff between methods
7.4 19.8+ 0.3 0 22.6+0.3 0 14 49.4+ 0.3 0 53.7+ 0.2 0 9
7.8 18.3+ 0.6 -8 23.8+ 0.2 5 30 54.2+1.8 10 56.8+ 0.1 6 5
8.9 21.3£0.4 8 23.6£0.9 4 11 59.2- 0.8 19 62.5+ 0.6 16 6

aThickness is in nanometers, measured by surface profilometry (SP) and ellipsometry (E), of 20- and 40-layer peptide films prepared at different pH
values. Error bars represent standard deviations.

force, and the latter is a noncontact mode method. QCM showedto decreased surface smoothness. In any case, it is evident that
that the mass deposited was about three times higher at pH 7.4adjusting the pH in a narrow range can induce a significant
than at 8.9 for a 15-layer peptide film (Figure 28)47). Taken change in peptide LbL film properties in a way that could hardly
together, the deposition and thickness measurements wouldbe predicted on the basis of the behavior of PLL and PLGA.
suggest that film density was considerably higher at pH 7.4 than  Previous studies have shown that solution pH can have a
at 8.9. If so, Peptides 1 and 2 may pack onto the surface with dramatic effect on weak polyion adsorption behavior over a
a lower degree of order at pH 8.9 than at 7.4, a small amount narrow pH range ¥4—19). Control of pH has been used to
of loosely packed material at the higher pH occupying about control layer thickness. For instance, a remarkable transition in
the same volume as a large amount of densely packed materiathickness, from 45a 3 A layer?, has been reported by the
at the lower pH. It would follow that greater mass deposited Rubner group over a pH range of just 0.5 units in the PAA/
does not necessarily imply greater film thickness, as is often PAH system {4). In a separate study, pH shift from 7.4 to 5.0
assumed in the study of conventional PEs. altered the adsorption properties of human serum albué@n (
AFM experiments have revealed that films of Peptides 1 and presumably by changing the net charge of the molecule. Here,
2 formed at pH 7.4 have a relatively smooth surface. The vertical change in thickness of designed polypeptide multilayer films
axis scales in Figure 4 are 194 nm for pH 8.9, 150 nm for pH was relatively small in the range pH #8.9, despite the rather
7.8, and 84 nm for pH 7.4. The character of the film at pH 7.4 substantial dependence of material adsorbed on pH. Why a
is consistent with dense packing. It would appear that moleculesdifference in behavior?
are distributed essentially uniformly on the flat substrate, The designed peptides are short, nearly monodisperse het-
forming somewhat “homogeneous” layers. Surface roughnesseropolymers, whereas those studied by the Rubner group are
at pH 8.9 was substantially greater than at pH 7.4, indicating long, polydisperse homopolymers. Human serum albumin, a
differences in peptide interaction. It may be that the heterogene-protein, has a rough and complex surface structure in the folded
ity of peptide conformation is greater at the elevated pH, leading state, more complex than the structure of an individual Peptide
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1 or 2. The data show that Peptide 1/Peptide 2 films of relatively polypeptides and physical properties of the corresponding
smooth surface and high density or rough surface and loosemultilayer films could not have been predicted on the basis of
packing can be fabricated by slight adjustment of pH. The ability better-known properties of PLL and PLGA. Polypeptide mul-
to control such physical properties of polypeptide films could tilayer films could be used as artificial biomembranes or for
be useful in the development of specific applications, for biomaterials surface modification.
example, the membrane-based enantiomeric separations reported
by the Schlenoff group30), controlled release of encapsulated Acknowledgment
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