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ABSTRACT: Aspects of poly(L-lysine) (PLL) and poly(L-glutamic acid) (PLGA) multilayer thin film
assembly, physical properties of the films, and changes in film structure on pH shift have been studied
by far-UV circular dichroism spectroscopy (CD), ultraviolet spectroscopy (UVS), ellipsometry, quartz crystal
microbalance (QCM), and atomic force microscopy (AFM). We show that CD can be used to assess the
secondary structure content of a polypeptide multilayer film deposited on quartz substrates by electrostatic
layer-by-layer assembly (LbL). Measurements have revealed that, under conditions where PLL and PLGA
displayed a random coillike conformation in solution, the polypeptides formed predominantly f-sheet
structures in multilayer films fabricated by LbL. A substantial conformational change occurred on exposure
of such films to a strongly acidic (pH < 2.5) or strongly basic (pH > 12.0) aqueous medium, from f-sheet
to predominantly a-helical structure. pH shift thus may be a useful postpreparation approach for stimuli-
responsive modification of the surface roughness, porosity, and permeability of preassembled polypeptide
films or structures made from such films, e.g., microcapsules.

Introduction

LbL is a powerful tool for the preparation of multi-
layer thin films from various substances on virtually
any substrate. The “building blocks” are alternating
layers of oppositely charged chemical species, often
polyelectrolytes, which can be deposited in a predeter-
mined sequence. Under some conditions the film growth
step can be as small as ~1 nm. Physical properties of
an assembled film, for example layer thickness, film
strength, and rigidity, will often depend on external
conditions, notably ionic strength,'~3 pH,3~7 and tem-
perature® of the solutions in which the adsorbing
polymers are dissolved. A change in the pH of solution,
for instance, can affect the distribution of conformations
of the dissolved polymers, their rigidity, and their
assembly behavior.? At the same time, LbL is generally
understood to result in layered structures that are
locally amorphous. Studies have shown, however, that
a range of combinations of biopolymer exhibiting locally
ordered structure can be incorporated into a thin film
by LbL, for instance proteins,®!0 a-helical polypep-
tides,!! and helical double-stranded DNA.12:13

The structure and morphology of a polyelectrolyte
multilayer can be modified by postpreparation treat-
ment. For example, immersion of a multilayer structure
in a solution of different ionic strength can form or break
salt bridges between layers, swelling the structure in
high salt or contracting it in low salt, and brief immer-
sion of a film into a low- or high-pH solution can modify
its porosity and permeability.141% This will be especially
pertinent to thin films composed of “weak” polyelectro-
lytes, for example poly(acrylic acid) and poly(allyl-
amine)%719 and PLL and PLGA, as charge density
depends strongly on pH. Such changes in structure can
be ascribed to interchain anion—cation bond breakage
and re-formation and related changes in polymer con-
figuration.!® Direct and detailed evidence of changes in
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polymer structure in a multilayer thin film, however,
has proved more elusive.

Both the design of the overall structure and details
of the constituent polymers will determine bulk proper-
ties of a thin film prepared by LbL. Approaches used to
ascertain internal structural features of a film, for
example average layer thickness, roughness of internal
interfaces, and material density, include neutron and
X-ray reflectivity2=22 and X-ray photoelectron spectros-
copy.823:24 Use of these techniques, however, is difficult
and time-consuming. There thus is a need for a rela-
tively simple, low-cost, and rapid means of determining
the global structural properties of polyelectrolytes in a
multilayer film. Only a few such approaches are avail-
able. Infrared spectroscopy (IR) has typically been used
to investigate polyelectrolytes in multilayer films,*?
including polypeptides.?>~27 Quantification of polypep-
tide secondary structure based on IR spectroscopic
information, however, is frustrated by the extensive
overlap of absorption bands resulting from variations
in intra- and intermolecular interactions and band
coupling?®—30 and thus is not particularly sensitive to
secondary structure content. This can complicate the
monitoring of film assembly involving proteins or
polypeptides, particularly if any of the adsorbing species
has an IR adsorption band resembling the amide I band
of the peptide bond.

CD, a moderate-resolution but highly informative
technique that can reveal structural information on
chiral molecules, would appear to be a useful alternative
to study of molecular structure in thin films. The
method has been used successfully and extensively to
determine the conformation of proteins and polypeptides
in solution.?31733 CD has also been used to study the
chirality of molecular films involving a chiral anionic
dye,?435 grafted PLL and PLGA films,?® and adsorbed
proteins.?” In the present work we demonstrate use of
CD to characterize the secondary structure content of
polypeptides in multilayer thin films fabricated by LbL.
The approach enables a moderately accurate determi-
nation of the three basic classes of structure of polypep-
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tides, viz. o-helix, f-sheet (and -turn), and random coil.
To the best of our knowledge, CD has not previously
been applied to the structural characterization of mul-
tilayer thin film prepared from disordered polypeptides.

We chose PLL and PLGA for this study because they
are optically active and therefore suitable for CD
analysis, and they are readily available from commercial
sources. In previous work, we studied how the solution
structure of PLL and PLGA correlates with multilayer
film assembly behavior.? PLL—PLGA-based films are
known to have potential for biomaterials applications
such as biosensors, biocoatings for cellular adhesion, and
microcapsules for drug delivery. In the present work,
we have characterized pH-induced changes in confor-
mation and morphology in LbL multilayer films of PLL
and PLGA using QCM, absorption spectroscopy, ellip-
sometry, and AFM, and interpreted changes in second-
ary structure under different conditions in terms of film
porosity. The data show that PLGA can undergo a rapid
transition from f-sheet to o-helix in a nanoorganized
PLL—PLGA multilayer thin film on exposure to a
strongly acidic or basic aqueous medium. This structural
change occurs on a time scale of minutes, and it will
ordinarily be accompanied by some film deterioration
and, apparently, increased film surface roughness and
porosity.

Experimental Methods

Materials. PLGA sodium salt (MW 84.6 kDa, MALLS MW
53.8 kDa) and PLL hydrobromide salt (MW 84.0 kDa, MALLS
MW 94.6 kDa), both in lyophilized form, were from Sigma and
used without further purification. LbL experiments were done
at pH 7.4 in 10 mM tris(hydroxymethyl)aminomethane (Tris)—
HCI buffer and 0.15 M NaCl. Under such conditions, which
resemble those of a physiological medium, PLL (a polycation
of 1 amino group per monomer, pK, 10.5) and PLGA (a
polyanion of 1 carboxyl group per monomer, pK, 4.2) are
effectively fully ionized; the linear charge density is close to 1
charge per monomer at neutral pH.

Quartz microscope slides for CD and UVS measurements
were from Electron Microscopy Sciences, and glass microscope
slides for AFM measurements were from Chase Scientific
Glass. The 75 x 25 mm? substrates were cut into rectangles
of 10 x 25 mm?, cleaned for 30 min in 1% SDS at 80 °C with
agitation, washed with 1% NaOH in ethanol—H>0 (60/40, v/v),
rinsed extensively with ultrapure water (18.2 MQ-cm resistiv-
ity) (Milli-Q System, Millipore), and dried under a stream of
gaseous Na.

Silicon wafers (Si(100), 0.5 mm thick, 10.2 mm diameter),
from Silicone Technology Corp., were cut into rectangular
plates of 1.5 x 1 c¢m? for ellipsometry measurements. (Cau-
tion: SiO9/Si reacts slowly with alkaline. Avoid the use of
alkaline cleaning agents to treat Si substrates for an extended
period of time or to assemble films.) The Si substrates were
cleaned and oxidized/hydrophilized by immersion for 30 min
in a hot 1:3 (v/v) mixture of 98% HySO4 and 27% H;0,, then
rinsed extensively with ultrapure water, and blown dry with
a stream of gaseous Ns. (Caution: This cleaning solution,
known as piranha, is strongly oxidizing. It reacts violently with
organic substances and should not be stored in a closed
container.)

Multilayer Deposition. PLL—PLGA multilayer films were
fabricated on negatively charged quartz, glass, oxidized silicone
plates, and QCM quartz resonators by consecutive immersion
of the substrates for 20 min in 1 mg/mL PLL or 1 mg/mL PLGA
in aqueous solution. The substrate was retracted and rinsed
thrice with ultrapure water between each deposition step and
after the final step. In each adsorption cycle a bilayer film of
PLL—PLGA was formed on both sides of the plate. After a
desired number of layers were deposited, the substrate-
supported films were dried at room temperature under a
stream of gaseous Ns.
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To investigate changes in polypeptide conformation, a series
of acidic (pH 1.5—4.0) and basic (pH 9.0—13.0) solutions were
prepared by addition of either 5 M HCI or 2 M NaOH to an
aqueous solution of 150 mM NaCl. Multilayers adsorbed onto
a substrate were immersed into one of these solutions for ca.
10 min, rinsed with ultrapure water for 20—30 s, and blown
dry with gaseous Nj. Following measurement, the film was
again immersed for 30 min in 10 mM Tris, 0.15 M NaCl, pH
7.4, rinsed with ultrapure water, and dried with Ns. The
resulting films were used for studies of pH-induced changes
in film properties.

Film Characterization. CD spectra in the wavelength
range 180—260 nm were recorded using a Jasco model J-810
spectropolarimeter (Japan) and used to characterize the
secondary structure content of polypeptide multilayer thin
films deposited on quartz. To record a film spectrum, a slide
substrate was fixed to a CD cell support with an adhesive film
and positioned in the cell holder in the sample compartment.
The area of the beam passing through the film (~80 mm?) was
constant. The CD instrument was set at 100 mdeg sensitivity,
1 nm bandwidth, 1 s response time, 1 nm data pitch, and 100
nm min~! scan rate. 20—30 scans were accumulated and
averaged in each case. The measured ellipticity values re-
corded in mdeg could not be normalized for path length or
polymer concentration. This does not diminish the ability of
the technique to determine the structure of the polypeptides,
however, as such information depends only on the shape of
spectrum, not its magnitude at any given wavelength. Baseline
spectra were collected by measuring the CD signal of the
quartz substrate prior to film assembly. Final spectra were
obtained by subtracting the baseline spectrum from the
corresponding sample spectra. Decovolution of the far-UV CD
spectra into contributions from o-helix, §-sheet, f-turn, and
random coil was done using the CD Pro software suite
(program CONTINIL).38

AFM images of PLL—PLGA multilayer thin films deposited
on glass plates were obtained in air with a Quesant Instrument
Corp. Q-Scope 250 AFM operating in noncontact mode. NSC
16 cantilevers with silicon nitride tips were used throughout.

The optical thickness of PLL—PLGA thin films deposited
on the polished face of oxidized silicone plates was measured
using a Sentech Instruments GmbH SE 850 ellipsometer
(Germany) operating in the wavelength range 350—820 nm
at 70° incident angle. Both film thickness and refractive index
were determined by nonlinear least-squares regression. Each
polypeptide multilayer thin film assembled on a 10 x 15 mm
silicone plate was assumed to be approximately homogeneous
in the fitting procedure.

QCM (Agilent 53131A 225 MHz universal counter) and
silver-coated resonators (Sanwa Tsusho Co., Japan) were used
to monitor the stepwise growth of polypeptide multilayer films
and stability in solution. Each resonator was composed of a
thin circular quartz plate ca. 0.15 mm thick and ca. 8.3 mm
in diameter, with both faces patterned and sputter-coated with
silver electrodes. The resonator was excited at its fundamental
frequency (ca. 9 MHz). Change in resonant frequency of the
quartz crystal, Af, was assumed proportional to the deposited
mass increment resulting from adsorption of material.?®
Frequency shift is related to mass increment as —Af = Am(1.83
x 108)/A, where the resonator surface area A ~ 0.16 cm?. In
time-course experiments on mass loss from a film, a resonator
with 10 deposited layers of polypeptide was dipped into a
strongly acidic solution (pH 2.0) or a strongly alkaline solution
(pH 12.0) for a defined period of time (5 min—24 h). The
measured value of —Af was plotted against exposure time.

Absorption spectra of multilayers deposited on a quartz
substrate were recorded in the wavelength range 190—300 nm
using a Shimadzu UV-1650 PC UV—vis spectrophotometer
(Japan). Polypeptide films were assembled at neutral pH,
exposed to an acidic or alkaline solution, and then exposed
again to a neutral pH solution. The “optical mass” of thin films
assembled on quartz was monitored by UVS at each stage of
the treatment process. It was assumed that the absorption
coefficient of the polyelectrolytes at 221 nm was approximately
independent of conformation.*’
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Figure 1. CD spectra of PLL and PLGA in solution and in a
multilayer thin film: (1) 0.05 mg/mL PLL in aqueous solution
at pH 7.4 (10 mM Tris buffer with 0.15 M NaCl); (2) 0.05 mg/
mL PLGA in aqueous solution at pH 7.4; (3) 0.1 mg/mL PLL—
PLGA complex in aqueous solution at pH 7.4; (4) PLL—PLGA
multilayer composed of 10 layers deposited onto a quartz plate
from an aqueous solution at pH 7.4; (5) multilayer after
treatment at pH 2.0 for 10 min; (6) multilayer after subsequent
immersion in a solution at pH 7.4 for 30 min after pH 2.0; (7)
multilayer after subsequent immersion in a solution at pH 2.0
for 10 min following measurement of curve 6. Curves 1—3 were
not measured below 197 nm to avoid damaging the photomul-
tiplier. The inset shows the residues from deconvolution
analysis as a function of wavelength. Note the change in scale
of the vertical axis. Curves 1, 4, and 5 were chosen as
representative examples of secondary structure content. Root
mean square deviation was 0.15, 0.22, and 0.50 mdeg for
spectrum 1, 4, and 5, respectively.

Results

CD. Figure 1 shows typical CD spectra of PLL, PLGA,
and PLL—PLGA complexes in aqueous solution at pH
7.4 or in a multilayer thin film fabricated on a quartz
substrate at the same pH. The inset shows the residuals
from deconvolution analysis of representative spectra.
Spectra of the polypeptides in solution (curves 1 and 2)
show a slight positive 7—a* transition at ca. 216 nm
and a strong negative n—x* transition at ca. 198 nm,
indicating random coillike structure. The spectrum of
the PLL—PLGA complex in solution (curve 3) displays
a negative m—x* transition at ca. 222 nm and a positive
n—x* one at ca. 202 nm, suggesting S-sheet structure.
Similarly, the (-sheet-like spectrum of a PLL—PLGA
multilayer thin film (curve 4) displays a negative 7—x*
transition at ca. 216 nm and a positive n—z* one at ca.
197 nm.

When PLL—PLGA films fabricated at pH 7.4 were
exposed to aqueous solution at pH 2.0, the CD spectrum
changed dramatically. The result (curve 5) was a strong
positive (7—a*)perpendicular band at 191 nm, a negative
(r—7*)paratlel band at 208 nm, and negative n-7* band
at 222 nm, indicating a-helix-like structure. Analysis
of time course revealed that this structural transforma-
tion took place on a time scale of 5—10 min; further
immersion of the film in acidic solution for up to 2 days
did not substantially affect the shape of the CD spec-
trum (data not shown).

Reversibility of the pH-induced structural transfor-
mation was tested by immersing the acidic pH-treated
PLL—PLGA thin films in 10 mM Tris, 0.15 M NaCl, pH
7.4 for 30 min. The CD spectrum recorded after such
treatment (curve 6) is broadly similar to curve 4. No
further change in the spectrum was observed when the
time of exposure to neutral-pH solution was extended
to 24 h. The reversibility of the pH-induced structural
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Figure 2. Structural changes in a PLL—PLGA multilayer film
in the acidic pH range. (a) Spectra of a 10-layer film deposited
on a quartz plate at pH 7.4: (1) before pH shift; (2) pH 4.0; (3)
pH 3.0; (4) pH 2.5; (5) pH 2.0; (6) pH 1.5. (b) Deconvolution
results. Content of different secondary structures is shown as
a function of pH.

transformation was further tested by reimmersion the
neutral pH-treated PLL—PLGA thin films in HCI aque-
ous solution at pH 2.0 for 10 min. The CD spectrum
recorded after such acidic treatment, shown in Figure
1 as curve 7, is similar to curve 5 but with some decrease
in amplitude.

The pH dependence of the polypeptide multilayer film
CD spectrum was studied in further detail in the range
1.5—7.4. As shown in Figure 2a, the shape of the
spectrum was virtually independent of pH in the range
4.0—7.4 (curves 1 and 2). A dramatic shift occurred,
however, as the pH was decreased to ca. pH 2.5 (curves
3 and 4), but no further change was found on reducing
the pH to 1.5 (curves 5 and 6). Deconvolution of the
spectra gave the secondary content values shown in
Figure 2b. Changes in film structure were also studied
at basic pH, as shown in Figure 3a. This treatment
resulted in a significant decrease in the CD signal. The
secondary structure content at basic pH revealed by
spectral deconvolution is shown in Figure 3b. To deter-
mine the origin of the observed effects, complementary
experimental data were sought using UVS and QCM
as described below. The CD spectrum of a single layer
of PLL and of a single bilayer of PLL—PLGA on a quartz
substrate were collected and analyzed. In both cases,
however, the CD signal was too weak to assess the effect
of pH on polypeptide structure in the film, even after
hundreds of scans (Balkundi, S.; Haynie, D. T., unpub-
lished data).

UVS. UV absorbance of polypeptide multilayers de-
posited on quartz was measured to assess changes in
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Figure 3. Structural changes in a PLL—PLGA multilayer film
in the basic pH range. (a) Spectra of a 10-layer film deposited
on a quartz plate at pH 7.4: (1) before pH shift; (2) pH 9.0; (3)
pH 11.0; (4) pH 12.0; (5) pH 13.0. (b) Deconvolution results.
Content of different secondary structures is shown as a
function pH.
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Figure 4. UVS monitoring of the absorbance of a PLL-PLGA
multilayer thin film deposited at pH 7.4 on a quartz plate
before and after exposure to a strongly acidic (pH 2.0) solution

for 10 min and after subsequent exposure to 10 mM Tris buffer
at pH 7.4 for 30 min.

optical mass during the acidic- and alkaline-treatment
experiments described above. UV spectra of 11-layer-
thick PLL—PLGA films (innermost and outermost lay-
ers, PLL) at different stages of treatment are shown in
Figure 4. About 35% of initial signal intensity (“before”)
was lost on treatment with strongly acidic solution in
the first 10 min of exposure, similar to the CD result
discussed above. Increasing the immersion time (up to
48 h) at pH 2 resulted in virtually no additional change
in the UV absorption spectrum (data not shown).
Following exposure to acidic pH, films were immersed
in a buffered solution at pH 7.4. Signal intensity (“after”)
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Figure 5. UVS monitoring of the absorbance of a PLL-PLGA
multilayer thin film deposited at pH 7.4 on a quartz plate
before and after exposure to a strongly basic (pH 12.0) solution
for 10 min and after subsequent exposure to 10 mM Tris buffer
at pH 7.4 for 30 min.
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Figure 6. Thickness of 10, 11, or 12 layers of PLL—PLGA
deposited at pH 7.4 on oxidized silicone plates, as determined
by ellipsometry. Bars represent thickness before and after
exposure to a strongly acidic (pH 2.0) solution for 10 min and
after subsequent exposure to 10 mM Tris buffer at pH 7.4 for
30 min.

was found to have decreased further, by as much as 6%.
Optical mass loss was also studied under strongly basic
conditions, as shown in Figure 5. The initial UV signal
intensity (“before”) diminished even more after such
treatment than at acidic pH (45% vs 35%). Exposure of
a film to a neutral solution following treatment at pH
12 resulted in an additional 30% decrease in signal
intensity (“after”), substantially more than after treat-
ment at pH 2.

Ellipsometry. Dried multilayer films of PLL and
PLGA on an oxidized silicone substrate were studied
by ellipsometry to determine film thickness. The ap-
proach was also used to assess the effect of film exposure
to a strongly acidic or strongly basic environment.
Figure 6 gives the measured thickness of films of 10,
11, or 12 layers, assembled at neutral pH and room
temperature and treated as indicated. The thickness of
one layer of PLL deposited as the 11th layer was 2.0
nm, while that of PLGA deposited as the 12th layer was
2.1 nm. The average thickness per layer of a 12-layer
PLL—PLGA film was 1.8 nm. On immersion of a film
in a solution at pH 2.0 for 10 min, the overall thickness
decreased by 28%. Subsequent immersion of the film
in a solution at pH 7.4 resulted in a further decrease in
thickness, to a total loss of 41%. Corresponding experi-
ments could not be done under alkaline conditions
because of instability of the silicone substrate.
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Figure 7. QCM monitoring of mass changes of PLL—PLGA
multilayer thin films. The films were deposited at pH 7.4 on
a quartz resonator (inset) and exposed to a strongly acidic
solution (pH 2.0) or a strongly basic solution (pH 12.0). Even
numbers represent adsorption of PLGA and odd numbers
adsorption of PLL. For acidic pH, films of 10 and of 11 layers
were examined to test the possible significance of film surface
charge. For alkaline pH, only a film of 10 layers was tested.

QCM. This method was used to monitor both changes
in adsorbed material during multilayer film assembly
on quartz resonators and the stability of the PLL—
PLGA thin films in solution. The frequency shift varied
nonlinearly with adsorption cycle during assembly
(Figure 7, inset). Films of 10 layers (PLGA outermost)
and 11 layers (PLL outermost) showed frequency in-
crease on exposure to pH 2.0 for 5 min of 8% and 7.3%,
respectively. In both cases, the resonant frequency
remained stable or decreased slightly when the exposure
time was extended to 24 h. By contrast, film exposure
to an alkaline solution at pH 12.0 resulted in a continu-
ous increase in QCM signal of up to 32% over a 24 h
exposure period, indicating a substantial loss of material
from the resonator.
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AFM. Figure 8 shows AFM images for a typical 10-
layer PLL—PLGA film before and after exposure to pH
2.0 solution and after return to pH 7.4. In general, the
surface roughness of the films had a lateral periodicity
that varied with pH, as seen in the surface profiles. The
average peak height of the sample in (a) was less than
3 nm, and the average distance between the peaks is
90 nm. On exposure to acidic solution, the average peak
height increased to 5 nm, and the average distance
between peaks increased to 195 nm (b). The structure
of the film exhibited further rearrangement on return
to pH 7.4 (c): the average peak height was less than
3.5 nm, and the distance between peaks was ca. 70 nm.

Discussion

The most significant results of this work concern
secondary structure content of PLL—PLGA multilayer
films, changes in film structure on exposure to extreme
pH, and the surface roughness and apparent porosity
of the films. Morphological changes of polyelectrolyte
multilayers resulting from a change in pH or salt
concentration have been reported for multilayers of
nonbiocompatible polyelectrolytes.!~19 None of the re-
ports, however, deal with the microscopic changes in
polymer structure that must underlie the observed
macroscopic changes in film properties. Moreover, ear-
lier reports on polypeptide secondary structure in films,
assessed by Fourier transform (FT)-IR,2°~27 needed to
be reevaluated for reasons given above.

Secondary Structure Content of PLL-PLGA
Multilayer Films. The polypeptide backbone absorbs
light at wavelengths below 240 nm. Left- and right-
circularly polarized beams of light are absorbed to a
different extent, the amount depending on polypeptide
conformation. A polypeptide is a chiral molecule. CD
thus is useful for determining global structural features
of polypeptides and particularly well-suited for monitor-
ing changes in molecular structure upon perturbation.
CD has commonly been employed to study secondary
structure content of peptides and proteins in aqueous

|1 nm ] "
200 nm

Figure 8. AFM analysis of a 10-layer PLL—PLGA multilayer thin film on a glass substrate: upper panels, height mode images;
lower panels, profilometric sections of the indicated locations. Different stages during the exposure process are shown: (a) as-
prepared, (b) after exposure to a pH 2.0 solution for 10 min, and (c) after subsequent return to pH 7.4. Image dimensions are 2
x 2 um?, and the z-axis scales are 10 nm for (a) and (¢) and 12 nm for (b). The average peak-to-peak distances are (a) 90 & 17 nm,
(b) 194 + 34 nm, and (c) 69 + 14 nm (n = 10). The surface roughness of the glass substrates was typically less than 2 nm.



Macromolecules, Vol. 37, No. 23, 2004

Table 1. Percentage Secondary Structure Content of
PLGA and PLL in Solution and in Multilayer Thin Films;
Values Were Obtained by Deconvolution of CD Spectra
in Figure 1

percentage
secondary structure

o-helix  f-sheet f-turn coil

PLGA in solution, pH 7.4 6.8 35.2 18.8 39.2

PLL in solution, pH 7.4 5.9 294 20.2 44.5

PLGA—-PLL complex in 4.8 48.5 19.3 274
solution, pH 7.4

PLGA—PLL film, before® 4.9 19.6 30.7 44.7

PLGA-PLL film, pH 2.0° 59.7 4.0 17.7 189

PLGA—-PLL film, after¢ 18.7 29.0 23.9 283

PLGA-PLL film, pH 2.0 again® 39.4 13.3 224 2438

@ As-prepared at pH 7.4.  After exposure to pH 2.0 for 10 min.
¢ After subsequent exposure to pH 7.4 for 30 min. ¢ After a second
exposure to pH 2.0 for 10 min.

solution, for example in protein folding re-
search.*1743 Characteristic CD signatures of the three
major classes of peptide secondary structure, viz. a-he-
lix, B-sheet, and random coil, are well-known** and form
the basis of spectral deconvolution.38

The CD spectra of PLL and PLGA in solution (curves
1 and 2 in Figure 1) suggest random coillike structure.
This is similar to previous reports in the scientific
literature??6 and corroborated by deconvolution (Table
1). By contrast, the spectra of a PLL—PLGA complex
in aqueous solution (curve 3) and of a dehydrated PLL—
PLGA multilayer thin film (curve 4) are strongly sug-
gestive of 3-sheet structure. The data thus indicate the
formation of 5 sheet, both on soluble complexation and
on polypeptide adsorption; the structures are markedly
different from those of the pure peptides in solution. A
5—6 nm blue shift of the negative and positive Cotton
effects resulted from formation of the PLL—PLGA
multilayer. Deconvolution of the CD spectra suggests
that the PLL—PLGA complex in solution had a some-
what higher (-sheet content (68%) and lower coillike
content (27%) than the corresponding multilayer (50%
pB-sheet and 45% coillike), owing perhaps to interaction
between polymers in different layers and with the
quartz substrate. While polymer adsorption has a time
scale of minutes,*” the kinetic process of 3-sheet struc-
ture formation in the film might be markedly slower,
even if changes in polypeptide multilayer structure can
occur on a time scale of minutes. Researchers who have
used FT-IR to study polypeptide structure in multilayers
have reported that the secondary structure content of
PLL—PLGA in the multilayer was very close to that in
the soluble complex (3-sheet 45—48%, a-helix 18%).26:27
Comparison of the raw spectra of FT-IR and of CD thus
has revealed that CD is probably better-suited than FT-
IR to determination of polypeptide secondary structure
in solution and probably also in thin films.

The pH-dependent driving force for conformational
change in a polypeptide chain appears to be inversely
related to the linear charge density of the polymer.
Protonation of COO~ groups in PLGA and deprotonation
of NHs™ groups in PLL in a highly acidic or highly basic
environment, respectively, will neutralize the charge on
the polypeptide chain, whether the polymer is in solu-
tion or in a film. Consequences of this will include
severing of interchain ionic interactions and, in some
cases, large-scale reorganization of secondary structure.
For example, PLGA in aqueous solution is known to
exhibit a dramatic conformational change, from a
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random coillike state to a helical state, on pH shift from
neutral to near or below the pK, of glutamic acid (ca.
4.2); qualitatively, the same behavior is exhibited by
PLL on a change of pH from neutral to near or higher
the pK, of lysine (ca. 10.5).2

In the present work we have found that the behavior
of PLGA in a PLL—PLGA multilayer film resembles its
solution properties, despite presumably extensive in-
terpenetration of polymers from adjacent layers and
strong ionic interactions between interlayer [-sheets.
The shape and signal intensity of the CD spectrum of
the PLL—PLGA multilayer film were virtually constant
in the range pH 4—7. As the acidity of environment
increased to pH 3.0, the film gradually became more
helical (Figure 2a). Some of the film polypeptides,
presumably PLGA, underwent a change in conformation
in this process from f-sheet to o-helix (Figure 2b and
Table 1). The midpoint of the structural transition
occurred at ca. pH 2.9 (Figure 2b), about 1.3 pH units
lower than the pK, of glutamic acid in aqueous solution.
Similarly at basic pH, the optimal pH value for struc-
tural rearrangement of a PLL—PLGA multilayer was
above 12, compared to a pK, of 10.5 for lysine in aqueous
solution (Figure 3a,b).

As shown in Table 1, deconvolution suggests that the
PLL—PLGA films fabricated at pH 7.4 had a significant
content of f-sheet structure (ca. 50%) and relatively
little a-helix (ca. 5%). Upon exposure to pH 2.0, however,
many of the polypeptides in the film became o-helical
(ca. 60%); the percentage of 3-sheet and random coillike
structure declined significantly. Return to neutral pH
of the film thus treated resulted in a substantial
decrease in a-helix and an increase in -sheet content.
Return of the neutral pH-treated PLL—PLGA thin film
to pH 2.0, again for 10 min, resulted in many of the
polypeptides in the film becoming a-helical (39.4%), as
before. Thus, changes in molecular structure within a
film were largely reversible. Such changes and revers-
ibility of structure were less significant at basic pH
(Figure 3b) than at acidic pH (Figure 2b).

These data are consistent with independent reports
in which the pK, of COOH/COO™ shifted to ca. 2.5 in a
weak polyelectrolyte multilayer film from 4.2 in aqueous
solution.16:48 The pK, shift in the present work thus can
be interpreted as the dissociation constants of side
chains in PLL or PLGA being substantially affected by
the presence of the oppositely charged polyion in the
film; PLGA is a weak polyacid. It would appear that
PLGA becomes a stronger polyacid (has a lower pK,)
and PLL becomes a stronger base (has a higher pK,)
on being embedded in a PLL—PLGA multilayer film.

Stability of PLL-PLGA Multilayer Films on
Exposure to Extreme pH. CD spectra indicate that,
on immersing a pH 2-treated multilayer film in neutral
solution (pH 7.4), a large proportion of the molecules
returned to f-sheet structure; substantial reversibility
of pH-induced structural change was found to occur.
Some mass was lost, however, during structure reor-
ganization at acidic pH, as indicated by photomultiplier
voltage recorded in a second channel during CD experi-
ments (data not shown). About 35% of material in the
film was lost on treatment with a strongly acidic
solution (pH 2.0), and most of the mass loss was found
to occur within the first 10 min of exposure, as observed
by UVS. Such mass loss presumably was due to partial
dissociation of polypeptide complexes in films during
structure reorganization.
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The ellipsometry measurements show that PLL—
PLGA film thickness decreased by 28% on immersion
for 10 min in a solution at pH 2.0. Again, the cause of
film disintegration was presumably structure reorga-
nization resulting from protonation of carboxylate groups
in PLGA. The extent of change in film thickness on
exposure to acid pH is in good agreement with that
determined by UVS.

The shift in frequency on a QCM resonator varied
nonlinearly with each adsorption cycle during polypep-
tide assembly (Figure 4, inset), similar to previous
reports.34950 PLL—PLGA films of 10 layers (PLGA
outermost) and 11 layers (PLL outermost) showed an
8% and 7.3% increase in resonant frequency, respec-
tively, on exposure to pH 2.0 for 5 min. This suggests
that mass loss during polymer structure reorganization
was approximately independent of the character of the
outermost layer. The resonant frequency remained more
or less stable during the prolonged exposure time (up
to 24 h) at pH 2.0, suggesting that loss of mass occurred
during film structure reorganization and that the
reorganized thin film remained stable under low-pH
conditions. Substantial loss of material from weak
polyelectrolyte multilayers at high pH has previously
been reported and interpreted as film delamination,
resulting from deprotonation of amine groups and
development of charge imbalance in the film.!”

Comparison with the results of UVS and ellipsometry
suggests that QCM data on loss of material from films
may be somewhat underestimated. Less loss of material
may result from interactions not present on SiOj
substrates. Such interactions may be significant for
inhibiting the loss of material at strongly acidic pH,
where PLGA will ordinarily lose most of its charge if
not all of it.

Surface Roughness and Porosity of PLL-PLGA
Multilayer Films. AFM shows that films assembled
at pH 7.4 were relatively smooth and compact. A
previous report had shown that the surface roughness
of polyelectrolyte multilayers was on the order of 1 nm
and independent of the number of layers adsorbed.!®
The present work would suggest that the roughness of
an untreated film was due mainly to the surface of the
substrate, which typically will have a roughness of ca.
2 nm. The structural changes resulting from film
immersion in acidic solution correspond to a significant
increase in surface roughness and, possibly, formation
of porous structure. This macroscopic change in film
properties must be a result of microscopic changes in
polymer structure. Reversibility of the structural change
evident by CD was also seen by AFM. The decreased
roughness and increased compactness observed on
return to neutral pH would appear to correspond to a
helix-to-sheet transition in the film.

In the fabrication of a multilayer structure by LbL,
polyelectrolytes of the same charge will repel each other
during the self-regulatory process of adsorption to
achieve an organized layer of uniform thickness. This
reverses the surface charge of the substrate. An op-
positely charged polyelectrolyte can then adsorb onto
the deposited layer, driven by electrostatic attraction.
The formation of f-sheet assemblies in adjacent layers
through interlayer hydrogen bonding promotes the
organization of a uniform and, apparently, remarkably
stable multilayer film. Upon exposure to extreme pH,
however, some of the polypeptide chains will become
partly if not fully discharged, leading to a corresponding
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cleavage of interchain ionic bonds. Thermal fluctuations
will be sufficient to break remaining weak interactions,
e.g., hydrogen bonds, particularly if they are not as well
organized as in proteins. Consequently, relatively large-
scale reorganization of film structure will be possible,
and more energetically favorable but less globally
organized a-helices will be able to form. Such micro-
scopic changes in structure will give rise to changes in
macroscopic film properties, for example, porosity as
observed in this study. Specific details of conditions can
then be chosen to achieve the desired properties, for
example, surface roughness and, presumably, porosity.

Conclusions

We have demonstrated the use of CD in determining
the secondary structure content of LbL multilayer thin
films of polypeptides, and we have used CD to monitor
the pH-induced changes in polypeptide structure in such
films. The data show that PLL—PLGA films assembled
at neutral pH have a predominantly -sheet character.
The transformation of the secondary structure of the
polypeptides in the film from fS-sheet to o-helix would
appear to result in a more open and loose film morphol-
ogy. QCM, CD, and UVS studies of film stability have
suggested that strongly acidic pH promotes the forma-
tion of pores in the polypeptide films. Such pH-induced
changes could possibly be useful for altering the perme-
ability of a preassembled thin film or creating a more
desirable film porosity, for example, for control over cell
adhesion to a substrate coated with a polypeptide
multilayer film. Further studies will be directed to
effects on secondary structure of change of assembly
conditions, for example, ionic strength and pH. The
ability to “tune” surface roughness or porosity in unsup-
ported biocompatible films (e.g., in hollow capsules)
could also be useful for applications in microencapsu-
lation.
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