Controlhng Surface Mobility in

Interdif

Pil J. Yoo," Nicole S. Zacharia,* Junsang Doh,% Ki Tae Nam,* Angela M. Belcher,**

fusing Polyelectrolyte Multilayers

and Paula T. Hammond'*

*Department of Chemical Engineering and SKKU Advanced Institute of Nanotechnology (SAINT), Sungkyunkwan University, Suwon 440-746, Republic of Korea,
*Department of Materials Science and Engineering, Massachusetts Institute of Technology, Cambridge, Massachusetts 02139, *Department of Pathology, University of
California at San Francisco, 513 Parnassus Avenue, San Francisco, California 94143, andBiological Engineering Division and Department of Chemical Engineering,
Massachusetts Institute of Technology, Cambridge, Massachusetts 02139

lectrostatic layer-by-layer (LbL) as-

sembly has received considerable at-

tention as one of the most versatile
and important techniques of molecular self-
assembly directed to construct controlled
nanoarchitectures via manipulation of the
molecular interactions.'? This technique is
based on the alternating adsorption of ma-
terials containing complementary charged
groups from aqueous solution to form com-
plexed ultrathin films. The thickness of each
adsorbed layer can range from several ang-
stroms to tens of nanometers, depending
on the type of adsorbing species and pro-
cessing conditions such as pH and ionic
strength. A wide variety of charged spe-
cies, including polyelectrolytes,?
biomolecules,*® carbon nanotubes,® or in-
organic nanoparticles,” can be incorporated
into the thin film by this technique. There-
fore, it allows the creation of highly tuned,
functional thin films with nanometer-level
control of film composition and structure.
Since the first demonstration by Decher et
al. in the early 19905, the polyelectrolyte
layer-by-layer assembly technique has been
extensively investigated for various applica-
tions in electrical,'®™" optical,'*'*
biomedical,’®™"® or membrane devices
owing to its advantages of relative ease of
assembly, environmentally friendly and in-
expensive processing, and adaptability to a
large number of surfaces.

Along with its vast expansion to engi-
neering and applications areas, mechanis-
tic studies for film growth in LbL assembly
have been of great interest in the past few
years.?*™2” During LbL self-assembly, poly-
electrolytes from solution form electrostati-
cally bound complexes with polyelectrolyte
functional groups of opposite charge that
are present on the surface, leaving excess
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ABSTRACT The phenomenon of interdiffusion of polyelectrolytes during electrostatic layer-by-layer assembly
has been extensively investigated in the past few years owing to the intriguing scientific questions that it poses
and the technological impact of interdiffusion on the promising area of electrostatic assembly processes. In
particular, interdiffusion can greatly affect the final morphology and structure of the desired thin films, including
the efficacy and function of thin film devices created using these techniques. Although there have been several
studies on the mechanism of film growth, little is known about the origin and controlling factors of interdiffusion
phenomena. Here, we demonstrate a simple but robust method of observing the process of polyelectrolyte
interdiffusion by adsorbing charged viruses onto the surface of polyelectrolyte multilayers. The surface mobility
of the underlying polycation enables the close-packing of viruses adsorbed electrostatically to the film so as to
achieve a highly packed structure. The ordering of viruses can be controlled by the manipulation of the deposition
pH of the underlying polyelectrolyte multilayers, which ultimately controls the thickness of each layer, effective
ionic cross-link density of the film, and the surface charge density of the top surface. Characterization of the films
assembled at different pH values were carried out to confirm that increased quantities of the mobile polycation
LPEl incorporated at higher pH adsorption conditions are responsible for the ordered assembly of viruses. The
surface mobility of viruses atop the underlying polyelectrolyte multilayers was determined using fluorescence
recovery after photobleaching technique, which leads to estimate of the diffusion coefficient on the order of 0.1
um?/sec for FITC-labeled viruses assembled on polyelectrolyte multilayers.
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charge upon adsorption due to charge
overcompensation. Therefore, the surface
charge of the outermost layer is altered be-
tween the anionic and cationic state, and
this charge reversal offers a driving force for
sequential build-up in LbL assembly. Since
the LbL films are constructed by the forma-
tion of ionic cross-links between charged
functional groups, neutral groups such as
deprotonated amines or protonated car-
boxylic acids are considered to be “unasso-
ciated.” Because they are not participating
in an ionic bond, such groups are consid-
ered to be “available” following assembly
for chemistry or the formation of new cross-
links if pH changes in the immediate envi-
ronment should occur.
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Generally, the LbL process leads to a linearly grow-
ing film structure as exemplified in the case of many
strongly charged polyelectrolyte multilayers (PEM)
systems.?®2° Strong charge binding between ion pairs
yields an ionically cross-linked network, in which the
mobility of polyelectrolytes is significantly limited; such
systems, which may consist of strong or weak polyelec-
trolyte systems, can be used to form stratified hetero-
structures when the composition is varied in groups of
layers during assembly. However, many studies have re-
ported cases of LbL assembly in which the film exhib-
ited a superlinear or exponentially growing characteris-
tic with increasing the number of polyelectrolyte
desposition.>°=? Investigations based on confocal mi-
croscopy observations revealed that this phenomenon
was attributed to the reversible interdiffusion of at least
one of the polyelectrolyte species that constitute the
film.2"33 During the interdiffusion process, excess poly-
electrolyte can diffuse into the interior of the film struc-
ture and subsequently diffuse out to the film surface
in alternate steps depending on the types of charged
polyions involved in assembly. Understanding the na-
ture of interdiffusion in multilayer assembly is key to
learning how to control the phenomenon, as well as
creating a means of harnessing diffusion and exchange
behavior in multilayer systems to generate new or inter-
esting multilayer structures. By controlling or blocking
interdiffusion within heterostructure thin films, one can
enable the creation of compartmentalized heterostruc-
tures of interest for electrochemical devices,>” multiple
drug delivery thin films,® and other complex structures.
On the other hand, the polymer mobility that is gained
during the interdiffusion process can be utilized for in-
ducing the macroscopic ordering of biomacromole-
cules on the top surface of the film. Recently, we pre-
sented the spontaneous self-assembly of viruses by
employing the interdiffusion of polyelectrolytes, where
the dominant binding between polyelectrolytes
brought about a preferential exclusion of the supramo-
lecular charged viruses in the z-direction owing to their
relatively low surface charge density and high steric ef-
fect compared to those of polyelectrolytes, which even-
tually led to a two-dimensional monolayer of viruses
on the surface.>* Furthermore, the biotemplating of ge-
netically engineered viruses enabled the fabrication of
well-ordered structures of inorganic nanoparticles or
nanowires, which were further developed for a virus-
based electrode of a lithium-ion battery.>> More re-
cently we have shown that, for thicker multilayers of
the exponentially growing linear polyethylenimine
(LPEI)/poly(acrylic acid) (PAA), the lateral mobility of
polyelectrolytes within the LbL multilayer top surface
can directly enable the surface ordering of viruses; the
spatial control of virus thin films was attainable through
a relevant patterning process (see Figure 1).3° Despite
a large interest in the interdiffusion phenomenon, its
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Figure 1. (A) Material structures for layer-by-layer deposi-
tion: cationic linear polyethylenimine (left) and anionic poly-
(acrylic acid) (right). (B) Schematic illustration of experimen-
tal procedure for surface mobility induced direct virus
assembly on polyelectrolyte multilayer.

fundamental driving forces and the kinetics of the pro-
cess are not yet fully understood.?”*®

The goal of this article is to address these basic ques-
tions through direct visualization of the polymeric sur-
face mobility under the conditions amenable to the in-
terdiffusion process. To monitor the diffusional motion
of polyelectrolytes on the multilayer surface, we used
weakly charged virus molecules as supramolecular
probes to reflect the surface motion of the underlying
polymeric layer. The lower charge density of the acid-
functional virus and its rodlike nature allow it to adsorb
electrostatically onto the top flat surface (LPEI) of
charged polyelectrolyte multilayers while facilitating its
lateral mobility, much as was observed in bulk interdif-
fusion studies.>® It was found that variation in the thick-
ness of free diffusing species (LPEI) on the surface could
lead to a dramatic change in the lateral mobility of the
polyelectrolyte, which was manifest as ordering and as-
sembly behavior of viruses on the top surface.>® The
thickness and composition of the LPEI layers was sim-
ply varied by manipulating the pH of film deposition for
LBL assembly; films were characterized by spectro-
scopic and thermogravitric analysis. We also visualized
the surface diffusion of the assembled viruses by con-
ducting a fluorescence recovery after photobleaching
(FRAP) experiment, and calculated the surface diffusiv-
ity of the viruses, which gave a value similar to the re-
ported diffusivity of polyelectrolytes within the multi-
layers; these findings indicate that the virus mobility is
directly tied to the mobility of the underlying polyelec-
trolyte matrix.
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RESULTS AND DISCUSSION

Controlling Virus Assembly on the PEM Surface. In our previ-
ous work, we have shown that LPEl is the mobile spe-
cies in the LPEI/PAA multilayers, which can be utilized
for driving a macromolecular self-assembly of viruses.?
The high mobility of LPEI may be attributed to its rela-
tively low pK, (100% secondary amines with pK, ~
5.5),%° compared to the higher pK, of primary amines
(pK, =~ 9.0—10.0) in polycations such as poly(allyl
amine) or other primary amine containing polymers.?
The presence of fewer “sticky groups” at intermediate
pH that would hinder diffusion of the polymer through
the charged multilayer film enables more rapid interdif-
fusion through the multilayer film. Additionally, the
presence of amine groups along the linear backbone
of LPEI, particularly in the partially charged state, leads
to higher degrees of hydration than the hydrophobic
all-hydrocarbon backbones of many synthetic polyca-
tions for which amine groups are the side chains. There-
fore, the hydrophilic polymer backbone is likely to be
more hydrated, and thus more readily plasticized by
water molecules; the result is a high polyion chain mo-
bility achieved in the polyelectrolyte multilayer
structure.3°4°

One important advantage of using a weakly charged
polyelectrolyte such as LPEl is that its ionic interactions
with other charged groups can be readily tuned by the
manipulation of assembly pH.>*' For example, as the
pH is decreased, the degree of ionization will be in-
creased. As a result, its ionic interactions with polyan-
ions in the multilayer film will be enhanced. This in-
crease in ionic interactions may lead to impaired
mobility of the polycation. Potentiometric titration of
LPEI performed by others revealed that its degree of
ionization is increased from 30% to 80% by decreasing
the pH value ranging from 8.0 to 3.0 (pK, ~ 5.5).*>** To
obtain a stabilized layer-by-layer deposited film, how-
ever, charge interactions between LPEl and anionic PAA
should also be taken into consideration. In the previ-
ous study, stable film growth for LPEI/PAA was achiev-
able in the pH range between 2.5 and 5.5.2° On the ba-
sis of these two criteria, we decided to focus on the
pH range between 3 and 5.5 where LPEI exhibits no-
table changes in the degree of ionization and the struc-
tural stability of LPEI/PAA PEM thin film is maintained.
Since film deposition at pH 5.5 of LPEI/PAA generates a
nonhomogeneous film surface, the upper limit of pH
for LBL deposition in this study was further limited to
5.0. This inhomogeneity possibly arises from the weak
adsorption, and subsequently easy desorption, of the
less charged LPEI from the substrate at high pH condi-
tions relative to the pK,.

The influence of assembly pH of LPEI/PAA PEM on
M13 virus ordering is shown in AFM images of Figure
2.In every case, a pH 4.8 M13 virus solution was applied
on 120 nm thickness of LPEI/PAA films that were pre-
pared under different pH conditions from 3.0 to 5.0. The

4
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Figure 2. Comparison of different behaviors of virus assembly
and ordering depending on deposition pH of underlying poly-
electrolyte multilayer films. Atomic force microscopic (AFM) im-
ages were captured under dry condition with a scan area of 3
pm X 3 um. Left-hand side boxes are height mode images (Z-
range: 20 nm) and right-hand side boxes are phase mode im-
ages (Z-range: 40°): (A) disordered and aggregated viral assem-
bly on (LPEI/PAA 3.0/3.0),, s; (B) scattered viral assembly on
(LPEI/PAA 4.0/4.0),, 5 multilayered surface; (C) ordered mono-
layer assembly of viruses on (LPEI/PAA 5.0/5.0),, 5. Ordering
density of viruses on the surface is approximately 40 viruses/

am?,

thickness of 120 nm was chosen because the deposi-
tion numbers of LPEI/PAA bilayers grown under differ-
ent pH conditions coincide at around this thickness,
making it possible to use the same numbers of bilayer
pairs to gain the desired thickness for each pH condi-
tion studied. Notably, very different assembly behaviors
of viruses (shown as filamentous wires in AFM images)
on the PEM surfaces were observed within this fairly
narrow range of underlying PEM deposition pH. The
dense ordering of viruses was observed atop the (LPEI/
PAA 5.0/5.0),, s films (Figure 2C), whereas disordered
and randomly adsorbed arrangements were observed
at lower pH conditions (Figure 2A,B). The viruses adsorb
and spontaneously assemble to form a highly ordered
phase atop films constructed at pH 5.0 due to the en-
hanced lateral mobility of the thicker, more weakly
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charged layers of LPEI deposited on the multilayer at
this pH. The liquid crystalline (LC) nature of the virus**
can be achieved because of frequent rearrangements
on the LPEI/PAA film surface. The interdiffusion behav-
ior of LPEI/PAA during assembly leads to very thick top
layers of polyelectrolyte on the multilayer surface once
a certain bilayer thickness has been achieved. The top
LPEI layer leads to greater mobility of the viruses be-
cause there is (a) a decreased effective ionic cross-link
density between polymer chain segments in such films,
enabling greater overall chain mobility within the film
surface layer, and (b) this thicker layer of more weakly
associated LPEI chains in the top layer also leads to
more swollen, hydrated (i.e., plasticized) films. These
two effects result in a surface onto which virus mobil-
ity is greatly enhanced, compared to the surfaces of
more compact thin films assembled under linear
growth conditions. It should also be noted that low sur-
face roughness contributes to the ability of the viruses
to assemble into highly ordered monolayer domains on
these surfaces. The low roughness on LPEI/PAA films is
likely due to the surface annealing effects of the mobile
LPEI top layer under hydrated conditions, and improves
with increasing pH (decrease in root-mean-square
roughness from 1.5 to 0.3 nm with increasing the as-
sembly pH 3 to 5 was obtained for the LPEI topmost
layer in LPEI/PAA multilayer films deposited at pH val-
ues; see Figure S1 in the Supporting Information). Con-
ventional exponentially growing LbL system is accom-
panied with prominent surface roughening with
increasing numbers of film deposition, making the abil-
ity to observe ordering on such systems much more
limited. That said, the key parameter to virus mobility
and ordering is the mobility of the underlying polymer
chains onto which the viruses are electrostatically
bound.

The surface mobility of viruses in the ordered phase
(Figure 2C) can be temporarily quenched and captured
in the dry state for AFM observation. In contrast, the vi-
rus assembly (LPEI/PAA 4.0/4.0),, s indicates a complete
lack of ordering. Although the individual electrostati-
cally adsorbed viruses are uniformly distributed on the
charged LPEI surface, the reduced surface mobility of
LPEI adsorbed as a thinner film at lower pH appears to
limit spontaneous LC ordering and packing of viruses.
For (LPEI/PAA 3.0/3.0),, s, intriguingly, local aggrega-
tions of viruses are expressed as virus bundles observed
across the surface. While the major coat proteins of
the M13 virus are negatively charged and self-repulsive,
the P3 proteins at the terminal end of the virus con-
tain a variety of peptide sequences that are attractive,
which leads to end-to-end virus aggregates. Experimen-
tal evidence suggests that this aggregation at the end
of the viruses takes place in the solution state, not dur-
ing surface assembly on the polyelectrolyte multilayer.
When the top LPEI layer is much thinner and less mo-
bile, as is the case for the multilayers assembled at pH

NAN(C) voL 2 = No.3 = YOO ET AL,

1000 /
800 |
O LPEIPAA atpH 3.0
z A LPEPAA at pH 3.5
S0l © LPEUPAAatpH 4.0
2 v LPENPAA at pH 4.5 ;
g & LPEI/PAA atpH 5.0 °
S 400
&
l—
200 F
0 L L L 1 n 1 " 1 i 1 . 1

8 9 10 11 12 13 14 15
Number of LPEI/PAA bilayers

Figure 3. Ellipsometric observations of the film thickness
growth with increasing the number of deposition in LPEI/
PAA multilayers at different pH condition ranging from 3.0
to 5.0. Films are linearly growing below pH 3.5. Through the
transition period at pH 4.0, films are exponentially growing
above pH 4.5. Solid lines are linear fit lines or exponentially
fit curves depending on growth characteristics. Error bars in-
dicate standard deviations.

3.0, these preaggregates do not have an opportunity
to rearrange into the more densely ordered arrays seen
for LPEI/PAA films assembled at pH 5, for which mobil-
ity is greatly increased.

Characterization of LPEI/PAA Films. As has been well re-
ported in the literature, the interdiffusion of polyelec-
trolytes can be found specifically in the superlinearly or
exponentially growing films of LbL deposition.>**' To
elaborate on the relationship between the film deposi-
tion pH and interdiffusion—induced surface mobility of
LPEI, we checked the thickness growth of LPEI/PAA
films by stepwise ellipsometric measurements. As seen
from Figure 3, film growth exhibits two different charac-
teristics depending on the pH condition of film deposi-
tion: a linear growth profile under pH 3.5 (degree of ion-
ization of LPEl ~ 70% to 80%, pK, of LPEl ~ 5.5)%>4345
and a superlinear (exponential) growth above pH 4.0
(degree of ionization of LPEl ~ 60%). This result pro-
vides a crucial hint to the main role of LPEl in a virus or-
dering on the surface. As the film deposition pH is in-
creased, the LPEI/PAA multilayer film exhibits a more
prominent tendency toward exponential growth in
thickness, which indicates the enhanced magnitude of
LPEIl interdiffusion for virus ordering. Under these con-
dition, an increase in the number of bilayer deposition
leads to an increasingly thicker layer of top LPEI, with
less interpenetration with the underlying polyion layer,
and greater mobility of the film at the top surface. At a
lower pH condition of film deposition, on the other
hand, the highly charged LPEI lacks the ability to inter-
diffuse, and is kinetically locked to the oppositely
charged surface upon adsorption, much as a strongly
charged polyelectrolyte renders a linearly growing film.
An interesting observation in Figure 3 is that even the
exponentially growing films were ultimately exhibiting
a linear growth characteristic in the later stages of film
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deposition, usually from above 300~400 nm

A 100 B 100

in thickness. Indeed, this transition of exponen- il al
tial to linear growth has been investigated o
and reported very recently with other interdif- & eof ?; L
fusing polyelectrolyte multilayer systems.*® B wl PAA % sl LPEI
Once the film thickness exceeds a certain criti- 2 =
cal value that corresponds to the limiting dis- 201 i
tance of polyelectrolyte interdiffusion, then the " ) . ) o p .
thickness of diffusion zone is consistently main- 100 ";’empe:;’;’ure ¢ é;"‘ o s szl. emp;ro;ture (og; ol
tained and the film grows in a linear manner,
with interdiffusion continuing in the topmost C 70
layers of the film. 5 [ —a— |PEI (TGA)

One question that arises from Figure 3 is a o~ L -+ - LPEI (thickness analysis) E
possible relationship between the total thick- x 60 [
ness of the polymeric multilayer and the order- -% 55 | e BT _§
ing behavior of the viruses. To answer this E sl T
question, we also tested virus adsorption on S @l e
200 and 300 nm thick LPEI/PAA films at vari- B I T
ous pH conditions for LbL deposition. However, S 40 —e— PAA (TGA)
no noticeable difference in ordering was ob- - 35| --0-- PAA (thickness analysis)
served when compared with the results in Fig- - [, : i

ure 2 (virus assembled on 120 nm thick multi-
layer of LPEI/PAA). These results, when
combined with the fact that ordering occurs

3 4 5
pH of (LPEI/PAA) film deposition

only with films greater than around 100 nm, im-
ply that spontaneous ordering of viruses onto
the film deposited at the pH 5.0 condition oc-
curs above a certain critical thickness of the un-
derlying PEM. The initial layers adsorbed onto
the glass substrate may exhibit conformations

Figure 4. Thermogravimetric analysis of (A) pure PAA and (B) pure LPEL. For films of
complexed LPEI/PAA multilayer, specific temperature points of mass decomposition
can be determined from the first derivative of decomposition curve, respectively. On
the basis of these values, the relative fractions of each component are calculated for
multilayered films. (Supporting Information Figure S2). (C) Changes in fractional com-
positions of LPEl and PAA in LPEI/PAA films; solid lines from TGA analysis and dashed
line from thickness analysis of film growth characteristics in Figure.3. As the film
deposition pH is increased, the amount of freely diffusional and unassociated LPEI
taken by the multilayer film is also increased.

greatly influenced by the charged substrate,
and initial layers may vary considerably from
the higher number layers in composition, particularly
in exponentially growing films; thus, a critical thickness
implies the existence of a minimum amount of mobile
LPEI available at the top surface layer for inducing a vi-
ral surface mobility. Above that critical thickness, order-
ing characteristics are not significantly changed on
thicker films (200~300 nm). The experimentally ac-
quired value for the minimum thickness of the multilay-
ers for a highly ordered virus assembly was 90~100
nm, which corresponds well with a previous study.>®
To assess the relative composition between LPEI
and PAA in LbL assembled film, we performed thermal
gravimetric analysis (TGA) on the dried free-standing
films of LPEI/PAA constructed at varying pH conditions.
The results of TGA are presented in Figure 4. To evalu-
ate the composition of each species in the multilay-
ered films, we first analyzed PAA and LPEI homopoly-
mer films. Both homopolymers exhibit a slight weight
loss between 100 and 150 °C, which corresponds to the
desorption of bound water (Figure 4). For PAA, the first
thermal decomposition takes place between 175 and
300 °C (Figure 4A), which is attributed to small chains
of PAA because of the intrinsically broad polydispersity
of the PAA. The second weight loss of high molecular
weight PAA begins approximately at 300 °C, and marks
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the full thermal decomposition of PAA into volatile
products. LPEI exhibits a single rapid decomposition
above 280 °C after moisture desorption (Figure 4B).
Therefore, we can estimate the relative ratio between
the LPEI and PAA in polyelectrolyte multilayer films
through the analysis of the first derivative of the ther-
mal decomposition curve for multilayered films. The de-
tails of the TGA analysis can be found in the Methods
section and Supporting Information (see Figure S2). The
mass composition of LPEl increases in the films from
45% to 62% with increasing pH within a range of
3.0~5.0 (Figure 5C). The relative fraction of LPEIl and
PAA in multilayered films was also estimated from the
stepwise increase in the film thickness and growth
curve data in Figure 3. The increment in thickness for
each LPEIl or PAA layer was determined from the growth
curve, and the cumulative thickness for each polyion
was then converted to a mass fraction by considering
the density of each homopolymer; the results yield an
increase of the LPEI fraction from 45% to 57% with in-
creasing pH within a range of 3.0~5.0.

To obtain further insight on LPEI interdiffusion at
the molecular level, we analyzed dry films of LPEI/PAA
by FTIR. As shown in FTIR spectra in Figure 5, two slight
peaks from the amine functional groups of LPEI are ob-
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Figure 5. FTIR spectra of LPEI/PAA multilayer assembled at
different pH condition ranging from 3.0 to 5.0 (top). The
maghnified region between 1300~1800 cm™" is presented
for a clear identification of peaks (bottom). Spectra are ver-
tically offset for clarity.

served at the pH 5 condition: one at v = ~3300 cm '

and another at v = ~1610 cm ™' that are associated
with the N—H stretching and N—H bending bands of
the deprotonated secondary amine, respectively. How-
ever, the band corresponding to charged amine groups
above 3000 cm ™' is not readily detectable, because it
overlaps nearly entirely with the broad O—H stretching
band of the carboxylic acid of PAA. Although the peak
intensity of the uncharged amine at pH 5 condition is
relatively weak, this result indicates that there are in-
creased amounts of deprotonated LPEI chain segments
in the multilayers at this pH than films assembled at
lower pHs, providing support to the hypothesis that an
increase in the amount of free, unassociated chain seg-
ments of LPEI at higher pH conditions can lead to en-
hanced surface mobility of LPEI.

On the other hand, as shown in Figure 5, two peaks
from the carboxylic acid group of PAA are pronounced
at all pH conditions: one at v = ~1560 cm ™' and an-
other at ¥ = ~1710 cm ™ that indicate the asymmet-
ric stretching band of the ionized carboxylate group
and C=0 stretching band of the carboxylic acid, respec-
tively. From FTIR data, in general, one can estimate the
relative ratio between chemical functions by deconvo-
lution of spectra peaks. By calculating the ratio of the
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two peaks, an approximation of the percentage of avail-
able carboxylic acid groups can be made, by assuming
that the absorption coefficient for both groups is ap-
proximately the same.*® We should also account for the
amine peaks (1610 cm ™ ") which also occur in this range,
and perform a deconvolution of the peaks between
1500 and 1750, by fitting them with Gaussian peaks,
then taking a ratio of the intensities of the peaks at 1560
cm ' (deprotonated COO—) and 1610 cm ™' (proto-
nated COOH). On the basis of this idea, we see that the
available percentage of carboxylic acid groups in the
LPEI/PAA films actually decreases from about 48% at pH
3 to about 41% at pH 5. The details of FTIR analysis
can be found in the Supporting Information (see Fig-
ure S3).

By considering both the FTIR measurements and the
TGA measurements at each of the pH conditions, one
can infer the molar quantity of charged acid segments
on a given weight basis, and determine the fraction of
charged LPEI segments by assuming stoichiometric ionic
interactions between charged polyacid and polyamine
segments in the multilayer film (details in Supporting In-
formation S3). Using these rough approximations, it is ap-
parent that as assembly goes from pH 3 to pH 5, both
the absolute amount of unassociated or free LPEI chain
segments in the film as well as the relative percentage of
unassociated versus ionically bound LPEI segments have
increased. This result is indicative of a lowered effective
ionic cross-link density, or increased mass of LPEI between
ionic cross-links, which results in greater chain mobility
for the LPEI segments incorporated into the polyelectro-
lyte complex network. Through the consideration of the
combined TGA and FTIR data and the additional data pre-
sented here, we can thus conclude that the increased
numbers of unbound, free LPEI chain segments gener-
ated at the surfaces of the multilayers formed at higher
pH conditions may be responsible for the enhanced sur-
face mobility of LPEI, which ultimately leads to the in-
creased ability of the virus to assemble during adsorp-
tion, enabling a spontaneous LC ordered assembly in
place of kinetically frozen random arrangements of the vi-
rus on the surface.

FRAP Analysis. It is also desired to examine the lateral
mobility of adsorbed viruses in the case of spontane-
ous LC ordering at the surface, to determine whether
the lateral mobility of LPEI at the top surface is trans-
ferred to the viruses adsorbed atop it. The surface mo-
tion of viruses can be monitored via attaching fluores-
cent labels to the virus protein coat. A generalized
method for studying the diffusion of surface absorbed
molecules is fluorescence recovery after photobleach-
ing (FRAP).*”*8 The procedure involves photobleaching
of a locally defined area on a fluorescent sample with
a high-intensity laser exposure, generating a sharp con-
trast in the fluorescence signal. However, surface diffu-
sion of molecules with time yields an intermixing be-
tween bleached and nonbleached molecules, which
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finally eliminates the difference in fluorescence inten-
sity between them. From this fluorescence recovery
characteristic, we can numerically calculate the diffu-
sion coefficient (D) of the adsorbed viruses. Since the
first theoretical proposal by Axelrod et al. in 1976,%”
FRAP method has been vastly utilized in biological sys-
tems, particularly in pharmaceutical research and cell
biology. In terms of polyelectrolyte multilayers system,
the lateral diffusion of poly(L-lysine)/hyaluronan films,
which were also exhibiting superlinear growth profiles
characteristic of interdiffusion, was investigated by
FRAP experiment and a diffusion coefficient on the or-
der of 107 cm®/sec was derived.*® Another FRAP study
of protein diffusion on the surface of a strongly charged
traditional PEM film yielded a value of D in the order
of 107" cm?/sec.®®

In conventional FRAP analysis, when the bleached
beam has a uniform circle profile, recovered fractional
fluorescence intensity can be expressed as follows;*”

_ FK(t) - FK(O) _
f(t) = Fo(o) — F(0) =
1= (tp/ exp(—2t5/ Olly2Tp /) + 1,21,/ O] +
2 (= 1Kk +2) ! k+ 1) (/82

2 1
; (k1Y[(k + 2)11? )

where f,(t) is the fractional fluorescence intensity, F,(0),
F(0), and F(t) are the fluorescence intensity right af-
ter bleaching, after infinite time, and after a period of
time of t, respectively, 7 is the characteristic diffusion
time, and I, and I, are the modified Bessel functions.
Figure 6 shows snapshot images of fluorescence re-
covery of FITC-labeled M13 viruses and its variation in
the intensity profile with time. Before photobleaching,
viruses are assembled at pH 4.8 onto an LPEI/PAA film
surface that was deposited at pH 5.0 conditions, lead-
ing to the ordered monolayer structure with an assem-
bly density of approximate 40 viruses/um? (Figure 2C).
For fluorescence labeling of the viruses, sequential
functionalization of protein coat of the M13 virus was
conducted with biotin conjugated anti-fd bacterioph-
age and FITC conjugated streptavidin. To prevent the
nonspecific binding of antibody or fluorescent proteins
on the background of the polymeric surface, a small
amount of Tween 20 surfactant was added to the solu-
tion, leading to a selective binding of antibodies and
FITC-streptavidins onto M13 viruses with a minimal
background adsorption (see Supporting Information
Figure S4). Bleaching with a high power Ar-laser on a
circular disk pattern of 40 um diameter generated a
sharp contrast in fluorescence intensity compared with
nonbleached backgrounds as shown in Figure 6B. How-
ever, PEM interdiffusion, driven by the LPEI species, sub-
sequently generated the enhanced surface mobility of
the viruses, and the fluorescence intensity was recov-
ered gradually with time (Figure 6C,D). This technique
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Figure 6. Representative snapshots of FRAP experiment for virus-
assembled LPEI/PAA film taken with a confocal laser scanning micro-
scope. Viruses are labeled with FITC-conjugated streptavidin. The diam-
eter of bleached circular area is 40 um: (A) before photobleaching; (B)
right after photobleaching; (C) 10 min after photobleaching; (D) 40 min af-
ter photobleaching; and (E) fluorescence intensity profiles corresponding
to the images in panels A—D. The intensity profiles are determined from
averaging five lines near center of the bleached zone and then relatively
normalized with respect to the value of initial fluorescence intensity be-
fore photobleaching.

is advantageous in that one can readily visualize the
PEM interdiffusion even with a very thin (120 nm) film,
as compared to the fact that at least several um thick-
nesses of PEM films are required for previously utilized
confocal microscopy studies.>°~3? Image profiles in Fig-
ure 6E present the quantified values of fluorescence in-
tensities in Figures 6A—D.

Fitting the time-variant fluorescence intensities to
the relationship in eq 1 can give the value of the diffu-
sion coefficient of the system. Because of the complex-
ity of the numerical regression of eq 1, however, we
used an alternative simplified analysis. It utilizes an-
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Figure 7. Evolution of the fractional fluorescence recovery
as a function of elapsed time after photobleaching for the vi-
rus assembled LPEI/PAA multilayer film. Time interval of an
image acquisition is 110 s. Solid dots are area-averaged fluo-
rescence intensities for bleached area at each time interval
analyzed with the Metamorph program. Blue solid curve
represents a fit to the function of exponential decay, from
which the characteristic time of 7,,, can be derived (red
line).

other characteristic half-life time 7,5, which is defined
as the time that the fractional fluorescence intensity
(f(t)) reaches 0.5. Considering a modifying factor of v,
which is a constant of shape factor of bleaching beam
(for circular beams, y is 0.88), the diffusion coefficient
gives following relation:*”

D= W41, ,,)y @

As seen from Figure 7, fitting of fractional fluores-
cence intensity shows a function of exponential de-
cay, in which 7, ,, can be readily determined from the
fitted curve. Simple regression procedures for Fig-
ure 7 yielded a value of 7, ,, of 750.7 s, which corre-
sponds to a diffusion coefficient D of 0.117 um?/sec
(1.17 X 10~° cm?/sec) for the viruses on the PEM sur-
face, which is very close to the value of the poly-
meric diffusion coefficient in the interdiffusing
poly(L-lysine)/hyaluronan multilayer system (D ~
2.2 X 10~ 2 cm?/sec) that was measured directly from
FITC-labeled poly(t-lysine).*® Considering the bulki-
ness and ultrahigh molecular weight of the M13 vi-
rus (1 wm in length and 14000000 M,,), the resulting
diffusion coefficient, which is on the order of 107°
cm?/sec, is relatively high when compared to the
self-diffusion mobility of a typical large charged
biomacromolecule such as a DNA molecule (about
107" cm?/sec when the molecular weight is on the
order of 10°),>" which indicates the critical role of
thick LPEI layers resulting from exponential growth
for enabling the lateral diffusion of viruses. Control
experiments with underlying films deposited at pH
3.0 were performed, and little recovery in fluores-
cence intensity was observed. Under these condi-
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tions, the characteristic half-life (r,,,) was not ob-
tained even after a few hours of fluorescence
observation, and therefore a realistic estimate of
the corresponding diffusion coefficient not deter-
mined. This very slow recovery suggests significantly
lower surface diffusion of the viruses atop the pH
3.0 film. It should be noted in this regard that we can
observe the lateral motion of LPEI by indirect obser-
vation of the surface adsorbed viruses without di-
rect labeling of the LPEI with fluorescent pendant
groups that may retard the diffusional motion of lin-
ear chains of LPEI. However, there is still an uncer-
tainty in relating the lateral diffusion of viruses with
the underlying polyelectrolyte mobility. Surface dif-
fusivity can be underestimated because the ideal-
ized surface diffusion should be measured under in-
finitely dilute adsorption conditions,*? otherwise the
steric repulsions between adsorbed surface mol-
ecules can impede diffusion. Therefore, more de-
tailed control experiments are needed to elucidate
the interrelationship between viral mobility and the
polymeric mobility.

CONCLUSIONS

A new approach for investigating the basis of
the interdiffusion phenomena in weakly charged
polyelectrolyte multilayers was proposed. To visual-
ize the polymeric interdiffusion process, we induced
electrostatic adsorption of M13 viruses onto the
charged surface of polyelectrolyte multilayers and
utilized the spontaneous ordering of viruses on the
LPEI top surface of such multilayers as a means of ex-
amining surface mobility on films that enabled vi-
rus ordering and packing. When there is interdiffu-
sion of polyelectrolytes into the inner film structure,
due to the isotropic characteristic of diffusion to all
directions, it accordingly includes the lateral motion
of polyelectrolytes on the surface of the film. The lat-
eral mobility of polyelectrolytes can be transferred
to surface-adsorbed viruses that have gain the free-
dom to the spontaneously assemble, leading to the
formation of a densely ordered monolayer structure
of viruses. When there is no interdiffusion, on the
other hand, charged viruses are irreversibly captured
on the surface and yield kinetically frozen and ran-
domly assembled structures on the surface.

The interdiffusion of a mobile species of polyelec-
trolyte can be controlled by altering the pH condi-
tions of layer-by-layer assembly, which affects the
numbers of free, nonelectrostatically bound mobile
chain segments of polyelectrolyte on the surface.
Through the investigation of film thickness with mul-
tilayer deposition at different pH conditions, we veri-
fied that the exponentially growing films exhibit
the interdiffusion of polyelectrolyte. Further investi-
gations from FTIR spectroscopy and thermal gravi-
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metric analysis revealed that the surface ordering
of viruses was related to the increased composition
of the mobile species, LPEI in this case, in the poly-
electrolyte multilayers. We also determined the dif-
fusion coefficient of adsorbed viruses from the fluo-
rescence recovery after photobleaching experiment.
The lateral motion of fluorescence labeled viruses
was observed with confocal laser scanning micro-
scope and a diffusion coefficient of 1.17 X 10~° cm?/
sec was obtained, which was close to the reported
mobility of other interdiffusing polyelectrolytes.

Notably, the ability to control the polymeric inter-
diffusion with manipulation of film deposition pH of-
fers a potential advantage in certain cases. Because

METHODS

Layer-by-Layer Deposition of Polyelectrolyte Multilayer. Linear poly-
ethylenimine (LPEI, 25000 M,,, monodispersed, Polysciences)
and poly(acrylic acid) (PAA, 90000 M,,, polydispersity index (PDI)
~ 4, 25% aqueous solution, Polysciences) were used as-received
and prepared as 35 and 20 mM solutions in deionized water, re-
spectively, based on the repeat-unit molecular weight. The mo-
lecular structure of LPEI and PAA are presented in Figure 1A. Be-
cause of its linear and regular structure, LPEI forms a crystalline
solid when unprotonated and is thus insoluble in water above its
pK,. To dissolve LPEl into water, a small amount of HCl solution
was added to a mixture of LPEI and deionized water until all the
LPEI was dissolved. The pH of both solutions was adjusted to a
range from 3.0 to 5.0 carefully with diluted solutions of hydro-
chloric acid and sodium hydroxide. Silicon substrates were first
plasma-treated with a conventional plasma cleaner for 30 s (PDC-
001, Harrick Scientific Corp.) to prepare an initial negatively
charged surface. Polyelectrolyte multilayers were assembled on
prepared silicon substrates by using a HMS programmable slide
stainer (Zeiss) with a deposition condition of 15 min adsorption
of polyelectrolyte and followed by three sequential washing
steps in the bath of deionized water. The nomenclature (LPEI/
PAA m/n), will be used to denote a multilayer film of X layer pairs
of LPEI and PAA deposited at pH m and n, respectively. When X
includes 0.5, LPEI is the final adsorbed layer and thus the outer-
most surface of the multilayer. For the virus assembly atop the
LPEI/PAA polyelectrolyte multilayer, 120~130 nm thickness mul-
tilayer films were prepared, which corresponds to 10.5~12.5 bi-
layers depending on the pH conditions of film deposition.

Preparation of M13 Virus. The M13 bacteriophage, a virus that
only infects bacteria, is composed of ~2700 major coat pro-
teins helically stacked around its single-stranded DNA, render-
ing a monodispersed and semiflexible filamentous structure
(about 1 wm in length and 8 nm in width).>® Wild-type M13 vi-
ruses were amplified using bacterial medium (Escherichia coli
strain ER2738, New England Biolabs) and diluted in water to the
final concentration of 10°~10'° molecules/ml. The solution pH
of virus was adjusted to 4.8, near the isoelectric point of M13 vi-
rus (see pH—{ potential relation of virus in ref 34).

Self-Assembly of M13 Viruses on Polyelectrolyte Multilayer. An experi-
mental schematic for direct assembly of viruses on a PEM sur-
face was shown in Figure 1B.2® The pH adjusted virus solution
was drop-dispensed on a prepared polymer surface for 20~30
min at ambient temperature. During an adsorption process,
negatively charged M13 viruses were electrostatically bound on
the positively charged top surface of an LPEI/PAA multilayer. De-
pending on the multilayer assembly pH, increased interdiffu-
sion ability of LPEI species in polyelectrolyte multilayer struc-
ture could further induce the surface reorganization of adsorbed
viruses, finally leading to an ordered monolayer structure of
M13 viruses on the surface. Virus assembled surfaces were rinsed
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the condition critical to interdiffusion can be di-
rectly related to assembly conditions that manipu-
late the degree of ionization and mobility of the
polyion chain, the interdiffusion process can be
readily tuned with a single pair of polyelectrolytes.
For these situations, the use of a diffusion-blocking
layer to prevent interdiffusion between different
portions of a composite film, for example, may not
be necessary to control the diffusion in the
film.2%23>% Scientifically, it is anticipated that a
deeper investigation of the intriguing surface mobil-
ity of supramolecular viruses will also provide a clue
to the theoretical analysis of the surface diffusion
of highly anisotropic molecules, which has yet to be
fully understood.

with deionized water several times to remove loosly bound vi-
ruses and dried by nitrogen blowing.

Atomic Force Microscopy (AFM) for Imaging of Virus-Assembled Surface.
The surface topology of virus assembled surfaces was character-
ized with AFM (Digital Instruments, Dimension 3100 with Nano-
scope llla controller) in dry condition. To minimize any possible
misreading during data acquisition and to enhance the image
resolution, we used slow scanning tapping mode (0.5~1.0 Hz of
scan speed) with super sharp silicon probes (Pacific Nanotech-
nology, SSS-NCH, typical tip radius of curvature ~2 nm).

Fourier Transform Infrared Spectroscopy (FTIR) and Thermal Gravimetric
Analysis (TGA) for LPEI/PAA Films. FTIR measurements were performed
using a Nicolet Magna 860 Fourier transform infrared spectrom-
eter with a DTGS detector. To obtain absorbance spectra, 20 bi-
layers of LPEI/PAA films were assembled on silicon substrates
and measured in transmission mode. For TGA analysis (TA instru-
ments Q50), free-standing films of 100 bialyers of LPEI/PAA were
prepared on a neutral surface of Teflon (McMaster Carr Co.) or
polypropylene sheet (VWR).>® Usually, 5 mg of sample was typi-
cally used and two runs of TGA were performed for a single film.
Three different films made at each pH condition were prepared
and therefore averaged values of six runs were used as final data.
To minimize moisture and oxygen exposure during TGA experi-
ment, the samples were thoroughly dried in vacuum before test-
ing. Analysis was performed under nitrogen environment.
Samples were first heated from room temperature to 120 °C
and equilibrated there for 15 min and then ramped further up
to 700 °C at a rate of 10 °C/min.

Fluorescence Labeling of M13 Viruses on the LPEI/PAA Multilayers. Bi-
otin conjugated polyclonal rabbit anti-fd bacteriophage anti-
body (3~5 ug/ml in water with 0.2 vol. % of Tween 20 deter-
gent, Sigma), which also specifically binds to the M13 virus, was
applied onto the assembled virus surfaces for 5 min followed by
1 min of washing with water. Subsequently, a droplet of FITC
conjugated streptavidin (1 wg/ml in water with 0.2 vol. % of
Tween 20 detergent, Molecular Probes) was applied on the
anti-fd bound surface for 5 min to label biotinylated anti-fd
bound to M13 viruses. Finally, FITC stained substrates were
rinsed with water, and briefly dried under nitrogen. Notably,
nonbuffered solutions of antibody and streptavidin were used
to exclude any possibility of structural damage or charge rear-
rangements of an assembled film of polyelectrolyte multilayers
and M13 viruses by high ionic strength of buffer solution. We
used Tween 20 detergent and a short time period for binding
to minimize any nonspecific (e.g., electrostatic or van der Waals
interactions) binding of the antibody and streptavidin onto the
polyelectrolyte multilayer and substrate. Control experiments
were performed with bare films of polyelectrolyte multilayers
(without viruses) and successfully confirmed that the fluores-
cence signal from nonspecific binding was relatively negligible
(see Figure S4 in the Supporting Information).
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