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Porous Nanofilm Biomaterials Via Templated Layer-by-

Layer Assembly

Connie Wu, Seyma Aslan, Adeline Gand, Joseph S. Wolenski, Emmanuel Pauthe,*

and Paul R. Van Tassel*

Hydrogel-like biomaterials are often too soft to support robust cell adhesion,
yet methods to increase mechanical rigidity (e.g., covalent cross-linking the
gel matrix) can compromise bioactivity by suppressing the accessibility or
activity of embedded biomolecules. Nanoparticle templating is reported
here as a strategy toward porous, layer-by-layer assembled, thin polyelec-
trolyte films of sufficient mechanical rigidity to promote strong initial cell

1. Introduction

Nanoscale films formed via the layer-
by-layer (LbL) assembly of oppositely
charged macromolecular species!!l are
finding widespread application in energy,
sensing, and biomedicine.?? LbL films
are particularly attractive for applica-

tions involving contact with living cells or
tissues— e.g., cell culture, tissue engi-
neering, biomedical implants— since film
chemical, mechanical, and biological prop-
erties may be tailored to promote a desired
cellular response.*’! Initial cell adhesion
generally increases with film rigidity, a
material property enhanced through ionic
or covalent cross-links.B23 Cell behavior
may be further influenced through
embedded biomolecules (e.g., growth
factors, genetic material),>%43¢  but
chemical cross-linking, while tending to
promote cell or tissue integration, may act
to suppress film bioactivity by diminishing
intrafilm  biomolecular = mobility[®+2¢]
and/or cell-induced film degradation
(hence limiting bioactive agent exposure
to contacting cells),l*3738 or by chemically
altering the film-embedded species.['”!
A key challenge in nanofilm (and other
hydrogel-like) biomaterial systems is to
simultaneously achieve i) sufficient mechanical rigidity so as to
promote strong initial cell adhesion and ii) a significant loading
capacity for accessible, functionally active biomolecules.

We present here a nanoparticle templating strategy aimed at
decoupling film rigidity from bioactivity. The idea is to embed
nanoparticle templates within a LbL film, chemically cross-link
the film to increase its rigidity, remove the template species
through dissolution, and then load the resulting pore space
with bioactive species. The goal is to produce films of sufficient
mechanical rigidity to promote a robust initial cell response,
while maintaining a high loading of functional and accessible
bioactive species. Templating in the context of LbL assembly
typically involves film formation around a core particle, which
upon dissolution leaves a dense, spherical polyelectrolyte shell
surrounding an empty space;?*#l the idea to template the
interior of the film itself with sacrificial species originates with
the work of Caruso, et al.*>*l Qur strategy builds upon this
latter approach, with a goal of films that are simultaneously

adhesion, and that are capable of high bioactive species loading. Latex
nanoparticles are incorporated during layer-by-layer assembly, and following
1-ethyl-3-[3-dimethylaminopropyl]carbodiimide/N-hydroxysulfosuccinimide
(EDC-NHS) cross-linking of the polyelectrolyte film, are removed via
exposure to tetrahydrofuran (THF). THF exposure results in only a partial
reduction in film thickness (as observed by ellipsometry), suggesting the
presence of internal pore space. The attachment, spreading, and metabolic
activity of pre-osteoblastic MC3T3-E1 cells cultured on templated, cross-
linked films are statistically similar to those on non-templated films, and
much greater than those on non-cross-linked films. Laser scanning confocal
microscopy and quartz crystal microgravimetry indicate a high capacity for
bioactive species loading (ca. 10% of film mass) in nanoparticle templated
films. Porous nanofilm biomaterials, formed via layer-by-layer assembly
with nanoparticle templating, promote robust cell adhesion and exhibit high
bioactive species loading, and thus appear to be excellent candidates for
cell-contacting applications.
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Figure 1. Quartz crystal microgravimetry with dissipation (QCMD) sen-
sogram demonstrating layer-by-layer assembly of poly(L-lysine) (PLL) with
poly(L-glutamic acid) (PGA) and carboxy functionalized latex nanoparti-
cles (NP) (NP concentration 0.1 g/L). Blue, red, and black arrows indicate
exposure to PLL, PGA, and NP, respectively. Frequency change indicates
addition of mass to the film.

mechanically rigid and bioactive, and hence ideal for a range of
biomaterial applications. In this article, we introduce nanopar-
ticle templated LbL films exhibiting cell contacting properties
comparable to their non-templated counterparts, and offering
high loading capacity for biomolecular species.

2. Results

Homopolymers composed of charged amino acids represent a
promising platform toward biocompatible, biodegradable nano-
film biomaterials, with abundant functional groups for chem-
ical modification (such as cross-linking). In Figure 1, we show
a quartz crystal microgravimetry with dissipation (QCMD)
sensogram demonstrating the LbL assembly of (cationic)
poly(t-lysine) (PLL) and (anionic) poly(r-glutamic acid) (PGA).
At the sixth and the twelfth layers, PGA is replaced by a 0.1 g/L
solution of carboxy functionalized latex nanoparticles (NP) of
diameter 28 £ 4 nm. The sensogram demonstrates successful
LbL assembly, and shows significant NP adsorption at the sixth
layer, and modest NP adsorption at the twelfth layer. Employing
a Voigt model of a viscoelastic polymer-NP film (see Experi-
mental Section), we find NP loadings of 0.76 and 0.16 pg/cm?
(or 630 and 130 NP/um?) in the 6™ and 12% layers, respec-
tively. Film assembly at a higher NP concentration (1 g/L)
results in a much higher NP loading: 5.5 and 1.1 ug/cm? (or
4600 and 890 NP/um?), respectively, in the 6™ and 12" layers.
The equivalent 2-D fractional areas covered may be calculated
as 6 = 3T'/2pd, where T is the NP adsorbed mass per area, p
is the NP density, and d is NP diameter. At NP concentration
0.1 g/L, 8 = 0.39 and 0.08, in the 6™ and 12™ layers, respec-
tively. These values, being smaller than the 2D closed packing
limit, suggest the possibility of vertical NP confinement. At NP
concentration 1 g/L, = 2.8 and 0.56, in the 6™ and 12 layers,
respectively. The former value clearly indicates the NP to dis-
tribute vertically to a significant extent throughout the film.
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Table 1. Ellipsometry measurements of mean thicknesses of [(PLL-
PGA),-PLL-NP],-(PLL-PGA), films, with (XL) and without (Native) an
EDC-NHS cross-linking treatment, and with and without a THF NP dis-
solution step, for various bulk NP concentrations.

Native/no THF  Native/THF XL/no THF XL/THF
0g/LNP 160 £20 nm 180£20 nm 200 %20 nm 190 £20 nm
0.01 g/L NP 200 %20 nm 170£20 nm 200 %20 nm 180£20 nm
0.1 g/LNP 200 %20 nm 170£20 nm 280%20 nm 230+20 nm
1g/LNP 370£20 nm 190 £20 nm 510£20 nm 420+20 nm

Following LbL assembly, a film is subjected to i) 1-ethyl-3-
[3-dimethylaminopropyl]carbodiimide/ N-hydroxysulfosuccin-
imide (EDC-NHS) chemical cross-linking agents and then
ii) tetrahydrofuran (THF) to dissolve the embedded NP. EDC-
NHS applied to PLL-PGA films has been shown previously
to yield amide cross-links between amine groups on PLL and
carboxyl groups on PGA, as observed by Fourier transform
infrared spectroscopy in attenuated total reflection mode.':?3]
In Table 1, we show film thickness values measured via ellip-
sometry, as a function of NP concentration, with and without
chemical cross-linking and THF exposure. The thickness of
native films (i.e., without cross-linking) increases with NP con-
centration, but subsequent exposure to THF essentially sup-
presses this effect, suggesting removal of the NP and collapse
of the film. Cross-linking enhances film thickness, and the NP
concentration dependence remains. Exposure of a cross-linked
film to THF also results in a thickness decrease, but in this case
the final thickness exhibits a clear NP concentration depend-
ence, suggesting only a partial collapse in the film, and hence
the presence of open pore space following template removal.
NP volume fraction, ¢ = I'/ptr, may be calculated from the
QCMD measured NP adsorbed mass (I') and the ellipsometry
measured film thickness (tg). We find NP volume fraction, a
measure of porosity prior to NP dissolution, to be 3.1% and
12% for NP concentrations 0.1 and 1 g/L, respectively (for
cross-linked films).

In Figure 2, we show atomic force microscopy images and
cross-sectional profiles of a cross-linked film without NP, a native
film with NP, and a cross-linked film with NP subsequently
exposed to THF (i.e., a templated film). The cross-linked film
without NP exhibits domains of approximate lateral diameter
20-50 nm and height 10-20 nm, and a root mean square rough-
ness of 7 nm. The native film (not shown) displays similar topog-
raphy, and an essentially equal roughness (8 nm). The native
film with NP exhibits somewhat larger domains: 50-200 nm
lateral diameter and 15-25 nm height. No direct evidence
of the 28 nm diameter NP is observed, although some of the
smaller domains could be individual NP, of larger apparent size
owing to a tip broadening effect. The roughness of the NP film,
13 nm, is greater than those of the native or cross-linked films
without NP. The relatively small increase in film roughness and
domain size brought about by the presence of the NP suggests
the absence of large scale NP aggregation within the film. Inter-
estingly, the cross-linked film with NP and exposure to THF
appears to have somewhat smaller domain sizes than the native
film with NP, and has roughness (10 nm) intermediate between
those of films with and without NP, suggesting NP removal to
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Figure 2. Left: Atomic force microscopy images of (PLL-PGA);, plus EDC/NHS chemical cross-
linking (cross-linked), [(PLL-PGA)s-PLL-NP],-(PLL-PGA), (native with NP), and [(PLL-PGA)s-
PLL-NP],-(PLL-PGA), plus EDC/NHS chemical cross-linking plus THF (templated cross-linked)
films. Right: Cross sectional height profiles through the white line in the AFM images (vertical
axis in nm, horizontal axis in um). Films formed at NP concentration 1 g/L.

result in a modest film smoothing effect. It is important to note
that all these films are quite smooth, with roughness values
always less than 5% of film thickness (Table 1). For compar-
ison, the underlying glass substrate exhibits a root mean square
roughness of 10 nm.

Chemical cross-linking of LbL films generally improves
the initial cellular response.®231 To test whether the tem-
plated films of this study exhibit such an improvement, we
measure the attachment, spreading, and metabolic activity of
pre-osteoblastic MC3T3-E1 cells on a native film without NP
(negative control 1), a native film with NP (negative control 2),
a cross-linked film without NP (positive control), and a cross-
linked film with NP subsequently exposed to THF (i.e., a tem-
plated film). MC3T3-E1 is a well-established cell line known
to be exhibit substrate rigidity-dependent adhesion, and to
respond to various bioactive agents.*#*] In addition, it repre-
sents a highly relevant progenitor cell system for bone tissue
engineering-one of the envisioned applications of porous
nanofilm biomaterials.*®! In Figure 3, we show the number of
attached cells, following 3 h exposure time, to be similar on
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templated versus non-templated cross-linked
substrates, and in both cases to be significantly
higher than on films without cross-linking.
Similar results are found in terms of degree
of cell spreading following 24 h exposure:
cells on both templated and non-templated
cross-linked films exhibit a projected area
nearly four times larger than do cells on
native films (Figure 4). Optical microscopy
images (Figure 4) show cells on a templated,
cross-linked film to exhibit better organized
actin cytoskeletons, and larger stress fibrils,
compared to cells on a native film. Cellular
metabolic activity may be measured via an
alamar blue assay of mitochondrial activity.
In Figure 5, we show the mitochondrial
activity of cells on chemically cross-linked,
templated films to be comparable to that on
chemically cross-linked films without tem-
plates, and to be significantly greater than
that on native films. Interestingly, the pres-
ence of NP in native films also leads to a
significant increase in mitochondrial activity,
although not to the level of the cross-linked
films. NP additives have been shown to
increase LbL film rigidity,””) and are shown
here (Figure 2) to increase LbL film rough-
ness. Since both substrate rigidity and
roughness have previously been correlated
with increased mitochondrial activity, 34!
we conclude one of these two effects to cause
the increase observed here. In all, these
cell results suggest templated, cross-linked
films to promote cell adhesion and viability
at a level similar to that of non-templated,
cross-linked films, and at a level significantly
higher than that of native films.

To investigate biomolecular loading within
the templated pore space, we employ laser
scanning confocal microscopy on films containing fluores-
cently labeled polymer, and subsequently exposed to a fluo-
rescently labeled model biomolecular species, bovine serum
albumin. In Figure 6, we show (cross-sectional) laser scanning
confocal microscopy images of a [(PLL-PGA)s-PLL-NP],-(PLL-
PGA), film, following EDC-NHS cross-linking, with the PLL in
the penultimate layer containing a AF-488 (green) fluorescent
label. Note that the film considered here contains more layers
than those described above. The additional layers are needed
to optically resolve the presence of bioactive species within the
film. As noted previously, a certain fraction of labeled polymer
diffuses freely within the film in the vertical direction;®" hence,
the entire film appears green. From these images, we observe
film thickness to be about 8 um.

Without the THF dissolution step (left of Figure 6), expo-
sure to AF-568 (red) labeled albumin results in the film
appearing green and the solution above the film appearing
red, with no evidence of albumin penetration. Rinsing acts to
remove most, but not all, of the red color, suggesting some
albumin to remain adsorbed to the film surface. With the THF

Adv. Funct. Mater. 2013, 23, 66-74
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Figure 3. Optical microscopy images of MC3T3-E1 preosteoblast cells following 3 h culture on (PLL-PGA),, (native), [(PLL-PGA)s-PLL-NP],-(PLL-PGA),
(native with NP), (PLL-PGA)q4 plus EDC/NHS (cross-linked) and [(PLL-PGA)5-PLL-NP],-(PLL-PGA), plus EDC/NHS plus THF (templated cross-linked)
films. Films formed at NP concentration 0.1 g/L.
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themselves to be fairly uniformly distributed
prior to their removal. Based on a solution
albumin concentration of 1 g/L, a 1 mm
solution overlayer, and a film thickness of
10 um, the loading and concentration within
thetemplated filmare0.1mg/cm?and 100g/L,
respectively, corresponding to about 10% of
the overall film mass consisting of albumin.
Note the good agreement with a NP volume
fraction of 12%, estimated above from
QCMD and ellipsometry data.

To quantify the extent and reversibility of
biomolecular loading within NP templated
LbL films, we show in Figure 7 QCMD meas-
urements of albumin adsorbed to/within
templated and non-templated films, following
a 30 minute adsorption step and a 10 minute
buffer rinse. In all cases, the change in signal
during the rinse is less than 5%, suggesting
limited short-time reversibility. At lower
albumin concentration (0.1 g/L), we observe
little difference in resonator frequency shift
between a non-templated film, and one tem-
plated at 0.1 g/L NP. However, a nearly two-
fold signal increase is observed for a film
templated at 1 g/L NP. At higher albumin
concentration (1 g/L), both the 0.1 g/L and
1 g/L NP templated films exhibit signals
roughly twice that of the non-templated film.
These results suggest 1) albumin adsorption
to occur at the surface of the non-templated
films (as expected), and 2) significant addi-
tional adsorption to take place within the inte-
rior pore space of all templated films, except
the one with low concentrations of both NP
and albumin. Some care must be employed

l

2000
1000
Native Native with NP Cross-linked

Figure 4. Representative cytoskeletal structures (top) and average cell area (bottom) of MC3T3-
E1 cells cultured for 24 h on (PLL-PGA);, (native), [(PLL-PGA)s-PLL-NP],-(PLL-PGA), (native
with NP), (PLL-PGA),4 plus EDC/NHS (cross-linked), and [(PLL-PGA)s-PLL-NP],-(PLL-PGA),
plus EDC/NHS plus THF (templated cross-linked) films. F-actin and nuclei are stained red and

blue, respectively. Films formed at NP concentration 0.1 g/L.

dissolution step (right of Figure 6), exposure to red labeled
albumin results in a yellow film with some red apparent at
the outer film surface, and little red in the space above the
film. This image suggests most of the solution albumin
to enter the film. Rinsing then acts to remove all of the red
color, but leaves the film partially yellow, indicating some
of the albumin to remain in the film. These results suggest
albumin to enter and distribute throughout most of the tem-
plated film (i.e., with template particles removed), but not the
non-templated film (i.e., with template particles left in place),
and thus provide strong evidence for the formation of acces-
sible pore space via the templating strategy employed here.
The presence of albumin throughout the film suggests the NP

Templated
Cross-linked

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

when estimating loading via QCMD fre-
quency change; the signal is expected to be
more sensitive to surface adsorption than to
adsorption within the pore space, since in
the latter case the increase in protein mass
within the film is compensated somewhat
by displacement of water. Nonetheless, these
data clearly demonstrate successful creation
of accessible pore space, and biomolecular
loading that increases with extent of NP templating and biom-
olecular solution concentration.

3. Discussion

The present work is motivated by an important biomaterials
challenge, namely, to independently optimize mechanical
rigidity and bioactivity. Canonical methods employed to
increase the former, e.g., covalent cross-linking of a gel matrix,
tend to suppress the latter, and vice versa. Previously, we dem-
onstrated a “surface cross-linking” strategy, resulting in LbL
films with a rigid outer “skin” to enhance cell adhesion, that is

Adv. Funct. Mater. 2013, 23, 66-74
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Figure 5. Alamar blue assay of 2 day MC3T3-E1 preosteoblast cell meta-
bolic activity on (PLL-PGA)y, (native), [(PLL-PGA)5-PLL-NP],-(PLL-PGA),
(native with NP), (PLL-PGA)q4 plus EDC/NHS (cross-linked), and [(PLL-
PGA)5-PLL-NP],-(PLL-PGA); plus EDC/NHS plus THF (templated cross-
linked) films. Films formed at NP concentration 0.1 g/L.

sufficiently thin so as to minimally affect embedded biomole-
cules.?’] Here, we employ a nanoparticle templating strategy to
create porous films, whose matrix may be made rigid through
standard cross-linking techniques, and whose pore space may
house bioactive species loaded after film assembly and cross-
linking treatment. A particular advantage to this method is the
possibility to stably embed biological species without regard to
size. Previous reports show the successful loading of smaller
drugl®® or proteinl?>?*30 species into LbL films following
standard chemical cross-linking treatments; our results suggest
a molecule the size of albumin (of dimension 8 to 11 nm)B!
may only enter a cross-linked film possessing templated pore
space (Figure 6).

Porous films capable of high biomolecular loading are
promising materials for cell contacting applications. The idea
is to achieve a high local concentration of bioactive agent
near to the cell-material interface, such that cellular influ-
ence occurs via a direct contact (as opposed to a solution
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Figure 7. Quartz crystal microgravimetry measurements of bovine serum
albumin (BSA) adsorption onto/within cross-linked, THF exposed (PLL-
PGA)g (no NP) and [(PLL-PGA),-PLL-NP],-(PLL-PGA), (0.1 and 1 g/L NP
concentration) films.

release) mechanism. Hammond et al. and Lynn et al. have
demonstrated hydrolytically degradable LbL films acting via a
solution release mechanism.B33*52-55] Picart and co-workers
make the case that bioactive species such as growth factors,
despite being typically administered via solution in vitro, are
in fact generally immobilized in vivo,1*”l and have shown bone
morphogenetic protein embedded within an LbL film to sen-
sitively control osteoblastic cell behavior.?%3%321 By enabling
the independent control of mechanical rigidity and bioactive
species loading, our templating approach represents a poten-
tially significant step toward films capable of controlling cel-
lular fate.

Tissue engineering, a medical and engineering approach
toward the replacement of lost or diseased tissue, represents
an important potential application for the porous nanofilm
biomaterials introduced here. A typical tissue engineering
strategy involves seeding stem or progenitor cells within a
porous scaffold device, allowing them to grow/mature in
vitro, and then implanting them in vivo. Many common poly-
mers used to form scaffold devices are weakly cytophilic, and
may require surface modification, e.g., through LbL assembly
of charged macromolecules.?*3¢57] Porous nanofilm biomate-
rials, as introduced here, offer the possibility of scaffold coat-
ings capable of promoting strong initial cell adhesion, and

Templated Cross-linked Film

ISum

[ Film [ Albumin

Figure 6. Laser scanning confocal microscopy images of cross-linked [(PLL-PGA)s-PLL-NP],-(PLL-PGA), films, without (left) and with (right) NP
removed via THF exposure (films formed at NP concentration 1 g/L). PLL placed in the penultimate layer contains a FITC (green) label, and is expected
to freely diffuse throughout the film.% When exposed to an Alexa Fluor (red) labeled albumin solution, the cross-linked film (left) appears green and the
contacting solution red, suggesting impermeability of the film to albumin. Following a buffer rinse, most of the red disappears. When exposed to the
albumin solution, the templated cross-linked film (right) appears yellow, suggesting penetration of albumin into the film. Following a buffer rinse,
the film appears green and yellow, suggesting much of the albumin to remain in the film.
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able to communicate biological signals to cells following their
initial adhesion, both key attributes to promoting the forma-
tion of viable, functional tissue. Note the hierarchy of porosity
considered here: macropores within the scaffold device house
cells, and nanopores within the film coating the surface of
the macropores house bioactive agents. As a specific example,
consider bone tissue engineering, where previous success
has been achieved with fibrous porous scaffolds formed via
electrospinning or thermally induced phase separation of
degradable polymers such as poly(lactic acid) and poly(glycolic
acid).*65%-601 Ag a scaffold pore space surface coating, a
porous nanofilm biomaterial may be loaded with the growth
factor bone morphogenetic protein (BMP), known to promote
the proliferation and differentiation of osteoblastic precursor
cells.’l The choice here of MCT3T-E1 cells is motivated in
part by this potential bone tissue engineering application. Pre-
vious studies have shown BMP immobilized by simple phys-
ical adsorption to a polymeric scaffold device to significantly
enhance the osteogenic differentiation of seeded MCT3T-E1
cells.) Nanofilm biomaterials loaded with BMP offer the
possibility to present BMP directly to contacting cells.[2930:32]
Porous nanofilm biomaterials, as presented here, allow for the
independent control over film mechanical rigidity and bioa-
ctive species loading, and hence potentially for a higher level
of control over the formation of bone tissue.

Although we consider only pre-osteoblastic cells here, the
possibility also exists to employ porous nanofilm biomaterials
with stem cells. Various soluble factors are known to influ-
ence the differential fate of stem cells, and could be embedded
within porous films. Substrate rigidity is also known to direct
stem cell fate: the group of Discher has demonstrated how
myogenic, neurogenic, and osteogenic differentiation of mes-
enchymal stem cells may be favored simply by altering the stift-
ness of the underlying matrix.®? By independently controlling
mechanical rigidity and bioactivity, porous nanofilm biomate-
rials could prove especially useful toward directing stem cell
differentiation.

Nanoparticle templating is an attractive means toward LbL
films of controlled porosity, but other approaches exist as well.
Mendelsohn et al. have shown an abrupt decrease in solution
pH following LbL assembly to result in film expansion and
the formation of an interconnected porous network, of char-
acteristic pore size 100-500 nm, and a subsequent increase
in solution pH to result in film contraction and the forma-
tion of discrete, vertical, film-spanning pores of 50-200 nm
diameter.[%3] The process is very sensitive to the pH of the pre-
cursor solutions, and a mechanism is proposed whereby sup-
pressed polyanion ionization results in a loss of ionic cross-links,
and ultimately to a spinodal decomposition-like pore-forming
event. Such films have been investigated in solid electrolytel®!
and drug deliveryl®! applications. Lutkenhaus et al. have shown
how post-formation changes in solution conditions may lead to
a rich array of LbL film pore structures, including the possi-
bility of a gradient along the vertical direction, with pore sizes
ranging from tens of nanometers to microns, and porosities
from 0 to 77%.1%l Ultimately, both templating and “solution
shock” pore forming strategies are likely to impact LbL film bio-
material applications.

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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4, Conclusion

We demonstrate here nanoparticle templating as a strategy
toward thin film biomaterials of sufficient mechanical rigidity
to promote strong initial cell adhesion, and capable of high bio-
active species loading. Chemically cross-linked, nanoparticle
templated, layer-by-layer assembled polyelectrolyte films pro-
mote an initial cellular response that is comparable to that of
a non-templated film. In addition, they may be loaded with bio-
molecular species to a level of approximately 10% of the overall
film mass. Independent control over mechanical rigidity and
bioactivity may enable and enhance numerous cell contacting
biomaterial applications.

5. Experimental Section

Quartz Crystal Microgravimetry with Dissipation (QCMD): A quartz
crystal microbalance consists of a thin quartz disk sandwiched between
a pair of electrodes. The resonant frequency of the crystal, when excited
by an AC voltage, depends on the total oscillating mass, including
coupled water. In addition, the dissipation may be measured at the
fundamental and overtone frequencies. By applying a Voigt model of
a viscoelastic medium-specifically, solving the wave equation for the
shear displacement of the quartz element, a visco-elastic overlayer, and
a purely viscous cover medium, with no-slip boundary conditions at the
interfaces, %l physical properties of the adhering film may be determined.
A QCMD instrument (D300, Q-Sense, Sweden) was employed with a
parallel plate flow cell whose bottom surface was a QSX 303 Sensor Chip
(Q-Sense) consisting of a planar SiO, coating on a quartz crystal.

Ellipsometry: The ellipticity, or ratio of reflectivity of p- and s-waves
of a polarized laser beam impinging on an interface, at angles near to
the Brewster angle (i.e., where the p-wave reflectivity vanishes), yielded
the thickness and refractive index of a macromolecular film. A PhE-101
Discrete Wavelength Ellipsometer (Angstrom Advanced Technologies)
was employed on polyelectrolyte films formed on Si wafers.

Microscopy: Polyelectrolyte films (dried) were imaged via atomic force
microscopy (Veeco Dimension 5000) in tapping mode. Cells adherent to
films were imaged via optical microscopy (Leica) and digital photography
(Canon Powershot S50). Permeation of fluorescently labeled species
within films was imaged via laser scanning confocal microscopy (Biorad
Model 1024).

Film Assembly, Cross-Linking, and THF Treatment: A QCMD sensor chip,
silicon wafer, or glass microscope slide was washed with a 2% Hellmanex
solution and rinsed with deionized water. In a QCMD experiment, the
sensor chip was inserted into a flow cell and a PBS buffer solution was
introduced under continuous flow (shear rate ca. s7') until a stable
baseline appeared. 0.1 g L™' PLL (MW 70-150 kDa, Sigma) and PGA
(MW 50-100 kDa, Sigma) solutions were introduced alternately under
continuous flow for 15 min exposure steps, separated by 5 min buffer
rinse steps. In certain experiments, a solution of carboxyl functionalized
latex nanoparticles (C37261, Invitrogen), of diameter 28 = 4 nm, replaced
some of the PGA solution exposures. In ellipsometry or microscopy
experiments, a silicon wafer or glass slide was alternately dipped into
0.1 g L' PLL and PGA (or NP) solutions for 10 min exposure steps,
separated by three 1 min buffer rinse steps. Chemical cross-linking was
achieved via exposure to a 40 mM 1-ethyl-3-(3 (dimethylamino)propyl)-
carbodiimide (EDC)-100 mM, N-hydroxysulfosuccinimide (sulfo-NHS)
solution in buffer for 16 h, followed by a buffer rinse. Template
particles were dissolved through exposure to tetrahydrofuran (THF) for
24 h, followed by three 20 min buffer rinses. In QCMD experiments, the
sensor chip was then re-inserted into the flow cell, a buffer solution was
introduced under continuous flow until a steady baseline was achieved,
and a bovine serum albumin solution was introduced for 5 min, followed
by a buffer rinse.

Adv. Funct. Mater. 2013, 23, 66-74



s
Met oS
www.MaterialsViews.com

Fluorescence Labeling/Laser Scanning Confocal Microscopy (LSCM): A
stock solution of Alexa Fluor 568 (AF 568) carboxylic acid succinimidyl
ester (MW 792, Invitrogen) was prepared in anhydrous DMSO at
3.8 g L7'. 10 uL of the AF solution was added to 1 mL of a2 g L™! bovine
serum albumin (Sigma) solution in carbonate-bicarbonate basic buffer
of pH 9.0. The mixture was incubated for 1 h at room temperature in
the dark. The unbound dye was separated from the conjugate by gel
filtration (Sephadex G-25, G2580 column, Sigma) and elution was
performed with PBS at pH 7.4. Following film formation, crosslinking,
and THF exposure on glass slides, films were exposed to 0.1 mL of
the labeled albumin solution for 5 min. In certain cases, a buffer rinse
followed.

Osteoblastic Attachment and Metabolic Activity Assays: Murine
pre-osteoblastic MC3T3-E1 cells, established as an undifferentiated
osteoblastic cell line from normal mouse calvaria, were grown in
alpha minimal medium (Invitrogen) supplemented with 10% (v/v)
decomplemented fetal bovine serum (PAA), glutamax (2 mM,
Eurobio), penicillin (100 unit mL™', Eurobio), streptomycin (0.1 g L7,
Eurobio). Cells were cultured in 75 ¢cm? plastic culture flasks and
incubated in a humidified incubator (37 °C and 5% CO,). After 3 or
4 days of culture, freshly confluent (or sub-confluent) MC3T3-E1 pre-
osteoblast cells were harvested with trypsin-EDTA solution 1:1 (v/v)
and re-suspended in complete cell culture medium at 5000 cells cm™2
in a 48 well plate. After 3 h of culture, MC3T3-E1 pre-osteoblasts
were visualized using a light microscope and optical microscopy
images were taken using a digital camera. Cells were counted (n =
2 per well), and each condition was averaged. At 24 hours of culture,
cells were fixed with 3% (w/v) para-formaldehyde solution dissolved
in PBS (Sigma) for 15 min, then permeabilized with 1% (v/v) Triton
X-100 (Sigma) for 15 min. Non-specific binding sites were blocked by
incubating the substrates in PBS containing 1% Alb for 1 h. Nuclei
were directly revealed with 0.1 g L7 4’ 6-diamidino-2-phenylindole
dihydrochloride (DAPI, Sigma) and the cytoskeleton visualized with
0.05 g L' phalloidin-TRITC (Sigma), both diluted in PBS containing
0.1% Alb. Samples were then washed in PBS, mounted in mowiol, and
examined using a Leica fluorescence microscope. Immunostaining
was performed three times independently. Three random spot
images of 0.4 mm? area, containing 10-15 cells, were obtained at
20x magnification from two repeated cell culture experiments. Cell
outlines were detected using Image) image analysis software, and
cell area was calculated based on the number of pixels covered by the
cell. At 2 days of culture, an Alamar Blue assay was used to assess
cell activity.[8] Alamar blue is a reagent converted by metabolically
active cells into a colorimetric indicator. This assay thus provides an
important measure of cellular metabolic activity. In brief, the culture
medium was aspirated at the desired time, and 200 uL of fresh and
complete medium containing 10% v/v Alamar Blue (Invitrogen) was
added to all wells. Reagent blanks were included as well. Plates were
returned to the incubator for 3 h at 37 °C prior to measuring the
absorbance at 570 nm and 600 nm using a spectrophotometric plate
reader. Absorbance readings were converted to dye reduction% as
per the provider’s instructions. Extent of dye reduction increased
with cellular metabolic activity.
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