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ABSTRACT To date, limited examples of polyelectrolyte multilayers (PEMs) can be found that truly exploit the power of layer-by-
layer nanoassembly to combine multiple functions into a complex multilayer. We demonstrate that PEMs can be designed as optimized
coatings for implantable biosensors, exhibiting both diffusion control and protein resistance. PEM coatings comprising strong—weak
and weak—weak pairs were evaluated, resulting in decreases in glucose diffusivity up to 5 orders of magnitude compared to water.
Addition of poly(ethylene glycol) (PEG)-grafted terminal layers on the base diffusion-controlling multilayers substantially improved
resistance to albumin adsorption relative to unmodified PEMs. For transport-controlling films comprising strong—weak polyelectrolyte
pairs, the consistent diffusivity was observed even after exposure to protein-containing solutions, indicating minimal effects of
biofouling. In contrast, the transport behavior of weak—weak polyelectrolyte pairs was susceptible to alteration by protein exposure,
resulting in large variation in diffusivity, even when protein-resistant outer layers were employed.
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INTRODUCTION
mplanted medical devices, especially biosensors, require
proper biointerfaces that prevent surface fouling and
host response initiation while maintaining control over
the transport of molecules into the implant. In enzymatic
biosensors that operate on the basis of substrate flux, a
transport-limiting membrane is typically employed, often in
the form of a coating applied to the reactive enzyme phase.
Such enzymatic biosensors require incorporation of a diffu-
sion-limiting coating to balance the flux of incoming sub-
strates with reaction kinetics to obtain a measurable signal
over the desired response range (1). The transport-limiting
coating may also reduce the rate of substrate consumption,
which can be important for biological or biomedical applica-
tions where perturbation of the sensor surrounding needs
to be minimized to avoid nutrient deprivation of cells.
Demonstration of self-assembled multilayer films that meet
this dual requirement is the focus of this report, where
diffusion-controlling materials are combined with a biofoul-
ing-resistant (protein adsorption-resistant) outer layer.
Glucose sensors have emerged as prime examples of this
technology, where typical devices operate based on the
oxidation of glucose driven by glucose oxidase (GOx) (2).
However, physiological glucose levels are 2.3—23 mM (sup-
plied via diffusion from capillaries) while oxygen levels range
from 0—277 uM (supplied via diffusion from the atmosphere
and diffusion from capillaries) (3—5); under these conditions,
membranes of low relative glucose diffusivity are required
to balance oxygen and glucose transport to obtain a glucose-
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limited response. A wide variety of materials have been
proposed to provide this control, including poly(dimethyl-
siloxane) (PDMS) (6, 7), Nafion (8—11), nanoporous silicon
membranes (12), and polyethylene-block-polystyrene (13).

Although these materials have performed well in mac-
roscale sensors, the options for transport-controlling coatings
become very limited when materials amenable to self-
assembly are required, such as for devices with all dimen-
sions at a scale where individual manipulation is impractical
(e.g., microspheres, nanoparticles). When attempting to
shrink the size of biosensors to the level that self-assembly
is used to fabricate the devices, two major difficulties arise
for the choice of materials. First, achieving the necessary
balance of diffusion and reaction becomes increasingly
difficult because the overall diffusion lengths are extraordi-
narily small; thus, membranes that provide even lower
diffusivity are required. Second, the selection of materials
depends on the methods used for fabrication, and this
immediately rules out certain classes of materials, because
there are no suitable approaches to deposit these materials
with micro/nanoscale precision on the enzyme included
matrices. There is an optimal range of transport barrier, a
combination of thickness and diffusion coefficient, for a
given sensor interior matrix, size, enzyme concentration,
reaction scheme, and analyte concentration that maximizes
sensitivity while ensuring diffusion-limited behavior over the
range of interest.

An attractive possibility to construct such transport-
limiting coatings is the layer-by-layer (LbL) self-assembly
technique because of the flexibility of the approach to create
composite films with nanometer resolutionof thickness
(14, 15). Bruening et al. published a series of reports describ-
ing the transport of various molecular species through
polyelectrolyte multilayers (PEMs) (16—18). In one report,
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Scheme 1.

Schematic Diagram of Dual-Functional Nanofilms Comprising PEMs and PEG-Terminated PEMs,

Exhibiting Both Diffusion Control and Resistance to Protein Adsorption
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the transport of uncharged solutes such as glucose, glycerol,
and sucrose through polyelectrolyte multilayers with various
film architectures was explored, and results demonstrated
that the glucose diffusivity through “model” PEMs (9.87 x
107! cm?/s) was 4 orders of magnitude smaller than glucose
diffusivity in water (6.9 x 107° cm?/s) (16). Exploiting this
extraordinarily low glucose diffusivity and precision for
assembly, we have successfully applied LbL films as tunable
diffusion-limiting coatings for optical biosensors (19, 20).

PEMSs possess inherent nanocomposite structure, which
provides for the interesting possibility of designing PEMs
with more than one function (21). PEMs constructed by LbL
self-assembly are also extensively used in various biomedical
applications such as drug delivery systems (22—24), and cell
engineering (25—27). However, proteins strongly interact
with the polyelectrolyte film regardless of sign of the charges
of both the multilayer and the protein (28), and protein
adsorption is the initial event that mediates host response
to foreign materials (29). To further make systems appropri-
ate for in vivo deployment, it is essential to create an
interface with the biological system that minimizes the
response to the foreign material, such as inflammation and
immune system attack. Masking implants to avoid protein
adsorption enhances biocompatibility and minimizes fouling
of surfaces which may alter substrate flux, shifting sensor
response profiles. Poly(ethylene glycol) (PEG) is well-known
to resist protein adsorption (30), and can be immobilized on
surfaces via hydrogen bonding (31), covalently attachment
(32), or ionic interaction (33). In this work, poly(L-lysine)-
graft-PEG (PLL-g-PEG) was chosen for surface modification,
as a surface “comb” of PEG has been thoroughly evaluated
for toxicity, immunogenicity, pyrogenicity, and biodegrada-
tion (34, 35). This copolymer electrostatically adsorbs to the
anionic surface of poly(styrene sulfonate) (PSS) or poly-
(acrylic acid) (PAA)-terminated PEMs that is compatible with
the LbL process without using chemical cross-linking re-
agents (which is preferred when treating particles with
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biological activity that must be preserved), and be more
stable at a broad range of pH than H-bonded films.
Determining the transport property of nanofilms with
different compositions of materials is critical for in vivo
applications of biomedical devices. We hypothesized that an
outer layer of protein-resistant material could be applied to
an inner layer of glucose transport-limiting material to
achieve this dual functionality. To test this hypothesis, we
compared different nanofilms deposited on porous sub-
strates. We applied PEG-modified polyelectrolyte coatings
to nanofilms designed for transport control (Scheme 1), and
the diffusion and protein adsorption of the native transport-
control films were compared with the PEG-modified versions
before and after exposure to albumin solutions and serum.

MATERIALS AND METHODS

Materials. PSS (M,, = 70 000), poly(allylamine hydrochloride)
(PAH, M,, = 70 000), PAA (M,, = 100 000, 35 wt % in water)
and poly(ethyleneimine) (PEI, M, 2 60 000, 50 wt % in water)
were purchased from Aldrich. Glucose, GOx, peroxidase, o-
dianisidine, NaCl, NaOH, HCI, poly(i-lysine) (PLL, M,, = 12 000—
24 000), and bovine serum albumin (BSA) were purchased from
Sigma. PLL-g[4.5]-PEG (PLL = 20 kDa; PEG = 5 kDa; Lys/PEG
graft ratio = 4.5) was purchased from Alamanda Polymers, Inc.
Fetal bovine serum (FBS) was purchased from Cascade Biolog-
ics. The porous alumina supports (Anodisc 25, 60 um thick, 0.02
um pore diameter) were purchased from Whatman Ltd. Deion-
ized water (>18.2 MQ cm) was always used for preparation of
polyelectrolyte solutions and rinsing. The pH of the polyelec-
trolyte solutions was adjusted with either HCl or NaOH.

Layer-by-Layer (LbL) Self-Assembly of Nanofilms. PSS/PAH
deposition started with exposure of one side of the alumina
support using open-face filter holder (Pall Co.) in 0.02 M PSS
(molarities of polyelectrolytes are given with respect to the
repeating unit) in 0.5 M NacCl solution adjusted to pH 2.1 for 5
min. The alumina support was rinsed with deionized water for
1 min before exposure to 0.02 M PSS in 0.5 M NaCl adjusted to
pH 2.3 for 5 min, followed by another water rinse for 1 min.
PAA/PAH alternative adsorptions involved same deposition and
rinse time with 0.02 M PAA (pH 5.5, 0.5 M NaCl) and 0.02 M
PAH (pH 5.5, 0.5 M NaCl). We repeated this process until the
target number of layers was achieved (more than 5 bilayers are
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FIGURE 1. Scanning electron microscope images of nanofilms: (a) bare alumina substrate; (b) [PSS/PAH]¢PSS; (c) [PSS/PAH]¢PSS/PLL-g-PEG; (d)
[PAA/PAH](PAA; and (e) [PAA/PAH]sPAA/PLL-g-PEG. Samples were coated with 5 nm of platinum prior to imaging. All scale bars are 1 um.

required because of the sufficient surface coverage of PEM) (36).
Deposition pH of PAA/PAH followed previous reports, which
required conditions of pH higher than 5.0 for PAA adsorption
solution, and pH lower than 7.5 for PAH solution (37—39). These
conditions optimize the polyelectrolyte deposited in a highly
charged state and colloidal stability, when applied to particle-
base biochemical sensor coatings. The PLL and PLL-g[4.5]-PEG
depositions involved a 5 min exposure in PLL (I mg/mL in
phosphate buffered saline (PBS)) and PLL-g[4.5]-PEG (I mg/mL
in PBS) solutions on top of either PSS or PAH terminal layer.
Films were dried with N, only after deposition of all layers.

Different combinations of nanofilm assemblies were char-
acterized by scanning electron microscope (SEM, Quanta 600
FE-SEM, FEI Company) and quartz crystal microbalance (QCM,
QCM200, Stanford Research Systems, Inc.). Static (fsiic) contact
angle (CA) measurements of deionized water droplets at the
nanofilm—air interface were measured at room temperature
using goniometer (CAM200, KSV Instruments, Ltd.) with mea-
suring a 3 uL sessile drop of water at 30 s after deposition onto
the nanofilm surfaces. Thickness and refractive index was mea-
sured by ellipsometry (EP3-SE, Nanofilm, Inc.) with an incident
angle of 54° and a wavelength of 532 nm in a four-zone compen-
sator mode to minimize errors in surface homogeneity.

Measurements of Protein Adsorption. AT-cut quartz crystals
with a fundamental resonance frequency of 5 MHz were
cleaned by immersion into a 1:1:5 solution of H,O, (30 % w/w),
NH4OH (25 % w/w), and deionized water heated to a tempera-
ture of about 75 °C for 5 min followed by immediately rinse
with deionized water and drying with N,. The gold surface of
the quartz crystal was immersed for 10 min in 0.02 M PEI
solution containing 0.5 M NacCl to create a positively charged
substrate surface. Then LbL deposition of nanofilms was con-
ducted following the same procedure as above. The quartz
crystal was rinsed by deionized water for 1 min before loading
to the QCM liquid flow cell. Flow through the QCM cell coated
with nanofilm was present during the all frequency measure-
ments including stabilization, protein adsorption, and rinsing
steps. Either BSA (1 mg/mL in PBS) or FBS (used as purchased)
solution was introduced into the flow system for 1 hour after
rinsing and stabilizing the OQCM frequency, and frequency shifts
were continuously monitored after rinsing with PBS. The mass
was determined from the measured frequency using Sauer-
brey’s equation (40).

Diffusion Measurements. Three parallel horizontal diffusion
cells (Permegear, Inc.) were used to study the transport of
glucose molecules through the polyelectrolyte nanofilms. Each
cell consists of two parts, feed and permeate chambers. The
alumina support, coated with the film of interest, was placed
in between the chambers. The nanofilms were presoaked into
0.4 mM glucose in PBS solution (same solution as feed side
when diffusion experiment is conducted) for 12 h to equilibrate
glucose concentration between film and solution phases. The
permeate chamber was replaced with PBS, and the feed cham-
ber contained 0.4 mM glucose in PBS. At this time, a drive with
a high-precision multichannel pump (IPC-N, Ismatec) withdrew
liquid synchronously from both feed and permeate chambers
to maintain constant volume, and temperature of the diffusion
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cells were maintained by water circulator at 27 °C. The sampled
permeate solution transferred to a 96-well plate through the
fraction collector (FC 203B, Gilson, Inc.). All operations were
performed with control provided by a computer running custom
LabVIEW virtual instrumentation. Glucose concentration was
measured after 30 min incubation at 37 °C by plate reader
(Infinite F200, Tecan, Ltd.) with adding reaction mixture of
glucose oxidase, peroxidase, and o-dianisidine (41).

RESULTS AND DISCUSSION
Many biosensors require control over both analyte per-

meability and interaction with the biological environment,
such as soluble proteins. Adsorption of proteins on bioma-
terial surfaces is called fouling, a process that results in
“clogging” of pores and, consequently, reduced transport
into the material. This is a severe problem for biosensors
that rely on analyte flux, because changing permeability will
result in altered sensitivity and dynamic range for the sensor
response. Therefore, we explored the possibility of combin-
ing PEMs with known low glucose permeability with ad-
ditional outer layers to enhance their resistance to protein
adsorption.

Previous work demonstrated PEG-grafted polyelectrolytes
with appropriate grafting ratio and length of PEG had strong
resistance to nonspecific protein adsorption (33—35, 42, 43).
We used PLL-g-PEG to modify the surface of [PSS/PAH]PSS,
and [PAA/PAH].PAA nanofilms, and compared their protein
resistance in the presence of BSA. Using glucose as a model
analyte, we then determined diffusion coefficients (D) through
various nanofilms using an automated testing apparatus,
which permeated sample passing through the nanofilms
immobilized on porous substrate. D values were extracted
by regression of flux and concentration gradient data using
Fick’s first law.

Nanofilms were assembled on bare alumina substrates.
PSS (strong polyanion), PAA (weak polyanion), PAH (weak
polycation), PLL (weak polycation), and PLL-g-PEG were used
as film components. The assemblies were characterized by
SEM (Figure 1 and the Supporting Information), ellipsometry
(Figure 3, Table 2), contact angle measurements (Table 1),
and QCM (see the Supporting Information). As observed via
SEM, all pores were covered by PEMs after LbL self-as-
sembly, and the different nanofilms possess very different
morphology contributed by the different interactions be-
tween weak-strong and weak—weak polyelectrolyte pairs as
well as the grafted PEG side chains (Figure 1b—e and the
Supporting Information).

We directly determined protein uptake on the different
films ([PSS/PAH]¢PSS, [PSS/PAH]¢PSS/PAH, [PSS/PAH]¢PSS/
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Table 1. Static (Oswaic) Contact Angle (CA)
Measurements of Deionized Water Droplets at the

Nanofilm—Air Interface

Film Composition CA (°C)
[PSS/PAH]¢PSS 49 + 1
[PSS/PAH]4PSS/PAH 58 £ 1
[PSS/PAH]¢PSS/PLL 42 £ 1
[PSS/PAH],PSS/PLL-g-PEG 28+ 1
[PAA/PAH],PAA 58 + 1
[PAA/PAH],PAA/PAH 62+ 1
[PAA/PAH],PAA/PLL 63+ 1
[PAA/PAH]¢PAA/PLL-g-PEG 39+ 3

PLL, and [PSS/PAH],PSS/PLL-g-PEG) via OCM (Figure 2a).
Real-time protein adsorption after BSA introduction on the
different nanofilms indicated that almost 90 % of adsorption
takes place within 5 min. QCM measurements of mass
changes indicated a substantial improvement in adsorption
resistance with the addition of the final PLL-g-PEG layer. PLL-
g-PEG coatings were the most resistant to albumin adsorp-
tion of the films considered, and PEG decreases the albumin
mass to below the detection limit of the technique (<45 ng/
cm?) compared to unmodified PSS (736 £ 52 ng/cm?), PAH
(567 £ 18 ng/cm?), and PLL (658 + 39 ng/cm?) (Figure 2b).
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FIGURE 2. (a) Real-time QCM frequency shifts after BSA introduction
on the different nanofilms; (b) mass uptake to nanofilms with
different outermost layers on top of the base-[PSS/PAH], multilayer,
measured by QCM after exposure of BSA and FBS. PLL-g-PEG outer
layer improved resistance to BSA (p < 0.005), but less dramatic
improvement in serum (p < 0.1).
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FIGURE 3. Nanofilm thickness with different outermost layers before
and after immersing in FBS, as measured by ellipsometry. All films
were measured in dry state. The first half of the x-axis indicates final
layer set on top of [PSS/PAH]s, and the second half indicates final
layer set on top of [PAA/PAH], on the alumina substrate. Error bars
indicate one standard deviation from five measurements.

This is consistent with previous reports on PEGylation for
similar materials (33, 35, 44). Interestingly, the quantity of
protein adsorption on the unmodified films was not directly
related with charge of the surface layer and only weakly
correlated with the contact angle of the films (correlation
coefficient, p(CA, mass uptake) = 0.77). In all nanofilms, the
adsorbed mass increases after FBS exposure were higher
than those due to BSA, indicating serum proteins and
potentially other molecules in the serum attach to or pen-
etrate into nanofilms (45, 46), and may also change the
environment (e.g., viscosity, charge density) around PEMs
on the quartz crystal electrode. Surprisingly, investigations
of protein adsorptions on [PAA/PAH]-base films with differ-
ent final layers revealed unstable signals from QCM after
protein solution was introduced even for PEG-terminated
films, indicating the susceptible nature of the underlying
PEMs. It is noteworthy that the sensitivity of weak—weak
polyelectrolyte pairs to environmental changes has been
previously observed to depend on assembly pH as well as
humidity (47—49).

The thickness of different multilayers on the porous
alumina substrate was measured by ellipsometry (Figure 3).
It was observed that the thickness before and after serum
exposure was not statistically different in any films, despite
the apparently large changes observed via QCM; this was
expected, since the native nanofilms were ~100 nm, and
an added layer of proteins adsorbed onto the nanofilm
surface would add only 5—10 nm. However, the thickness
of [PSS/PAH]-base films (strong-weak PE interaction) and
[PAA/PAH]-base films (weak—weak PE interaction) were
different (p < 0.01) regardless of serum adsorption. These
ellipsometry results provide evidence that weak—weak PEMs
are thicker and highly interpenetrated structure than strong-
weak PEMs, and this is compatible with previous reports
(47, 48). It is also noteworthy that none of the coatings
exhibited a decrease in thickness because of protein expo-
sure, suggesting that the environment of the protein-
containing solutions does not result in disintegration of the
nanofilms.
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Table 2. Thickness (d), Refractive Index (n) of
Nanofilms, and Diffusion Coefficients (D) of Glucose
through Nanofilms

Dg]ucose
nanofilm composition d (nm)¢ n® (x 10719 cm?/s)°
[PSS/PAH]PSS 747460 15240004 4614037
[PSS/PAH]¢PSS/PAH 772+55 1.51 4+0.008 3.93 +0.28
[PSS/PAH]¢PSS/PLL 80.8+59 1.51 +£0.005 4.03 +£0.22
[PSS/PAH]¢PSS/ 87.0+ 123 1.51 +0.007 2.544+0.22

PLL-g-PEG
[PAA/PAH]4,PAA 110.8 6.8 1.44 + 0.006 0.99 £ 0.07
[PAA/PAH],PAA/PAH 107.7 £ 12.2 1.46 & 0.007 0.26 &£ 0.06
[PAA/PAH],PAA/PLL 1385+ 185 1.47 +£0.019 1.01 £0.06
[PAA/PAH],PAA/ 1127+ 175 1.45+ 0.008 0.22 £0.02
PLL-g-PEG

“ Average thickness (d) values measured by ellipsometry were
used as dx in D calculations, and feed gradient dCl/dx assumed
constant for linear permeate concentration increase. ” Refractive
index of the bare alumina substrate was 1.35. “ The value of glucose
through bare alumina substrate was 1.15 x 107¢ cm?/s.

Nanofilm coatings decreased D of glucose up to 5 orders
of magnitude, and [PAA/PAH]-base films generally de-
creased D values of glucose more than [PSS/PAH]-base films
did. Previous reports have shown that additional one PAH
terminal layer ([PSS/PAH],) relative to PSS-terminated film
([PSS/PAH]6PSS) slightly decreased flux of glucose due to the
tighter surface packing of PAH, and the flux of glucose
through 5 bilayers of PSS/PAH capped with 1.5 bilayers of
PAA/PAH/PAA ([PSS/PAH]5s[PAA/PAH]PAA) was 30-fold lower
than for [PSS/PAH]PSS film (16, 20). Our D values for [PSS/
PAH]4PSS and [PSS/PAH]¢PSS/PAH corresponded with those
observations, and D values of [PAA/PAH]-base films were signifi-
cantly smaller than that of [PSS/PAH]-base films in general (Table
2). We also found that PEGylated surfaces maintained their
diffusion property in the same order of magnitude as nano-
films with the same underlying composition.

Interestingly, all [PAA/PAH]-base films exhibited a differ-
ent pattern of transport behavior due to the different surface
packing of film and hydrophilicity of material. Unlike [PAA/
PAH] capped [PSS/PAH] films in the previous work (16), the
D value of PAA-terminated nanofilms ([PAA/PAH],PAA) was
found to be higher than that of PAH-terminated nanofilm
([PAA/PAH];). We considered whether D values were cor-
related with contact angle, but found that diffusivity in [PAA/
PAH]-base films was independent of contact angle (o(D, CA)
= —0.26). On the basis of previous work, PAA/PAH PEMs
formed under certain pH and ionic strength conditions can
undergo morphological transformation to form micro/nan-
oporous films, by their post-treatment immersing into acidic
solution (pH ~2.4) (50), and washing with salt solutions
compared to pure water (51).

It has also been revealed that a pH-induced swelling
transition from dense film to nanoporous films results in
lower refractive indices in PAA/PAH films following acid
treatment (52, 53), typically changing refractive index (RI)
by 0.1—0.2 units. We measured refractive indices of all
nanofilms on the alumina substrates to determine whether
the [PAA/PAH]-based films exhibited changes in refractive
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FIGURE 4. Change in glucose diffusivity in nanofilms after BSA and
FBS exposure. The first half of the x-axis indicates final layer set on
top of [PSS/PAH]e, and the second half indicates final layer set on
top of [PAA/PAH]s. Each bar indicates relative % of mean D value
after BSA and FBS exposures from D values of native nanofilm
(100%, dashed line) before protein and serum exposures. Error bars
represent the 95% confidence interval.

index that would suggest a transition to a nanoporous state
(Table 2). We found that all of the [PSS/PAH]-based films had
an average refractive index of 1.51, whereas refractive
indices of [PAA/PAH]-base films had average values of 1.45.
Both of these were found to be significantly different from
the refractive index of the bare alumina substrate (1.35).
However, the refractive indices of [PAA/PAH]¢PAA films did
not exhibit any significant change upon addition of capping
layers of PLL or PLL-g-PEG. These observations indicate that
surface modification with different polyelectrolytes does not
induce a transition to a nanoporous state. This agrees with
expectations, as the pH of the PLL and PLL-g-PEG solution
used for adsorption was neutral.

On the basis of previous work and above results, we
appreciate the fact that the structure of PAA/PAH multilayers
can be affected by small change of environment. Our main
concern is the susceptibility to changes in physiological
conditions for in vivo applications, and particularly whether
this susceptibility is altered by the presence of a “capping”
layer of PLL-g-PEG, which theoretically would protect the
underlying layers from interactions with large proteins. Our
primary focus is on how the diffusivity of these weak—weak
polyelectrolyte pairs can be affected before and after protein
and serum exposure relative to strong-weak pairs. We
observed that the underlying films played a more important
role in the response to proteins, whether it was modified
with protein-resistance surface or not.

After determining D values of glucose through various
nanofilms, we investigated how transport properties of
nanofilms are affected by protein adsorption on the films
as might be experienced by implanted devices (Figure 4).
Overall, D values of [PSS/PAH]-base films after protein and
serum exposure had excellent correspondence with original
D values of native films, particularly for PLL-terminated and
PLL-g-PEG-terminated nanofilms. No statistical difference of
D values was observed in between after protein exposure
and serum exposure in the same composition of the films,
except [PAA/PAH]PAA/PAH and [PAA/PAH]¢PAA/PLL films;
these materials did not permeate glucose after serum expo-
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sure (glucose concentration below the detection limit of
colorimetric assay via plate reader). Glucose diffusivity in
[PSS/PAH]PSS/PLL and [PSS/PAH]¢PSS/PLL-g-PEG films was
minimally affected after protein adsorption (+5.7%, +11.3 %
respectively) and serum exposure (+12.2%, —2.2 %, respec-
tively). Even though the diffusivity of [PSS/PAH]¢PSS/PLL was
not strongly influenced by protein exposure, it still has
protein adsorption (Figure 2), which might mediate host
responses in vivo applications. However, strong interactions
with protein solutions were observed in all [PAA/PAH]-base
films, with more dramatic changes after serum exposure.
We also measured glucose diffusivity with [PSS/PAH]¢PSS/
PLL-g-PEG, [PAA/PAH],PAA, and [PAA/PAH],PAA/PLL-g-PEG
after exposure to serum for 24 h (see the Supporting
Information). [PSS/PAH]¢PSS/PLL-g-PEG still maintains glu-
cose diffusivity as we expected, whereas weak—weak PEMs
are not stable.

On the basis of the protein adsorption experiment, we
conclude [PAA/PAH]-base films were strongly affected by
both protein and serum exposure even in the PLL-g-PEG
finalized film, and the susceptible nature of these weak—weak
PEMs caused large variation in D values of glucose. We also
note that chemical cross-linking is an option to improve the
stability of the PAA/PAH films, which our findings suggest is
a necessary treatment if these specific materials are desired
for use.

CONCLUSIONS
Our findings suggest that careful analysis of materials is

required to reveal potential problems for in vivo biosensor
coating applications; it is not sufficient to combine two
multilayers with desirable properties and assume they will
combine independently to provide the dual function. Along
with the desired diffusion control, the susceptibility of
underlying multilayers to environmental influence must be
considered. In the case of our study on glucose diffusion, it
was revealed that weak—weak PEMs should be not be used
to control transport because of their irregular behavior under
physiological conditions, even though they offer superior
diffusion resistance. Application of a terminal layer of
protein-resistant material does not substantially affect total
film permeability—because of the much lower relative dif-
fusivity, this characteristic is determined by the underlying
films. Despite the lower permeability to glucose compared
to strong—weak films, weak—weak films exhibited large
variation in permeability after protein exposure, even when
PEG surface coatings were applied. In contrast, strong—weak
pairs were more robust and maintained stable diffusion
control when exposed to proteins. Thus, multilayers of
strong—weak pairs should be used to achieve and maintain
the desired flux balance, which may require deposition of
thicker layers to obtain lower permeability. It is also possible
that more complex combinations of strong—weak with
intervening weak—weak domains could be considered. This
will be one aspect of our future work on these interesting
and useful nanofilm systems.
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