This article was downloaded by:

On: 24 January 2011

Access details: Access Details: Free Access

Publisher Taylor & Francis

Informa Ltd Registered in England and Wales Registered Number: 1072954 Registered office: Mortimer House, 37-
41 Mortimer Street, London W1T 3JH, UK

Journal of Macromolecular Science, Part A

Publication details, including instructions for authors and subscription information:
http://www.informaworld.com/smpp/title~content=t713597274

APPLICATION OF POLYANION/Fe* MULTILAYERED MEMBRANES IN

PREVENTION OF BIOSENSOR MINERALIZATION

Izabela Galeska® Debjit Chattopadhyay?® Fotios Papadimitrakopoulos®
* Nanomaterials Optoelectronic Laboratory, Department of Chemistry, Institute of Materials Science,
University of Connecticut, Storrs, CT, U.S.A.

Online publication date: 10 March 2002

To cite this Article Galeska, Izabela , Chattopadhyay, Debjit and Papadimitrakopoulos, Fotios(2002) 'APPLICATION OF
POLYANION/Fe* MULTILAYERED MEMBRANES IN PREVENTION OF BIOSENSOR MINERALIZATION', Journal of
Macromolecular Science, Part A, 39: 10, 1207 — 1222

To link to this Article: DOI: 10.1081/MA-120014846
URL: http://dx.doi.org/10.1081/MA-120014846

PLEASE SCROLL DOWN FOR ARTICLE

Full terms and conditions of use: http://ww.informworld. confterns-and-conditions-of-access. pdf

This article may be used for research, teaching and private study purposes. Any substantial or
systematic reproduction, re-distribution, re-selling, |oan or sub-licensing, systematic supply or
distribution in any formto anyone is expressly forbidden.

The publisher does not give any warranty express or inplied or make any representation that the contents
will be conplete or accurate or up to date. The accuracy of any instructions, formul ae and drug doses
shoul d be independently verified with primary sources. The publisher shall not be liable for any |oss,
actions, clainms, proceedings, demand or costs or damages whatsoever or howsoever caused arising directly
or indirectly in connection with or arising out of the use of this material.



http://www.informaworld.com/smpp/title~content=t713597274
http://dx.doi.org/10.1081/MA-120014846
http://www.informaworld.com/terms-and-conditions-of-access.pdf

11: 46 24 January 2011

Downl oaded At:

(ﬂ MARCEL DEKKER, INC. ¢ 270 MADISON AVENUE « NEW YORK, NY 10016

™
©2002 Marcel Dekker, Inc. All rights reserved. This material may not be used or reproduced in any form without the express written permission of Marcel Dekker, Inc.

JOURNAL OF MACROMOLECULAR SCIENCE
Part A—Pure and Applied Chemistry
Vol. A39, No. 10, pp. 1207-1222, 2002

APPLICATION OF POLYANION/Fe**
MULTILAYERED MEMBRANES IN PREVENTION
OF BIOSENSOR MINERALIZATION

Izabela Galeska, Debjit Chattopadhyay,
and Fotios Papadimitrakopoulos™

Nanomaterials Optoelectronic Laboratory, Department of
Chemistry, Polymer Program, Institute of Materials Science,
University of Connecticut, Storrs, CT 06269

ABSTRACT

Controlled analyte permeability, calcification resistance and biocompat-
ibility are among the many prerequisites necessary for the fabrication of
outer membranes for implantable biosensors. In this study, multilayered
films of polyelectrolytes (i.e., Nafion™, a perfluorinated ionomer, and
Humic Acids (HAs), naturally occurring biopolymers) were investigated
as potential semi-permeable membranes for implantable glucose sensors.
These films were fabricated using the layer-by-layer self-assembly of
polyanions (either Nafion or HAs) with oppositely charged ferric ions.
Spectroscopic and quartz crystal microbalance (QCM) studies point
towards a stepwise film growth pattern, with growth rates as high as 47
and 24.3 nm per layer for Nafion and HAs, respectively. These assemblies
were characterized by growth rates that are strongly dependent on the pH
and ionic strength of the polyanion solution. Nafion/Fe® ™ assembled
films exhibit an order of magnitude lower calcification level as compared
to dip-coated and annealed Nafion films. Additionally, these self-
assembled films do not require annealing to impart insolubility. Sig-
nificantly, after four-week immersion in DMEM cell culture media,
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HAs/Fe* " assembled films were devoid of calcium phosphate. Moreover,
their hydrolytic stability was found to be dependent on film growth condi-
tions and optimum stability was obtained when the films were assembled
at pH and ionic strengths comparable to those of the in vitro testing media.

Key Words: Self-assembly; Semi-permeable membranes; Calcification;
Nafion; Humic acids

INTRODUCTION

Among the major impediments hindering the widespread use of im-
plantable biosensors are membrane degradation, calcification, protein foul-
ing as well as inflammation and fibrosis.'*! Nafion™ has been frequently
used in sensors as a semi-permeable and protective membrane,” % due to its
good mechanical and thermal properties,’”! in vivo stability, as well as its
chemical and biological inertness.[*”) Unfortunately, the strong ion-exchange
properties of Nafion resulted in significant calcification, in both in vitro and
in vivo environments.["” The fundamental problem lies in the acidic sulfonate
groups (R-SO3H) that decorate the hydrophilic channels in these membranes,
acting as sites for nucleation and growth of calcium phosphate crystals,
which ultimately inhibit glucose transport and tend to embrittle these Nafion
membranes.'” Moreover, in implantable devices, Nafion has been associated
with fibrosis of the surrounding tissue leading to loss of vascularization and
restricted analyte flow. The aforementioned drawbacks lead to premature
sensor failure.'”

The motivation for this study was to investigate whether mineralization
in thin-film ionic materials like Nafion can be decreased or climinated by
employing layer-by-layer self-assembly processes with strong chelators such
as multivalent cations (e.g. Fe’ 7), a venue that has not been explored before.
Nafion, although exhibiting unfavorable tissue reaction upon implantation,
was chosen as a model material on account of its wide applicability as
membrane material. Initial studies on spin-coated Nafion membranes pre-
incubated with ferric chloride had shown a significant decrease in calcarecous
deposits.'"! The simplistic approach of electrostatic layer-by-layer assembly
of Nafion and ferric ions from dilute solutions should not only allow for a
controllable film growth but also for saturation of the sulfonate groups in
Nafion with Fe® ™. In addition, since Fe’ ™ forms stronger complexes with
sulfonate groups, as compared to Ca® " !'? the driving force for calcification
was expected to decrease significantly.

The apparent need to replace Nafion with a more bio-acceptable
membrane forming material, capable of withstanding the strong in vivo
oxidative environment subsequently directed our attention to Humic Acids
(HAs), a naturally occurring polyelectrolyte. Humic acids are biopolymers
found in soil, sediments, water and some plants like peat and tobacco.l'*~ !¢
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HAs are thought to be the final product of the biodegradative and oxidative
route, with a mean residence time up to 1200 years in soil.'”) HAs are also
very heterogeneous in nature and contain species with molecular weight
ranging from a few thousand Daltons to hundreds of kiloDaltons. Their
structure is dominated by aromatic building blocks, which are functionalized
mostly with carboxy, phenolic, catecholic, quinoid and alcoholic groups,
along with few amine groups.[" 2% The variety of functional groups on HAs
and their profound electrostatic and chelating abilities allow for interactions
with metals,?!! absorption to a variety of surfaces such as minerals,?*~2¢
cellulose,*” chitin®® and bacteria® and render them as prime candidates
for novel self-assembled membranes.

The present manuscript elaborates on the feasibility of weak and strong
polyelectrolytes to assemble with ferric ions and on the effect of experimental
parameters on film growth, stability and resistance to mineralization.

EXPERIMENTAL

Materials and Reagents

Nafion™ was obtained from Aldrich as a 5% w/v mixture in water and
lower aliphatic alcohols (1100 equivalent weight i.e., 1100 g of polymer per
mol of -SO;H groups). Humic acid, lot # 11909LR, was purchased from
Aldrich and was used without any further purification. The HAs sample used
in our studies was characterized by elemental and trace metal analysis, as well
as molecular weight and functional groups determination. In particular ele-
mental analysis (as supplied by Aldrich Chemical Company, Inc. and verified
within 1% by Galbrith Laboratory) for C, N and H indicated: (%): C 43.7,
0 41.8, H 4.02, N 0.94, Na 6.2, Ca 0.9, S 0.7, Fe 0.8, Al 0.6, mg 0.2. Trace
metal analysis (in PPM) (as supplied by Aldrich Chemical Company) de-
tected: K 535, Si 260, Mn 175, Ti 164, Sr 139, Ba 90, V 10, Zr 9, Cu 6, Li 4, Cr
2. Gel Permeation Chromatography (GPC) in N-methyl pyrolidone/water
(9:1) mixture indicated a weight average molecular weight of 169 kDa with
polydispersity index Mw/Mn = 2.58. Volumetric titration (from pH 2.5 to 12)
showed a cumulative acidic functionality content on the order of 820 mequiv/
100 g of HAs. The intermediate deflection points in the titration curve ((I) pH
3.2; (II) pH 5.8 and 6.8; (I1I) pH 10.3) indicated presence of different types of
acidic groups ((I) aromatic carboxylic groups ortho to phenolic substitutions;
(II) weak aromatic and aliphatic carboxylic acids; (III) phenolic and cate-
cholic-OH).

1 mg/mL HAs solution in deionized water and 1 mg/mL Nafion solution
(prepared by diluting the as received solution in a (9:1) methanol/water
mixture) were used for all experiments. pH of polyelectrolyte solutions used
for the assembly was adjusted with diluted hydrochloric acid (J. T. Baker)
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and NH4OH (Acros); the ionic strength of these solutions were modified by
the addition of A.C.S. certified potassium chloride (Fischer). A 5mg/mL
solution of iron(I1I) chloride hexahydrate (FeCl; x 6H,O) (Aldrich) was used
for the self-assembly. Millipore quality deionized water with resistivity
>18 MQ was utilized in all experiments.

The self-assembled films were deposited either on silicon wafers, glass
slides or quartz crystal resonators. Silicon wafers and glass slides were
cleaned in piranha solution (H,SO4/H>O, (7:3)), rinsed with deionized water
and methanol, kept in deionized water overnight and used for the self-
assembly without further surface modification. 9 MHz AT cut quartz crystal
resonators with silver electrode (surface area of 0.32cm?; USI, Japan) were
used for the QCM experiments. Prior to film deposition, the resonators were
immersed for ca. 20sec in ethanol/water/potassium hydroxide mixture
(59/40/1), rinsed in deionized water and used without further surface
modification.

Characterization Methods

An HMS™ Series Programmable Slide Stainer from Carl Zeiss, Inc.
was used to deposit the self-assembled films. The sample holder was covered
to reduce solvent evaporation, thereby improving film quality.

A Hewlett-Packard Network Analyzer (HP-1005A, 10 kHz—300 MHz)
was utilized to detect changes in the fundamental frequency after every dip
cycle during self-assembly. The Sauerbrey equation'®” was used to quantify
the change in frequency with the apparent mass deposited on the resonator
(Eq. (1)). The term apparent was used to signify the fact that mass values
represent true mass only if the films are rigid and not viscoelastic.*”!

Af = ~262Am/A (1gpg)”? (1)

where: f, is the resonant frequency of the quartz resonator, Am is the mass
change, A is the active surface area, | is the shear modulus of quartz, and
po 1s the density of quartz.

The thickness of self-assembled films was independently determined by
ellipsometry. Ellipsometric data was acquired using a variable angle WVA-
SE32™ Spectroscopic Ellipsometer; J. A. Woolman Co., Inc. Films were
scanned in the range 250—1000 nm at the incident angles of 65°, 70°, and 75°.
Data were collected every 10nm at 10 revolutions per measurement. A
standard Cauchy model was used to fit for thickness and optical constants in
the entire optical range.

The stability of self-assembled films was evaluated by depositing them
on glass slides and monitoring change in UV absorption as a function
of immersion time in 100 mL of deionized water or PBS buffer pH 7.4
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(phosphate buffer saline, Sigma Diagnostics) in a thermostated bath at 37°C.
UV-Vis scans were performed using Perkin-Elmer Lambda 6 spectro-
photometer.

Energy Dispersive X-ray Analysis (EDAX): An EDAX-DX4 unit,
equipped with CDU™ LEAP™ detector, operating with an Environmental
Scanning Electron Microscope (ESEM) was utilized to determine degree of
mineralization via elemental analysis. The working distance (sample distance
from the detector), magnification and sample tilt was kept constant for every
sample. The substrates: self-assembled films of a comparable thickness and a
control, Nafion film coated on a supporting polycarbonate membrane, were
immersed in Dulbecco’s Modified Eagle’s Medium (DMEM) for four weeks.
This cell culture medium was previously shown to be a good in vitro model
solution to study Nafion calcification.['!

RESULTS AND DISCUSSION

The technique of electrostatic layer-by-layer self-assembly®!! was em-
ployed to deposit films of strong (Nafion) and weak polyacids (Humic acids)
with oppositely charged ferric ions. The typical assembly cycle consisted of
consecutive dipping in polyelectrolyte and ferric chloride solution followed
by an in-between washing step in deionized water. This process is schema-
tically depicted in Fig. 1. The wash step is intended to remove loosely bound
surface adhered moieties. A detailed experimental description and discussion
on the self-assembly process is provided elsewhere.?%!

Nafion is a perfluorinated polyelectrolyte (Fig. 2a) and in a methanol/
water solvent mixture attains a micellar conformation with the polar sulfo-
nate groups located on the surface and the hydrophobic fluorocarbon
backbone buried inside.?*** The driving force for the self-assembly is mostly
based on electrostatic interactions between ferric ions and the negatively
charged Nafion micelles. These micelles can also interact with the protonated
silanol groups (Si-OH) on a substrate due to low pH.*>3®! In the case of
humic acids, the functional groups, primarily carboxylic (pK, 4—5)®" and
phenolic/catecholic (pK, 8—11)7! provide active sites (Fig. 2b) for the po-
sitively charged ferric ions, which result in electrostatic and complexation
driven interactions.*®3%) The excess charge on the trivalent iron ions ensures
charge reversal on the adsorbed polyelectrolyte layer rendering it positive and
allowing the next layer to assemble. Following the above procedure, the
deposition of multi-layered films was investigated as a function of pH and
ionic strength of polyelectrolyte solution.

The pH of the Nafion solution was found to have a profound influence
on film growth. As illustrated in Fig. 3, a relatively fast growth (ca. 40 nm per
dip cycle) was observed at pH 3. At a higher pH (pH 4.5) a significantly lower
deposition was observed (ca. 6.7nm per dip cycle). Because of the strong
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Figure 1. Schematic representation of the layer-by-layer electrostatic/complexation self-
assembly process.

acidic character of sulfonate groups in Nafion (—H,~ 12 on Hammett’s
scale, comparable with 100% sulfuric acid)*’! a nearly complete ionization is
expected for both pH 3 and 4.5. This was also verified by the insensitivity of
hydrodynamic radius of Nafion on solution’s pH.*% On the other hand, the
formation of insoluble iron hydroxides occurs at pH > 4.3 based on the

— [(CF4CF2),CFCF; |, —
(a) (OCF4CF),OCF,CF,
CF3 SOsH
o o
(b) NS ¢ m — e N ﬂ\o_ o
A OH Z O/I\I/le“.2

Figure 2. Structural information on the polyelectrolytes used in these assemblies: (a) Nafion,
and (b) plausible chelation sites in Humic Acids.
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Figure 3. Ellipsometrically determined thickness vs. dip cycle for alternating Nafion/Fe*
assemblies as a function of pH and ionic strength of Nafion solution. (A) pH 3, 0.01 M KCI;
(B) pH 3, no salt; (C) pH 4.5, 0.01 M KCI; (D) pH 4.5, no salt. pH of FeCl; and wash solutions
was kept constant at 2 and 7, respectively.

solubility product of Fe(OH); (K¢~ 6 x 10 ~ ). The transformation of
adsorbed Fe’ " to basic Fe(RSO3)x(OH);_x (x=1, 2, 3; RSO3 stands for
Nafion’s ionic groups) results in increase in the basicity of the substrate.
Based on these observations, the transition to significantly lower growth rate
of the Nafion/Fe® ™ assemblies above pH 4.5 could be associated with surface
induced spreading of Nafion due to acid-base neutralization.

The ionic strength of Nafion solution was also found to have a pro-
nounced effect on film quality and growth. The 0.01 M KCI concentration
was determined as optimum ionic strength based on film quality. For 0.1 M
KCI or higher, no film deposition was observed and salt was found to pre-
ferentially precipitate on the surface. Similarly, screening-reduced adsorption
or dehydration of the surface at high ionic strength was observed by other
researchers.*>*) Due to charge screening,[**~*") Nafion, as any other poly-
electrolyte, attains a more compact conformation as a result of diminishing
repulsive interactions between the negatively charged sulfonate groups. This
contributes to a faster growth of 47 nm/dip-cycle (Fig. 3A: pH 3, 0.01M
KCI). Based on our previous dynamic light scattering studies, this growth
rate roughly corresponds to the hydrodynamic radius of Nafion in that so-
lution.? This indicates that surface adsorption is accompanied with mini-
mum Nafion surface spreading, relative to the salt-free case, where a nearly
65% spreading (with respect to hydrodynamic radius of Nafion in solution)
resulted in growth rate of 40 nm/dip-cycle.”?! Thus, at any pH, the resulting
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growth rate is influenced by the relative strength of the surface-induced in-
teractions that tend to flatten the micelles and the charge-screening forces,
which attempt to keep the conformation intact. At pH 4.5 it appears that the
basicity of the Fe(RSO3)x(OH);_x surface overpowers the charge-screening
forces and causes Nafion spreading.

The optical absorbance of ferric ions provided an additional insight into
the film growth and iron incorporation. As shown in Fig. 4 (for pH 4.5 and
0.01M KCI) the intensity of UV-Vis spectra is gradually increasing as a
function of dip cycles. The absorbance at 350 nm (shoulder), associated with
iron(III), increases linearly with the number of layers and plotted against the
number of dip cycles, follows linear growth pattern (see inset in Fig. 4) si-
milar to that of the ellipsometrically determined thickness shown in Fig. 3.
Interestingly, iron concentration, as derived from optical absorbance and
film thickness data, was fairly constant throughout the assembly and was
independent on the pH and ionic strength and the initially low iron content
was associated with various surface effects and inhomogeneities.*!

Similar to the Nafion system, HAs/Fe® " assembly shows repeatable,
stepwise increase in film thickness and deposited mass and the growth rate

0407 o
0.35

0.30

=

[

Ch

1
Absorbance @ 350 nm

Absorbance Uni

300 400 500 600 700

Wavelength (nm)

Figure 4. UV-Vis spectra of Nafion/Fe’ ™ assemblies for pH 4.5 and 0.01 M KClI for in-
creasing number of deposited layers. Inset shows the optical absorbance at 350 nm versus
number of dip cycles for films deposited at: (A) pH 3, 0.01 M KCI; (B) pH 3, no salt; (C)
pH 4.5, 0.01 M KCI; (D) pH 4.5, no salt. The pH of FeCl; and wash solutions was kept
constant at 2 and 7, respectively.
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Figure 5. (a) Ellipsometrically determined film thickness and (b) frequency change (left axes)
and the calculated mass (right axes) versus dip cycle as a function of pH and ionic strength of
HAs solutions for HAs/Fe® * assemblies: (A) pH 5, 0.01 M KCI; (B) pH 5, no salt; (C) pH 9.5,
0.0l M KCI; (D) pH 9.5, no salt.

exhibits strong dependence on pH and ionic strength of the HAs solution, as
evidenced by the ellipsometric (Fig. 5 (a) and Table 1) and quartz crystal
microbalance (QCM) studies (see Fig. 5 (b) and Table 1). The growth
characteristics can be correlated with the conformation of HAs in solution
and it’s subsequent rearrangement on the surface. The net charge on HAs is
governed by the degree of ionization of it’s carboxylic and phenolic groups,
which in turn is a function of solution pH.*® At a high pH these weak acidic
functionalities are ionized and attain a negative charge resulting in an elec-
trostatic repulsion, both within and between the HA moieties. This allows
them to attain an expanded conformation in solution. Iron(III) precipitation
in its hydroxide form (Fe(R)x(OH)s;_x (where x =1, 2, 3; and R stands for
ionized group on HA) also comes into play at pH > 4.3, transforming the
iron dominated surface into a strong base and altering the number of

Table 1. A Summary of the Experimentally Determined HAs/Fe® " Film Thickness and
Apparent Mass Deposited per Dip Cycle on QCM Resonators as a Function of pH and Ionic
Strength of HAs Solution

Deposited Mass

Layer Thickness

pH KCI [M] per Dip Cycle nm pg* pg/em?
9 — 1.3 0.34 1.06
9 0.01 9.2 0.83 2.59
5 — 19.4 1.34 4.20
5 0.01 24.3 1.80 5.63
3 — 22.1 2.04 6.36

*Mass deposited on QCM resonator in one dip cycle.
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available complexation sites.*?) Fewer available sites on iron (III) leads to a
lesser degree of charge neutralization on HAs. Moreover, the strong acid-
base interactions prevent HAs from attaining globular conformation on the
surface and result in surface spreading. Overall the film growth is slower, less
than 2nm per HAs/Fe®* layer at pH=9.5. At a lower pH the degree of
ionization on HA is lesser, leading to enhanced intra- and inter-molecular
interaction. This allows the HA molecules to attain a globular conformation
and simultaneously aggregate in solution.®) Upon adsorption on the surface
the coiled conformation of the HA molecules is retained because of the hy-
drophobic interactions, responsible for its globularization, are stronger then
the neutralization-induced surface spreading. As a consequence, an increased
film deposition is observed with decreasing pH (i.e., 22.1 nm per HA/Fe® ™
layer at pH 3 (Table 1) vs. 19.4nm at pH 5). A notable acceleration of film
growth is observed on addition of salt (24.3 nm per HA/Fe® ' layer at pH 5
and 9.2nm at pH 9.5). The faster film growth was attributed to salt induced
charge screening!®? that leads to more compact HAs conformation capable
of further resisting neutralization-induced surface spreading.l*?

The ellipsometric data corroborate well with Quartz Crystal Micro-
balance (QCM) results, shown in Fig. 5(b). pH and ionic strength dependence
appears to follow the pattern seen in ellipsometry. The average mass de-
posited per dip cycle on the resonator varies from 1.06 pg/cm? at pH 9.5 to
6.36 ug/cm? at pH 3 in presence of salt (Table 1). This remarkable similarity
in film growth on the silicon substrates and on QCM resonators (as well as on
glass slides and polymeric supports), suggests that HA/Fe® ' self-assembly is
substrate independent.

The hydrolytic stability of these self-assembled films is of significance
for long-term implantable devices. Figure 6 illustrates the UV-Vis spectra
(reflecting Fe*™ content) of a 12 layer Nafion/Fe’t film (Nafion pH 3,
0.01 M KCI) immersed in water for 6 weeks. Fourier Transform Infrared
(FTIR) spectroscopy suggested that the Nafion to Fe** ratio remains un-
changed throughout the length of this experiment. During the course of one
week, only a slight decrease of iron (and subsequently Nafion) was observed,
that plateaus thereafter for the duration of the experiment (see inset in Fig.
6a). The initial iron loss (ca. 3.5%, based on integrated intensity) is attributed
to loosely attached Nafion moieties, presumably the low molecular weight
tail of this polymer.

The stability of the HAs/Fe®> " films was strongly interrelated with film
growth parameters (i.e., pH and ionic strength) as well as the in vitro media
the films were immersed into. Optimum stability was observed for films as-
sembled at pH and ionic strength comparable to the in vitro media. When the
stability was tested in PBS buffer, the HAs/Fe® © films deposited from PBS
buffer (HAs dissolved in PBS) showed stability similar to Nafion system with
only 2—5% iron loss. However, when the pH of the in vitro media was
lowered, only insignificant fluctuations in the UV intensity were observed
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Figure 6. (a) UV-Vis spectra of Nafion/Fe® * film (pH 3, 0.01 M KCI) immersed in water for
one to six weeks. The inset shows the absorbance at 310 nm as a function of immersion time;

(b) UV-Vis spectra of HAs/Fe**+ (PBS buffer, pH 7.4) film immersed in PBS buffer (pH 7.4)
for one to four weeks at 37°C.
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(see Fig. 6) that can be associated with film quality variations throughout the
sample and suggesting that film integrity is somewhat influenced by the pH
dependent Fe** /Fe(R)x(OH);_x ratio.

Energy Dispersive X-ray analysis (EDAX) was utilized to investigate
the degree of calcification in the self-assembled films (Nafion/Fe® ™ and HAs/
Fe*™) and the results were compared to the spin-coated Nafion films (c.a.
400nm) after four week immersion in cell culture medium (Dulbecco’s
Modified Eagle’s Medium (DMEM)).["%!1-32] This indicated a more than
twenty fold decrease in intensity of adsorbed calcium in the Nafion/Fe® "
assemblies as compared to spin-coated and annealed (120°C) Nafion films
(Fig. 7). The analysis for the Humic acid system is more complex due to the
fact that HAs intrinsically contain both calcium and iron: 0.9 and 0.8 w/w %,
respectively (see Experimental section). However, careful comparison of iron
to calcium ratio for different areas of the sample indicated that within 5%
STD (standard deviation), throughout the duration of the experiment (0—4
weeks), these films were resistance to calcification. This was further sup-
ported by the lack of phosphorous line in the spectra. These results suggest
that the self-assembly approach may be a viable alternative in reducing
calcification of membranes for implantable devices.

As established in our previous studies,**! these self-assembled mem-
branes are semi-permeable to glucose, a very important characteristics per-
taining to application in implantable glucose sensors.!'”>*! The permeability

5000
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<
& 3000 ~
=
=
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E 1000 -
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Figure 7. Extent of calcification studied by EDAX. Comparison of calcium line intensity for
self-assembled Nafion/Fe** films and casted Nafion membranes immersed in DMEM
nutrient mixture for a period of 4 weeks.
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of glucose through the self-assembled films decreases with increasing number
of deposited layers. The apparent diffusion coefficient, derived based on our
previously reported model®® for a ca. 400nm HAs/Fe’ ™ film (twenty dip
cycles) on a supporting porous membrane, was on the order of 5 x 10 ~ % cm?/
sec.*3 This is about two to three orders of magnitude larger than for the
Nafion/Fe* ™ system,? suggesting a relatively porous structure for the hy-
drated HAs/Fe® © membranes.

CONCLUSION

We have described a simple and effective method for fabrication of
calcification-resistant semi-permeable membranes intended for implantable
sensors and other systems of ionic character as a means of preventing mi-
neralization. Both of the reported systems (i.e., Nafion/Fe® © and HAs/Fe® ™)
feature controlled film thickness and ability to assemble thick films, with
growth rates 47 and 24.3nm/dip cycle respectively. Along with pH, the
charge-screening effects and neutralization induced spreading on the surface
comprise the major forces that influence film growth. These self-assembled
films exhibited more then an order of magnitude reduction in calcification as
compared to the presently used Nafion membranes. Their hydrolytic stability
was found to be dependent on film growth conditions with maximum dis-
solution resistance observed for films assembled at pH and ionic strength
comparable to the in vitro testing media. These results, along with the ability
to control glucose permeability by varying the number of self-assembled
layers, could prove vital in prolonging the lifetime of implantable biosensors.
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