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ABSTRACT: Cellulose acetate (CA)-based membranes are used for Mg dissolution
control: the permeability of the membrane is adjusted by additions of the
polyelectrolyte, poly(N,N-dimethylaminoethyl methacrylate) (PDMAEMA). Spin-
coated films were characterized with FT-IR, and once exposed to an aqueous solution
the film distends and starts acting as a membrane which controls the flow of ions and
H2 gas. Electrochemical measurements (linear sweep voltammograms, open-circuit
potential, and polarization) show that by altering the CA:PDMAEMA ratio the
dissolution rate of Mg can be controlled. Such a control over Mg dissolution is crucial
if Mg is to be considered as a viable, temporary biomedical implant material.
Furthermore, the accumulation of corrosion products between the membrane and the
sample diminishes the undesirable effects of high local pH and H2 formation which
takes place during the corrosion process.
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1. INTRODUCTION

Mg and Mg alloys show great potential as a temporal
biomedical implant material: it dissolves easily in aqueous
conditions, it is nontoxic, and its bulk properties match the
properties needed from, e.g., temporal orthopedic compo-
nents.1−9 However, the rapid corrosion rates of magnesium-
based materials within the physiological environment is one of
the key obstacles to its wide range implementation in
orthopedic components.1−3

When magnesium metal is subjected to ambient atmospheric
conditions a sparingly soluble oxide film of magnesium
hydroxide (Mg(OH)2) develops that somewhat passivates the
surface. However, when such a surface is placed into aqueous
electrolytic physiological environments (pH 7.4−7.6) contain-
ing chloride ions, one of the most widely demonstrated
interfacial reactions in chemistry occurs: the magnesium is
oxidized, while the water is reduced, resulting in production of
highly soluble MgCl2, pH shifting hydroxide ions, and release of
elementary hydrogen gas (H2).

10,11 It is the rapidly destructive
nature of these very reactions (reactions 1 and 2) in the
presence of even modest levels of chloride ions (as low as 30
mM) that causes problems in many practical applications that
would otherwise welcome Mg as an apt material, such as
temporal implants.9,12

+ → +− −Mg(OH) 2Cl MgCl 2OH2(s) (aq) 2(s/aq) (aq) (1)

+ → + ++ −Mg 2H O Mg 2OH H(s) 2 (aq)
2

(aq) 2(g) (2)

A number of methods to overcome the high corrosion
susceptibility of Mg, related H2 evolution, and increased local
pH due to formation of hydroxide ions have been proposed,
ranging from protective coatings4−8 to alloying Mg with other
elements (Al, Zn, Y) and controlling the surface micro-
structure.11−14 Biocompatibility and biodegradability in the
coatings is advantageous in light of the many potential
biomedical applications of Mg due to its physical and
mechanical properties like compressive yield strength and
elastic modulus being similar to those of natural bone.9 Here,
we exploited the selective membrane permeability of cellulose
acetate (CA) to protect the Mg metal surface from corrosion.
The idea is that the transport of Mg2+, Na+, and Cl− ions and

H2 gas is limited by a CA-based membrane, but the water flow
takes place; thus, corrosion of Mg occurs but is diminished. In
addition, blend coatings containing poly(N,N-dimethylami-
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noethyl methacrylate) (PDMAEMA) were introduced (see
Scheme 1a). Selective dissolution of PDMAEMA was utilized

resulting in control of the membrane permeability by simply
tuning the CA:PDMAEMA ratio. In general, PDMAEMA has a
history of use in, e.g., antibacterial materials and gene delivery
vehicles.15−17

CA is an acetylated derivative of cellulose which is the
principal structural ingredient of all plants and the most
abundant polymer in biosphere (Scheme 1b). Aside from its
biobased nature and wide availability, the rationale for utilizing
CA as a protective membrane stemmed from its high rejection
rate for NaCl (over 90%)18−20 and relatively low permeability
of H2 gas.21,22 Furthermore, the rejection rate of CA
membranes for Mg2+ ions is even higher, reportedly up to
99%, probably because of the large hydration radius of the
ion.23

Various cellulose-based coatings have been employed for
corrosion prevention of different metal surfaces in the
past,24−30 but none of these previous investigations have used
CA films for dissolution control of metal, and they have not
considered the semipermeable nature of CA. Control over the
dissolution rate with added PDMAEMA offers an unprece-
dented tool for protection of Mg interfacessomething that is
likely to boost the use of Mg in applications like biomedical
implants.

2. EXPERIMENTAL SECTION
Both CA (50 kDa, Sigma-Aldrich) and PDMAEMA (53 kDa, Polymer
Source, Inc.) were mixed in tetrahydrofuran (THF) at CA:PDMAE-
MA weight ratios of 1:0, 1:0.25, or 1:0.75: the amount of CA was kept
constant at 50 mg/mL. A 0.25 mL amount of the solution was pipetted
onto the Mg surface (99.9%, Chempur, polished up to 1200 grit using
a 3:1 ethanol:glycerol mixture) or onto a SiO2 wafer (Siltron, Inc.,
cleaned with UV light and ozone) and spin coated for 90 s at 1500
rpm.
Spin-coated samples were exposed to 0.1 M NaCl solution (pH

adjusted with NaOH to pH = 7.4 prior to measurements), and linear
sweep voltammograms (LSV, 5 mV/s) and polarization at −1.5 V vs
Ag/AgCl for 90 min were measured in a three-electrode setup, with a
Ag/AgCl reference electrode and Pt counter electrode. The open-
circuit potential (OCP) was also recorded as a function of time using
the same cell setup. OCP, polarization, and LSV measurement were all
repeated using fresh samples.
After the measurements, the pH in close proximity to the sample

surface was measured. In addition, two samples of the solution, one
from between the membrane and the substrate and the other from the
bulk solution, were obtained immediately after the polarization
experiments using a hypodermic syringe with a needle. These samples
were subsequently analyzed for Mg2+ ion concentration by ICP-OES

(PerkinElmer, Optima 8300) using argon plasma (flow rate 10 l
min−1).

The cell setup featured an aperture that provided an exposed sample
area of 3.14 cm2. This configuration also had the additional advantage
of anchoring the spin-coated CA:PDMAEMA film in place throughout
the duration of the measurement: the membrane becomes distended
from the Mg surface when exposed to water and as corrosion
proceeds, the corrosion products are accumulated between membrane
and sample (Figure 1).

The surface morphology of the freshly spin-coated CA:PDAEMA
coatings on silicon wafer, prior to immersion, was investigated by AFM
using a MultiMode 8 scanning probe microscope (Bruker AXS Inc.,
Madison, WI). Images were acquired in air by tapping mode with a
silicon cantilever (NSC15/AIBS from Ultrasharp μmasch, Tallinn,
Estonia), and the typical resonance frequency of the cantilever was 325
kHz. Imaging was repeated on two replica samples with a minimum of
two different surface regions characterized.

Water uptake was measured by comparing the weight of either Si
wafer supported films or free-standing membranes before and after 30
min immersion in ultrapure Milli-Q water (MQ) (Millipore Corp.).
The free-standing membranes were prepared by spin coating
CA:PDMAEMA solutions on a silicon wafer (used to avoid
complications due to possible corrosion products), exposing the
samples into MQ water for a minimum of 30 min, and gently peeling
off the membrane from the wafer surface. These free-standing films
were dried overnight in a desiccator and weighed prior to immersion
in MQ water and reweighing.

Samples were characterized after spin coating by FT-IR (Thermo
Scientific, Nicolet 6700 with an ATR-D cell: 32 scans between 4000
and 500 cm−1), and selective dissolution of PDMAEMA was studied
after 30 min exposure to MQ water.

3. RESULTS AND DISCUSSION
The dry, spin-coated films on Si wafer were first characterized
with AFM to determine the topography of the films
(CA:PDMAEMA = 1:0, 1:0.25, or 1:0.75), and Figure 2
shows that addition of PDMAEMA results in clear changes to
the surface features. With pure CA it is possible to discern a
number of heterogeneous-sized pores within the sample area,
and this is in line with the findings of Valente et al.,31 who also
studied spin-coated CA films (from THF). Addition of
PDMAEMA results in a smoother surface profile with larger
and deeper pore-like features.
The presence of PDMAEMA within the dry, spin-coated film

before and after exposure to water was studied with FT-IR, and
this is shown in Figure 3: FT-IR spectra are normalized with
respect to the intensity of the band at 1736 cm−1. The

Scheme 1. Structural formula of (a) Poly(N,N-
dimethylaminoethyl methacrylate) (PDMAEMA) and (b)
Cellulose Acetate

Figure 1. Experimental setup: exposure to the measurement solution
(0.1 M NaCl, pH = 7.4) causes H2O flow through the membrane and
Mg dissolution starts. Corrosion products are accumulated between
the membrane and the sample.

ACS Applied Materials & Interfaces Research Article

dx.doi.org/10.1021/am5063597 | ACS Appl. Mater. Interfaces 2014, 6, 22393−2239922394



characteristic cellulose acetate bands at 902, 1031, 1222, 1369,
and 1736 cm−1 are observed by FT-IR both before and after
exposure to the MQ water (Figure 3), and these values
correlate well with those found in the literature.32

The bands around 1100−1200 cm−1 are due to an amine
bond (C−N stretching33 or C−C−N bending34) and ester
group (C−O−C bending33), both present in PDMAEMA.
There is also a small intensity band at these wavenumbers with
a pure cellulose acetate sample, as CA also has a C−O−C ester
group, but as can be seen, the amine and/or ester band is more
intense when PDMAEMA is present (Figure 3b). Additionally,
the bands observed around 2772 and 2822 cm−1 can be related
to C−H stretching of the N−(CH3)2 group (2776 and 2821
cm−1 according to Feldstein et al.;33 2770 and 2884 cm−1

according to Roy et al.34), present only in PDMAEMA, and
there are no bands for cellulose acetate at these wavelength
numbers (Figure 3 c). Using these three bands (1151, 2772,
and 2822 cm−1) in Figure 3 as markers for PDMAEMA, it can
be seen that there is an increased amount of PDMAEMA at a
ratio of 1:0.75 (CA:PDMAEMA) when compared to the ratio
1:0.25.
Additionally, after 30 min exposure to MQ water, the

majority of PDMAEMA has dissolved from the surface (Figure
3d−f), and this presumably leads to a higher permeability at a
ratio of 1:0.75 than at 1:0.25 or 1:0. The residual PDMAEMA
within the films (which can be seen in Figure 3f) could further
improve the corrosion control of the system due to its well-
known pH sensitivity:15,35 at the acidic−near neutral pH range

PDMAEMA is protonated and swollen, while in the alkaline pH
range it is in a collapsed form as seen, for example, in numerous
hydrogel studies.33,36,37 Mg dissolution gives rise to increased
alkaline pH, resulting in the collapsed state of residual
PDMAEMA that in turn would tend to block the surface and
provide additional protection to the Mg substrate.
Water uptake of spin-coated films on Si wafer was also

investigated by measuring the weight of the samples before and
after exposure to MQ water, and it is clear that the pure CA
coating absorbs clearly less water than PDMAEMA-containing
films in the order 1:0 (less than 1%) < 1:0.25 (around 2%) <
1:0.75 (around 6%). However, the actual water uptake
percentages must be taken into account with great care as
the simultaneous dissolution of PDMAEMA, the nature of the
substrate, and the water between the sample and the film causes
inherent error within the measured values.
Exposure of CA:PDMAEMA film to an aqueous solution

detaches it from the Mg surface, and it begins to behave like a
membrane which can limit ion and gas flow. In this study the
cell setup is such that the membrane stays attached to the Mg
sample sides (Figure 1). An example of a distended membrane
is illustrated in the photographs, taken after the sample is
removed from the cell (Figure 4a and 4b); the detached dry CA
membrane can be easily handled with tweezers. Figure 4c
shows how the different types of coatings behave when the
surface is covered with MQ water: the higher the PDMAEMA
content is, the more water has penetrated through and the
membrane becomes distended in those areas.
Also, water uptake was investigated for free-standing

membranes, and a similar trend was observed as with silicon
supported films (water uptake increasing in order 1:0 < 1:0.25

Figure 2. Topography of the spin-coated CA:PDMAEMA coatings on
a silicon wafer measured by AFM: CA:PDMAEMA = (a) 1:0, (b)
1:0.25, and (c) 1:0.75. (Note the different height bars for a and b and
c).

Figure 3. ATR FT-IR spectra of CA:PDMAEMA coatings on Mg
before (A−C) and after (D−F) immersion in MQ water for 30 min:
(A and D) full spectrum, while (B−C and E−F) magnifications at
selected wavenumber ranges.
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< 1:0.75). Due the nature of the wet, free-standing membranes,
which can easily fold around themselves to trap extraneous
water droplets, only a qualitative estimation of water uptake
could be performed.
To study how such a membrane would control the corrosion,

electrochemical measurementslinear sweep voltammograms
(LSV), open-circuit potential (OCP) recording, and polar-
ization to a value near the OCPwere performed. The results
of LSV measurements (measured from fresh samples after 5,
15, and 30 min exposure to 0.1 M NaCl solution at pH = 7.4)
are displayed in Figure 5.
As can be seen from Figure 5, the corrosion potential of the

samples is similar in all cases, especially with a longer exposure
time. This is not surprising as the membrane is not a coating in
a classical sense, but rather, the bare Mg is exposed to the
solution, while the role of the CA:PDMAEMA membrane is to
control the flow of ions and H2 gas and, thus, the degree of
dissolution rather than the corrosion mechanisms.
The effect of PDMAEMA content in the membrane can be

seen from the LSV curves: the anodic branch of LSV with a
membrane ratio of 1:0.25 behaves more like the sample with
the pure CA membrane, especially after 30 min, providing
lower corrosion susceptibility. In contrast, the sample covered
by the membrane with a ratio of 1:0.75 shows an intermediate
behavior between CA coated and pure Mg.
To further investigate the corrosion behavior, the open-

circuit potential (OCP) in 0.1 M NaCl was recorded as a
function of time (Figure 6). As can be observed, all samples
reach rather similar and constant OCP values after the first 5−
10 min of exposure. In fact, the pure Mg sample reaches a
stable reading around −1.5 V vs Ag/AgCl after only 5 min,
whereas the coated samples are slower due to water uptake into
the film and PDMAEMA dissolution.
The degree of corrosion, on the other hand, can be altered,

and it was studied by recording the current density when the
sample was polarized to a constant value near the OCP, i.e.,
−1.5 V vs Ag/AgCl, and the results are shown in Figure 7.
Here, a clear difference in the current density is seen between
the different samples. For pure Mg the results show a relatively
high current density during the first 40 min, suggesting a high
corrosion rate, while the presence of the CA membrane
demonstrates an almost passive behavior throughout the whole
measurement time. The behavior of CA:PDMAEMA samples
displays features of both the pure Mg sample and the sample

with pure CA membrane as with increasing PDMAEMA
content higher currents are observed only during the first 20
min after which the corrosion is reduced. The shorter time

Figure 4. Photographs of CA- and CA:PDMAEMA-coated Mg
samples: (a and b) CA:PDMAEMA = 1:0.75 coating after polarization
to −1.5 V vs Ag/AgCl in 0.1 M NaCl for 90 min, and (c) coatings
covered by MQ water (after 30 min exposure).

Figure 5. Linear sweep voltammetry of the samples after 5, 15, and 30
min exposure to 0.1 M NaCl solution (sweep rate 5 mV/s).

Figure 6. Open-circuit potential of samples as a function of time in 0.1
M NaCl.

ACS Applied Materials & Interfaces Research Article

dx.doi.org/10.1021/am5063597 | ACS Appl. Mater. Interfaces 2014, 6, 22393−2239922396



needed for a reduced corrosion with CA:PDMAEMA
membrane is believed to be due to the accumulation of
corrosion products between the substrate surface and the
membrane: Mg dissolution increases pH due to OH− ion
formation, and pH values > 11 are known to repassivate the Mg
surface as a result of formation of MgO/Mg(OH)2 layers.

4,38

From these electrochemical measurements it can be
concluded that the corrosion rate is changed due to the
presence of CA:PDMAEMA or CA membrane, and moreover,
the PDMAEMA content can be used to control the rate of
initial corrosion. This is crucial when considering the possible
use as a temporal implant as one of the big challenges in the
field has been the need to control the initial corrosion rate of
Mg dissolution. Additionally, it is worth noting that part of the
evolved H2 gas is trapped by the CA:PDMAEMA membrane.
However, the CA membrane does not create a perfect barrier
for H2, but if a balance between H2 formation due to corrosion
and H2 flow through the membrane is found, a more stable
corrosion rate can result. Thus, a semipermeable membrane on
the Mg surface can be used to overcome another main obstacle
in the use of Mg as a temporal implant material, namely,
adverse gas flow to the surrounding tissue and bloodstream.
The performance shown by the samples outlined in Figures
5−7 demonstrates the fact that the membrane controls the flow
of ions and gas.
Accumulation of corrosion products, especially Mg2+ ions,

between the membrane and the sample was studied by ICP-
OES, and the results are outlined in Figure 8. Such results
clearly demonstrate that Mg2+ ions accumulate between the
surface and the membrane and also that more dissolution of
Mg takes place with increasing PDMAEMA content, as was
seen previously from the polarization data (Figure 7). These
facts again demonstrate that PDMAEMA content does control
the permeability, which in turn controls Mg dissolution.
The high increase of local pH during dissolution, which can

result in tissue damage, is one of the major limitations to the
use of Mg as a temporal medical implant material. In order to
determine if CA-based membranes were able to ameliorate this
problem, pH values were measured after both polarization and
OCP experiments, and the results are detailed in Table 1.
As can be seen, the pH of the bulk solution after OCP and

polarization measurements of pure Mg samples increases from
7.4 (at the start of the measurement) to 10.7 and 11.3,
respectively. When the pH is measured from a sample with the
CA membrane, it stayed relatively constant during the OCP
and polarization measurements (6.8 and 7.1, respectively).

When the ratio of PDMAEMA was increased (1:0.25 and
1:0.75) the pH values after OCP remained constant (7.2 for
both cases) and increased to a lesser extent, cf. pure Mg, during
the polarization measurements (9.6 and 9.8, respectively). This
further enhances the theory of accumulated corrosion products
under the membrane and shows that selective dissolution of
PDMAEMA leads to the control of permeability.
The CA-based membranes presented here are by no means a

final solution for Mg dissolution control, and more studies and
optimization are clearly needed. The main disadvantages of the
system are the detachment of the membrane from the Mg
surface within the first few minutes of exposure to an aqueous
solution (the cell setup in the experiments presented here kept
the membrane in place) and H2 trapping between the
membrane and the sample (if not optimized properly this
could lead to rupture of the membrane during prolonged
exposure). Therefore, if these types of membranes are to be
used in real-life applications, more studies and modifications are
needed.
However, when compared to classical coatings or micro-

structuring of Mg surface for biomedical applications,4−8 the
approach outlined here has obvious advantages. These include
an ability to protect the surrounding tissue from the initial high
corrosion rate and pH increase, and it can also alleviate the
problems caused by rapid H2 evolution during corrosion. These
drawbacks have long been the main obstacles in the use Mg in
biomedical fields. Additionally, CA membranes are cheap and
already commercially available, and recently, there has been lots
of research on their biodegradability.39

Furthermore, the membranes outlined here can also be used
in conjunction with other existing protection methods reported
in the literature, e.g., coatings, conversion layers, and
microstructuring, leading to multileveled dissolution control
of temporal Mg based medical implants.

Figure 7. Polarization of the samples to −1.5 V vs Ag/AgCl in 0.1 M
NaCl.

Figure 8. Concentration of Mg2+ ions between the surface and the
membrane (surface|membrane) and in bulk solution (bulk) after
polarization to −1.5 V vs Ag/AgCl for 90 min. The CA:PDMAEMA
ratio in the membrane was 1:0, 1:0.25, or 1:0.75.

Table 1. Solution pH Measured in Close Proximity to the
Sample after Open-Circuit Potential Measurements (90
min) or Polarization at −1.5 V vs Ag/AgCl

sample pH after OCP pH after polarization

pure Mg 10.7 11.3
CA Only 6.8 7.1
CA:PDMAEMA = 1:0.25 7.2 9.6
CA:PDMAEMA = 1:0.75 7.2 9.8
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4. CONCLUSIONS
This study introduces, for the very first time, the use of CA-
based membranes for controlling the dissolution of Mg:
dissolution control is critical for the realizing the use of Mg
as temporal medical implants. Dissolution control is achieved
by the limited ion and H2 flow through the membrane, and the
permeability of the membrane can be adjusted by combining a
cationic polyelectrolye, PDMAEMA, to the CA membrane. By
altering the CA:PDMAEMA ratio, the initial corrosion rate of
Mg was able to be controlled as selective dissolution (proved by
FT-IR) of PDMAEMA takes place once the membrane is
exposed to an aqueous solution. Electrochemical measurements
show that the degree of corrosion is higher when the
PDMAEMA content is increased, and ICP results enhance
this conclusion.
Moreover, CA and CA:PDMAEMA membranes have the

additional advantages of controlling the pH level in the
surrounding environment and H2 flow as corrosion products
are accumulated between the membrane and the sample
surface: when Mg is covered by the CA membrane the pH
values stay close to near neutral after 90 min of exposure. In
short, this study clearly demonstrates how CA-based
membranes control Mg dissolution and regulate the associated
undesirable pH increase.
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