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functions. [ 3,5 ]  As a result, various dynamic 
coatings have been proposed to cope with 
a wide range of interface-related chal-
lenges, including cell behavior manipula-
tion, tunable optics, shape memory, and 
defect self-healing. [ 6–11 ]  Layer-by-layer (LbL) 
self-assemblies, fabricated by alternating 
deposition of oppositely charged species 
on the substrates, have inherent potential 
as dynamic coatings because the interac-
tions between building blocks can easily 
be modulated by electric fi eld, pH, high 
salt concentration, light, etc. As a typical 
example, when LbL fi lms are exposed to 
low pH, the interchain ionic bonds break 
and reform after the protonation or depro-
tonation of polyions, allowing a large scale 
reorganization of internal structure. [ 12–17 ]  
For instance, poly(allylamine hydrochlo-
ride)/poly(acrylic acid) (PAH/PAA) LbL 
fi lms can cycle between a nanoporous 
state and a nonporous state by alternating 
exposure to pH 1.8 and pH 5.5. [ 15 ]  These 
thin fi lms with tunable porosity have 
proven to be ideal for optical technologies 
such as antirefl ection coatings. [ 7 ]  

 The LbL technique has also emerged as a striking tool for 
engineering drug delivery systems (DDSs) with controlled struc-
ture and composition. [ 18–22 ]  In particular, the LbL assemblies 
can conform to the surfaces of various biomedical devices and 
serve as host materials enabling controlled delivery of therapeu-
tics. [ 22 ]  This technique is especially suitable for incorporating 
the water-soluble charged drugs that have a strong affi nity for 
the components of LbL fi lms. [ 23–25 ]  However, only a few strate-
gies have been proposed for the incorporation of hydrophobic 
therapeutics, which makes up about 40% of commercially 
available drugs. [ 26 ]  One approach involves the integration of 
various nanocarriers, such as micelles, cyclodextrins, prodrugs, 
and liposomes, which can function as vehicles allowing hydro-
phobic drugs to be incorporated into LbL fi lms. [ 26–30 ]  Trapping 
drugs into the hydrophobic nanodomains within LbL fi lms is 
another option. [ 31 ]  Although all of these methods have distinc-
tive features and advantages, they may suffer from problems 
associated with chemical synthesis and complicated operations. 
In addition, the limited capacity of nanocarriers, nanodomains, 
and prodrugs makes it diffi cult to realize high drug loading 
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  1.     Introduction 

 Dynamic coatings that can adjust their structures and proper-
ties according to environmental stimuli have attracted tremen-
dous interests during recent years. [ 1–4 ]  Compared to their static 
counterparts with immutable form and function, such dynamic 
coatings possess multiple virtues: selected properties of interest 
can be switched “on” or “off” and conformational or chemical 
reconfi guration of these coatings endow them with many new 
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unless the number of bilayers is further increased. Therefore, 
it is desirable to develop a simple and versatile approach to effi -
ciently incorporate hydrophobic drugs into multilayer fi lms fab-
ricated from commercially available building blocks. 

 More recently, dynamic microporous coatings with alter-
able porous structures have aroused considerable and wide-
spread interests in a variety of fi elds, including separation, 
electronics, drug delivery, and tissue engineering. [ 32–36 ]  In 
this work, we developed a dynamic polyelectrolyte multi-
layer (PEM) coating with self-healing microporous structures 
( Scheme    1  ). First of all, a nonporous PEM fi lm was assembled 
from polyethylenimine (PEI) at high pH and PAA at low pH 
according to the pH-amplifi ed exponential growth mode. [ 37,38 ]  
Microporous structures were created by acid treatment, fol-
lowed by freeze drying to remove water. The healing of these 
microporous structures can be triggered at 100% relative 
humidity (RH), under which condition the mobility of poly-
electrolytes is activated. As one potential application of this 
dynamic platform, we suggest a facile and versatile method 
of directly integrating a hydrophobic drug (triclosan in this 
case) into the PEM fi lms for surface-mediated drug delivery 
(Scheme  1 ). The high porosity of microporous fi lms enables 
the highest loading of triclosan to be a one-shot process via 
wicking action and subsequent solvent removal, thus dra-
matically streamlining the processes and reducing complexi-
ties compared to existing LbL strategies. The self-healing of a 
drug-loaded microporous PEM fi lm signifi cantly reduces the 
diffusion coeffi cient of triclosan, which is favorable for the 
long-term sustained release of the drug. The dynamic prop-
erties of this polymeric coating provide great potential as a 
delivery platform for hydrophobic drugs in a wide variety 
of biomedical applications. More importantly, this dynamic 
strategy could provide a new concept for construction of drug-
releasing polymeric coatings since self-healing is a common 
phenomenon of many polymers. 

    2.     Results and Discussion 

  2.1.     Fabrication of Microporous PEM Films 

 As the basis of our research, a 15-bilayer PEM fi lm was rap-
idly fabricated by alternating deposition of PEI at high pH 

and PAA at low pH according to the pH amplifi ed exponen-
tial growth mode. [ 37,38 ]  After assembly, the PEI/PAA multilayer 
fi lm was immersed into a bath of acidic solution (pH 2.9) and 
the formation of porous structures was monitored in situ uti-
lizing optical microscopy. Many microscale pores appeared 
( Figure    1  A,B) after exposure to pH 2.9 for 30 min and larger 
micropores developed when the immersion time was further 
extended (Figure  1 C–E). When exposed to low pH, weak poly-
ions become protonated or deprotonated, and interchain ionic 
bonds are cleaved and reformed, allowing a large scale reorgan-
ization of internal structures. [ 39 ]  These fi lms were desiccated by 
freeze drying rather than conventional nitrogen drying before 
scanning electron microscope (SEM) examination and further 
applications. This drying method eliminates the capillary pres-
sure gradient in the walls of the pores and prevents the col-
lapses of porous structures during the process of drying. [ 40 ]  The 
important advantage of this approach is that the porous struc-
tures are well preserved while no chemical cross-linking takes 
place. The noncrosslinkage of the porous PEM fi lms provides 
the potential for the mobility of uncrosslinked polyelectrolytes 
to be activated by certain stimuli and for structural adjustment 
to occur in comparison with covalently crosslinked fi lms.  

 Figure  1 F–J shows the cross-sectional SEM images of 
the PEM fi lms that had been exposed to pH 2.9 for different 
lengths of time. The internal structures of the PEM fi lm with 
no acid treatment (0 min) appear compact and featureless, 
while a series of microporous structures could be developed 
through acid treatment. With an extended treatment time, the 
thickness of the porous PEM fi lm increased along with enlarge-
ment of the pore volume. The fi lm thickness increased by more 
than 400% after 1 h of acid treatment and by nearly 700% after 
2 h. Based on the correspondence between the porous structure 
and the duration of acid treatment, PEI/PAA multilayer fi lms 
with desired internal structures can be easily fabricated. 

 The fraction of the pore volume ( v  % ) within the PEM fi lm 
was estimated using an equation described in previous studies 

    
100%%

0v
T T

T
=

−
⋅

  
(1)

 
 in which  T  0  and  T  are the fi lm thickness before and after acid 
treatment, respectively. [ 39 ]  The absolute value of pore volume 
per square centimeter ( v  a ) of the PEM fi lm was calculated using 
the formula 
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 Scheme 1.    Fabrication of a dynamic PEM fi lm with self-healing microporous structures and integration of a hydrophobic drug into the fi lm.
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 where both  T  0  and  T  are in millimeters.  Figure    2   shows the 
dependencies of these calculated results on the duration of 
acidic treatment. After immersion in the acidic solution for 
60 min, the fraction of pore volume climbs to ≈80%, and higher 
values can be obtained by simply prolonging the immersion 
time (illustrated by the solid line connecting the square dots in 
Figure  2 ). This is suffi cient to show that this acid-induced tran-
sition is a reliable approach to preparing PEM fi lms with high 
porosity. As mentioned earlier, the PEI/PAA multilayer fi lm 
was fabricated by alternating deposition of a weak polycation 
at high pH and a weak polyanion at low pH on the substrates. 
The primary advantages of this pH amplifi ed approach are that 
it can increase the deposited mass per cycle and enhance the 
growth of polyelectrolyte multilayers effectively. [ 37 ]  At a con-
stant fraction of pore volume, a larger original thickness of the 
PEM fi lms implies larger pore volume that can be provided for 
potential applications. The solid line connecting the circular 
dots in Figure  2  demonstrates the pore volume per unit area 
of PEM fi lms as a function of the duration of acidic treatment. 

In the case of 60 and 120 min, the pore volumes are ≈4.1 and 
≈6.6 mm 3  cm −2 , respectively, which are far beyond what have 
been previously reported for other LbL coatings. [ 17,39 ]  In this 
study, the default immersion time at pH 2.9 was set to 60 min 
for the sake of simplicity. 

    2.2.     Loading of Hydrophobic Drugs 

 The loading capability of this microporous PEM fi lm was fi rst 
investigated.  Figure    3  A–F shows the time-lapse images of a 
microporous PEM fi lm with one end dipped into an ethanol 
solution of nile red, a brilliant red dye for tracking the liquid 
level. The liquid front rapidly climbed up the microporous PEM 
fi lm on the 20 mm × 10 mm glass substrate, and after only 20 s, 
the fi lm was fully colored. The change in color upward on the 
fi lm can be attributed to the fi lling of porous structures through 
wicking from the dye solution. The occurrence of this phenom-
enon suggested the presence of numerous connected pores that 
were well distributed across the whole fi lm. Taking advantage 
of this kind of interconnected porous network, drugs could be 
dissolved in solvents (e.g., ethanol, acetone) and loaded into the 
microporous PEM fi lms by the wicking or absorption method. 
In our study, ethanol, a common solvent, was used as the dis-
solving medium and triclosan, a hydrophobic bactericide, was 
used as the model drug. The advantage of using a volatile sol-
vent lies is that it is able to be quickly removed under vacuum, 
thus avoiding solvent exchange and eliminating the unde-
sired drug removal. [ 12 ]  In addition, these processes caused no 
structural collapse of the microporous PEM fi lms (Figure S1, 
Supporting Information).  

 Three different concentrations (20, 60, and 100 mg mL −1 ) 
were used to investigate the relationship between drug loading 
and the concentration of the loading solution. As shown by the 
solid line in Figure  3 G, an approximately linear relationship 
was found between the former and the latter. The structural sta-
bility of the microporous fi lm when immersed in ethanol can 
be ascribed to the constant absorption capacity of the micropo-
rous PEM fi lm during the loading process. In Figure  3 G, a 
dotted line was added to represent the calculated value of the 
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 Figure 1.    Acid-induced structural evolution of (PEI/PAA) 15  fi lms over time. Optical microscopy images A–E) and SEM cross-sectional images F–J) of 
the PEM fi lms after immersion in pH 2.9 solution for 0, 30, 60, 90, and 120 min, respectively. It is important to note that freeze drying was performed 
to remove water before SEM examination.

 Figure 2.    Porosity of PEM fi lms after immersion in the acidic solution 
(pH 2.9) for various times.
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drug loading as a function of triclosan concentration, assuming 
that the entire pore volume is available for wicking drug solu-
tion. In the range of concentration studied (20–100 mg mL −1 ), 
the calculated values of drug loading were always higher than 
the actual results, as shown in Figure  3 G. This suggests that 
not all of the pore volume was involved in the wicking of drug 
solution. The actual ratio ( r ) of pore volume available for drug 
loading can be estimated as follows 

    
a ar

m

m

m

v ci

= =
⋅   (3) 

 where  m  a  and  m  i  represent the actual and calculated values 
of drug loading, respectively,  v  = 4.1 mm 3  cm −2 , and  c  is the 
concentration of the triclosan-ethanol solution. By using this for-
mula,  r  is estimated to be ≈71.3% ± 13.1%. Although a fraction 
of the pore volume makes no contribution to the drug loading, 
the loading capacity of the microporous PEM fi lm is still con-
siderable. When the concentration of the loading solution is 
20 mg mL −1 , the triclosan loading is as high as 4.54 µg cm −2  
per bilayer (68.1 µg of triclosan per square centimeter in 
15 bilayers), which is far beyond what has been previously 
reported and can be ascribed to the high porosity of the PEM 
fi lm. [ 17,39 ]  The high loading of drugs is essential to the long-
term maintenance of the local drug concentration above what is 
called the minimum effective concentration. [ 41 ]  With increasing 
drug concentration, the drug loading can be further increased 
signifi cantly, as shown in  Table    1  . Although the high porosity 
of microporous fi lms enables the high loading of hydrophobic 
drug to be a one-shot process, the structural stability of the 

microporous PEM fi lm when immersed in solvent also makes 
secondary and tertiary loading possible to further increase the 
loading amount or even introduce other drugs. The latter might 
be an effective strategy for constructing a versatile platform for 
simultaneous delivery of multiple drugs from these surfaces.   

  2.3.     Effect of Humidity on Microporous PEM Films 

 The drug release behaviors of porous coatings with different 
structural parameters have been previously reported. [ 12 ]  It has 
been shown that an effective way to prolong the release time 
is to decrease the pore sizes of the coatings. In this sense, the 
structural adjustment of the microporous PEM fi lms after drug 
loading assumes great signifi cance. Considering that water 
has been known as a potent plasticizer for polyelectrolyte com-
plexes, we fi rst studied the effect of humidity on the porous 
structures of PEM fi lms without drug loading. 

 The microporous (PEI/PAA) 15  fi lms were subjected to 
75% or 100% RH to investigate the effect of humidity on the 
porous structures. Because of the correlation between the 
internal structures and the optical properties, [ 42 ]  the evolutions 
of porous PEM fi lms under different humidity conditions was 
visually observed and monitored by recording the transmit-
tance at 554 nm, as shown in  Figure    4  A–C. The appearance and 
transmittance of the porous PEM fi lm did not change after it 
had been exposed to 75% RH for 3 h. However, once exposed 
to 100% RH, the opaque fi lm became transparent over time 
and reached a stable transmittance of ≈70% after less than 2 h. 
The change in transparency could be attributed to the healing 
of the micropores and subsequent reduction of light scattering 
between the pore walls and air. To verify this, SEM cross-sec-
tional images of the fi lms exposed to 100% RH for various 
times were recorded and are shown in Figure  4 D. With pro-
longed exposure to 100% RH, the porous structures collapsed at 
fi rst and disappeared gradually over the same time-scale as the 
change in optical properties. In contrast, the internal structures 
of the porous PEM fi lm stayed the same before and after expo-
sure to 75% RH for 3 h (Figure S2, Supporting Information).  
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 Figure 3.    A–F) Nile red, a hydrophobic dye, could be loaded into the microporous PEM fi lm by wicking from its ethanol solution, indicating the presence 
of abundant open pores across the whole fi lm. G) Plot of actual triclosan loading with respect to the concentration of the triclosan-ethanol solution. 
A dotted line was added to represent the calculated value of the drug loading as a function of triclosan concentration, assuming that the entire pore 
volume is available for wicking the drug solution.

  Table 1.    Drug loading and the concentration of the loading solution 
have an approximately linear relationship. 

Triclosan concentration 
[mg mL −1 ]

Drug loading per bilayer 
[µg cm −2 ]

20 4.54 ± 1.39

60 9.42 ± 1.25

100 20.23 ± 1.96
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 Both external and internal factors can contribute to this 
healing process. Previously, many studies have investigated the 
effects of humidity on the composition and properties of poly-
meric fi lms. [ 42–48 ]  One of those general conclusions is that more 
water can be incorporated into the fi lms with an increase in 
ambient humidity, and the increase in water content can bring 
an increase in the free volume available for the movement of 
chain segments. [ 42,49,50 ]  For our PEM coatings, the physical 
characteristics of the PEI/PAA LbL fi lm can provide another 
key factor for interpreting this dramatic change. Especially 
important is the charge distribution of polyelectrolytes, which 
has been investigated primarily to understand the buildup 
mechanism of PEM fi lms. [ 51,52 ]  The highly charged polyelectro-
lytes tend to be kinetically trapped within the fi lms due to their 
extended polyion size and strong charge binding between ion 
pairs. [ 53 ]  In this PEM system, both PEI (p K a ≈ 6.5) and PAA 
(p K a ≈ 4.5–5.5) are weak polyelectrolytes with low charge den-
sity, and they are assembled into a network that is not tightly 
cross-linked and therefore is easily disturbed. [ 37 ]  Besides the 
free volume, the addition of a solvent of high dielectric con-
stant (e.g., water) can increase the screening of polyion charges 
within the PEM fi lm and raises the possibility of disrupting 
electrostatic cross-links, as shown in  Figure    5  . As a result, the 
effect of water can be to signifi cantly disrupt the crosslinked 
network and activate the motion of the entire polymer chains, 
switching the PEI/PAA PEM fi lm from a static state into a fl uid 
state. Sun and co-workers reported a remarkable healing effect 
on a scratched PEI/PAA PEM fi lm by just exposing it to sat-
urated humidity. [ 8,54 ]  In that case, the highly softened coating 

could fl ow to fi ll in scratches and recover the integrity of the 
PEM fi lm. In our case, the healing of porous structures is 
motivated by the highly mobile polyelectrolytes decreasing the 
interfacial area and realizing the minimization of the surface 
energy. 

    2.4.     Healing of the Drug-Loaded Microporous PEM Films 

 In this work, exposure for 8 h to saturated humidity was 
performed to heal the microporous PEM fi lms, into which 
triclosan had been loaded using the method mentioned above, 
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 Figure 4.    Appearance A,B) andtransmittance C) changes of the porous PEM fi lms exposed to 100% RH and 75% RH, respectively. SEM cross-sectional 
images D) of the porous PEM fi lm exposed to 100% RH for various times. All of the inset scale bars represent 10 µm.

 Figure 5.    Simplifi ed mechanism of how the water uptake affects the 
interactions between PEI and PAA. The dark line and the grey line rep-
resent PEI and PAA, respectively; the blue dots correspond to the water 
molecules within the fi lm.
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thus eliminating the micropores and integrating the drug into 
the fi lms (Scheme  1 ). By adopting such treatment, the orig-
inal micropores disappeared along with self-aggregation of 
the drug molecules into microdomains within the PEM fi lms 
(see Figure S3A–D, Supporting Information). These micro-
domains are embedded within the PEM fi lms, as confi rmed 
by the SEM cross-sectional data (Figure S3F–H, Supporting 
Information) and are comprised of triclosan because they can 
be dissolved away when the thin fi lms are quickly dipped into 
ethanol (Figure S4, Supporting Information). With the eleva-
tion of triclosan concentration, these microdomains increased 
in quantity and enlarged in volume. The mechanism of the 
self-aggregation behavior of hydrophobic drugs within the PEM 
fi lms remains to be further studied. 

 The effect of the micropore healing on the release profi le of 
triclosan was investigated by measuring the drug release of the 
PEM fi lms in phosphate buffered saline (PBS) buffer. When 
immersed into the aqueous medium, the impact of water on the 
structures of PEM fi lms is not negligible, since liquid water is 
also able to activate the mobility of polyelectrolytes. [ 8 ]  Given that, 
thermal crosslinking was introduced to preserve the structural 
stability of the fi lm before the release tests by forming amide 
bonds in the carboxylate-ammonium complexes. Under the same 
loading condition (60 mg mL −1 ), the release kinetics of triclosan 
from the PEM fi lms with and without micropore healing were 
evaluated. The release profi les of triclosan are plotted in  Figure    6   
as the percentage of drug released versus the square root of the 
release time. The drug release lasted for 130 h in the presence of 
those original micropores, while micropore healing signifi cantly 
prolonged the release time to almost 400 h. In Figure  6 , the linear 
relationship between the percentage of triclosan released and the 
square root of the release time at the early stage indicated that the 
drug release followed a Fickian diffusion mechanism, [ 55,56 ]  which 
can be theoretically described using Higuchi’s equation [ 57 ] 

    
( ) 4 2

1/2

f t
Dt

xπ
= ⎛

⎝⎜
⎞
⎠⎟   

(4)
 

 where  f ( t ) is the percentage of drug released at time  t ,  x  is the 
thickness of the PEM fi lm, π = 3.14, and  D  is the diffusion coef-
fi cient. The diffusion coeffi cient can be calculated from the 
slope of the linear part of the releasing curve using this equa-
tion. With the healing of those original micropores, the diffu-
sion coeffi cient was reduced by two orders of magnitude, from 
3.6 × 10 −11  to 1.4 × 10 −13  cm 2  s −1 . Both of these diffusion coeffi -
cients are within the usual range for one drug diffusing through 
a polymer, typically from 10 −9  to 10 −19  cm 2  s −1 . [ 55,58,59 ]  Although 
the drug has been incorporated within the PEM fi lms without 
micropore healing, the closure of those microporous structures 
is favorable for sustained release, which can be ascribed to the 
negative correlation between pore size and release time. [ 12,60 ]  

    2.5.     Film Construction onto Metal Stents 

 The construction of conformal coatings is of great practical signif-
icance in the surface modifi cation of medical devices, especially 
those with complicated shapes. [ 61,62 ]  In this study, the potential of 
applying our coatings was assessed by performing an experiment 
involving the surface of metal stents ( Figure    7  A,B). SEM con-
fi rmed the successful construction of microporous PEM fi lms, as 
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 Figure 6.    Release profi les of triclosan from the drug-loaded PEM fi lms 
without A) and with B) micropore healing. The linear relationships 
between the percentage drug released and the square root of the time 
of release at the early stage indicated that the drug releases followed a 
Fickian diffusion mechanism. The closure of those microporous struc-
tures is favorable for the sustained release of drugs.

 Figure 7.    Construction and healing of microporous PEM fi lms on 
metal stents. A,B) Bare stent. C,D) Stent coated with microporous PEM 
fi lm. E,F) Stent coated with healed PEM fi lm. (B), (D), and (F) are the 
SEM images (scale bars are 500 µm) of the stents in (A), (C), and (E), 
respectively.
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shown in Figure  7 C,D. Unlike the bare stents that have shiny sur-
face, the coated stents appear white due to the existence of light 
scattering, which is related to the presence of micropores within 
the coatings. After exposure to saturated humidity, the appearance 
of the stents became shiny again (Figure  7 E). The SEM image 
(Figure  7 F) shows that the microporous structures were healed 
along with a thinning of the thickness of the fi lm. Triclosan was 
loaded into the coating via the approach mentioned above (the 
concentration of loading solution was set to 60 mg mL −1 ) and 
an agar diffusion assay against  Escherichia coli  was performed to 
test the bactericidal activity of this drug-eluting stent. The drug 
diffused out of the coating on the stent and formed a clear zone 
around the sample (see Figure S5, Supporting Information). 
Since many hydrophobic drugs (e.g., sirolimus, paclitaxel, doxo-
rubicin) can be dissolved in volatile organic solvents that can be 
removed subsequently under vacuum, our conceptual model 
could thus be widely applicable. 

     3.     Conclusion 

 In summary, we demonstrated that humidity can serve as a fea-
sible trigger for activating the self-healing of microporous PEM 
fi lms, which have great potentials for surface-mediated drug 
delivery. Microporous structures within PEI/PAA multilayer 
fi lm can be created by acid treatment and immobilized by freeze 
drying. The self-healing of these micropores can be triggered by 
exposure to saturated humidity and the mechanism of this pro-
cess is related to the activated mobility of polyelectrolytes under 
this specifi c condition. Using this dynamic characteristic, a facile 
and versatile method was developed for integrating hydrophobic 
drugs into the PEM fi lms for surface-mediated drug delivery. 
The high porosity of microporous PEI/PAA fi lms enabled the 
high loading of a hydrophobic drug (triclosan in this case) to 
be a one-shot process, and the drug loading could be adjusted 
according to the concentration of the loading solution. After drug 
loading, exposure to saturated humidity healed those original 
micropores and triclosan aggregated into many microdomains 
within the PEM fi lm. The self-healing of a drug-loaded micropo-
rous PEM fi lm reduces the diffusion coeffi cient of triclosan by 
two orders of magnitude, which is favorable for the long-term 
sustained release of the drug. The dynamic properties of this 
polymeric coating provide great potential for its use as a delivery 
platform for hydrophobic drugs in a wide variety of biomedical 
applications. We believe that embedding other species such as 
macromolecules and particles might also be possible utilizing 
this platform. Also, this dynamic strategy could provide a new 
concept for construction of drug releasing polymeric coatings 
since self-healing of a damaged structure is a common phenom-
enon of many polymers. More importantly, the water-enabled 
dynamic structural adjustment of the microporous fi lms points 
to their great potentials in the fabrication of adjustable biological 
scaffolds, variable capacitors, and other dynamic materials.  

  4.     Experimental Section 
  Materials : PAA ( M  w  = 100 000) and poly(ethyleneimine) (PEI, 

branched,  M  w  = 25 000) were purchased from Sigma-Aidrich. Triclosan 

was obtained from Aladdin. PBS was obtained from Sangon Biotech 
(Shanghai, China). The deionized (DI) water (>18 MΩ cm) used in all 
experiments was fi ltered through a Millipore Milli-Q water purifi cation 
system. The pH values of PEI and PAA aqueous solutions were adjusted 
utilizing 0.1  M  HCl or 0.1  M  NaOH. The pH 2.9 water was prepared by 
adjusting the pH of Milli-Q water using 0.1  M  HCl. All materials were 
used as received. 

  Construction of Microporous PEM Films : Glass substrates were immersed 
in freshly prepared piranha solution (30% H 2 O 2 /98% H 2 SO 4  = 3/7 V/V) for 
40 min and then rinsed with Milli-Q water thoroughly. PEM fi lms were 
constructed by alternately immersing the precleaned substrates into PEI 
solution (1 mg mL −1 , pH 9.0) for 15 min and PAA solution (3 mg mL −1 , 
pH 2.9) for 15 min. Between each deposition step, the substrates were 
rinsed with Milli-Q water and blown dry by nitrogen. This process was 
repeated until PEM fi lms with the desired number of bilayers were 
obtained. In this paper, PEM fi lm will be referred to as (PEI/PAA)  n  , where 
 n  is the number of bilayers. The formation of microporous structures was 
achieved by dipping the as-prepared PEM fi lms into pH 2.9 water for a 
predetermined time. After that, the fi lms were freeze-dried to remove the 
water and retain the porous structures. Scanning electron microscopy 
(SEM, Hitachi S4800, Japan) was performed to monitor the morphologic 
changes within the PEM fi lms. 

  Healing of Microporous PEM Films : When the condensation and 
evaporation of water are at equilibrium in a small, sealed container, a 
salt solution at a defi nite concentration and at a constant temperature 
has a fi xed partial vapor pressure of water and hence defi nes a fi xed 
relative humidity. [ 8,63 ]  Thus, equilibrium water vapors over saturated 
NaCl solution and purifi ed water at room temperature were employed 
to, respectively, establish 75% RH and 100% RH environment. 
Once exposed to either 75% RH or 100% RH, the appearance and 
transmittance of the porous PEM fi lms were recorded periodically 
using a digital camera (Cyber-shot DSC H50, Sony) and an UV–vis 
spectrophotometer (UV-2550, Shimadzu, Japan). 

  Loading and Release of Triclosan : The microporous PEM fi lms were 
dipped partially into a solution of triclosan in ethanol (60 mg mL −1 ) 
for 1 min to fi ll the pores with drug solution through wicking action. 
The fi lms were taken out and put into a vacuum chamber to remove 
the ethanol. To measure the actual loading, triclosan can be extracted 
by ethanol from the microporous PEM fi lms and analyzed using a UV–
vis spectrophotometer. After solvent removal, the fi lms were exposed 
to 100% RH for 8 h to eliminate the micropores and embed the drug 
in the fi lms. The distribution state of triclosan within the PEM fi lm was 
investigated utilizing optical microscopy and SEM. The triclosan-loaded 
PEM fi lms were immersed into PBS (pH 7.4, 37 °C) to investigate the 
release kinetic. The PBS was frequently replaced with a fresh solution 
at appropriate time points to ensure constant release conditions and 
that the released drug concentrations were in the linear range of the 
calibration curve of absorbance at 263 nm versus concentration. The 
solutions were analyzed using the UV–vis spectrophotometer. 

  Zone Inhibition Test : Zone inhibition testing was carried out using 
 E. coli  (ATCC 8739). The drug-loaded metal stent was placed onto 
a nutrient agar plate that had been seeded with 0.2 mL bacterial 
suspension (1.0 × 10 7  CFU mL −1 , in PBS buffer). The plate was examined 
for a zone of inhibition after incubation at 37 °C overnight.  
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 Supporting Information is available from the Wiley Online Library or 
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