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ABSTRACT: Preventing microbial adhesion onto membranes is a crucial
issue that determines the durability of the membrane. In this Research
Article, we prepared aromatic polyimides (extensively employed for the
elaboration of ultrafiltration membranes) containing PEO branches. Four
polyimide-g-PEO copolymers were prepared from 6F dianhydride and a
novel aromatic diamine containing PEO-550 side groups. The copolymers
were designed to have variable PEO content, and were characterized by
their spectroscopic and physical properties. The Breath Figure technique
was successfully applied to create an ordered surface topography, where
the PEO chains were preferentially located on the surface of the
micrometer size holes. These unique features were explored to reduce
bacterial adhesion. It was established that surface modified polyimide
membranes have a high resistance to biofouling against Staphylococcus
aureus. In particular, we observed that an increase of the PEO the content
in the copolymer produced a decrease in the bacterial adhesion.
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■ INTRODUCTION

Microporous interfaces have found interest for multiple
applications in a variety of fields ranging from optics to
biomedical applications.1−3 For instance, porous materials with
pore dimensions comparable to the wavelength of visible light
are of interest as photonic band-gaps and optical stop-bands.
Other than the two mentioned applications, porous materials
with cavities in the micrometer size range are interesting in
such applications as catalysis, as sensors, scaffolds for composite
materials, selective transportation, in insulation processes, or for
membrane preparation.4−9

Porous structures with micrometer or even submicrometer
dimensions have been typically prepared using different
approaches that requires the use of templates.10,11 Currently
employed methodologies include the use of templates, such as
ordered arrays of colloidal particles to produce inverse opal
structures,12−16 from transformed polymeric sphere arrays,17,18

using emulsion droplets as templates,19 employing natural
biological templates,20−23 by phase inversion,24 self-organized
surfactants,25 and microphase separated or electric-field-
induced block copolymers patterning.26−28 Other alternatives
include direct writing of polymer patterns,29 the use of photo-
or electrochemically polymerizable precursors30 or soft litho-
graphic methods.31

In addition to the above-mentioned strategies, an alternative
approach is the Breath Figure (BF) templating method in
which the template consists of an ordered array of water
droplets that may be removed by simple evaporation.5−9,32−34

As a consequence of its simplicity this techniques is currently
one of the most widely employed methods for the fabrication of
nano- and microporous polymer films with different surface
functionalities.35,36 Several significant advantages justify its
extensive use. On the one hand, the self-removal of the
template favors a reduction on the production time and cost.
On the other hand, BF allows the employment of a large variety
of materials ranging from polymers (including blends of
different polymers) to hybrid nanocomposites thus leading to
porous films having a broad range of properties. As will be
evidenced in this manuscript, the dimensions and shape of the
pores, and functionality inside and outside of the pores are
determined by the following parameters: temperature, air
humidity, solvent, polymer concentration,, or the presence of
functional groups in the polymer. Thus, the pore characteristics
could be easily manipulated by controlling these parameters.
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Microporous polymeric surfaces and in particular those
applied for water filtration exhibit microbiological contami-
nation during their usage. The microorganism adhesion to
polymeric membranes causes changes in the separation
processes and has associated secondary processes including
the contamination by the metabolism products.37 Among
others, the result of this contamination may provoke the
destruction of the membrane surface, which increases the
manufacturing costs and reduces the operating life for the
membrane.
Within this context, several alternatives have been explored

to design microporous surfaces with either antibacterial or
antifouling properties. Some strategies have been developed to
reduce the contamination of the surfaces by introducing
bioactive molecules with antibacterial activity. One of the most
extended approach is the chemical modification of the surfaces
to introduce ionic substances,38 for instance, by immobilization
of bactericidal agents. Among them tertiary amines,39

antimicrobial peptides,40 pyridinium cations,41,42 or guanidine
groups have been reported.37 Other research groups immobi-
lized antifouling molecules such as zwitterions43,44 or Tween
2045 among others.46 A particularly interesting alternative
consists on the design of a microporous surfaces having
poly(ethylene oxide) (PEO) moieties. In fact, PEO has been
extensively employed because of its antifouling properties in
different biomedical applications ranging from implants to
biosensors or nanoparticles.47 For this reason, PEO has often
been called the “gold standard” of antifouling polymers.48,49

The immobilization of PEO typically has been achieved by
chemical reactions on the polymer surface.50−53 For instance,
Xue et al.51 and Prince et al.52 employed poly(acrylonitrile-co-
maleic acid) (PANCMA) as a linker to chemically attach PEO
and silver to PES hollow fiber membrane. Yu et al.53 employed
long-wavelength UV irradiation to graft PEGMA onto
polysulfone (SPF) ultrafiltration membrane using benzophe-
none as initiator. These are two selected examples from a large
number of studies in which was evidenced the need to modify
the interfacial chemical composition of microporous surfaces in
order to avoid microorganism adhesion.54−59 Another alter-
native to fabricate membranes with controlled surface
chemistry is based on the use of functional copolymers for
the preparation of the membranes. In this context, amphiphilic
macromolecules made from polyamide-g-PEO copolymers have
been recently prepared by our group by using polycondensa-
tion reactions monomers containing pendent PEO chains.60

On the basis of this second strategy, in this Research Article,
we report the preparation of microporous surfaces based on
polyimide copolymers having pendant poly(ethylene oxide)
(PEO) chains, that is, polyimide-g-PEO copolymers. Previous
studies reported the use of polyimides for the preparation of
porous films by the Breath Figure approach.61−65 However, the
chemical design of polyimides in order to introduce hydrophilic
functional groups with antifouling properties is unprecedented.
The amphiphilic nature of the resulting polymer would favor
the water condensation and thus the formation of ordered
porous films. Moreover, PEO would have two additional roles.
On the one hand the incorporation of PEO facilitates the
solution in volatile solvents such as chloroform required for the
preparation of porous films by the BFs approach. On the other
hand, as depicted above PEO would work as antifouling
compound to prevent the adhesion of microorganisms onto the
porous films. Finally, we explored the adhesion of S. aureus on

the porous films as a function of the PEO included in the
material.

■ EXPERIMENTAL SECTION
Materials. Chloroform (CHCl3) was supplied by Scharlau and

round glass coverslips of 12 mm diameter were obtained from Ted
Pella Inc. All solvents and chemicals (e.g., 3,5-dinitro-benzoyl chloride
(Sigma-Aldrich)), were purchased as reagent degree products and used
without further purification unless detailed. 1,3.5-trimethyl-m-phenyl-
enediamine (3MeMPD Aldrich) was purified by sublimation.
Hexafluoroisopropylidene diphthalic anhydrided (6FDA Aldrich)
was purified by sublimation. Chlorine-terminated PEO500 mono-
methyl ether was prepared following previously reported procedures.66

Characterization. The 1H and 13C NMR spectra were registered
at room temperature in CDCl3 solution in Varian INOVA-300.
Chemical shifts are reported in parts per million (ppm) using as
internal reference the peak of the trace of deuterated solvent (δ 7.26).
The number-average molecular weight (Mn) and polydisperstiy index
(PD = Mw/Mn) were measured with a chromatographic system
(Waters Division Millipore) equipped with a Waters model 2414
refractive-index detector. Dimethylformamide (Multisolvent HPLC,
Scharlau) containing 0.1% of LiBr, was used as the eluent at a flow rate
of 0.7 mL min−1 at 70 °C. Styragel packed columns (HR2 and HR5,
Waters Division Millipore) were used. Polystyrene standards (Polymer
Laboratories, Laboratories, Ltd.) between 5.7 × 105 and 5.8 × 102 g
mol−1 were used to calibrate the columns.

Scanning electron microscopy (SEM) micrographs were taken using
a Philips XL30 with an acceleration voltage of 25 kV. The samples
were coated with gold−palladium (80/20) prior to scanning.

The topography, chemical composition and distribution of the
different components of the blends on the polymeric films were
determined using Confocal Raman Microscopy integrated with atomic
force microscopy (AFM) on a CRM-Alpha 300 RA microscope
(WITec, Ulm, Germany) equipped with Nd:YAG dye later (maximum
power output of 50 mW power at 532 nm). The Raman spectra were
taken point by point with a step of 100 nm.

Synthesis of the Polyimide Graft Polymers. Synthesis of 3,5-
Diamino(ω-Methy-6l-PEO) Benzoic Ester (PEO500). 3,5-Dinitroben-
zoyl chloride (30.0 g, 0.13 mol) was added in dropwise fashion to a
mixture of chloroform (100 mL), PEO 550 (72.0 g, 0.13 mmol), and
pyridine (12 mL, 0.15 mol) at 0 °C. The reaction was allowed to warm
up to room temperature (RT) and stirred for 15 min, followed by
heating at reflux for 4 h, and then cooled down to RT again. Finally,
the reaction was washed with water several times and dried over
anhydrous magnesium sulfate, and the product of reaction was
concentrated under reduced pressure. The resulting solid was purified
by silica chromatography using dichloromethane, followed by
dichloromethane/methanol (10/0.5) as eluent to afford the dinitro
intermediate as a yellow oil.

Yield: 90%. 1H NMR (CDCl3, ppm): δ = 3.36 (s, 3H, OCH3),
3.50−3.90 (m, 52 H, OCH2), 4.58 (t, 2H, C(O)OCH2), 9.15 (d,
2H, CHCCO), 9.20 (t, 1H, O2NCCHCNO2).

13C NMR (CDCl3,
ppm): δ = 59.2 (OCH3), 66.0 (C(O)OCH2), 68.9 (C(
O)OCH2CH2), 70.7 (OCH2), 72.1 (CH2OCH3), 122.6
(O2NCCHCNO2), 129.8 (CHCCO), 134.0 (CCO), 148.8
(CNO2), 162.7 (CO).

A solution of 5.0 g of dinitro intermediate in tetrahydrofuran (50
mL) was charged into a Parr reactor, followed by addition of
palladium-on-charcoal (10% Pd basis, 100 mg). Reactor was purged
with hydrogen gas twice at 3 atm. Hydrogen pressure was maintained
in the Parr autoclave until hydrogen consumption ceased (24 h). The
reaction was then filtered through a plug of Celite to remove Pd/C
and washed afterward with tetrahydrofuran. The diamine mPD-
PEO550 was concentrated under reduced pressure to give orange oil
that is used without further purification.

Yield :95%. 1H NMR (CDCl3, ppm): δ = 3.36 (s, 3H, OCH3),
3.50−3.85 (m, 52 H, OCH2), 4.40 (t, 2H, C(O)OCH2), 6.50
(broad s, 1H, O2NC=CH−CNO2), 6.91 (t, 2H, CHCCO). 13C
NMR (CDCl3, ppm): δ = 59.2 (OCH3), 68.2 (C(O)OCH2), 69.4
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(C(O)OCH2CH2), 70.7 (OCH2), 72.1 (CH2OCH3), 107.5
(O2NCCHCNO2), 108.4 (CHCCO), 132.1 (CCO), 146.5
(CNH2), 166.9 (CO).
Synthesis of Polyimide Graft Copolymers. The general

procedure is as follows: In a three-necked flash, equipped with a
mechanical stirrer and nitrogen inlet, diamine or a mixture of diamines
(8.0 mmol) was dissolved in anhydrous N,N-dimethylacetamide (20
mL). The solution was cooled down to 0 °C, and dianhydride 6FDA
(8.0 mmol) was then added. The stirring was continued for 15 min at
that temperature and for further 12 h at RT to yield a viscous solution
of poly(amic acid). Subsequently, a mixture of acetic anhydride (24.0
mmol)/pyridine (24.0 mmol) was added, and the solution was stirred
for 6 h at RT and 1 h at 60 °C to promote the imidation. After it was
cooled down to RT, the polymer was poured dropwise into water,
washed several times with water and dried over P2O5 under vacuum at
60 °C for 24 h. The polyimide 6FDA-mPD-PEO550 (P4) was
synthesized with the same procedure but it was directly precipitated in
ethyl ether.
6FDA-3MemPD (P1). 1H NMR (DMSO-d6, ppm): δ = 1.91 (s, 3H,

Hl), 2.13 (s, 6H, Hm), 7.32 (s, 1H, Hk), 7.92 (s, 4H, Hh and Hj), 8.16
(d, 2H, Hi). FT-IR (film, cm−1): ν 2930 (aliphatic C−H str.), 1787
(CO asym. str.), 1723 (CO imide sym. str.), 1457 (CH2 sym. def.
and CH3 asym. def.), 1355 (C−N−C stretching), 723 (imide ring
deformation).
6FDA-3MemPD/6FDA-mPDPEO550 (50/50) (P2). 1H NMR

(DMSO-d6, ppm): δ = 1.92 (s, 1.5H, Hl), 2.13 (s, 3H, Hm), 3.21 (s,
1.5H, He), 3.36−3.90 (m, 24 H, Hb, Hc, and Hd), 4.47 (s, 1H, Ha),
7.33 (s, 0.5H, Hk), 7.90 (m, 4.5H, Hf, Hh, and Hj), 8.20 (m, 3H, Hg,
and Hi). FT-IR (film, cm−1): ν 2870 (aliphatic C−H str.), 1784 (C
O asym. str.), 1723 (CO imide sym. Str. and CO ester str.), 1457

(CH2 sym. def. and CH3 asym. def.), 1355 (C−N−C stretching), 719
(imide ring deformation).

6FDA-3MemPD/6FDA-mPDPEO550 (50/25) (P3). 1H NMR
(DMSO, ppm): δ= 1.92 (s, 0.75H, Hl), 2.15 (s, 1.5H, Hm), 3.21 (s,
2.25H, He), 3.36−3.90 (m, 35H, Hb, Hc, and Hd), 4.46 (s, 1.5H, Ha),
7.33 (s, 0.25H, Hk), 7.90 (m, 4.75H, Hf, Hh, and Hj), 8.20 (m, 3.5H,
Hg and Hi). FT-IR (film, cm−1): ν 2870 (aliphatic C−H str.), 1784
(CO asym. str.), 1723 (CO imide sym. Str. and CO ester str.),
1457 (CH2 sym. def. and CH3 asym. def.), 1355 (C−N−C stretching),
719 (imide ring deformation).

6FDA-mPDPEO550 (P4). 1H NMR (DMSO-d6, ppm): δ= 3.22 (s,
3H, He), 3.40−3.85 (m, 46 H, Hb, Hc, and Hd), 4.47 (s, 2H, Ha), 7.80
(s, 2H, Hh), 7.91 (s, 1H, Hf), 7.97 (d, 2H, Hj), 8.20 (m, 4H, Hg, and
Hi). FT-IR (film, cm−1): ν 2870 (aliphatic C−H str.), 1785 (CO
asym. str.), 1723 (CO imide sym. str. and CO ester str.), 1457
(CH2 sym. def. and CH3 asym. def.), 1353 (C−N−C stretching), 1090
(O−C−O asym. str.), 719 (imide ring deformation). Other character-
ization results such as viscosity and glass transition temperatures for all
the four polymers are listed in Table 1.

Preparation of the Porous Films by the Breath Figure
Technique. The preparation of the porous films was carried out from
chloroform solutions by casting onto glass wafers under high
controlled humidity (relative humidity (RH) = 80%−99%) inside of
a closed chamber at room temperature. For this study we employed
polymer solutions ranging from 11 to 30.0 mg mL−1. CHCl3 was used
as solvent in all the cases. In addition to the polyimides with variable
amount of PEO (see Table 1) we prepared porous films from blends
of polymer (1 and 2) with either 10 or 20 wt % of polymer 2 and 90 or
80 wt % of polymer 1, respectively. These films were prepared from 10
mg mL−1 solutions in CHCl3.

Table 1. Characteristics of the PEO-Polyimides Synthesized in This Study As a Function of the Feed Compositiona

feed composition

polymer PEO 550 (1) 3MeMPD (2) 6FDA (3) Mn (kDa) PD Tg (°C) WCAa (deg)

P1 0 1 1 177 1.5 375 116
P2 0.5 0.5 1 109.1 1.5 90 105
P3 0.75 0.25 1 62.7 1.8 45 98
P4 1 0 1 91 2.6 n.d. 58

aWCA: water contact angles of the porous films prepared from the polymers P1−P4.

Scheme 1. Synthetic Route Employed to Obtain Polyimides with PEO-Lateral Chains Involving the Formation of a Polyamic
Acid (Step 1) and the Cyclodehydration to Obtain the Final PEO-Grafted Polyimide (Step 2)
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Bacterial Adhesion Experiments. S. aureus strain RN4220
carrying the plasmid pCN57 for Green fluorescent protein (GFP)
expression (generous gift from Iñigo Lasa’s Laboratory at Instituto de
Agrobiotecnologiá, UPNA-CSIC-Gobierno de Navarra) was grown
overnight at 37 °C in Luria−Bertani (LB) media with erythromycin
(10 μg/mL). The cells were centrifuged and washed three times in
PBS buffer (150 mM NaCl, 50 mM Na-phosphate pH 7.4). The
solution was adjusted to a cell concentration that corresponds to an
optical density (OD) at 600 nm of 1.0 using an UV−vis Varian Cary
50 spectrophotometer.
The different patterned polymeric surfaces were incubated during 1

h with the bacterial suspension at OD = 1.0 in PBS buffer with 0.05%
Tween 20 to allow for bacteria adhesion. After incubation the surfaces
were washed with PBS three times during 15 min in order to remove
the not adhered bacteria.
Bacteria adhesion to the different surfaces was monitored and

quantified by fluorescence microscopy using a Leica DMI-3000-B
fluorescence microscope using the green fluorescence signal of the
cells. Images were acquired using ×20 magnification and the
corresponding set of filters for imaging green fluorescence and bright
field.

■ RESULTS AND DISCUSSION
Synthesis of the Polyimides with Hydrophilic PEO

Pendant Groups. The polyimide-g-PEO copolymers were prepared by polycondensation reactions between the fluori-
nated dianhydride hexafluoroisoprolydene diphthalic (dianhy-
dride 6F), and variable ratio of two aromatic diamines: 2,4,6-
trimethyl-m-phenylenediamine (3MeMPD) and 5-carboxy-
PEO-m-phenylenediamine (PEO550).
The polycondensation reaction was performed by a two-step

methodology in solution using N,N-dimethylacetamide
(DMAC) at low temperature. The corresponding polyamic-
acid precursor was formed in the first step, and the final
polyimide was obtained by cyclodehydration promoted by the
system pyridine-acetic anhydride at 50 °C in the second step.
The polyimide without PEO was attained in quantitative yield,
and the yields of the copolymers were not lower than 85%. The
scheme of the reaction is depicted in Scheme 1, and the results
of the synthesis are summarized in Table 1.
Polymers were characterized both by FT-IR and 1H NMR.

An illustrative example of the 1H NMR spectrum is depicted in
Figure 1 of copolymer P2, having 0.5:0.5 ratio of the two
diamines. In this spectrum, the signals between 5.0 and 3.0 ppm
are due to aliphatic protons of PEO550 segments. In addition,Figure 1. Illustrative 1H NMR spectrum of copolymer P2.

Figure 2. SEM images of the porous films obtained for polymers (a) P1, (b) P2, (c) P3, and (d) P4. For the preparation of these films a 10 mg/mL
polymer solutions and 99% rh moist environment were employed.

Figure 3. SEM images of the porous films obtained for polymers (a)
P1, (b) P2, (c) P3, and (d) P4. For the preparation of these films a 10
mg/mL polymer solutions and 80% rh moist environment were
employed.
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two signals around 2.0 ppm (Hm and Hi) can be assigned to the
methyl groups of the diamine 3MemPD in the copolymer
whereas the signals of aromatic protons appear between 7.0 and
8.5 ppm. The composition calculated from the areas under the
signals at 4.5 ppm (corresponding to the protons on methylene
a), and that of peak at 2.2 ppm (corresponding to protons of
aromatic methyl groups (protons m)), agreed with the feed
composition.
Porous Films Prepared from Polyimides-PEO: Honey-

comb Formation. The formation of porous interfaces was
accomplished by the Breath Figure approach. For that purpose,
the polymer was dissolved in a volatile solvent (in this case
CHCl3) varying the concentration between 1 and 30 mg/mL.
The polymer solutions (30−60 μL) were dropped onto glass

covers that were previously cleaned and were closed in a vessel
chamber under controlled humidity. Once a precise amount of
the solution was deposited onto the glass slides, the solvent was
allowed to evaporate within the chamber. During the
evaporation of the solvent, the water vapor condensed at the
solution surface as a consequence of the significant decreased of
the solvent temperature. Condensation throughout the
evaporation induced the formation of water droplets that
grew until the solvent was completely evaporated. Upon
complete evaporation of the solvent, the water droplets formed
by condensation equally evaporated leaving pores at the surface.
Many studies have explained the formation of these structures
and the factors that regulate both the regularity of the pores
and their size. Among others the humidity and the

Figure 4. SEM images of the porous films obtained for blends for polymer P1 and P2 at three different wt % ratio: (a) 100/0 P1/P2, (b) 90/10 P1/
P2, and (c) 75/25 P1/P2. The conditions selected were 10 mg/mL polymer solutions and 90% rh moist environment.

Figure 5. Raman spectra of the polyimides having either 0% of PEO (P1) or 50% of PEO (P2) and a PEO employed as reference.
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concentration of the polymer solution have been reported to
clearly influence the pore formation. In addition, the presence
of polar groups on the copolymer structure favors the water
condensation and thus the pore formation but if the amount of
polar groups is too high may induce coagulation.5−8

In this study we first optimized the surface patterns by
varying different parameters. First the amount of PEO included
in the copolymer. As depicted in Figure 2, for these
experimental conditions a rather regular structure was obtained
for P1 with average pores sizes of 2 μm. The rest of the
copolymers employed led to disordered structures in which the
coagulation phenomenon could be clearly observed. Reduction
of the relative humidity did not improve the regularity of the
pores obtained (see Figure 3). Decrease of the relative humidity

to 80%, P1 and P2 produced heterogeneous porous films with
areas exhibiting pores with different degree of order and flat
areas where the condensation process did not occur. In P3 and
P4 irregular coagulation may be accompanied by partial
solution of the material and as a result the films were rather
irregular. The contact angles of these films are shown in Table
1. These values confirmed that the increase in the content of
PEO, from polymer P1 to copolymer P4, led to an increasing
degree of hydrophilicity.
Considering both the difficulty to obtain ordered porous

films with copolymers with PEO and the large order obtained
for the copolymer without PEO (P1) several blends of P1 and
P2 polymers were prepared. According to previous studies,
blending may have advantages over the employment of pure

Figure 6. Left: Optical image of the porous films prepared from the blend 90/10 P1/P2. Right: Raman spectra obtained in two different areas, that
is, inside of the pores (red curve) and outside of the pore (blue curve).

Figure 7. Left: Schematic illustration of the chemical composition of the honeycomb films and the distribution of the components P1 (beige color)
and P2 (blue color) of the blends employed for the film preparation. Right: RAMAN spectra obtained in the center of the pores of the honeycomb
films prepared from (a) only P1 (green), (b) blend of P1/P2 (90:10) (blue), and (c) blend of P1/P2 (75:25) (red).
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functional copolymers. Blending allows the control of the
chemical composition of the pore while maintaining the
composition of the rest of the material. More precisely, as
previously reported, blending functional additives and non-
functional polymers (matrix) produces a phase separation
induced by the affinity of the polar component toward the
condensed water droplet. As a consequence, polar groups
enriched the surface of the pore while the external surface (in
contact with air during the evaporation process) remains
hydrophobic.7,9 In the present case, the possibility of blending
may have several important advantages. First, as a result of the
phase separation the hydrophilic component may segregate
selectively toward the pore inner cavity. Thus, the hydrophobic
component (P1 in this case) will ensure the structural
resistance to water exposure since the areas between the
pores formed by P1 will not swell. More interestingly, the pores
will be decorated with P2 having PEO as side chains. PEO is
known to prevent microbial adhesion on different substrates.
Thus, this interesting feature is expected to reduce the
microorganism adhesion.
The preparation of porous films with the blends was carried

out using CHCl3 and variable amounts of P1 and P2. By using
10 mg/mL of polymer solutions and a relative humidity of 90%,
two different blends were prepared having either 10 or 25 wt %
of P2 and 90 or 75 wt % of P1 respectively. As control porous
films of P1 under the same conditions were prepared (Figure
4). Independently of the amount of P2 the resulting surfaces
led to regular porous films with pore sizes between ∼2−3 μm.
Raman Confocal Imaging: Elucidating the Position of

the Blend Components within the Porous Film. Confocal
Raman spectroscopy allowed us to elucidate the precise
position of each component on the porous film. Figure 5
depicts the Raman spectra obtained for P1 and P2, and a linear
PEO control. It can be observed a signal at 1003 cm−1 that can

be identified in P2 and is absent in P1. Thus, this signal
corresponds to the PEO lateral chains and will be employed as
reference.
The variation of the intensity of this signal will allow us to

determine the relative concentration of the two components.
Figure 6 includes an optical image of a porous surface in which
Raman spectra were acquired at two different positions inside
and outside of the pores (Figure 6b). The Raman spectra
indicate a clear variation in the chemical composition between
these two positions. In particular, the presence of the band at
1003 cm−1 assigned to the PEO side chains has been exclusively
found inside of the pores. This fact indicates the enrichment of
the partially hydrophilic polyimide toward the pore during the
water condensation. More interestingly, the amount of
hydrophilic PEO segments within the pores could be also
varied. In Figure 7 are depicted the Raman spectra obtained
inside of the pores for two different blends having 10 and 25 wt
% of P2 and the Raman spectra of P1 employed as reference.
Following the band at 1003 cm−1 it can be evidenced a direct
relation between the intensity of this band (and thus the pore
chemical composition) and the P2 wt % of the blend employed
for the preparation of the porous films. Thus, films prepared
from the blend 75/25 P1/P2 exhibited the largest band
intensity. A smaller intensity was observed in the spectrum of
the 90/10 P1/P2 blends. Finally, this signal disappeared in the
P1 spectrum.

Bacterial Adhesion as a Function of the Pore
Composition. The porous surfaces having different amount
of PEO inside of the pores may potentially be employed to
prevent bacterial adhesion. The ability of the surface to either
adhere or repel bacteria based on the pore composition was
tested using S. aureus as model bacteria. Thus, the surfaces were
incubated with fluorescent spherical-shaped S. aureus during 1
h. Then, the surfaces were washed and the immobilized bacteria
were detected by fluorescence microscopy. The optical images
of the porous surfaces and the fluorescence images upon
bacterial incubation are depicted in Figure 8. Based on the
fluorescence images it is possible to conclude that the presence
of PEO inside of the pores clearly influences the adhesion of S.
aureus. More precisely, blends having 25 wt % of P2 prevent to
a large extent the bacterial immobilization. This preliminary
testing demonstrated that these promising functional surfaces
may be employed as coatings for membranes that are in contact
with water.

■ CONCLUSIONS
In this Research Article, we demonstrated that polyimide-g-
PEO copolymers can be readily obtained by polycondensation
of dianhydrides and an aromatic diamine containing PEO side
groups, applying the classical two-steps method of polyimide
synthesis. As a result, combining PEO diamine with other
aromatic diamines, copolymers with different content of PEO
can be prepared, which show variable hydrophilic content
depending on the PEO content. More interestingly, these
copolymers were employed in the elaboration of porous
structured surfaces by the Breath Figure method. Varying the
polymer concentration, the composition of copolymer, and also
blending copolymers with variable composition allowed us to
prepare well-ordered porous films. In particular, blends of P1
and P2, led to pores with distinct hole and surface composition.
Because of the amphiphilic nature of the polyimide-g-PEO
copolymers employed, they were preferentially located inside of
the holes. Moreover, the amount of PEO within the pore could

Figure 8. Bacterial adhesion tests on honeycomb structured films
prepared from (P1), and blends of P1 and P2 having different wt %
ratio: (a) 100/0 P1/P2, (b) 90/10 P1/P2, and (c) 75/25 P1/P2
(scale bar 20 μm).
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be varied depending on the blend composition employed for
the preparation of the porous surfaces. Finally, the behavior of
these functional porous surfaces against bacterial adhesion was
explored. In particular we evidenced that the bacterial
immobilization was reduced by using blends having 10% of
P2 and almost completely avoided in the porous films prepared
from the blends of 25% of P2.
In summary, we evidenced here that bacterial adhesion onto

membranes can be prevented using the Breath Figure approach
that permits simultaneously the preparation of microstructured
porous structures and functional pores containing antifouling
PEO segments.
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