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ABSTRACT: We have set-up a facile approach for fabrication of supports with tailored nanoporosity for immobilization of 
enzymes. To this aim block copolymers self-assembly has been used to prepare nanostructured thin films with well-defined 
architecture containing pores of tailorable size delimited by walls with tailorable degree of hydrophilicity. In particular, we 
have employed a mixture of polystyrene-block-poly(L-lactide) (PS-PLLA) and polystyrene-block-poly(ethylene oxide) (PS-
PEO) diblock copolymers to generate thin films with a lamellar morphology consisting of PS lamellar domains alternating 
with mixed PEO/PLLA blocks lamellar domains. Selective basic hydrolysis of the PLLA blocks generates thin films, pat-
terned with nanometric channels containing hydrophilic PEO chains pending from PS walls. The shape and the size of the 
channels and the degree of hydrophilicity of the pores depend on the relative length of the blocks, the molecular mass of 
the BCPs, and the composition of the mixture. The strength of our approach is demonstrated in the case of physical adsorp-
tion of the hemoprotein peroxidase from horseradish (HRP) using 2,2'-azino-bis(3-ethylbenzothiazoline-6-sulphonic acid) 
(ABTS) with H2O2 as substrate. The large surface area, the tailored pore sizes and the functionalization with hydrophilic 
PEO blocks make the designed nanostructured materials suitable supports for the nanoconfinement of HRP biomolecules 
endowed with high catalytic performance, no mass-transfer limitations, and long-term stability. 

INTRODUCTION 
When an enzyme is immobilized on a support, signifi-

cant conformational changes may occur, due to the change 
of the molecular environment of the enzyme with respect 
to the native state.1 In particular, the interactions occurring 
at the interface with the support, modification of hydration 
shell, steric hindrance between neighboring proteins after 
immobilization and/or possible enzyme clustering may 
cause significant conformational changes and, as a conse-
quence, alteration in enzymatic activity.2,3 Even in absence 
of conformational changes, adverse orientations, over-
crowding, immobilization in a too narrow environment, 
may seriously hamper the flexibility of the enzyme and/or 
diffusion of the substrate molecules toward the functional 
groups, with consequent reduction and/or loss of activity 
and selectivity.4 

In general, enzyme immobilization entails either physi-
cal adsorption or covalent bonding of the enzyme to the 

support, by using or not long chain-spacers.5-8 Immobiliza-
tion protocols, in turn, may either occur at the surface of a 
solid carrier, or through trapping of the enzyme inside an 
open network, or making use of porous media.6-8 The main 
applications for which enzyme immobilization is a key is-
sue9 are bio- and nanobio-technology and in particular bi-
ocatalysis,5,10-12 for fabrication of biosensors13-15 and/or bio-
fuel cells, in biomedicine and in emerging areas such as 
nanobiophotonics16,17 and nanobioelectronics.18 The added 
value of exploiting enzyme immobilization for a given ap-
plication may be envisaged in enhancement of enzyme sta-
bility, preservation of catalytic activity and selectivity even 
in harsh conditions, possibility of re-use, easy separation of 
the enzyme from the reaction environment.5,12  

An efficient immobilization strategy requires a rational 
selection of the supporting material and of the binding 
protocol, in order to achieve a fine control over confor-
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mation, spatial and orientational arrangement of the en-
zyme on the support.1 However, the intrinsic complexity of 
the specific interactions occurring at the interface of an en-
zyme with an artificial environment (namely the support 
and the outside reaction medium) not often mimicking the 
native conditions, makes the set up of an efficient immo-
bilization protocol a difficult task,19 and no general rules 
can be established a priori. This entails that enzyme immo-
bilization requires the development of methods ad hoc, de-
pending on the final application. 

Several immobilization methodologies have been pro-
posed to date including protein engineering,20 chemical 
modification,21 inclusion of additives,22 and immobilization 
onto or into various matrices.23-25 In particular, a noticeable 
progress in enzyme immobilization has been achieved with 
the use of nanomaterials such as nanoparticles, nanostruc-
tured surfaces and nanoporous materials, as these supports 
enable precise control of the immobilization process, in-
creased rigidity of the enzyme, and resistance to unfolding 
and deactivation processes, retention of catalytic activity, 
selectivity and long term stability.26-29  

Immobilization of enzymes using nanoporous supports 
is a growing area of research. Numerous efforts have fo-
cused on the stabilization of enzymes in nanoporous ma-
terials with pores or internal spaces in the range of na-
nometers.30-33 The large surface area of nanoporous mate-
rials and their opened pore structure can afford improved 
enzyme loading, which in turn can increase the apparent 
enzyme activity per unit mass or volume, compared with 
that of enzymes immobilized onto conventional materials. 
Several studies have highlighted the stability of enzymes 
immobilized in various porous matrices, such as carbon, 
silica, and aluminosilicates,30,31 able to prevent conforma-
tional change or denaturation. Furthermore, the immobi-
lization of biomolecules on surfaces is becoming of partic-
ular interest in biochemistry and molecular biology, due to 
multiple applications in DNA microarray construction and 
detection of proteins involved in signaling networks in a 
cell.34,36  

Block copolymers (BCPs) represent a class of materials 
that exhibit unparalleled versatility in the construction of 
nanoporous materials.37-44 A BCP molecule consists of two 
or more polymer chains covalently linked at their ends. 
BCPs constituted by incompatible blocks can give rise to 
phase separation and formation by self-assembly of na-
noscale structures having morphology and characteristic 
domain size of the incompatible blocks that depend on 
molecular mass, relative segment length, and the strength 
of interaction between the blocks, represented by the 
Flory-Huggins interaction parameter, χ.45-47 The typical 
size of the phase separated domains are in the range of 10-
200 nm and depends on block length. The exact morphol-
ogy of phase separated BCPs nanostructures, instead, de-
pends on χ and the volume fraction of the constituent 
blocks. In linear AB diblock copolymers, four equilibrium 

morphologies can be obtained, namely lamellar, hexago-
nally packed cylindrical, bicontinuous gyroid, and body-
centered cubic spherical.45-47  

Nanoporous materials can be generated by selective re-
moval of a component from a nanostructured block copol-
ymer. Currently, the generation of nanoporous materials 
from block copolymers relies on a selective etching proto-
col that does not impair the integrity of the matrix mate-
rial. Ozonolysis, UV degradation,42 reactive ion etching 
(RIE)43 and chemical etching39-41,44 are the methods that are 
commonly used for the removal of minor components to 
generate nanopores. The resulting materials exhibit the 
pore size and a pore topology reminiscent of the parent 
nanostructure, and can be used as nanolithographic masks, 
separation membranes, nanomaterial template.37. To our 
knowledge, very few examples are reported in literature 
about the possibility of using BCP based nanoporous thin 
films as supports to physically absorb proteins and en-
zymes.48,49 By immobilizing a biomolecule onto the 
nanostructured surface of a block copolymer, the presence 
of pores can enhance the amount of absorbed molecules 
and can facilitate the retention of the native structure of an 
enzyme and its activity, thus making the approach suitable 
as a novel supporting platform for biotechnological appli-
cations. The controlled introduction of a specific chemical 
functionality within the pore space is another critical issue 
in order to design a porous material useful for an efficient 
immobilization protocol. In particular, the precise intro-
duction of a specific functionality at pore walls in BCP-
based porous materials is important in order to regulate 
the hydrophilicity of the resulting material, to prevent en-
zyme aggregation and also to design protocols for the co-
valent bonding of biomolecules to the obtained porous ma-
terials.  

Here, we report a simple approach for fabrication of po-
rous block copolymer thin films able to act as support for 
the physical immobilization of specific biomolecules. In 
particular, we have designed a nanoporous thin film with 
well-defined architecture containing functionalized pores 
delimited by hydrophilic walls, exploiting self-assembly of 
lamellar block copolymers and the concept of sacrificial 
block.  

The approach has been specifically designed to modify 
the hydrophilic/hydrophobic characteristics of a given sur-
face, to introduce pores of tailored size at the surface of a 
support and functional groups inside the pores, with the 
aim of using them for hosting enzymes without impairing 
their activity. Although BCPs have been used already for 
enzyme immobilization,48,49 our approach is more general, 
robust and versatile. In this work, we demonstrate its 
strength when applied to the physical adsorption of horse-
radish peroxidase (HRP). HRP is a heme protein, which 
catalyzes the oxidation of various substrates using hydro-
gen peroxide. HRP is probably the best characterized en-
zyme, from both mechanistic and structural viewpoints, 
and the correlations between structural and spectral fea-
tures of the enzyme, under different conditions, are well 
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known. Thus, it represents an appropriate system for test-
ing porous block copolymer thin films as suitable support 
to be used for analytical applications.50  
 

EXPERIMENTAL SECTION 
 
Materials. Polystyrene (PS), polystyrene-block-poly(L-

lactide) (PS-PLLA) and polystyrene-block-poly(ethylene 
oxide) (PS-PEO) with number average molecular weights 
(Mn in Kg mol-1) of 83.5, 21.0 (PS)-24.3 (PLLA) and 22.0 
(PS)-21.5 (PEO) and molecular mass polydispersity of 1.05, 
1.14 and 1.09, respectively, have been purchased from Poly-
mer Source Inc. and used as received. Methanol (99.8%), 
sodium acetate (99.0%), sodium hydroxide (98%), hydro-
gen peroxide solution (Fluka, ≥30% RT), 2,2′-Azino-bis(3-
ethylbenzothiazoline-6-sulfonic acid) diammonium salt 
(ABTS) (98.0%, molecular mass 0.5487 Kg mol-1) and the 
protein peroxidase from horseradish (HRP) (total molecu-
lar mass 44 Kg mol-1, Type VI-A, from Amoracia rusticana, 
essentially salt-free) have been purchased from Sigma-Al-
drich. All the products have been used without further pu-
rification. HRP purity, also called Reinheitzahl (Rz), esti-
mated from the ratio of absorbance at 403 nm and at 280 
nm (Rz = A403/A280),51 amounts to 2.8 ± 0.1, indicating low 
contamination by other proteins. Silicon (100) substrates 
(thickness 525 µm) have been purchased from Spi Sup-
plies/Structure Probe Inc. The solvent 1,2-dichloroethane 
(99.8%) (DCE) and glass supports (size 24x24 mm, thick-
ness 0.13 ÷ 0.16 mm) have been purchased from Carlo Erba 
Reagents. Silicon and glass substrates have been cleaned 
with optical tissue and ethanol before use. 

Preparation of thin films and PLLA hydrolysis. Solutions 
of PS, PS-PLLA and mixtures of PS-PLLA and PS-PEO at 
PS-PLLA/PS-PEO ratios of 90/10 and 80/20 w/w have been 
prepared by dissolving the polymers in 1,2-dichloroethane 
to yield a total concentration of 0.5% and 1% (w/w) with 
respect to the solvent. Thin films have been obtained by 
drop casting or spin coating (RPM 3000 for 30 s) the so ob-
tained solutions on silicon or glass supports. To improve 
the solid-state morphology, the films containing poly(L-
lactide) (PLLA) have been heated to 200 °C and then 
cooled to room temperature on a hot bench with a gradient 
temperature. The PLLA removal has been performed plac-
ing the thin films into a 0.5 M sodium hydroxide wa-
ter/methanol (60:40 by volume) solution at 65°C for one 
min. After removing from the solution, the films have been 
washed twice with a water/methanol (60:40 by volume) so-
lution, and then dried in a hood at room temperature over-
night.  

Horseradish peroxidase catalytic performance (CP) using 
ABTS as substrate. Tests of the catalytic performance (CP) 
of HRP have been performed after incubation of the en-
zyme for different periods of time on different supports in-
cluding the bare glass support, the glass support surface-
covered with a thin film (thickness 40-80 nm) of the sole 
PS and the sole PEO, and the 90/10 w/w PS-PLLA/PS-PEO 
blend before and after etching. In all cases the coverage of 

the glass support has been performed by spin coating as 
explained above. All experiments have been performed in 
triplicate, achieving a high reproducibility. A typical test 
has been performed as it follows.  

Step 1: Enzyme immobilization. HRP has been dissolved 
in distilled water to a final concentration of 18 mg/L. 500 
µL of this solution has been deposited onto the supports 
and incubated for a fixed amount of time. During the incu-
bation time, the samples have been placed on an oscillating 
stirrer at 10 °C, to minimize solvent evaporation. Then, the 
enzyme solution has been retrieved from the film surface 
and the samples have been rinsed with distilled water to 
remove enzyme molecules that are weakly adsorbed on the 
surface. Experiments have been performed varying the 
time of contact between the enzyme solutions and the sur-
faces. In particular, we have used three different incuba-
tion times (30, 90 and 150 min). The decrease of HRP ab-
sorbance at 403 nm (ɛ403nm= 1 105 M-1 cm-1) in the solution 
retrieved from the support with respect to the initial solu-
tion used for incubation was 0.6-3%. The HRP signal in the 
rinsing water, instead, was not spectrophotometrically de-
tectable. We have checked that, in the case of the etched 
blend, in order to achieve a decrease of HRP absorbance at 
403 nm of ≈10%, an incubation time of ≈6 h was necessary. 
This corresponds to an amount of HRP adsorbed onto the 
support equal to ≈1.3 ± 0.2 mg m-2 (the surface area of the 
support is 576 mm2). Therefore, the surface density of the 
HRP molecules deposited onto our nanoporous supports 
after 6 h incubation time can be estimated to be ≈1.8 1010 
molecules mm-2, yielding an average area per HRP mole-
cule of ≈56 nm2, in good agreement with the results ob-
tained by means of fluorescence measurements for HRP 
absorbed on Si wafers.52,53 Moreover, for the tests per-
formed using an incubation time of 90 min, considering 
that the typical decrease of HRP absorbance at 403 nm in 
the solution retrieved from the support with respect to the 
initial solution was less than 1%, the value of surface den-
sity of the HRP molecules deposited on the support is less  
than 1 109 molecules mm-2.  

Step 2: Determination of catalytic performance of immo-
bilized HRP. The ability of absorbed HRP to catalyze one-
electron oxidation by H2O2 of the dye 2,2′-Azino-bis(3-
ethylbenzothiazoline-6-sulfonic acid) diammonium salt 
(ABTS) into the corresponding radical cation ABTS+• has 
been tested. The formation of ABTS+• radical cation has 
been measured spectrophotometrically at 420 nm (ε420nm = 
3.6∙104 M-1cm-1).54 

A solution of ABTS (2.45 mM) has been prepared in a 50 
mM acetate buffer at pH 4.6. Few microliters of H2O2 solu-
tion have been added to the solution in order to obtain a 
final concentration of 9.75 mM or 0.0975 mM. The reaction 
has been started by deposition of 500 µL of this solution 
onto the supports containing absorbed HRP (zero reaction 
time). We have determined the CP of immobilized HRP by 
evaluating the amount of the formed radical cation ABTS+• 
through measurements of the UV-Vis spectra of these so-
lutions after a reaction time of 5 min.  
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To evaluate the stability of the immobilized enzyme over 
the time, we have also performed enzymatic assays 7 and 
18 days after immobilization. During this time, the sup-
ports with the immobilized enzyme have been dried and 
stored at 4 °C.  

Determination of catalytic performance of free HRP . So-
lutions containing ABTS (2.45 mM) and different concen-
trations of HRP (in the range 0.025-34 nM) have been pre-
pared in a 50 mM acetate buffer at pH 4.6. The reaction has 
been started by addition of few microliters of H2O2 solution 
up to achieve a concentration of H2O2 in the final solutions 
equal to 9.75 or 0.0975 mM (zero reaction time). The 
amount of the product radical cation ABTS+• has been de-
termined by recording UV-Vis spectra of the solutions after 
a reaction time of 5 min. This quantity corresponds to the 
CP of free HRP to be compared with the corresponding pa-
rameter determined over immobilized HRP. 

 
RESULTS AND DISCUSSION 
Strategy for preparation of the nanoporous materi-

als. The strategy exploited to obtain the BCP-based na-
noporous materials is reported in Figure 1. We have se-
lected a polystyrene-block-poly(L-lactide) (PS-PLLA) and a 
polystyrene-block-poly(ethylene oxide) (PS-PEO) copoly-
mer having nearly identical molecular mass and volume 
fraction of the PS blocks close to 0.5, in order to create 
nanostructured thin films characterized by a lamellar mor-
phology. PS-PLLA has been used alone and/or mixed with 
minor amounts of PS-PEO to prepare thin films from solu-
tion by spin coating or drop casting on different surfaces 
(vide infra). Exploiting the good miscibility of PLLA and 
PEO,55-57 the final morphology will consist of PS lamellar 
domains alternating with lamellar domains of PLLA and/or 
mixed PLLA and PEO blocks (Figure 1a).  

 

 

Figure 1. Strategy used to obtain BCP based nanoporous ma-
terials. (a) The starting material is a nanostructured thin film 
in lamellar morphology, obtained by mixing polystyrene-
block-poly(L-lactide) (PS-PLLA) and polystyrene-block-
poly(ethylene oxide) (PS-PEO) block copolymers. (b) Selec-
tive removal of PLLA by basic hydrolysis leaves nanometric 
channels delimited by PS domains grafted with pendant PEO 
chains. (c) The porous material is used to immobilize the bio-
molecule. Only biomolecules penetrating inside the pores are 
drawn. For clarity, enzyme molecules sticking onto PS do-
mains are not sketched.  

Successively, selective basic-catalyzed hydrolysis of the 
PLLA blocks39-41 generates nanometric channels delimited 

by hydrophobic PS domains decorated by carboxylic and 
hydroxyl end group generated by the cleavage of ester link-
age of PLLA blocks,58 and additional hydrophilic moieties 
represented by the pendant PEO chains of the PS-PEO 
component (Figure 1b). The so-obtained nanoporous ma-
terial is used to immobilize the biomolecule (Figure 1c). 
Therefore, the rational in the use of PS-PEO as a second 
component resides in the possibility of tailoring the degree 
of hydrophilicity of the nanoporous surfaces by simply ad-
justing the initial composition of the mixture. Additional 
advantages consist in the ability of PEO to reduce enzyme 
aggregation and to preserve a more native-like environ-
ment for the supported enzyme confined in the nanopores 
(Figure 1c) even during the dehydration.1 It is worth noting 
that the proposed approach can be also extended to immo-
bilization protocols based on the covalent attachment of 
enzyme molecules to the support, using terminal function-
alized PEO blocks. 

 
Morphological characterization of BCP thin films. 

Thin films of the sole PS-PLLA (thickness 40-80 nm) have 
been prepared by drop casting or spin coating solutions of 
PS-PLLA in 1,2-dichloroethane at concentration of 0.5% or 
1% w/w onto glass slides and/or silicon wafer surfaces. Rep-
resentative bright-field transmission electron microscopy 
(TEM) and field emission scanning electron microscopy 
(FESEM) images of the so obtained thin films are reported 
in figures 2A and A’, respectively. The images exhibit a 
well-defined phase separated morphology characterized by 
a disordered array of lamellar domains oriented perpendic-
ular to the glass or silicon surface. In the TEM image (Fig-
ure 2A) contrast is due to staining with RuO4, which selec-
tively marks the polystyrene regions. Therefore, the dark 
regions correspond to stained PS lamellar nanodomains 
and the bright regions to the PLLA phase. On the contrary, 
the PS domains appear bright in the FESEM image (Figure 

2A’). The average lamellar thickness is estimated to be  28 

± 3 and  20 ± 3 nm for PS and PLLA, respectively. 
Thin films have been also prepared by drop casting or 

spin coating 1,2-dichloroethane solutions of mixtures of 
PS-PLLA and PS-PEO (Figure 1a) at total BCP concentra-
tions of 0.5% or 1% (w/w) by deposition on both glass slides 
and/or silicon wafer surfaces. Representative bright-field 
TEM and FESEM images of thin films of the blend (9:1 w/w 
ratio PS-PLLA:PS-PEO) are reported in Figures 2B and 2B’, 
respectively. There are no significant differences in the re-
sultant morphology compared to the thin films of neat PS-
PLLA (Figures 2A and 2A’). The addition of 10 wt% of PS-
PEO block copolymer does not alter the lamellar morphol-
ogy. A well-defined phase separation with a disordered la-
mellar morphology is observed also in the case of the blend 
PS-PLLA/PS-PEO. Moreover, also in this case, in the TEM 
image (Figure 2B) the contrast is provided by staining with 
RuO4 in order to mark selectively the PS lamellar 
nanodomains. In the TEM image (Figure 2B), due to the 
good miscibility of PEO and PLLA,55-57 the bright lamellar 
domains correspond to mixed PEO and PLLA components. 
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The average lamellar thickness of PS and PEO/PLLA do-
mains is similar to that observed in neat PS-PLLA thin 
films. No significant differences in morphology and lamel-
lar spacing are observed in thin films obtained by drop 
casting (Figure 2A-B) or spin coating (Figure 2A’-B’) for 
both PS-PLLA and blends.  

Thin films of the blend of Figure 2B, B’ have been im-
mersed into a 0.5 M sodium hydroxide water/methanol so-
lution at 65°C for one min to remove the poly(L-lactide) 
blocks (Figure 1b). The temperature used for the basic hy-
drolysis treatment has been selected close to the glass tran-
sition temperature of PLLA (≈ 62 °C). A tilted FESEM image 
of the etched blend, showing the formation of nanopores, 
is reported in Figure 3A. The etching treatment does not 
alter the initial lamellar morphology, as indicated by the 
comparison of the FESEM images of samples before (Figure 
2B’) and after the etching treatment (Figure 3A). 

The thin film of the etched blend has been also analyzed 
by TEM without performing any staining procedure (Fig-
ure 3A’). A remarkable contrast is present in the TEM mi-
crographs of the etched film demonstrating the effective 

removal of the PLLA blocks and consequent formation of 
nanopores. The pronounced contrast in the image of the 
Figure 3A’ is due to PS lamellar domains alternating with 
the empty channels resulting from PLLA hydrolysis. Since 
the electron beam is freely transmitted through holes, the 
scattering and/or adsorption are minimal for the PLLA hy-
drolyzed regions. No contrast, in fact, is obtained for blend 
films before the removal of PLLA without resorting to a 
staining procedure (inset of Figure 3A’). 

Therefore, the etching treatment results in porous thin 
films with nanochannels of width 20 nm delimited by PS 

lamellar domains of width  28 nm, decorated with pen-
dant PEO chains (Figure 1b). The pores are clearly visible 
in the tilted FESEM image (Figure 3A). It is worth noting 
that the etching treatment performed on the neat PS-PLLA 
thin films results in a remarkable breaking of the initial la-
mellar morphology due to dewetting (Figure S1), indicating 
that the presence of PEO component increases the stability 
of the thin films to water/methanol treatment at 65 °C.  
 

 

 

Figure 2. Bright-field TEM (A, B) and FESEM (A’, B’) images of a thin film of PS-PLLA (A, A’) and of the blend PS-PLLA/PS-PEO 
(B, B’). The films in (A) and (B) have been prepared by drop casting a solution (0.5 wt% in DCE) of PS-PLLA (A) and PS-PLLA/PS-
PEO (90/10 w/w) (B) on a glass slide, then the film have been transferred on a TEM grid and stained with RuO4 before observation. 
The films in (A’) and (B’) have been prepared by spin coating a solution (1 wt% in DCE) of PS-PLLA (A’) and PS-PLLA/PS-PEO 
(90/10 w/w) (B’) on silicon wafers. The typical thickness of these films is 40-80 nm. 

 
Characterization of the porous material. The re-

moval of PLLA blocks after etching has been confirmed by 
Raman measurements. In figure 3B the Raman spectra, ac-
quired in the range 750-1800 cm-1, of thin films of blends 

before (curve a of Figure 3B) and after (curve b of Figure 
3B) the etching procedure are reported. The main bands of 
polystyrene are located at 1000 cm-1 (C-C ring breathing 
mode), 1034 cm-1 and 1602 cm-1 (tangential ring stretching 
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mode).59 These bands are the most intense signals appear-
ing in the Raman spectra. The PS signals are present in 
both etched and non-etched blend spectra. The relevant 
PLLA bands appear at 870 and 1770 cm-1 and are attributed 
to the C-COO and C=O stretching modes, respectively.59 
In Figure 3B’ and B’’, the Raman spectra in the regions 900-
850 cm-1 and 1800-1700 cm-1 reveal that the PLLA signals are 
present in the spectrum of the blend before etching (curves 
a of Figure 3B-B’’) and disappear after the etching proce-
dure (curves b of Figure 3B-B’’), confirming the removal of 
PLLA blocks. 

Quartz crystal microbalance (QCM) measurements have 
indicated that ≈ 70 % of the initially present PLLA is re-
moved by etching treatment (Figure S2). 
The wettability of the nanoporous films has been deter-
mined by contact angle measurements using drops of 
bidistilled water (Figure S3). The average values of the con-
tact angle (CA) measured on at least 5 independent loca-
tions of the sample surface and for three different inde-
pendent specimens are reported in Table S1. Non-etched 

PS-PLLA film (Figure S3B) shows a hydrophobic surface 
with a CA value of (93.0 ± 0.1)°. Introducing the PS-PEO 
copolymer in the film, the CA value slightly decreases to 
(84.0 ± 0.1)°, due to the hydrophilicity of PEO blocks (Fig-
ure S3C). The etched PS-PLLA film (Figure S3D - D’’) ex-
hibits a CA of (62.0 ± 0.3)°, confirming the selective re-
moval of PLLA, whereas in the case of the etched blend a 
CA value of (28.0 ± 0.2)° is achieved, confirming the pres-
ence of PEO blocks decorating the PS domains (Figure S3E 
- E’’). Therefore, the incorporation of PEO polyether into 
the pore space dramatically influences the wettability of 
the resulting nanoporous material. This demonstrates that 
our approach allows obtaining surfaces with nanoporous 
layers of tailored pore size and tailored hydrophilicity with 
a high degree of reproducibility. In particular the size of 
the pores may be controlled by the molecular mass of BCP, 
whereas the hydrophilicity by the relative content of PS-
PEO BCP in the blend (Figure S4).  

 

 

Figure 3. Tilted FESEM (A) and bright-field TEM (A’) images of a thin film of the etched blend. The thin films have been prepared 
by spin coating a solution (0.5 wt% in DCE) of PS-PLLA/PS-PEO (90/10 w/w) and then by immersing them into a basic solution 
to selectively remove PLLA blocks. No staining procedure has been employed on the film for the TEM observation (A’). The tilt 
angle of the FESEM image is 66.2°. Inset of (A’) TEM image of a thin film of the blend before the etching procedure, without 
staining. B) Raman spectra of a thin film of the blend PS-PLLA/PS-PEO before (a) and after (b) the etching procedure in the range 
750-1800 cm-1. The region 900-850 cm-1 and 1800-1700 cm-1 are reported in B’ and B’’, respectively, in an enlarged intensity scale. 
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The neutron reflectivity (NR) curves of thin films of 
blend before and after removal of PLLA are shown in Fig-
ure 4A and B, respectively (Supporting Information).60  

 

Figure 4. Experimental (symbols) and simulated (lines) neu-
tron reflectivity profiles as a function of the wave-vector trans-
fer perpendicular to the surface (Qz = 4π sinθi /λ with θi the 
angle of incidence and λ the neutron wavelength) of thin films 
of PS-PLLA/PS-PEO (90/10 w/w) blend before (A) and after 
(B) removal of PLLA in different contrast configurations: D2O 
(a, d), 4-matched water (4MW) (b, e) and silicon matched wa-
ter (SiMW) (c, f). Error bars have been removed for clarity. Fits 
have been obtained according to the parameters listed in Ta-
ble S2. A’) Neutron scattering length density profile (SLD) pro-
files corresponding to the fits reported in A. Data collected on 
the D17 reflectometer at the Institut Laue-Langevin. 

The lines in Figure 4A correspond to the best common 
model obtained by the simultaneous fit of the curves meas-
ured using three different contrast configurations (see 
Supporting Information material for details). The fitted pa-
rameters are reported in Table S2. The corresponding scat-
tering length density profiles are also shown (Figure 4A’). 
The samples have been directly prepared on the surface of 
crystalline silicon wafers comprising a thin amorphous sil-
icon oxide (SiO2) layer at the surface. A two layer model 

has been used to fit the NR experimental curves from the 
thin film of blend before the removal of PLLA (Figure 4A, 
A’). The first layer corresponds to SiO2 at the surface of the 
silicon supports and the second layer to the polymeric film. 
The interfacial roughness σ between the SiO2 and the pol-
ymeric film is (0.5 ± 0.1) nm. The SiO2 layer has been found 
to have a thickness equal to (0.9 ± 0.1) nm and contains ≈ 
20 % of solvent (Table S2). The solvent in the oxide layer is 
probably due to pre-treatment of the silicon support by “pi-
ranha solution” which makes the oxide layer porous.61 The 
values obtained are in good agreement with other re-
ports.62-64 The interfacial roughness σ between the poly-
meric film and the solvent is (1.7 ± 0.1) nm. The thin film of 
blend results (41.1 ± 0.3) nm thick and contains a negligible 
amount of solvent (≈ 4%, Table S2). The etching process 
creates a lamellar structure formed by voids and polymer 
rich regions with the plane perpendicular to the solid sur-
face. This effect strongly affects the reflectivity curves (Fig-
ure 4B) since the total reflectivity arises from the incoher-
ent sum of the reflectivity of polymer rich regions plus that 
of etched surface areas. This, in turn, smears out the 
Kiessig fringes that were present in the non-etched sam-
ples (compare Figures 4A and 4B). The inhomogeneity of 
the thin film of the etched blends made not possible to use 
the standard box-model approach (see Supporting Infor-
mation). As data modeling is not trivial in this case, no fit-
ted lines are shown in Figure 4B. 

 

Immobilization of enzyme on the nanoporous sup-
port. We have selected a horseradish peroxidase (HRP), as 
a protein model to generate active surfaces upon adsorp-
tion on the BCP nanopouros surfaces. There are various 
methods for protein immobilization on solid surfaces, in-
cluding binding to a support (physical adsorption or chem-
ical binding), cross-linking or entrapment. We have per-
formed HRP immobilization by deposition of enzyme so-
lutions onto the supports and incubation for a fixed 
amount of time. The contact between the enzyme solu-
tions and the supports has been performed for period of 
time ranging from 30 min to 1.5 h, in order to improve the 
diffusion and the stabilization of the enzyme.  

Catalytic performance of immobilized HRP. We 
have evaluated the catalytic performance of the enzyme 
HRP immobilized onto our BCP nanoporous surfaces and 
we have compared the results with those obtained in the 
case of the same enzyme immobilized on PS thin films and 
glass slides. The size of the channels of the BCP nanopo-
rous support is ≈ 20 nm, whereas the length of the channels 
is hundreds nanometers; that is the average area of the 
pores is well higher than the imprint of a HRP biomolecule 
lying on a surface (≈ 28 nm2).52,53,65 

The enzymatic performance of immobilized HRP on the 
solid surfaces has been assessed in the presence of H2O2 
by means of the oxidation of ABTS into the corresponding 
radical cation, ABTS+•. The catalytic performance (CP) of 
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HRP immobilized on the different support has been deter-
mined as the amount of ABTS+• radical cation produced af-
ter 5 min reaction time (see Experimental Section). 

In particular, after immobilization, the CP of the enzyme 
has been evaluated by placing a freshly prepared solution 
of ABTS and H2O2 on the surfaces containing immobilized 
HRP. Three different incubation times (30, 90 and 150 min) 
have been used. The concentration of the enzyme solution 
in the incubation step and the experimental conditions 
during the tests performed to verify the enzyme CP have 
been kept identical in the three experiments. The UV-Vis 
spectra of the solutions acquired after 5 min of contact be-
tween the ABTS (2.45 mM)/H2O2 (9.75 mM) solutions and 
the etched BCP blend, PS and glass slide surfaces contain-
ing immobilized HRP are reported in Figure S5A-C, for the 
three different incubation times, whereas the concentra-
tion of the ABTS+• radical cation in the recovered solutions 
evaluated from the absorbance at 420 nm (Figure S5) are 
reported in Figure 5A and Table S3. 

Using an incubation time of 30 min, no appreciable dif-
ferences have been observed for the ABTS+• concentration 
in the solutions retrieved from PS and etched BCP blend 
(test a of Figure 5A and curves a, b of Figure S5A). Notably, 

using longer incubation times (tests b, c of Figure 5A and 
Figure S5 B, C), the intensity of the characteristic peaks of 
ABTS+• in the solution retrieved from our porous support 
(curves a of Figure S5B, C) sensibly increases with respect 
to the solution deposited on the PS surface (curves b of Fig-
ure S5B, C). In particular, using an incubation time of 150 
min (test c of Figure 5A and Figure S5C), the peak at 420 
nm in the case of the etched BCP blend becomes out of 
scale (curve a of Figure S5C).  

The results of Figure 5A and S5 indicate that using a 
short incubation time (test a of Figure 5A and curves a e b 
of Figure S5A) the quantity of active HRP immobilized on 
the PS film and on the etched blend is approximately the 
same. However, using longer incubation times (test b and 
c of Figure 5A and Figure S5B, C) the quantity of active en-
zyme absorbed onto our nanoporous support is higher. We 
argue that an incubation time of at least 1 h is needed to 
HRP biomolecules to migrate inside the pores. The green 
color of the solution reveals the formation of the oxidized 
product ABTS+• (Figure 5B, C). The color intensity of the 
solutions, proportional to the concentration of the radical-
cation, results higher for the solutions retrieved from our 
porous support (images c’,e’ of Figure 5B, C).   

 

 

Figure 5. A) Concentration of ABTS+• radical-cation evaluated from the ABTS/ABTS+• solutions retrieved after 5 min of contact 
with the HRP enzyme immobilized on the etched BCP blend, PS and the glass slide. The tests have been performed immediately 
after the immobilization of HRP (a-c), using different incubation times (IT) of 30, 90 and 150 min, and upon aging the supports 
for 7 (d) and 18 (e) days after HRP immobilization; in these last two cases the incubation time of HRP is fixed at 30 min. B, C) 
Photographs of the ABTS/ABTS•+ solutions retrieved after 5 min of contact between the ABTS/H2O2 solutions and the etched blend 
(c’,e’), the PS (c’’,e’’) and glass slide (c’’’,e’’’) in the case of the experiments performed using IT of 150 min (test (c)) and IT of 30 min 
after 18 days from immobilization (test (e)). The tests have been performed using an ABTS and H2O2 concentration of 2.45 and 
9.75 mM, respectively. 

 
These data suggest that the enzyme retains its catalytic 

performance after immobilization on the different surfaces 
and that the quantity of active HRP immobilized on our 
porous BCP support is higher, if the incubation time is long 

enough. The result that the incubation protocol of the HRP 
on our porous surfaces entails a threshold time to signifi-
cantly differentiate the enzymatic performance of HRP ad-
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sorbed on the flat supports suggests that the immobiliza-
tion process is diffusion limited. In the case of PS and glass 
supports, indeed, HRP is adsorbed on a flat surface, and 
only the specific balance of hydrophobic/hydrophilic inter-
actions with the supports plays a key role. In the case of the 
porous surface of our etched blend, instead, also the diffu-
sion of HRP inside the pores comes into play, since the 
pore dimensions are comparable with the average dimen-
sions of the enzyme molecules.52,53  

Parallel tests performed on free HRP in solutions with 
ABTS/H2O2 concentration of 2.45 and 9.75 mM, respec-
tively (curve a of Figure S6), reveal that, after 5 min reac-
tion time, the concentration of ABTS+• radical-cation 
matches the same level obtained by using the etched blend 
in the test b of Figure 5 (90 min incubation time) with use 
of a HRP concentration of free enzyme in the solution 
equal to ≈1 nM (black arrow in Figure S6). Since the esti-
mated amount of immobilized enzyme on the etched sup-
port for incubation times of 90 min is of the order of ≈1 109 

molecules mm-2 (see Experimental Section), the amount of 
HRP molecules in contact with 500 μL of solution contain-
ing the substrates is also ≈ 1 nM, indicating that immobili-
zation of enzyme on the nanoporous support does not 
greatly impair the CP of HRP.  

It is worth noting that we have also performed catalytic 
tests using the same condition as Figure 5 and S5, with the 
enzyme immobilized onto thin films of a PEO homopoly-
mer and of the blend before pores creation (Figure S7). The 
results demonstrate that the enzyme immobilized onto the 
thin films of PEO homopolymer (curve d of Figure S7) and 
non-porous blend (curve e of Figure S7) shows a much 
lower CP compared to the enzyme immobilized on the 
other examined surfaces (etched blend, PS and glass slide). 

We have also performed the catalytic tests of the enzyme 
by varying the concentrations of hydrogen peroxide and 
ABTS (Figure S8). Also in this case, the enzyme immobi-
lized onto our nanoporous support (curves a of Figure S8) 
shows an increased CP with respect to the enzyme immo-
bilized on PS thin films (curves b of Figure S8) and glass 
(curves c of Figure S8), and an almost complete preserva-
tion of CP, when compared with that of free HRP (red ar-
row of Figure S6).  

Stability of the immobilized enzyme with aging is also 
critical. Therefore we have characterized the surfaces in 
terms of long term stability of enzyme CP by measuring the 
CP of immobilized HRP upon aging the supports for 7 and 
18 days after immobilization, using a fixed incubation time 
(30 min) (tests d, e of Figure 5 A and Figure S5 D, E). As 
previously discussed, when we perform the test immedi-
ately after the enzyme immobilization using an incubation 
time of 30 min (test a of Figure 5A and Figure S5A), the 
HRP over the glass slide exhibits the lowest CP (Figure 5A 
and curve c of Figure S5A) while the HRP immobilized on 
our porous support (Figure 5A and curve a of Figure S5A) 
shows CP similar to that immobilized on PS thin film (Fig-
ure 5A and curve b of Figure S5 A). In the stability tests, the 
absorbance decreases with increase of aging time for all the 

surfaces (tests d, e of Figure 5A and Figure S5 D, E) indicat-
ing that the ability of the HRP to catalyze the oxidation of 
ABTS progressively decreases over the time. However, 
there is a less pronounced loss in enzyme CP with aging 
time for the enzyme immobilized on our porous support 
(compare tests a, d and e of Figure 5A and Figure S5A,D, 
E). In particular, after 7 days (test d of Figure 5A and Figure 
S5D), the loss of CP with respect to the freshly prepared 
support is 54% in the case of the etched blend (curve a of 
Figure S5D) and 80% and 63% in the case of the PS thin 
film (curve b of Figure S5D) and the glass slide (curve c of 
Figure S5D), respectively. Therefore, for non-porous sup-
ports there is significant loss in the CP of immobilized 
HRP. After 18 days (test e of Figure 5A and Figure S5E), the 
loss of CP for HRP immobilized on our porous support is 
81% (19% residual performace, curve a of Figure S5E) while 
the loss of CP for the HRP immobilized on PS and glass 
slide is almost total (curves b and c of Figure S5 E). HRP 
immobilized on non-porous supports displays a more sig-
nificant decrease in enzyme CP. In other words, enzyme 
immobilized on non-porous supports is deactivated at a 
higher rate and our porous BCP matrix is significantly su-
perior in maintaining enzyme CP. It is possible that the po-
rous structure provides an environment that protects en-
zyme from deactivation. Therefore, the use of porous sup-
ports not only yields greater enzymatic CP, but also signif-
icantly improves its long-term stability.  

Recycling tests of immobilized HRP on the different sup-
ports have been also performed. In particular, the supports 
subjected to 90 min incubation time with HRP have been 
subjected to consecutive catalytic tests using 500 μL solu-
tion of ABTS (2.45 mM) /H2O2 (9.75 mM), and introducing 
an intermediate washing step with 500 μL of a 50 mM ace-
tate buffer (pH 4.6) in between each couple of consecutive 
tests (data not shown). Comparison of the concentration 
of ABTS+• radical cation obtained in consecutive tests after 
5 min reaction time, indicate an almost complete loss of CP 
of the adsorbed enzyme for the PS and glass supports al-
ready after the pristine test, and a much better retention of 
enzyme CP for the nanoporous supports created by etching 
our blend, with a CP loss of ≈60% after the third consecu-
tive test.  

It is worth noting that physical adsorption of enzyme 
onto a support is less efficient than covalent immobiliza-
tion, because part of the protein might easily undergo 
leaching from the support, with the result that the ob-
served CP is always due to contribution from both the im-
mobilized and solubilized fractions. Notwithstanding, our 
results demonstrate that after enzymatic tests, the HRP 
immobilized on our nanoporous BCP supports retain part 
of initial CP, not only in recycling tests but also after aging. 
Most importantly, also the initial morphology is retained 
(data not shown). This entails that the BCP based nanopo-
rous surfaces may be regenerated a repeating number of 
times through incubation with a new aliquot of enzyme, 
while maintaining unaltered catalytic performance. 
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CONCLUSIONS 
Exploiting the partial miscibility of polyethylene oxide 

(PEO) and poly(L-lactide) (PLLA), and the possibility to 
easily remove PLLA blocks by basic hydrolysis, we have set 
up a robust procedure that allows building nanostructured 
membranes with well-defined architecture containing 
elongated pores (≈ 20 nm in width) delimited by PEO hy-
drophilic walls. The large surface area, the tailored pore 
sizes and the functionalization with hydrophilic PEO 
blocks make the designed nanostructured material suita-
ble supports for the immobilization of enzymes such as 
HRP. The use of our porous substrate as confining agent 
for the HRP improves the catalytic performance of the en-
zyme without mass-transfer limitations. The total catalytic 
performance of HRP immobilized onto porous supports is 
greater than that of HRP immobilized onto flat hydrophilic 
(glass) and hydrophobic (PS) surfaces and the presence of 
pores makes the long term stability of immobilized enzyme 
high. This block copolymer based approach for building 
nanoporous patterned surfaces is a robust and versatile 
tool useful not only in applied research such as for fabrica-
tion of lab-on-chip biosensors, but also in basic research to 
study the adsorption mechanism of proteins in constrained 
environment with controlled geometry at fundamental 
level.  

Finally, we also remark that the present approach has the 
potential of being easily extendible to usages for which the 
covalent immobilization of enzymes and biomolecules in 
general, is required. This can be achieved resorting to the 
use of a BCP component containing PEO blocks end func-
tionalized (e.g. hydroxyl, ammine or carboxylic groups) 
which can be exploited in reactions with complementary 
functional side groups of amino acid residues placed at the 
outer surfaces of an enzyme (e.g. the amino groups of ly-
sine, or -COOH groups of glutamate) either by direct reac-
tion or using suitable intermediate spacers.  
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