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A B S T R A C T   

Immobilization of enzymes on supporting materials for biocatalysis is highly desired for industrial applications, 
because it endows the biocatalytic platform with significant advantages compared to free enzymes, e.g., easy 
separation, re-usability, and long-term stability. However, the possible denaturation of immobilized enzymes by 
the underlying substrate or crosslinking, and the limited amount of attached enzymes, often results in a low 
enzymatic activity. Here, we employ polyelectrolytes to assemble glucose oxidase in thick films in a layer-by- 
layer (LbL) way. By screening a large range of conditions, we show that the immobilized enzymes may retain 
their intrinsic structure and display a high activity when deposited in suitable conditions with the appropriate 
polycation. Moreover, the activity of formed multilayer enzyme films can be tuned depending on deposition 
conditions. We also demonstrate swelling of the film by the reaction medium by in-situ AFM measurements, with 
the film behaving as a hydrogel in which the enzymatic substrate can easily access the active site of enzymes 
immobilized all along the film. Hence, despite the complexity of protein adsorption in LbL films, conditions for 
stable growth of active enzymatic films of tunable activity can be found, offering a promising way to design 
highly active enzyme-immobilized catalytic platforms.   

1. Introduction 

Enzymes are natural biocatalysts with sophisticated three- 
dimensional structures capable of catalyzing a wide range of biochem
ical reactions with specific activity, offering a great promise for various 
industrial applications [1–3]. Generally, the industrial use of enzymes as 
biocatalysts requires immobilization on supporting scaffolds, because 
free enzymes are readily denatured and difficult to be recovered/sepa
rated from reaction products. An immobilization strategy can not only 
overcome these economic and operational limitations, but also bring 
long-term enhanced enzyme stability against heat, mechanical stirring 
force or organic solvents which are typically used in industrial settings 
[4–6]. 

Diverse immobilization strategies have been exploited for a variety 

of tasks [7], typically categorized into entrapment within a matrix and 
scaffold-binding [8]. Entrapment of enzymes always involves the syn
thesis of a matrix (e.g., sol-gel, micelles and polymer capsules) in the 
presence of enzymes [9] whereas scaffold-binding refers to the attach
ment of enzymes to supporting surfaces by physical and/or chemical 
interactions, e.g., hydrophobic, van der Waals, electrostatic interactions, 
and hydrogen and covalent bonds [8]. Scaffold-binding is often 
preferred owing to the large selection of possible supporting materials, 
ease of handling being another advantage. However, direct phys
ical/chemical binding of enzymes to solid supports may cause enzyme 
aggregation or denaturation, resulting in a low catalytic efficiency [10]. 
Moreover, the undesirable release of physically-immobilized enzymes is 
a challenge in practical applications. 

When paired with some polyelectrolytes, enzymes form complexes 
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with them via physical interactions without perturbation of the sec
ondary and tertiary structures, thus retaining their intrinsic biological 
activity [11–13]. The polyelectrolytes act as a glue to adhere enzymes 
onto the supporting surfaces. Furthermore, enzymes and poly
electrolytes can be alternately deposited in a layer-by-layer fashion, 
namely layer-by-layer assembly (LbL), which is a well-established 
technology to fabricate functional coatings on/in any supporting 
shape [14,15]. Its mild aqueous assembly conditions are especially 
suited to the immobilization of enzymatic multilayers, and the nano
scale regulation afforded over the structure of the films by assembly 
conditions (e.g., pH, ionic strength) facilitates the fine control of the 
activity of LbL enzymatic films. The most exciting feature relies on its 
compatibility with porous supports which are ideal Supporting materials 
for industry thanks to their large internal surfaces. 

However, the complexity of enzyme structure and the patchy nature 
of their surface charge distribution make the assembly of enzymes with 
oppositely charged polyelectrolytes complicated [16–19]. Therefore, 
the adsorption of protein-polyelectrolytes soluble complexes has been 
proposed as an alternative route for a more stable deposition [20]. Here, 
however, we show that robust and stable multilayers comprising glucose 
oxidase can be obtained by classical LbL strategy, and display a high 
enzymatic activity. 

Glucose oxidase (GOX) is a robust enzyme with a readily available 
substrate, hence a good model candidate to explore enzymatic LbL as
sembly. Additionally, chitosan was reported to work well when paired 
with β-lactamase [21]. Furthermore, branched polyethyleneimine has 
long chain branches which are believed to tightly trap enzymes [22]. 
Therefore, we use glucose oxidase as model enzyme to explore the 
immobilization of enzymes by layer-by-layer assembly with two poly
cations (chitosan and branched polyethyleneimine) in different assem
bly conditions, and analyze their activity for optimized assembly 
conditions. By comparing the activity of enzyme films with different 
numbers of bilayers, we study the role of the terminal layer on the ac
tivity of immobilized enzymes. We find that the re-organization of 
immobilized enzymes by subsequent polyelectrolyte adsorption may 
contribute to a higher enzyme catalytic efficiency of swollen LbL enzyme 
films. Furthermore, the swollen structure of enzymatic LbL films in 
aqueous solution facilitates the free diffusion and access of substrates to 
the immobilized enzymes, making the LbL enzymatic films ideal coating 
materials for industrial applications. 

2. Materials and methods 

2.1. Materials 

Glucose oxidase (GOX from Aspergillus niger, type x-s, lyophilized 
powder), horseradish peroxidase (HRP, type VI, lyophilized powder), 
branched polyethyleneimine (bPEI, Mn 60,000 g mol− 1, Mw ca. 750,000 
g mol− 1, 50 wt% in H2O), o-dianisidinedihydrochloride, 4-morpholinee
thanesulfonic acid (MES), acetate acid, acetate sodium (AC) and glucose 
were purchased from Sigma-Aldrich. Chitosan (CHI, degree of deace
tylation (DD)>90%, Mw ca. 270,000 g mol− 1) was obtained from 
Novamatrix. 2-[4-(2-Hydroxyethyl)− 1-piperazine] ethanesulfonic acid 
(HEPES free acid), potassium bromide (FT-IR grade, ≥99%) and 
dichloromethane (99.8%, for analysis) were purchased from Acros Or
ganics. All polyelectrolytes and GOX solutions were freshly prepared at a 
concentration of 1.0 mg/mL either in water or in buffer at desired pH 
(pH range, 5.0–10.0). In these conditions, GOX has a negative charge 
given an isoelectric point of 4.2 [13,23,24], and PEI is positively charged 
[25,26]. The pH of chitosan solution was kept below 6.5, since precip
itation occurs when pH exceeds 6.5 due to its low solubility which de
pends on the degree of protonation of lateral amine groups [27]. The 
zeta potentials of GOx, CHI and bPEI in different solutions were 
measured and summarized in Table S1. Ultrapure Milli-Q water (Mill
pore) with 18.2 MΩ cm resistivity was used in all experiments. 

2.2. LbL assembly 

Silicon was used as substrate for the LbL film construction. Briefly, 
prior to alternated adsorption of GOX and polycation, the silicon (1 
cm×1 cm) was cleaned by immersion in a freshly prepared piranha 
solution (2:1 mixture of concentrated sulfuric acid and 30% hydrogen 
peroxide solution) for 30 min to remove contaminants as well as to 
maximize the negative charge density on surfaces, followed by rinsing 
with water and then blown dry by Ar gas. (Caution: “piranha” solution 
reacts violently with many organic materials and should be used with 
extreme care). The silicon surface was negatively charged after treat
ment. The multilayer films were assembled manually by repeated and 
sequential dipping of silicon substrates into polycation and enzyme so
lutions with rinsing between polyelectrolyte and enzyme depositions. In 
this hand-dipping procedure, the silicon substrates were first placed in a 
polycation solution for 15 min, followed by two rinses of 2 min each 
using the buffer or water which was used for adsorption solutions. 
Substrates were then transferred into the GOX solution following the 
same protocol used for the assembling of the previous layer to finalize 
one cycle, defined as one bilayer. At the end of the buildup process 
(when the desired number of bilayers was reached), the multilayered 
films were washed by pure water to remove the buffer salt entrapped in 
the film when buffer was used for the polyelectrolyte deposition, fol
lowed by drying under compressed nitrogen flow. 

2.3. Spectroscopic ellipsometry 

The growth evolution of LbL planar films on silicon substrates was 
monitored by spectroscopic ellipsometry (Uvisel, Horiba-Jobin-Yvon) 
by measuring their thickness in the dry state. The measurement was 
performed at an incidence angle of 67.2◦ in a wavelength range from 
300 to 800 nm at 4 nm resolution. At least three measurements were 
performed on each sample to give an average thickness. 

The collected data were analyzed by using the built-in DeltaPsi 2 
software with a three-layer model. In this model, the complex index of 
refraction (n+jk) of bulk Si and SiO2 were taken from the built-in 
database provided by the manufacturer. The thickness (dSiO2) of the 
native SiO2 was first measured by ellipsometry on the bare wafers just 
after piranha solution treatment. An average of 1.5 nm was determined 
by fitting on the basis of a two-layer optical model (without polymer 
layer on top). The SiO2 thickness, dSiO2, was subsequently fixed to 1.5 
nm during the fitting of the LbL film layer in a three-layer model wherein 
the LbL film layer thickness and complex index of refraction are the sole 
unknowns, assuming a homogenous and isotropic layer. The complex 
index of refraction and the thickness of the LbL films were thus modeled 
by a Cauchy dispersion law: 

n(λ) = A+
B∙104

λ2 +
C∙109

λ4 , k(λ) = D∙10− 5 +
E∙104

λ2 +
F∙109

λ4 (1)  

where n, k are the refractive index and extinction coefficient, respec
tively, and A, B, C, E, D, F, G are Cauchy coefficients that can be 
determined by fitting data at each wavelength (λ). In most cases, 
dielectric materials are transparent in visible spectral wavelengths and 
become adsorbing only in the higher UV range. Therefore, a simple 
Cauchy transparent model was used in the visible range (560–800 nm) 
by setting k (λ)=0. 

2.4. Atomic force microscopy (AFM) 

The thickness of dried (in air) and hydrated (in aqueous solution) LbL 
flat enzyme films was measured with a Nanoscope VIII Multimode AFM 
(equipped with a fluid cell, Bruker) with peak force tapping mode 
(PeakFore QNM). Scratch lines were made by prep blades to uncover the 
silicon substrate and measure the film height (thickness). The samples 
were scanned in air and then in aqueous medium over an appropriate 
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area, which consists of film and exposed silicon substrate at a scan rate of 
0.387 Hz with ScanAsyst-air and ScanAsyst-fluid probes (Bruker), 
respectively. Before AFM measurements in aqueous solutions in the fluid 
cell, a small droplet of solution was placed on the samples that were 
previously scanned in air and leave at rest for 40 min to reach dynamic 
equilibrium. Collected images (20×20 µm2) were used to compute the 
film thickness by statistical analysis after flattening the substrate area 
(film area excluded) using 1st order polynomials in a line-by-line type in 
X direction. The root-mean-square (RMS) roughness was reported for 
10×10 µm2 images after flattening the whole image by using zero order 
polynomials in a line-by-line scan in the X direction. All acquired data 
were analyzed by home-made programs. The swelling degree (SD) of 
LbL films on silicon in aqueous solutions was calculated as follows: 

SD =
dwet − ddry

ddry  

where ddry and dwet are the film thicknesses measured in air and in 
aqueous solution, respectively. The scanned areas in air and in fluid are 
exactly identical in order to avoid the influence of variation in film 
thickness at different locations of the sample. 

2.5. FTIR measurements and analysis 

Fourier transform infrared (FTIR) spectra were collected at 
8 cm− 1resolution (128 passes) on an FTIR spectrometer (Nicolet Nexus 
870, Thermo Scientific). For free glucose oxidase, a standard KBr disk 
was prepared. As for the polyethyleneimine aqueous viscous solution, it 
was simply deposited over an IR-transparent support (ZnSe crystal), and 
the spectrum acquired with a Continuµm IR microscope (Nicolet) in 
transmission. For (bPEI/GOX)n films or GOX adsorbed on silicon sub
strates, the spectra were recorded directly in transmission with a freshly 
prepared bare silicon as background, whereas Infrared reflection- 
absorption spectroscopy (IRRAS) was exploited to detect the layer of 
bPEI or GOX adsorbed on Au-coated silicon with the help of a smart 
SAGA accessory. 

2.6. Enzyme activity 

The activity of the enzyme was measured spectrophotometrically 
(Agilent Cary 50) by monitoring the production of soluble oxidized o- 
dianisidine (yellow-orange), which is generated by the oxidation of 
reduced o-dianisidine (colorless) in the presence of peroxidase (POD) 
and hydrogen peroxide (H2O2). The H2O2 is the product of oxidation of 
glucose by oxygen, catalyzed by glucose oxidase. To measure the ac
tivity of planar enzymatic films grown on flat silicon substrates, a piece 
of enzyme-loaded silicon square (11 mm×11 mm) was glued using 
double-sided tape in a well, with the rough surface of the Si wafer 
sticking on the base of the well to exclude the contribution to the 
measured activity of the film of enzyme deposited on this rough surface; 
then, 2.00 mL of a 0.3 mM o-dianisidine dihydrochloride solution in 
50 mM sodium acetate buffer (pH 5.5), and 0.20 mL of a horseradish 
peroxidase (HRP) solution (containing approximately 60 units/mL) 
were poured into the well (12 well cell culture plate) containing the 
enzyme-modified silicon square, and air-equilibrated. 0.50 mL of a 
3.0 mM glucose solution was then added to the well and the increase in 
absorbance at 460 nm (maximum absorption) of the solution was 
recorded at room temperature every two minutes immediately after 
mixing, for 20 min during which continuous shaking was applied (KS-15 
shaker, Edmund Bühler GmbH). The enzyme activity was here defined 
as the initial rate of the coupled reaction, i.e., the initial increase per min 
of the absorbance at 460 nm, ΔA460 nm/min. 

3. Results and discussion 

3.1. Construction of enzyme-containing multilayer film 

LbL assembly on the basis of weak interactions between poly
electrolytes is not always feasible [28,29], depending on the nature of 
polyelectrolytes and the assembly conditions, typically pH and ionic 
strength of polyelectrolyte solutions, and use or not intermediate drying 
steps [30,31]. In particular, the buildup of protein multilayer films via 
the assembly of various proteins with oppositely charged poly
electrolytes is really a challenge [17,20,23,32,33], owing to the 
complexity of their structure and the patchy nature of their distribution 
of surface charge. As reported previously [13,34,35], several poly
cations, for instance, chitosan (CHI), and branched polyethyleneimine 
(bPEI), work well when paired with enzymes. Herein, the buildup of 
GOX alternating with chitosan (Fig. 1A) or branched polyethyleneimine 
(bPEI) (Fig. 1B) films on planar surfaces in various assembly conditions 
was explored by spectroscopic ellipsometry. The thickness evolution of 
the multilayer films was monitored in dry conditions, providing a pre
liminary insight into the growth behavior of protein films. To make sure 
that GOX enzyme exhibits a globally negative charge in solution, the pH 
of the GOX solution was always adjusted at a value higher than GOX 
isoelectric point (4.2) [13,23,24]. For chitosan, with a pKa=6.0–6.5 [36, 
37], a pH beyond 6.5 reduces sharply the positive charge density along 
chitosan chains due to the deprotonation and consequently decreases its 
solubility, resulting in flocculation. To avoid precipitation, the pH of the 
chitosan solution was thus limited to the 5–6.5 range, and the assembly 
of CHI with GOX was always performed in this pH range. However, for 
bPEI/GOX films, the assembly was performed at a pH beyond 6.5 to 
maximize the surface negative charge density of the globular GOX en
zymes and strengthen the electrostatic interactions. 

Under all tested conditions, similar fluctuation trends in the thick
ness of CHI/GOX films were observed (Fig. 1C). The thickness fluctua
tion is also shown to depend on the nature of the outermost layer (GOX 
or CHI), suggesting that the GOX previously adsorbed over a chitosan 
layer is heavily released when the next CHI layer is deposited, although 
low buffer concentrations and high pHs increase the amount of adsorbed 
GOX at each step. For instance, a 4 nm thick GOX layer is adsorbed over 
a CHI layer in 50 mM acetate buffer (pH 5.1), while its thickness in
creases to 8 nm in 10 mM MES buffer (pH 6.5), close to the spherical 
diameter of GOX, 60–80 Å [23,38,39]. However, a heavy release of 
adsorbed GOX upon subsequent CHI deposition is observed, regardless 
of the amount of previously absorbed GOX over the CHI layer, leading to 
a limited growth in 10 mM MES buffer (pH 6.5) and even non-growth of 
films in a 50 mM buffer solution. To check the possibility of applying 
intermediate drying step to improve the stability of the enzyme layer 
against the subsequent deposition of a chitosan layer, as well as 
increasing the amount of GOX adsorbing over a pre-dried chitosan layer, 
a series of samples with different numbers of (CHI/GOX) bilayers were 
dried and further immersed into polyelectrolyte solutions (CHI or GOX) 
(Fig. S1A). GOX and CHI-terminated films were incubated in CHI and 
GOX solutions, respectively. A similar release and adsorption of enzymes 
was observed on the samples which experienced drying, revealing that 
drying neither enhanced the stability of the enzyme layer nor increased 
enzyme adsorption. 

For bPEI/GOX films, the situation is totally different. In most tested 
conditions, growth was generally observed, characterized by an increase 
in average film thickness (Fig. 1D). Depending on assembly conditions, a 
tiny decrease in thickness was however detected due to a limited 
desorption of GOX when bPEI is deposited over the precedingly- 
adsorbed GOX layer, in agreement with AFM (Fig. S2) and FTIR mea
surements (Fig. 2A and S3). Higher buffer concentrations and lower 
assembly pHs gave rise to a larger enzyme release, indicating that lower 
ionic strengths and higher pHs facilitate the buildup of LbL enzymatic 
films, resulting in a faster LbL growth. At low ionic strength, unlike for 
the CHI/GOX pair, the rinsing medium plays a signification role in film 
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growth. Using a buffer medium instead of pure water for intermediate 
washing steps yielded thicker enzyme LbL films. The slower growth 
when pure water was used for intermediate rinsing steps might be 
attributed to the reorganization of the previously adsorbed chitosan 
layer upon exposure to a medium of different pH, consequently affecting 
subsequent GOX accumulation. No significant difference was observed 
between LbL assembly at pH 7.0 and 8.0 when 10 mM HEPES buffer was 
used for the buildup, suggesting further increase in solution pH made 
minor contribution. 

The buildup process resulting from alternated deposition of GOX and 
polycations (CHI, bPEI) in pure water was investigated as well. A 
thickness of ca. 300 nm could be reached for 9.5-bilayer films, regardless 
of the polycation used (Fig. S1B). In this case, the enzymes may pene
trate in the previously formed film, resulting in an exponential growth. A 
slight removal of adsorbed enzyme occasionally occurred during poly
cation deposition, indicating that pure water (low ionic strength) not 
only promotes GOX deposition over the previous polycation layer but 
also prevents the dissolution of GOX-polycation complexes. 

However, when the pH of GOX (initial pH, 7.2) and bPEI (initial pH, 
10) solutions were adjusted to 6.5, the growth evolution (rinsed in pure 
water without NaCl) was totally different, exhibiting much slower 
increment in thickness per bilayer. This is primarily due to the moderate 
amount of GOX adsorbed on previous bPEI layers, 10 nm of GOX layer 
compared to 50 nm (when the pH of GOX and bPEI solutions were 7.2 
and 10.2, respectively); however, very little GOX release is observed 
when the multilayers are exposed to the bPEI solution at pH 6.5. One 
should be aware of the fact that, apart from the pH change by addition of 
HCl, the increase in ionic strength of the bPEI solution resulting from the 
pH adjustment also play important role in LbL film growth (Fig. S1B). 
The amount of absorbed GOX depends on the properties of the previous 
bPEI layer which depends on the pH and ionic strength of the bPEI so
lution. The contact angles of bPEI/GOx-terminated films prepared in 
polyelectrolyte solutions with different pHs were measured (Fig. S5). 
bPEI layer deposited at higher pH has a slightly smaller contact angle, 
indicating that pH of polyelectrolyte can moderately regulate the surface 
wettability of films. The properties of the underlying layer are indeed 
crucial for the sequential adsorption of oppositely charged poly
electrolytes [40]. 

These observations demonstrate that high pH and low ionic strength 
facilitate LbL enzymatic film growth. They also show the utmost sensi
tivity of the LbL growth process to minute variations of assembly con
ditions, which is typical of protein LbL assembly and results from the 
complex and patchy distribution of surface potential of proteins. 

Nevertheless, despite this complexity, it is possible to find proper 
deposition conditions by exploring systematically the range of possible 
conditions. To avoid the possible denaturation of GOX enzyme during 
the assembly while ensuring a large amount of enzyme in the films, 
bPEI/GOX enzyme films built in 10 mM HEPES buffer (7.0) were 
selected for further investigation. 

3.2. Redispersion of immobilized enzyme by subsequent bPEI adsorption 
for higher activity 

The activity of GOX planar films assembled in 10 mM HEPES buffer 
at pH 7.0 was thus measured. A regular increase in the activity of films 
with increasing number of bilayers was observed (Fig. 2A), revealing the 
accumulation of enzyme on the silicon wafer in a layer by layer fashion, 
as evidenced by the thickness evolution. However, there exists a tran
sition in activity at around four bilayers, at which point the film enters 
into a faster and stable growth region (Fig. 2A). This transition phe
nomenon occurring during growth is commonly observed, because the 
film usually takes several bilayers to fully eliminate the influence of the 
substrate and establish a stable growth [41]. 

Of interest is the low activity of films below four bilayers (thickness 
lower than 13 nm), while a significant amount of GOX is observed by 
infrared spectroscopy (Fig. 2A). For instance, as for (bPEI/GOX)2 film, a 
monolayer of GOX (complexed with bPEI) is present on the silicon 
substrate (7.7 nm), approximately identical to the GOX enzyme size [38, 
39]. A full coverage of GOX enzymes over silicon substrates for 2-bilayer 
film was observed by AFM (Fig. S6). This GOX monolayer yielded 
0.00029 of increment in activity, which is at least 100 times lower than 
the activity per additional GOX layer measured in the second linear 
region of Fig. 2A. This very low increment in activity per amount of 
adsorbed GOX in the first cycles of deposition may be ascribed to the 
denaturation of the enzyme adsorbed close to the substrate at the initial 
stage of buildup process. This unfavorable denaturation by the bare hard 
substrate may be eliminated by first constructing a buffering multilayer 
film that can serve as a soft cushion for deposition of enzyme films, e.g 
(polyacrylic acid) (PAA)/bPEI multilayer film. 

We also used IR spectroscopy to identify the secondary structure of 
the assembled enzymes (Fig. 2B). Intense bands in the amide I and II 
regions were observed in all spectra. Compared to the IR spectrum of 
free GOX, specifically the amide I and II bands at about 1654 and 
1541 cm− 1, no significant changes in either position or band shape were 
observed for 3, 4 and 6-bilayer films, suggesting that the GOX compo
nent retains its native secondary structure. However, a slight red shift of 

Fig. 1. Molecular structures of chitosan (A) and 
branched polyethyleneimine (B). LbL growth 
evolutions determined by ellipsometry versus 
the number of bilayers deposited on flat silicon 
substrates for CHI/GOX (C) and bPEI/GOX (D) 
films under various deposition conditions. In
tegral numbers of bilayers correspond to the 
deposition of a GOX layer; half-integral 
numbers to the deposition of a polycation 
layer. Acetate (AC) buffer (pH 5.1), MES buffer 
(pH 6.5) and HEPES buffer (pH 7.0, or 8.0) 
were used for the LbL assembly. The sample 
denomination in (C, D) is (concentration and 
solvent used for the deposition)-(solvent pH)- 
(solvent used for rinsing).   
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the amide I band and a pronounced change in amide II band shape for 1- 
and 2-bilayer films confirms that the incorporated GOX close to silicon is 
denatured [42,43], consequently leading to a lower activity of very thin 
films. 

Starting from four bilayers, the activity increases strongly and line
arly, regardless of GOX or bPEI being the outermost layer (Fig. 2A); 
however, the GOX content (in terms of GOX IR absorbance at 
1654 cm− 1) of the GOX-terminated films was reduced slightly by the 
sequential deposition of the bPEI layer owing to a tiny desorption of 
previously adsorbed GOX, which is in accordance with the thickness 
evolution. To make it clearer, we plotted the activity against the content 
of GOX in flat films (Fig. 2C). A tiny increment in activity due to the 
deposition of bPEI layer is observed, despite the associated tiny decrease 
of film thickness and IR-measured GOX content. This suggests that, upon 

exposure to the bPEI solution, a small structural reorganization of the 
adsorbed enzyme layer takes place, without important removal of 
adsorbed enzymes. We then used AFM to probe the layer texture before 
and after bPEI deposition on the surface. As shown in Fig. 2D, E and S4, 
enzyme aggregates were observed on the surface, more pronounced for 
films with four and more bilayers. Furthermore, enzyme aggregates 
became generally smaller upon subsequent adsorption of bPEI over the 
GOX layer, as evidenced by a smoother bPEI-terminated surface 
(Fig. 2F). Together with the detected increase of activity, we hypothe
size that bPEI adsorption results in improved enzyme dispersion (Fig. 3); 
this improves the catalytic efficiency of immobilized enzymes, leading 
to a higher activity even though a tiny amount of enzyme was released 
by this reorganization. Moreover, a bPEI coating on GOx layer can 
improve the enzyme stability against pH or high temperature that may 

Fig. 2. (A) Activity (left axis) and GOX absorbance intensity at 1654 cm− 1 in FTIR spectra (right axis) of planar films; The content of GOX in planar films is supposed 
to be proportional to the absorbance of GOX at 1654 cm− 1 (amide I) measured by FTIR transmission on the basis of Beer-Lambert law. The peak height at 1654 cm− 1 

was derived from Fig. S3. (B) FTIR spectra of free GOX enzyme, and 1-bilayer, 2-bilayer, 3-bilayer, 4-bilayer and 6-bilayer GOX films deposited on substrates. (C) 
Plots of activity against GOX content for (bPEI/GOX)n films. The red filled circles represent the films (bPEI/GOX)n with GOX as ending layer, while black solid 
squares denote the (bPEI/GOX)n/bPEI films as a results of bPEI deposition on (bPEI/GOX)n films. The number n is indicated in dotted ellipses. (D, E) Topography of 
(bPEI/GOX)6 (D) and (bPEI/GOX)6.5 (E) films in air. (F) RMS roughness (in air) of flat films deposited on silicon wafers at different number of bilayers. RMS values 
were calculated from corresponding images (10×10 µm2) shown in Fig. S4. Error bars in (A, C) are derived from three independent experiments. Dashed lines are 
drawn to guide the eye. 
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cause enzyme denaturation [13]. 
However, in our case, this reorganization by following adsorption of 

bPEI was achieved to a limited extent, because it is difficult to re- 
disperse previously adsorbed enzyme layers by subsequent poly
electrolyte adsorption without enzyme removal. The distribution of 
enzymes on the surface might be tuned using different assembly 
conditions. 

3.3. Stable swollen film structure for non diffusion-controlled bioreactions 

In a fixed test condition, the actual activity of enzyme films is 
affected by many factors, including the amount and distribution of 
immobilized enzymes, whether the immobilized enzymes are denatured 
or not, and the permeability of films to reaction substrate and products. 
Typically, when placed in an aqueous solution where enzymatic re
actions take place, LbL films usually swell due to the uptake of solution, 
and the swelling depends on the film structure as well as solution 

Fig. 3. Schematic illustrations of the redispersion of previously adsorbed en
zymes by the subsequent deposited bPEI. The adsorption of GOX on bPEI layer 
results in a significant increase in film thickness because of the clustering of 
enzymes on the surface. Once being in contact with a bPEI solution, the bPEI 
chains would interact with enzymes on the surface and penetrate the enzyme 
layer with some enzyme release into solution, leading to a better dispersion of 
the enzymes. 

Fig. 4. In-situ AFM measurement of swelling of enzymatic films in solution. Dry (A, C) and hydrated thickness in 50 mM acetate buffer (pH 5.5) (B) and fructose (D) 
of a 6.5-bilayer film prepared in 10 mM HEPES at pH 7.0. The fructose was added in 50 mM sodium acetate buffer at pH 5.5. The thickness d was obtained by 
statistical analysis (histogram graphs shown beneath each AFM image). 
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parameters (e.g., pH, ionic strength and type of solute) [44–46]. 
In our case, the enzymatic reaction is performed in 50 mM acetate 

buffer (pH 5.5), conditions for which free GOX enzymes exhibit the 
highest activity. In order to evaluate the swelling behavior of the films 
under these conditions, the dry and wet thicknesses of flat 6.5-bilayer 
films in 50 mM acetate buffer (pH 5.5) was measured by AFM 
(Fig. 4A, B). To eliminate the contribution of the variation in film 
thickness from one spot to another in one sample or from one sample to 
another, the thickness in dry and subsequent wet states was probed at 
exactly the same position from same sample, as shown in Fig. 4. Identical 
surface features of films were observed in the dry and wet states with 
only difference in the size of dots present on the film surface. In the wet 
state, these dots appear larger than in the dry state, showing that the film 
is well swollen by the aqueous media. The average dry thickness of a flat 
6.5-bilayer film was determined by ellipsometry to be ca. 20±3 nm. 
Here, we used AFM to measure in situ the dry and hydrated thicknesses 
to eliminate the influence of the variation in film thickness from sample 
to sample. By measuring the wet thickness of the same film, the swelling 
degree in 50 mM acetate buffer (pH 5.5) was found to be ca. 64% 
(Table 1). In order to find out whether the diffusion of glucose to the film 
is a limiting step or not in 50 mM acetate buffer (pH 5.5), we used a 
small inactive model molecule, fructose, to swell the film further. GOX 
has no activity towards fructose, avoiding the enzymatic reaction during 
the AFM measurements (Fig. 4C, D). Indeed, fructose present in solution 
induces a further swelling of the LbL film with a swelling degree of ca. 
117% (Table 1), because of the additional osmotic forces exerted on the 
enzymatic films. However, further swelling by fructose solutes does not 
increase the activity of the flat film further [11], suggesting that the 
swollen structure of LbL films in an aqueous solution provides already a 
very easy diffusion pathway for the glucose substrate and products, 
better than other enzyme-immobilized systems, e.g., entrapment net
works. Therefore, LbL assembly immobilization strategy offers a smart 
way for the immobilization of bioactive components for bioapplications. 

4. Conclusions 

In summary, enzymatic layer-by-layer films were successfully con
structed by optimizing the assembly conditions including pH, ionic 
strength, nature of polycation and assembly protocol. High pH and low 
ionic strength promote the buildup of GOX-comprising multilayer films; 
bPEI appears particularly well-suited for the growth of stable enzyme- 
based films. The activity of enzymatic films with different number of 
bilayers was also tested, showing two distinct regimes with a transition 
at around four bilayers. The denaturation of immobilized enzymes by 
contact with the substrate accounts for the weak enzymatic activity of 
films in first regime. When the growth of the film enters the faster and 
stable second regime, the activity increases linearly along with the 
number of bilayers. PEI-terminated films have an identical activity as 
GOX-terminated films even though they contain less enzymes, suggest
ing enzymes in PEI-terminated films have higher catalytic efficiency. 
This was attributed to an improved distribution of immobilized enzymes 
following the adsorption of bPEI, leading to a slightly better catalytic 
efficiency. Moreover, we demonstrated that the stable swollen film 
structure in aqueous solution enables the free diffusion of the substrate 
to the immobilized enzymes, which is a great advantage. Globally, our 
findings provide tools for the rational design of enzyme-containing 
films, showing that active films obtained by LbL hold opportunities for 
bio-applications. 
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[43] J.L.R. Arrondo, F.M. Goñi, Structure and dynamics of membrane proteins as 
studied by infrared spectroscopy, Prog. Biophys. Mol. Biol. 72 (4) (1999) 367–405. 

[44] K. Kohler, P.M. Biesheuvel, R. Weinkamer, H. Mohwald, G.B. Sukhorukov, Salt- 
induced swelling-to-shrinking transition in polyelectrolyte multilayer capsules, 
Phys. Rev. Lett. 97 (18) (2006), 188301. 

[45] J. Borges, J.F. Mano, Molecular interactions driving the layer-by-layer assembly of 
multilayers, Chem. Rev. 114 (18) (2014) 8883–8942. 

[46] S. Zhang, L. Yang, D. Ding, P. Gao, F. Xia, M.L. Bruening, Highly rectifying fluidic 
diodes based on asymmetric layer-by-layer nanofilms on nanochannel membranes, 
Anal. Chem. 93 (9) (2021) 4291–4298. 

S. Zhang et al.                                                                                                                                                                                                                                   

http://refhub.elsevier.com/S0927-7757(21)01567-3/sbref17
http://refhub.elsevier.com/S0927-7757(21)01567-3/sbref17
http://refhub.elsevier.com/S0927-7757(21)01567-3/sbref17
http://refhub.elsevier.com/S0927-7757(21)01567-3/sbref18
http://refhub.elsevier.com/S0927-7757(21)01567-3/sbref18
http://refhub.elsevier.com/S0927-7757(21)01567-3/sbref18
http://refhub.elsevier.com/S0927-7757(21)01567-3/sbref19
http://refhub.elsevier.com/S0927-7757(21)01567-3/sbref19
http://refhub.elsevier.com/S0927-7757(21)01567-3/sbref19
http://refhub.elsevier.com/S0927-7757(21)01567-3/sbref20
http://refhub.elsevier.com/S0927-7757(21)01567-3/sbref20
http://refhub.elsevier.com/S0927-7757(21)01567-3/sbref20
http://refhub.elsevier.com/S0927-7757(21)01567-3/sbref21
http://refhub.elsevier.com/S0927-7757(21)01567-3/sbref21
http://refhub.elsevier.com/S0927-7757(21)01567-3/sbref21
http://refhub.elsevier.com/S0927-7757(21)01567-3/sbref22
http://refhub.elsevier.com/S0927-7757(21)01567-3/sbref22
http://refhub.elsevier.com/S0927-7757(21)01567-3/sbref22
http://refhub.elsevier.com/S0927-7757(21)01567-3/sbref23
http://refhub.elsevier.com/S0927-7757(21)01567-3/sbref23
http://refhub.elsevier.com/S0927-7757(21)01567-3/sbref23
http://refhub.elsevier.com/S0927-7757(21)01567-3/sbref24
http://refhub.elsevier.com/S0927-7757(21)01567-3/sbref24
http://refhub.elsevier.com/S0927-7757(21)01567-3/sbref25
http://refhub.elsevier.com/S0927-7757(21)01567-3/sbref25
http://refhub.elsevier.com/S0927-7757(21)01567-3/sbref26
http://refhub.elsevier.com/S0927-7757(21)01567-3/sbref26
http://refhub.elsevier.com/S0927-7757(21)01567-3/sbref26
http://refhub.elsevier.com/S0927-7757(21)01567-3/sbref27
http://refhub.elsevier.com/S0927-7757(21)01567-3/sbref27
http://refhub.elsevier.com/S0927-7757(21)01567-3/sbref28
http://refhub.elsevier.com/S0927-7757(21)01567-3/sbref28
http://refhub.elsevier.com/S0927-7757(21)01567-3/sbref28
http://refhub.elsevier.com/S0927-7757(21)01567-3/sbref29
http://refhub.elsevier.com/S0927-7757(21)01567-3/sbref29
http://refhub.elsevier.com/S0927-7757(21)01567-3/sbref29
http://refhub.elsevier.com/S0927-7757(21)01567-3/sbref30
http://refhub.elsevier.com/S0927-7757(21)01567-3/sbref30
http://refhub.elsevier.com/S0927-7757(21)01567-3/sbref30
http://refhub.elsevier.com/S0927-7757(21)01567-3/sbref31
http://refhub.elsevier.com/S0927-7757(21)01567-3/sbref31
http://refhub.elsevier.com/S0927-7757(21)01567-3/sbref31
http://refhub.elsevier.com/S0927-7757(21)01567-3/sbref32
http://refhub.elsevier.com/S0927-7757(21)01567-3/sbref32
http://refhub.elsevier.com/S0927-7757(21)01567-3/sbref33
http://refhub.elsevier.com/S0927-7757(21)01567-3/sbref33
http://refhub.elsevier.com/S0927-7757(21)01567-3/sbref34
http://refhub.elsevier.com/S0927-7757(21)01567-3/sbref34
http://refhub.elsevier.com/S0927-7757(21)01567-3/sbref34
http://refhub.elsevier.com/S0927-7757(21)01567-3/sbref35
http://refhub.elsevier.com/S0927-7757(21)01567-3/sbref35
http://refhub.elsevier.com/S0927-7757(21)01567-3/sbref35
http://refhub.elsevier.com/S0927-7757(21)01567-3/sbref36
http://refhub.elsevier.com/S0927-7757(21)01567-3/sbref36
http://refhub.elsevier.com/S0927-7757(21)01567-3/sbref36
http://refhub.elsevier.com/S0927-7757(21)01567-3/sbref37
http://refhub.elsevier.com/S0927-7757(21)01567-3/sbref37
http://refhub.elsevier.com/S0927-7757(21)01567-3/sbref37
http://refhub.elsevier.com/S0927-7757(21)01567-3/sbref38
http://refhub.elsevier.com/S0927-7757(21)01567-3/sbref38
http://refhub.elsevier.com/S0927-7757(21)01567-3/sbref38
http://refhub.elsevier.com/S0927-7757(21)01567-3/sbref39
http://refhub.elsevier.com/S0927-7757(21)01567-3/sbref39
http://refhub.elsevier.com/S0927-7757(21)01567-3/sbref40
http://refhub.elsevier.com/S0927-7757(21)01567-3/sbref40
http://refhub.elsevier.com/S0927-7757(21)01567-3/sbref40
http://refhub.elsevier.com/S0927-7757(21)01567-3/sbref41
http://refhub.elsevier.com/S0927-7757(21)01567-3/sbref41
http://refhub.elsevier.com/S0927-7757(21)01567-3/sbref41
http://refhub.elsevier.com/S0927-7757(21)01567-3/sbref42
http://refhub.elsevier.com/S0927-7757(21)01567-3/sbref42
http://refhub.elsevier.com/S0927-7757(21)01567-3/sbref42
http://refhub.elsevier.com/S0927-7757(21)01567-3/sbref42
http://refhub.elsevier.com/S0927-7757(21)01567-3/sbref43
http://refhub.elsevier.com/S0927-7757(21)01567-3/sbref43
http://refhub.elsevier.com/S0927-7757(21)01567-3/sbref44
http://refhub.elsevier.com/S0927-7757(21)01567-3/sbref44
http://refhub.elsevier.com/S0927-7757(21)01567-3/sbref44
http://refhub.elsevier.com/S0927-7757(21)01567-3/sbref45
http://refhub.elsevier.com/S0927-7757(21)01567-3/sbref45
http://refhub.elsevier.com/S0927-7757(21)01567-3/sbref46
http://refhub.elsevier.com/S0927-7757(21)01567-3/sbref46
http://refhub.elsevier.com/S0927-7757(21)01567-3/sbref46

	Tuning the catalytic activity of enzymes embedded in layer-by-layer assembled films
	1 Introduction
	2 Materials and methods
	2.1 Materials
	2.2 LbL assembly
	2.3 Spectroscopic ellipsometry
	2.4 Atomic force microscopy (AFM)
	2.5 FTIR measurements and analysis
	2.6 Enzyme activity

	3 Results and discussion
	3.1 Construction of enzyme-containing multilayer film
	3.2 Redispersion of immobilized enzyme by subsequent bPEI adsorption for higher activity
	3.3 Stable swollen film structure for non diffusion-controlled bioreactions

	4 Conclusions
	CRediT authorship contribution statement
	Declaration of Competing Interest
	Acknowledgements
	Appendix A Supporting information
	References


