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ABSTRACT: The extensive use of antibiotics over the last
decades is responsible for the emergence of multidrug-resistant
(MDR) microorganisms that are challenging health care systems
worldwide. The use of alternative antimicrobial materials could
mitigate the selection of new MDR strains by reducing antibiotic
overuse. This paper describes the design of enzyme-based
antimicrobial cellulose beads containing a covalently coupled
glucose oxidase from Aspergillus niger (GOx) able to release
antimicrobial concentrations of hydrogen peroxide (H2O2) (≈ 1.8
mM). The material preparation was optimized to obtain the best
performance in terms of mechanical resistance, shelf life, and H2O2
production. As a proof of concept, agar inhibition halo assays
(Kirby-Bauer test) against model pathogens were performed. The
two most relevant factors affecting the bead functionalization process were the degree of oxidation and the pH used for the enzyme
binding process. Slightly acidic conditions during the functionalization process (pH 6) showed the best results for the GOx/cellulose
system. The functionalized beads inhibited the growth of all the microorganisms assayed, confirming the release of sufficient
antimicrobial levels of H2O2. The maximum inhibition efficiency was exhibited toward Pseudomonas aeruginosa (P. aeruginosa) and
Escherichia coli (E. coli), although significant inhibitory effects toward methicillin-resistant Staphylococcus aureus (MRSA) and S.
aureus were also observed. These enzyme-functionalized cellulose beads represent an inexpensive, sustainable, and biocompatible
antimicrobial material with potential use in many applications, including the manufacturing of biomedical products and additives for
food preservation.

■ INTRODUCTION

Decades of extensive use of antibiotics have led to the
emergence of multidrug-resistant (MDR) bacterial strains,
considered as one of the most significant threats to human
health worldwide.1,2 For example, methicillin-resistant Staph-
ylococcus aureus (MRSA) alone, each year, kills more
Americans than HIV, Parkinson’s disease, and homicide.3

MDR bacteria associated with wound biofilms are particularly
concerning, owing to bacterial biofilms requiring between 4
and 1000 times higher concentrations of antibiotics for
eradication,4 especially in patients with chronic pathologies
such as diabetes, cancer, or vascular diseases.5 To mitigate
against the selection of additional MDR strains, it is essential to
reduce antibiotic overuse, principally in those cases where
infection prevention is achieved through antibiotic prophy-
laxis.6 One strategy to reduce the risk of infection in wounds is
the use of antimicrobial substances, an alternative to
antibiotics, which do not trigger the selection of resistance
traits in microorganisms.7 Hydrogen peroxide (H2O2) has a
wide range of efficacy against viruses, bacteria, and fungi, which
makes it one of the most commonly used biocidal

compounds.8,9 H2O2 triggers an oxidative cascade reaction
able to cause DNA damage, major disruption in protein
synthesis, and to phospholipid membrane arrangement.10

Moreover, even low concentrations of H2O2 (at the micro-
molar level) play a role in redox-sensitive cell signaling, which
can improve dermal healing while inhibiting the growth of
some bacteria.11,12 For this reason, H2O2-producing enzymes
have been investigated for potential use as a sustainable
alternative to antibiotics.13 Among these, glucose oxidase
(GOx) from Aspergillus niger catalyzes the oxidation of β-D-
glucose using molecular oxygen, producing H2O2 and gluconic
acid.14 The combination of oxygen consumption and media
acidification, owing to the generation of gluconic acid and the
production of H2O2, make GOx applicable for antimicrobial
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purposes.15 However, the use of free enzymes in solution
presents critical disadvantages for many industrial applications
such as high separation costs and reduced stability.16,17 In
contrast, the immobilization of the enzymes into a suitable
material may increase the stability in a wider range of
conditions, confine the activity to a specific area, and mitigate
enzyme deactivation upon storage.16 For these reasons, the use
of immobilized enzymes as biocatalysts is particularly
appealing. Cellulose/chitosan composite beads were employed
for the immobilization of lipases, showing the feasibility of
biopolymers as support materials.18 The use of cellulose as a
support (both native and derivatized) for enzyme immobiliza-
tion has been well established in a wide range of biomedical
applications,19 owing to its biodegradability, low cost, and
biocompatibility.20 The presence of hydroxyl moieties in
cellulose can be used to add functional groups able to make the
immobilization of GOx feasible.21,22 Periodate mediated
cellulose oxidation generates aldehyde moieties that can be
used to bind the enzyme lysines via imine formation, also
known as a Schiff base.20 This well-established binding method
has been used for the immobilization of proteins and enzymes
on cellulose-based materials.23−25 The general approach to the
creation of the GOx-functionalized beads herein used is shown
in Scheme 1. Details are provided in the Experimental Section
below. This study explores the preparation of an enzyme/
cellulose hydrogel composite, in the form of beads, and its
manufacturing optimization. In particular, the effect of pH on
the enzyme binding affinity and activity retention upon storage
was explored. In addition, the antimicrobial efficacy of GOx-
functionalized beads against four important nosocomial
bacterial strains (two Gram-negative and two Gram-positive)
was determined by in vitro assays (adapted Kirby-Bauer test).

■ EXPERIMENTAL SECTION
Chemicals and Strains. Materials. Absolute ethanol (VWR

Chemicals, ≥ 99.8), hydroxylamine hydrochloride (159417, Sigma-
Aldrich, ≥ 99%), sodium hydroxide (1.06498, Supelco, ≥ 99.0%),
hydrogen peroxide 30 wt % (VWR Chemicals), glucose oxidase from
Aspergillus niger (G7141, Sigma-Aldrich) (GOx), horseradish
peroxidase ∼150 U/mg (77332, Sigma-Aldrich), bovine serum
albumin (05470, Sigma-Aldrich, ≥ 96%), Bradford reagent (B6916,
Supelco), D-(+)-glucose (G8270, Sigma-Aldrich, ≥ 99,5%), micro-
crystalline cellulose (435236, Sigma-Aldrich, LOT #MKCF1486),
sodium borohydride (MFCD00003518, Acros Organics, ≥ 98%),
sodium periodate (MFCD00003534, Acros Organics, ≥ 98,8%),
sodium iodide (383112 Sigma-Aldrich, ≥ 99.5%), sodium acetate
(S2889 Sigma-Aldrich, ≥ 99%), acetic acid (320099, Sigma-Aldrich,
≥ 99.7%), sodium phosphate dibasic (S9763, Sigma-Aldrich, ≥ 99%),
sodium phosphate monobasic (S3139, Sigma-Aldrich), sodium

carbonate (S7795, Sigma-Aldrich, ≥ 98%), sodium bicarbonate
(S5761, Sigma-Aldrich, ≥ 99.5%), 1-ethyl-3-methylimidazloium
acetate [EMIm][OAc] (BASF Basionics, ≥ 95%), and DMSO (Alfa
Aesar, ≥ 99%) were all used as received unless otherwise stated.

Bacterial Strains and Growth Conditions. Methicillin-resistant
Staphylococcus aureus (MRSA252), Staphylococcus aureus (strain
H560), Pseudomonas aeruginosa (strain PAO1), and Escherichia coli
(strain NCTC 10418) were obtained from the Jenkins Group
Collection at the University of Bath. The bacterial strains were
maintained on 15% (v/v) glycerol stock at −80 °C and plated onto
Luria−Bertani (LB) agar for P. aeruginosa and E. coli and tryptic soy
agar (TSA) for MRSA and S. aureus, as required to attain single
colonies. To attain an overnight (ON) culture, a single colony from
each culture was inoculated into 10 mL of LB broth for P. aeruginosa
and E. coli and tryptic soy broth (TSB) for MRSA and S. aureus. Broth
cultures were grown at 37 °C for 18 h with 200 rpm shaking.

Agar Inhibition Halo Test (Kirby-Bauer Test). The ON culture was
grown as previously mentioned. Cultures were washed with phosphate
buffered saline (PBS) (pH 7.4, 25 °C), and a subculture was made by
diluting ON 1000-fold into fresh PBS. The subculture (500 μL) was
inoculated onto agar, previously prepared by adding 20 mL of agar
into a dish, and 12 mm diameter holes were bored into the middle of
the agar gel. The desired number of functionalized beads in 200 μL of
phosphate buffer (pH 6, 25 mM) either supplemented with glucose
1 wt % or without glucose, were then added to the holes. Plates were
incubated statically for 18 h at 37 °C. The zone of clearance was
measured via image analysis and normalized through the deduction of
the surface in square millimeters of the central well. Image analysis
was conducted using ImageJ.26

Preparation of Dialdehyde Cellulose Beads (DACbs).
Cellulose Dissolution. To prepare a ∼8 wt % cellulose solution, 20
g of microcrystalline cellulose (MCC) was first dispersed in 158.5 g of
dimethyl sulfoxide (DMSO) with an overhead stirrer (900 rpm) at
room temperature; then, 66.5 g of 1-ethyl-3-methylimidazolium
acetate ([EMIm][OAc]) was added dropwise into the dispersion, and
the mixture was stirred for 4 h. The solvent ratio of DMSO/
[EMIm][OAc] is 70/30 w/w.

Bead Formation and Purification. The cellulose solution (8 wt %)
was dropped from a 1.2 mm × 38 mm stainless steel needle into
absolute ethanol using a syringe pump (KdScientific -210) set to a
constant flow rate, such that individual droplets formed. The beads
were Soxhlet extracted with ethanol at 80 °C for at least 24 h to
remove residual DMSO and [EMIm][OAc]. A solvent exchange into
deionized water (DI) was achieved by soaking the beads in abundant
DI water with at least three solvent replacements (the removal of
ethanol is critical as enzyme conformation can be affected by the
presence of denaturing agents).

Cellulose Bead Oxidation. The cellulose beads (10 g) were
suspended in 40 mL of sodium periodate (NaIO4) at different
concentrations (10, 25, 50, and 100 mM) and reacted at 25 °C for 2 h
under mild agitation. After the reaction, in order to remove the excess
of NaIO4, the beads were separated using a stainless steel sieve and
washed with deionized (DI) water until the absorption of supernatant

Scheme 1. General Approach to Creation of the Enzyme-Functionalized Dialdehyde Cellulose Beadsa

aDetails are provided in the Experimental Section.
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at 290 nm was zero (periodate adsorption peak). The oxidized beads
were stored in DI water at 4 °C.
Bead Characterization. Oxidation Degree Determination.

Carbonyl groups were quantified by titrating HCl that was liberated
as a consequence of the oximation reaction of hydroxylamine
hydrochloride with carbonyls as described previously.27 The oxidized
beads (2 g of wet weight) were homogenized with 3 mL of DI water
using an Ultraturrax homogenizer and dispersed into 25 mL of a 0.25
M hydroxylamine hydrochloride solution in an acetate buffer
(adjusted with 0.1 M NaOH to pH 4). The HCl released in the
reaction between the aldehydes and hydroxylamine hydrochloride was
titrated against 0.1 M NaOH using an Accumet pH meter (Fisher
Scientific), and equivalent points peaks were obtained from the first
order derivative of pH changes against volume added (dpH/dV).
Uniaxial Deformation Test. To test the mechanical stability, single

beads were uniaxially compressed using a stress-controlled rheometer
(Discovery HR3, TA Instruments) equipped with a 12 mm plate
geometry. The beads were uniaxially compressed at a constant
deformation rate of 6 μm/s. The strain (Ya) was calculated as the
fraction of sample deformation, and the distance corresponding to the
sample height was obtained at the point where the axial force starts to
increase (eq 1),

Y
K K

Ka
s max

p
=

−

(1)

where Ks is the sample compression, Kmax is the maximum
compression, and Kp is the sample height. The recorded axial force
(N) over Ya was used as a metric for a comparison for beads with
different degrees of oxidation after their exposure to different pH
values (occurred during protein binding).
Scanning Electron Microscopy. Micrographs were obtained using

a JEOL SEM648OLV microscope. The samples were flash frozen in
liquid nitrogen and lyophilized using a MiniLyotrap (LTE scientific).
Cross sections were prepared by cutting with sharp blades before the
flash freezing process. Prior to imaging, the samples were gold coated
(Edwards sputter coater, S150B) for 5 min.
GOx Binding in DACb. For isotherm binding experiments, aliquots

of three beads, for each degree of oxidation, were immersed and
incubated (in a static manner) at 4 °C for 18 h in 50 μL of GOx
solutions at different concentrations. In order to test the binding at
different pH values, GOx was solubilized in different buffered
solutions: phosphate buffer pH 6 (0.1 M); phosphate buffer pH 8 (0.1
M); carbonate buffer pH 10 (0.1 M). The protein concentrations
were determined before and after binding using the Bradford
method.28 Calibration curves were obtained using known concen-
trations of GOx determined via UV absorption at 280 nm (molar
extinction coefficient and molecular weight at 96845 M−1 cm−1 and
84004 Da, respectively). The amount of protein bound was expressed
in micrograms of GOx per milligram of dry cellulose and plotted
against GOx concentration in the supernatant after binding. In order
to obtain isotherm binding constants, a linear eq (eq 2) was used to fit
the experimental data,29

C C Ks f h= (2)

where Cs is protein bound per milligram of dry cellulose, Kh is affinity
constant, and Cf is concentration of free protein. To complete the

immobilization process, each bead aliquot was first treated with 150
μL of NaBH4 (50 mM) for 30 min at room temperature and then
transferred to phosphate buffer (0.1 M pH 6) and stored at 4 °C prior
to other experiments. In order to determine the relative content of
proteins bound, the functionalized beads were stained in situ. One
functionalized bead (after binding and reduction steps) was incubated
in 200 μL of Bradford reagent for 30 min and photographed in a light
box. The image analysis for evaluating the relative amount of proteins
in the DACb was conducted using ImageJ.26

Release of H2O2 from Functionalized Beads. The activity of the
functionalized beads was determined by quantifying H2O2 release
over time. The production of H2O2 was conducted by immersing one
functionalized bead in 10 mL of phosphate buffer (25 mM; pH 6)
containing D-(+)-glucose (1 wt %) at 37 °C for 24 h under agitation
(250 rpm) in an orbital shaker incubator (ES-20 grant-bio). The
quantification of H2O2 was performed using a method previously
described30 and slightly modified. Aliquots of H2O2 were withdrawn
and diluted with Milli-Q water (when necessary) to a concentration
between 0.01 and 0.8 mM in a final volume of 50 μL. The H2O2
aliquots were mixed then with 50 μL of acetate buffer (0.5 M; pH 4.8)
and 100 μL of 1 M sodium iodide; the mixture was incubated for 30
min, and the absorbance at 350 nm was recorded using a FLUOstar
Omega Microplate Reader (BMG LABTECH) in a 96-well plate.
Calibration curves were prepared by adding a known amount of H2O2
that had been previously titrated against potassium permanganate.31

The functionalized beads used in this experiment were prepared using
the same initial GOx concentration (1.4 mg/mL) and three different
pH values (6, 8, and 10). The immobilization process was performed,
as for the isotherm binding experiments, overnight in a static manner
at 4 °C. In order to minimize differences in the amount of protein
present in single beads, the enzyme binding was performed in a single
batch (30 beads in 0.5 mL at each pH). All the experiments were
conducted in triplicate, using three independent samples.

■ RESULTS AND DISCUSSION

Dialdehyde Cellulose Bead (DACb) Preparation and
Characterization. The cellulose beads were prepared by
dropping an 8 wt % cellulose solution (in a mixture of ionic
liquid and DMSO) from a syringe needle into an ethanol bath
in which phase inversion occurred. The cellulose beads
presented a spheroidal shape and fairly narrow diameter
distribution (2.46 ± 0.15 mm, determined by 30 measure-
ments using a micrometer calibrated microscope slide). To
produce dialdehyde cellulose beads (DACbs), sodium period-
ate was used as oxidant to open vicinal diols present on the
glucopyranose units. The degree of oxidation (DO) was
linearly correlated to the concentration of sodium periodate
used for the reaction (Table 1).
After the reaction with sodium periodate, the average bead

size decreased in DACb-100 (∼16% in diameter) while the
cellulose dry weight increased (∼0.8 wt %) (Figure S1),
suggesting that a rearrangement of the cellulose fibrils occurred
upon periodate oxidation. It has been reported that the
glucopyranose ring opening causes a disturbance in the

Table 1. Degree of Oxidation of Cellulose in Relation with the Periodate Concentration in the Reaction Vessel and Periodate/
Cellulose Molar Ratio

sample code NaIO4 concentration (mM) NaIO4/cellulose ratio(mol/mol) degree of oxidation (%)a standard deviation

DACb-10 10 0.07 4.13 0.30
DACb-25 25 0.17 7.42 0.50
DACb-50 50 0.34 11.20 0.93
DACb-100 100 0.68 19.56 1.32

aDegree of oxidation is expressed in moles of carbonyls per mole of anhydrous glucose units (AUG) as a percentage. The highest degree of
oxidation (100%) corresponds to a degree of substitution (DS) equal to 2 as periodate can oxidize only vicinal diols. Thus, only two out of three
hydroxyl groups for each AUG can be oxidized.
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crystalline order, increasing the flexibility of the nanofibrils,
hence resulting in a densified network.32,33 However, a closer
observation of the internal structure of the freeze-dried DACbs
revealed the presence of larger pores as the DO increased
(Figure 1).

These results might seem to contradict the apparent increase
in network density, but these two effects (densification of the
hydrated cellulose network and development of larger pores
upon freeze-drying) may be correlated. In fact, the partial
disruption of crystalline order causes a decrease in suscepti-
bility toward hornification upon drying even at a lower DO
(DACb-10), as shown in the scanning electron micrographs
(SEMs) in Figure 2, where the stability of the initial and
oxidized beads after exposure to solutions at different pH
values are compared. Hence, as cellulose hornification is less
favorable in DACbs, larger pores are more likely to be
preserved upon freeze-drying.
As the enzyme binding step will involve the exposure of

DACbs to different pH solutions (see the DACb Enzyme
Functionalization section), the stability after exposure at pH 6,
8, and 10 needed to be investigated. Also, the chemical
degradation of dialdehyde cellulose under alkaline conditions
was expected.34 Thus, the mechanical stability of DACbs after
exposure to different pH solutions was compared. Never-dried
single beads were uniaxially compressed with a constant
deformation rate (6 μm/s), recording the axial force, which
was plotted against the strain percentage. All curves show an
exponential behavior characterized by an initial steady increase
(elastic region) followed by a sharp increment of the axial force
(strain-hardening region) (Figure S2), as expected for cellulose
composite gels.35 The strain values at which the axial force
sharply increased (defined here as critical strain) were used to

evaluate the mechanical stability. When beads undergo
chemical degradation, at high DO and pH values, the critical
strain is higher because of the reduced response to stress.
Significant differences in the critical strain were observed in
DACb-25, DACb-50, and DACb-100 but only at pH 8 and 10
(Figure 3). Hence, the critical strain is dependent on the pH
used in the enzyme binding solution and the DO of the
material.

DACb Enzyme Functionalization. The bead functional-
ization consists of two steps: enzyme binding and Schiff base
reduction. The enzyme binding (Schiff base formation) was
performed by incubating, in static conditions, the DACbs for
18 h in GOx solutions at different concentrations and pH
values. Subsequent to binding, the DACbs were transferred to
a NaBH4 solution to reduce the imine formed between

Figure 1. Cross sections of DACbs prior to functionalization. The
scanning electron micrographs (SEMs) show the porosity of the
beads after freeze-drying. The periodate oxidation of cellulose
increases the preservation of a porous structure upon freeze-drying.
(a−e) DACbs with different degrees of oxidation: DACb-0, DACb-
10, DACb-25, DACb-50, and DACb-100, respectively.

Figure 2. Scanning electron micrographs of beads exposed to different
pH solutions: (a−c) Nonoxidized beads (controls) and (d−(f)
oxidized DACb-10. The photomicrographs show a different
susceptibility to hornification upon freeze-drying. The control beads
show a greater degree of cellulose aggregation and collapse compared
to the DACb-10 (lowest degree of oxidation after reaction with
periodate).

Figure 3. Functionalized bead resistance to mechanical uniaxial
compression. The graph shows the differences in critical strain of
oxidized beads when exposed at pH 6, 8, and 10 (blue, green, and
orange, respectively). The oxidized beads’ mechanical resistance to
the compression is significantly affected only when exposed to alkaline
pH. Error bars represent the standard deviation (n = 3).
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carbonyl moieties on the cellulose and amino groups of the
enzyme. The amount of bound enzyme was evaluated by
subtracting the amount of protein in solution left over after
incubation (enzyme binding step) and dividing it by the
cellulose dry weight. The DO of the DACbs had a significant
impact on the amount of enzyme bound at all the pH values
used, showing that GOx has higher binding affinity for oxidized
cellulose (Table 2).

The shape of DACb-50 and DACb-100 binding curves at
pH 6 and 8 showed an increase in the slopes at higher GOx
concentrations, suggesting the occurrence of a cooperative
adsorption behavior induced by periodate oxidation.36,37

Cooperative adsorption is often associated with attractive
intermolecular interactions, which determine the formation of
proteins clusters on the adsorption interface.38 Similar protein/
polymer systems such as immobilized metal Sepharose and
histidine-linked methacrylate gels show the same cooperative
adsorption behavior expressed as sigmoidal shape isotherm
curves.39,40 However, our isotherm curves only exhibited an
initial exponential phase without a plateau (saturation), likely
due to the low surface coverage of enzyme on the cellulose.29

The major contributing factor for protein binding is the pH.
Assuming that covalent binding only occurs between cellulose
aldehydes and protein primary amino groups, the expected
protein binding should increase as the pH increases.41 In fact,
the highest binding constants for GOx were reached at pH 10
(Figure 4) when the imine formation (Schiff base) between the
aldehydes and primary amino groups is more favorable.42

The deprotonation of primary amines of GOx (amino
terminus and lysine residues, pKa ∼7.7 and ∼10.5,
respectively) is necessary for the Schiff base formation.43,44

Thus, the optimum reaction pH strictly depends on the
basicity of primary amines present on proteins.

Even at pH 10, the binding curves do not show a plateau
except for DACb-0 (nonoxidized control beads), which
reaches saturation at higher protein concentrations. The
DACb-0 saturation could be attributed to the combination
of two factors: (1) the limited number of carbonyls available
for Schiff base formation and (2) the protein/protein
electrostatic repulsion (GOx pI = 4.2). At pH 6 and 8,
binding affinities are less marked. However, in situ protein
staining (after NaBH4 reduction and washing) shows a higher
retention at pH 6 compared to at pH 8, when GOx was bound
on beads from the same initial concentration (Figure 5). This
suggests that physical interactions and/or unidentified
reactions between dialdehyde cellulose and proteins may also
have occurred.

The functionalization process is therefore highly influenced
by pH, which affects not only the mechanical stability (due to
the chemical degradation of cellulose) but also the binding
efficiency of enzyme immobilization. The degradation of
cellulose (also known as peeling) in alkaline conditions is
directly proportional to the pH and the DO.45 In fact, cellulose
peeling at pH 10 can be observed in SEM micrographs as
DACb structural damage (Figure S3). Nonetheless, the
reduction step with NaBH4 after GOx binding should stop
the chemical degradation by reducing carbonyl groups into
hydroxyl groups,46 hence preventing further structural damage.

Functionalized Bead Activity. The activity of the
enzyme-functionalized beads, prepared at different pH
conditions, was measured weekly for three cycles (stored at
4 °C prior each activity cycle). Beads were immersed into an

Table 2. Binding Affinity Constants (Kh) and R2 of Their
Fitting for GOx Bound on DACbsa

pH 6 pH 8 pH 10

sample code Kh R2 Kh R2 Kh R2

DACb - 0 21.58 0.97 14.06 0.92 66.55b 0.89b

DACb - 10 22.92 0.99 17.02 0.92 97.08 0.99
DACb - 25 22.62 0.97 21.23 0.96 105.25 0.97
DACb - 50 30.06 0.93 29.84 0.93 97.34 0.95
DACb - 100 37.35 0.94 42.62 0.91 123.96 0.91

aEnzyme was bound on beads with different degrees of oxidation at
different pH values to determine the binding affinity constants (Kh).
bThe Kh values for control beads at pH 10 were calculated only using
the first three points as the binding curve reaches a plateau.

Figure 4. Binding isotherm plots. Binding affinity of GOx in beads with different DO values during the binding step with enzyme solutions buffered
at different pH values. Binding at (a) pH 6, (b) pH 8, and (c) pH 10. Each point represents the mean of the independent samples (n = 3).

Figure 5. GOx content in DACbs after binding at different pH values
and degrees of oxidation. The graph shows the relative GOx content
in the beads calculated by extrapolating the gray intensity from the
images (insets above) after staining with Coomassie blue (Bradford
reagent). The enzyme, dissolved in different buffered solutions at pH
6, 8, and 10, was bound in DACbs with different DO values. The GOx
content exhibits different trends after the whole immobilization
process (enzyme binding, NaBH4 reduction, and washing). Error bars
represent the standard deviation (n = 3).
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aqueous buffer at 37 °C (phosphate buffer 0.1 M, pH 6)
containing glucose (1 wt %), and the release of H2O2 was
measured over a time range of 24 h. The H2O2 curves showed
an initial linear increase (until the first 2.5 h), a curve
flattening, and a plateau (Figure S4). The initial linear range
was defined as “intrinsic activity”, and the maximum H2O2
concentration reached after 24 h was defined as “critical
concentration”. As only a little variation in glucose
concentration occurs during the measurement (assuming
only enzyme consumption of glucose), it is unlikely that the
reduction of the activity was due to substrate depletion.
Instead, the curve flattening is attributed to the oxidation of
methionine in the active site of the enzyme as a result of H2O2
accumulation in the buffer during the reaction.47,48 To further
support this statement, the activity of the functionalized beads
that reached the H2O2 plateau were assayed again in a
substrate-rich medium, but no activity was retained, suggesting
that an irreversible enzyme inactivation occurred. Moreover,
the H2O2 production of the functionalized beads in a larger
volume (three times higher: 30 mL) did not show any plateau
in H2O2 concentration (Figure S5) but only a continuous
linear increase over 24 h, suggesting that a lower H2O2
concentration (200 μM) did not inhibit the enzyme activity.
The intrinsic activity of all freshly prepared beads was
significantly higher compared to that of those stored, indicating
that enzyme inactivation and/or leakage occurred, although it
is not clear which phenomena contributed more (Figure 6).
However, after the first week of storage, a stabilization of the

retained activity was observed at pH 6 and 8, suggesting that
the main activity loss occurred in the first week of storage after
functionalization. The H2O2 critical concentration also
decreased after the first week of storage but following specific
trends, which exhibited a positive impact of the presence of
aldehyde moieties on cellulose (Figure 7).
Nonetheless, significant differences among the whole set of

samples were observed. The activity values were generally
higher in samples where GOx was bound at pH 6 regardless of

the DO, while other pH values had opposite trends: increased
activity for samples prepared at pH 8 and decreased activity in
those prepared at pH 10 was observed as the DO increased.
These pH-dependent changes in the activity may be related to
the enzyme deactivation due to a partial denaturation during
the functionalization process when carried out in alkaline
conditions.49 The critical H2O2 concentrations after 1 week
selectively decreased, showing a specific trend that confirms
that the best performances were achieved in beads where GOx
was bound at pH 6. These patterns indicate that a stronger
binding (presumably covalent), which was more significant in
oxidized beads, might have also affected the enzyme stability
against high H2O2 concentrations. Nonetheless, the H2O2
concentrations reached were high enough to inhibit the
growth of the bacterial pathogens tested.
The antimicrobial properties of the functionalized beads

were tested by monitoring the impact of the H2O2 produced in
a 12 mm well punched in the agar of a Petri dish previously
inoculated with four different bacterial strains. All experiments
were conducted by using the same batch of functionalized
beads prepared with the highest DO (DACb-100) where the
enzyme (1.4 mg/mL) was bound at pH 6 in order to maximize
the H2O2 production. To visualize the dose/effect response,
1−3 beads were immersed in the well containing 200 μL of
buffered (pH 6) substrate (Figure S6) and coincubated with
the bacteria for 24 h. No significant differences were observed
for E. coli (NCTC 10418) and P. aeruginosa (PAO1) in the
experiments with 2 or 3 beads, suggesting that the maximum
response in terms of inhibition reached its peak with 2
functionalized beads (Figure 8), after which enzyme
deactivation may have occurred. MRSA (MRSA252) and S.
aureus (H560) were less susceptible to H2O2, although a
significant inhibition compared to the control was observed
regardless of the number of beads used.
As reported previously, Gram-positive strains are able to

tolerate higher concentrations of H2O2 compared to Gram-
negative ones. For instance, S. aureus H560 has a minimum

Figure 6. GOx activity upon storage. Activity of beads functionalized at (a) pH 6, pH 8 (b), and pH 10 (c) upon storage at 4 °C. Error bars
represent the standard deviation (n = 3).

Figure 7. H2O2 critical concentration. Concentration of H2O2 reached after 24 h of reaction in 10 mL of substrate of (a) freshly functionalized
beads and (b) after 14 days of storage at 4 °C. Error bars represent the standard deviation (n = 3).
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inhibitory concentration (MIC) for H2O2 between 1.6 and 3.2
mM and the MIC for P. aeruginosa PAO1 is between 0.7 and
1.4 mM. The higher tolerance of Gram-positive bacteria for
H2O2 can be attributed with the presence of thicker cell-wall
peptidoglycan layer, which allows the preservation of cell
integrity.50 In addition, tolerance toward H2O2 oxidative stress,
in both Gram-positive and -negative bacteria, is also associated
with the expression of catalase, an enzyme that is able to
neutralize H2O2 (2 H2O2 → 2 H2O + O2).

51,52

In accordance with other work conducted using standard
H2O2 solutions,53,54 the functionalized beads showed growth
inhibition in a millimolar range considering the critical H2O2
concentrations extrapolated from activity experiments. It is also
likely that the H2O2 levels reached in the well proximity were
lower owing to the diffusion of H2O2 into the agarose gel
(larger volume). In other words, the antimicrobial effect
extrapolated from the agar diffusion experiments could be
underestimated. However, the maximization of the H2O2
production does not necessarily meet the safety requirements
for the design of antimicrobial biomedical devices as wound
dressings. In fact, continuous exposure to relatively high
concentrations of H2O2, i.e., commercial products (∼0.9 M)
used to irrigate contaminated wounds, may delay tissue healing
owing to cytotoxic effects.12,55 The generation of a lower
concentration of H2O2 (∼60 μM/cm2) in enzyme-function-
alized chitosan mat, designed as wound dressing material, was
already sufficient to inhibit the growth of E. coli and S. aureus.56

To assess the potential use of the enzyme-functionalized beads
as antimicrobial components in biomedical devices, further
studies such as in vitro biocompatibility assays and in vivo
wound healing experiments are required.

■ CONCLUSIONS

The rise of MDR bacteria, caused by inconsiderate use of
antibiotics, is one of the biggest threats to public health
worldwide. The use of antimicrobial materials to prevent
infections is, therefore, important to help to mitigate antibiotic
overuse. Here, DACbs were used as solid support for the
immobilization of GOx for the release of antimicrobial
concentrations of H2O2. The porosity and degree of oxidation
of the DACbs were easily controlled by modulating the

periodate concentration in solution before the oxidation
reaction. The degree of oxidation and the pH used for the
functionalization process significantly affected the binding
affinity of GOx for cellulose, the beads’ mechanical properties,
and the H2O2 release. Alkaline pH was disruptive toward the
DACbs and also caused enzyme deactivation. On the contrary,
the periodate oxidation of cellulose had a positive effect on the
retention of enzyme activity upon immobilization and upon
storage at pH 6 and 8. The H2O2 released from the
functionalized beads was able to inhibit the growth of four
different bacterial strains including P. aeruginosa and
methicillin-resistant S. aureus, known to be among the hardest
to eradicate in the wound environment.57 The relatively high
H2O2 concentrations (≈ 1.8 mM) produced and the prolonged
shelf life (at least 2 weeks) make the functionalized beads
designed herein a promising and versatile antimicrobial
material.
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