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Abstract

The modification of carbon nanomaterials with biological molecules paves the way towards their
use in biomedical and biotechnological applications, such as next generation biocatalytic
processes, development of biosensors, implantable electronic devices, or drug delivery. In this
study, different commercial graphene derivatives, namely, monolayer graphene oxide (GO),
graphene oxide nanocolloids (GOC), and polycarboxylate functionalized graphene
nanoplatelets (GN), were compared as biomolecule carrier matrices. Detailed spectroscopic
analyses showed that GO and GOC were similar in composition and functional groups content,
and very different to GN, while divergent morphological characteristics were observed for each
nanomaterial through microscopy analyses. The commercial alpha-L-rhamnosidase RhaB1 from
the probiotic bacterium Lactobacillus plantarum, selected as a model biomolecule for its
relevant role in the pharma and food industries, was directly immobilized on the different
materials. The binding efficiency and biochemical properties of RhaB1-GO, RhaB1-GOC, and
RhaB1-GN composites were analyzed. RhaB1-GO and RhaB1-GOC showed high binding
efficiency, while the enzyme loading on GN, not tested in previous enzyme immobilization
studies, was low. The enzyme showed contrasting changes when immobilized on the different
material supports. The effect of pH on the activity of the three RhaB1 immobilized versions was
similar to that observed for the free enzyme, while the activity-temperature profiles and the
response to the presence of inhibitors varied significantly between the RhaB1 versions. In
addition, the apparent Km for the immobilized and soluble enzymes did not change. Finally, the
free RhaB1 and the immobilized enzyme in GOC showed the best storage and reutilization
stability, keeping most of its initial activity after 8 weeks of storage at 4°C, and 10 reutilization
cycles respectively. This study shows, for the first time, that distinct commercial graphene
derivatives can influence differently on the catalytic properties of an enzyme during its

immobilization.
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Introduction

Carbon based nanomaterials form a family of carbon derived particles, including fullerene,
graphene, carbon-nanofibers, carbon-nanotubes, carbon-black, carbon-onions, and others 2
These materials have become the focus of attention of biochemistry and biomedicine
researchers due to their unique chemical and physical properties (e.g. surface chemistry,
electro-mechanical properties, structural features, etc.), which make them suitable to be used in
a number of applications from the technical, medical, environmental and agricultural fields 34
Most of these applications involve the interaction of these nanomaterials with biomolecules (e.g.
polypeptides), which due to their structural complexity and composition variability, make
prediction of the behavior of the formed carbon-biomolecule composites difficult. Also, despite
the relative simplicity of the carbon nanomaterials composition, the variety of protocols
developed to produce them might have an impact on the composition of the end products. Thus,
the properties of a certain carbon-biomolecule composite might vary depending on the origin of
the nanomaterial used, which would make a screening of different options to choose the best
performing one for a certain application advisable. Since the first report on mechanical
exfoliation of monolayer graphene in 2004 °, interest in this material has increased dramatically,
and recent developments have led to the commercial availability of “pristine” graphene and
different derivatives, including different types of graphene oxide (GO). Lately, the potential of
graphene and its derivatives as biomolecule carriers has also been an important focus of
interest for researchers. For instance, it has been shown that both graphene and graphene
oxide are capable of binding to different amphiphiles like peptides, polysaccharides and fatty
acids, showing differential binding affinities depending on the type of graphene derivative and
biomolecule °. In this sense, reports comparing the performance of different derivatives from
commercial sources when interacting with a selected biomolecule, and their effect on its
biochemical properties, are lacking. Also, the fact that the materials used in previous studies are

mostly homemade makes it challenging to achieve highly reproducible protocols.

One application that has received the attention of academic researchers and industry is the
immobilization of enzymes on solid carriers, since it leads to several benefits for biocatalysis,
including an efficient recovery and separation of the reaction product. In addition, the
immobilization of enzymes on solid carriers minimizes the contamination of the product, while
giving the possibility of reutilization of the biocatalyst, which will increase the cost efficiency of
the transformation process and enhance the safety of the material handling (i.e. by preventing
the appearance of allergies) s, Enzymes of microbial origin are nowadays widely applied in a
vast number of industrial processes. In fact, their use has been continuously rising during the
last decades due to several factors, including the increased availability of biocatalysts tailored to
new applications, and the need of a shift towards the use of more sustainable processes in
different industrial fields ™. However, due to the nature of the biocatalysts, the implementation

of biocatalytic steps in industrial processes can provoke certain problems as well %" These
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problems can be partially overcome by using immobilized versions of the enzymes of interest. In
addition, the immobilization matrix can influence the biochemical properties of the enzyme,
sometimes in a positive manner, for instance increasing its performance in non-aqueous
solvents, and/or enhancing its stability (heat organic solvents, autolysis). Therefore, graphene
derivatives with distinct properties might also have different influence on the biocatalytic
characteristics of an enzyme. However, although the immobilization of a number of enzymes in
a variety of functionalized graphene derivatives has been studied during the last years 1278 the
performance of distinct commercial graphene derivatives and their influence on the catalytic

characteristics of a particular enzyme have never been compared.

In this research work, we studied the influence of commercially available carbon-derived
nanomaterials on the biochemical properties of an alpha-L-rhamnosidase (GH78), a commercial
enzyme of industrial interest produced by the probiotic bacterial strain Lactobacillus plantarum.
Alpha-L-rhamnosidases comprise a family of enzymes with many potential applications in the
synthesis of pharmaceutical, cosmetic and food products ¥ and those produced by probiotic
bacterial strains have received attention in recent studies 2. GH78 enzymes are of particular
relevance in the transformation of steroids, antibiotics, and other bioactive molecules with L-
rhamnose glycosidic bonds. Also, in combination with beta-D-glucosidase, the enzyme cocktail
nariginase is formed, and it can be used as a debittering agent in citrus juices, and to enhance
the aroma of wine. Immobilization studies focusing on this enzyme and the nariginase complex
have been done, but mainly through encapsulation approaches, with materials different than

nanoparticles 9?2

. This method allows the generation of an optimal microenvironment for the
enzyme through the modification of the encapsulation material, but its practical use is rather
limited as, depending on the support material used, mass transfer limitations of the substrate or
enzyme leakage can occur 8 Physical adsorption, which makes use of the physical interactions
generated between the carrier and the enzyme (including van der Waals forces, ionic
interactions and hydrogen bonds), is the most popular approach for enzyme immobilization 827,
This approach typically does not change the native structure of the enzyme, as its active sites

are not disturbed, thus allowing to retain its activity 2829

. In addition, this chemical-free enzyme
binding approach allows a better understanding of how the support material can influence the
catalytic properties of the selected enzyme. In the present study we thoroughly characterized
commercial monolayer graphene oxide, graphene oxide nanocolloids, and polycarboxylate
functionalized graphene nanoplatelets, and analyzed, for the first time, the biochemical
properties of the Lactobacillus plantarum alpha-L-rhamnosidase enzyme RhaB1 after its direct

immobilization on each of these carbon derived nanomaterials.

Materials and Methods

1. Materials and reagents
Most of the chemicals and reagents were purchased to SIGMA and Acros Organics. The

graphene derivatives were obtained from different suppliers as well: Graphene oxide
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nanocolloids (ref: 795534; lot: MKBT5205V) and graphene nanoplatelets polycarboxylate
functionalized (ref: 806625; lot: MKBW5736V) were purchased to SIGMA, and monolayer
graphene oxide (C309/GORB014/D1) was purchased to Graphenea. The alpha-L-

rhamnosidase RhaB1 from Lactobacillus plantarum was obtained from Megazyme.

2. ATR-FTIR analysis

IR spectra were recorded on dry solid samples in the 4000-400 cm™ region by a JASCO FT-IR
4200 spectrophotometer equipped with a Single Reflection ATR PRO ONE device. Each of the

graphics is the result of overlapping 128 scans with a 4 cm™ resolution.

3. Raman, XPS, XRD analysis

X-ray diffraction analysis (XRD) was done using a Bruker D8 Advance diffractometer equipped
with a Sol-X detector and Cu Ka radiation (A = 1.54178 A). The powders have been dispersed
into an amorphous plastic sample holder and the measures performed in the angular range of 5
— 70° 20. The X-ray photoelectron spectroscopy (XPS) was done by the SGlker unit at the
University of the Basque Country (UPV/EHU), using a SPECS system, equipped with a Phoibos
150, on powders deposited into glass slides. The Raman analysis was done using an

Alpha300R-Alpha300A AFM Witec instrument, using samples deposited into glass slides.

4. AFM and TEM analysis

AFM images were collected in tapping mode Alpha300R-Alpha300A AFM Witec instrument,
using Arrow™ NC cantilevers with a tip radius <10 nm and a force constant of 42 N/m. Samples
were deposited on a mica surface from aqueous solutions by drop casting. TEM analysis was
performed at the Microscopy Unit from the University of Valladolid, using a JEOL JEM-1011 HR
TEM coupled with a Gatan Erlangshen ES1000W camera. Samples were deposited on Lacey

Carbon Type-A, 300 mesh, copper grids.

5. Z-potential determination

The z-potential determination was done at Nanovex Biotechnologies S.L., using a Zetasizer
Nano ZS90 (Malvern Instruments) and the M3-PALS method. The graphene derivative

suspensions (650 ng/mL) were sonicated for 5 minutes prior to the analysis.

6. Circular dichroism determination
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Circular dichroism (CD) spectra were acquired at the Research Technical Services from the
University of Alicante, with a JASCO J-810 CD spectrophotometer at 25 °C. Free RhaB1, GOC-
RhaB1, GO-RhaB1 and GN-RhaB1 were prepared in sodium phosphate buffer 25 mM (pH 6.5)
and the spectra was recorded from 200 to 450 nm using 1 mm path length quartz cells, with a

scan rate of 50 nm min”.

7. Enzyme immobilization

Concentrated stocks of the alpha-L-rhamnosidase RhaB1 and the three selected graphene
derivatives were prepared in sodium phosphate buffer 25 mM (pH 6.5), and stored at 4°C. Prior
to the immobilization reaction, the nanomaterial suspensions were sonicated. The enzyme
binding reactions were prepared in microcentrifuge tubes (final volume 250 pL) by dissolving
aliquots of the enzyme solution in the nanomaterials suspensions, to achieve final enzyme
concentrations of 600 pg/mL and 100 pg/mL, reacting with a fixed graphene nanoparticle
concentration (650 pg/mL). The reactions were incubated in an Eppendorf Thermomixer
instrument, during 14 hours, under constant gentle shaking (300 rpm), at 4°C. Afterwards, the
bionanocomposites were separated from the reaction supernatants, and subsequently washed

three times with sodium phosphate buffer 25 mM (pH 6.5). All reactions were done by duplicate.

8. Enzyme activity determination

The alpha-L-rhamnosidase activity was assayed using 4-nitrophenyl-alpha-L-rhamnopyranoside
(pnpR) as substrate. The substrate solution consisted of 65 pl of 1,6 mM pnpR dissolved in 25
mM phosphate buffer (pH 6,5). To start the enzymatic reaction, 10 pL of an enzyme dilution
containing 7,5 mg/mL of bovine serum albumin (BSA) was added to the substrate solution on 96
F microwell plates, which were incubated in agitation at 50°C. After 15 minutes, sodium
carbonate 0,25 M (75 pL) was added to stop the reaction. Absorbance was measured
spectrophotometrically at 405 nm. Enzyme concentration determinations were performed

through Bradford analysis, following the supplier indications.

The binding percentage of RhaB1 on different graphene derivatives was determined using the
activity values of the free enzyme suspensions prior to the immobilization reactions (“Free
enzyme activity”), and the supernatants recovered after the enzyme immobilization reaction,

which contain the unbound enzyme (“Supernatant activity”), using the following formula:

Free enzyme activity — Supernatant activity 100
X

Binding percentage =
gp g Free enzyme activity
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The Michaelis—Menten behaviour of the free and the immobilized enzymes was determined by
measuring the velocity of the enzymatic reaction at different concentrations of pnpR (1-15 mM)

using standard conditions.

The enzyme activity profile at different pHs was studied using 100 mM sodium phosphate buffer
in a pH range of 5.5-8. The enzyme activity profile, at different temperatures (35-60°C), was
determined by performing the reaction at the optimum pH, using the protocol described above.
The thermal stability was determined by incubating aliquots of the different RhaB1 versions at
two different temperatures (50°C and 60°C), while measuring the enzyme residual activity after
5, 10, 20, 40 and 60 minutes.

The effects of several inorganic (ZnSO,, CuSO,, MnSQ,, CaCl,, CoCl,, NaCl, KCI and sodium
metabisulphite) and organic (D-glucose, L-rhamnose, L- tartaric acid, citric acid, acetic acid,
ethanol, methanol, propanol and butanol) compounds on the activity of free and immobilized

RhaB1 was studied using the enzyme activity determination protocol described above.

9. Storage stability and reutilization

To define the stability, aliquots of both free and immobilized RhaB1 were stored in 25 mM
sodium phosphate buffer (pH 6.5), at 4°C. The residual activity was monitored during 8 weeks.
The enzyme activity levels recorded at time O were used as reference values (100 %).
Regarding the reutilization determination, the graphene biocomposites were subjected to
several consecutive enzyme reaction cycles. Once a reaction cycle was finished, the
biocomposites were recovered by centrifugation and washed two times with sodium phosphate

buffer (pH 6.5) prior to the next enzyme reaction cycle.

Results and Discussion

1. Selection and characterization of different commercial graphene derivatives

The use of nanomaterials as carriers of enzymes and other biomolecules is the focus of many
research studies, due to the exceptional characteristics of these materials, such as high
mechanical strength, large surface properties (that allow for more effective interactions with a
variety of biological molecules), low mass transfer resistance, and high loading capacity 230-33,
Within the group of carbon derived nanomaterials, graphene oxide has been shown to be very
promising in these type of applications , Thus, in the present study we selected two different
commercial graphene oxide derivatives, namely monolayer graphene oxide (GO), from the
company Graphenea, and graphene oxide nanocolloids (GOC), supplied by Sigma. In addition,
we selected polycarboxylate functionalized graphene nanoplatelets (GN), also supplied by
Sigma. Prior to their functionalization with the selected biocatalyst, the three materials were

thoroughly characterized. To obtain insights into their elemental composition and the presence
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of functional groups their surface chemistry was studied through high resolution X-ray
photoelectron spectroscopy (XPS). GO and GOC showed similar C/O ratios (1.8 and 2.0
respectively), and different contaminant components were detected in both nanomaterials: GO
had traces of S, whereas GOC had traces of Mn, Ca, Si and S. Regarding their composition in
oxygen functional groups, the obtained spectra suggest the presence of C-O, and O-C=0
(Supplementary table S1). In contrast, GN seemed to have a much higher C/O ratio (27.9),
indicating the presence of low oxygen amounts, so the presence of polycarboxylate groups
could not be inferred from the spectra analysis. Residual amounts of Na and/or P were detected
in all three materials, something that could be expected since they were previously equilibrated
in sodium phosphate buffer prior to the biofunctionalization step. The three commercial
nanomaterials were also characterized through X-ray diffraction analysis (Supplementary figure
S1): the pattern corresponding to GO presents the typical broad peak (001) at 26 = 10.95°
which indicates a d-spacing of 0.80 nm, in accordance with the data reported in the current
literature *°. The diffractograms recorded for the GOC sample are comparable with the GO
pattern, although the 001 peak possesses a broader character. The peak position is centered at
11.05°, which corresponds to an interlayer distance of 0.80 nm. In contrast, the powder X-ray
diffraction pattern of the graphene nanoplatelets is characterized by two narrow peaks at 26
equal to 26.45° and 54.55° of graphite. The 001 Bragg reflection, common for all patterns, is
narrower and shifted at lower 206 (8.35°, d-spacing 1.06 nm), suggesting that the
polycarboxylate groups present in the graphene nanoplatelets significantly increase the average
interlayer spacing.

The FTIR spectra of the different graphene derivatives were analysed to obtain additional
insights into their functional groups profile (Figure 1a). As a whole, the spectra are weak and
unresolved, as observed for these types of compounds 3638 Regarding GO and GOC materials,
taking into account the presence of C=C (sp® bonded carbons), C—C (sp® bonded carbons),
alkoxy C—O-H, ether and epoxy C-O-C, carbonyl C=0, and ester and carboxy C(=0)-O
functional groups, an assignment for the main bands is given, according to those reported in
literature **°. A broad band in the 3500 — 3200 cm™ region would correspond to the stretching
v(O-H) modes coming from alcohol or hydroxyl acid fragments or, wherever the intensity of the
band drastically increases, humidity from water in samples. Weak bands around 1805 cm™' are
characteristic of organic cyclic carbonates (as vinylene or ethylene ones) (SDBSWeb:
http://sdbs.db.aist.go.jp (National Institute of Advanced Industrial Science and Technology,
16/06/2017)). However, in these compounds, these signals have been traditionally assigned to
v(C=0) groups in non-conjugated ketones ¥ The medium-sized band around 1715 cm™ is
attributed to v(C=0) vibrations in the carboxylic (COOH) moieties. The band often appearing at
1630 cm™' in wet samples is usually due to the §(H-O-H) modes of the water molecule. This
band uses to resolve as a shoulder in dry samples, as the occluded water in them, but other
contributions could be obscured behind it. The minimum around 1585 cm™" could be attributed
to both the contributions of the v(COO) and v(C=C) modes, for instance in v(C=C-COQ")

moieties *°. The band around 1365 cm™' has been ascribed to a combination of 8(C-0O—H)
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and v(C=C), characteristic of regions with several phenyl groups located nearby **. Some
authors assign the medium band in the 1225 — 1210 cm™ to v(C-0) from (C—OH) modes and
epoxy v(C-0O-C) groupszg. Bands at 1070 — 1020 cm™' could arise from phenol and hydroxyl

v(C-0) vibrations, while those around 980 — 930 cm™' have been attributed to v(C-0) etheric
rings. The observed differences between GO and GOC are not significant. To ratify the nature
of some of the bands observed in GO and GOC, we checked the influence of the acidity of the
medium on the intensity and positions of the bands of the colloidal derivative (GOC),
represented in Figure 1b. Despite the low resolution of the sample acidified with diluted
aqueous HCI solution, there is a clear increase in the intensity of the bands at 1715, 1350-1370
and 1020-1025 cm™" and a decrease in that around 1570 cm™", which is in good agreement with
a greater amount of COOH carboxylic acid and hydroxyl groups.

Regarding the GN material, the lack of noticeable spectroscopic features in the FTIR spectra of
this material is evidence for a relatively low amount of oxygen-containing functional groups, as
observed before in the XPS analysis.

To further define the composition of GO and GOC, and to get insights into their structural
features, both nanomaterials were analysed by Raman spectroscopy as well (Supplementary
figure S2a). As expected, GO and GOC showed the characteristic graphene oxide bands D and
G “"*2, which were fitted with a Lorentzian function prior to their analysis. All prominent bands
appeared at upper frequencies in GOC, and their relative intensity was also higher in the
colloidal nanomaterial. This suggests that GOC accumulates a higher number of defects. Also,
the observed shift in the D band suggests a different reorganization of the hexagonal lattice of
both materials, as well as a greater concentration of structural defects and higher disorder of the
atomic bonds in GOC ***.

Finally, since the charge of the nanomaterials could influence the adsorption of the enzyme,
their zeta-potential was measured. When suspended in the enzyme immobilization buffer
(sodium phosphate 25 mM, pH 6.5), selected according to the enzyme supplier instructions to
obtain the optimal enzyme activity, the three materials showed to have a very similar charge,

between -44 and -46 mV, which is in the range of values previously reported ",
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Figure 1. IR spectra of different graphene derivatives: GOC (red), GO (blue) and GN (green), in
linear scale for the 2000 — 500 cm™ region (a), and different GOC samples: GOC suspended
and washed with distilled water (red) and GOC suspended in an aqueous solution of HCI at pH
< 1 for 20 min and washed with HCI acidified water (blue), in linear scale for the 2000 — 500

cm—1 region (b).

Regarding the microscopic characteristics of the different graphene derivatives, AFM and TEM
analysis was performed by drop casting the samples on a mica surface, and carbon coated
copper grids respectively. As can be seen in Figure 2, GOC, GO and GN show clear differences
in terms of particle size and aggregation state. GO had a similar structure to that reported in

previous AFM analyses 3454

, while GOC and GN aggregates were more disperse and had
smaller size. The graphene flakes size is particularly visible in case of the TEM images. In all
cases graphene monolayer particles could be observed. In addition, it was noticeable that the
GOC flakes had the smallest size (around 200 nm), while the size of GO and GN seemed to be

more comparable and difficult to quantify. Also, the GN sheets appeared to be more stacked.

Figure 2. AFM and TEM analysis of GOC (a, b), GO (c,d) and GN (e, f). Graphene solutions
with a final concentration of 20 ng/mL were deposited by drop casting on a mica surface and

carbon coated copper grids respectively.
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2. Inmobilization of the alpha-L-rhamnosidase RhaB1 in different graphene

derivatives

The commercial alpha-L-rhamnosidase RhaB1 from Lactobacillus plantarum (specific activity:
190 units/mg protein) was selected for immobilization on the different graphene derivatives.
Alpha-L-rhamnosidases have shown to be potentially useful in pharmaceutical and food
industries, in processes related to the enhancement of the health benefits of naturally occurring
plant flavonoids or by improving the taste and flavour of different food products 449 As
described above, several studies have focused on the immobilization of alpha-L-
rhamnosidases, but mostly through encapsulation approaches, and never using carbon derived
nanopatrticles. The first step towards the analysis of the catalytic properties of RhaB1 when
directly immobilized on graphene derivatives was to evaluate its binding capacity to the different
test materials. Two different enzyme concentrations, high (600 ug/mL) and low (100 pg/mL),
were incubated with a fixed graphene nanoparticle concentration (650 pg/mL) and different
graphene biocomposites were obtained (for more details see Materials and Methods). To
calculate the percentage of enzyme bound to the different materials, the rhamnosidase activity
of the supernatants recovered after the immobilization reaction was determined (unbound
protein), and compared to that of RhaB1 solutions at 600 ug/mL and 100 ug/mL (Table 1). Table
1 displays the percentage of RhaB1 bound in the different biocomposites, the amount of
enzyme immobilized per mg of nanomaterial, and the relative activity retained after the
immobilization. RhaB1 was bound with high efficiency to GO and GOC at both high and low
concentrations. In the case of GN, only a low proportion of the enzyme was bound to the
substrate, particularly when the enzyme was present at high concentration. This result indicates
that GOC and GO have a high loading capacity for RhaB1, while GN has a poorer performance
when used as a carrier for this enzyme. GO and GOC showed a higher loading capacity than
that reported for different graphene derivatives in similar applications 185092 The relative RhaB1
activity retained in the biocomposites after the immobilization reaction was also determined by
using the enzyme activity of the free RhaB1 high and low enzyme suspensions as reference
(Table 1). Interestingly, in case of GOC and GO, when lower enzyme concentrations were used,
the retained relative RhaB1 activity was lower, too. Different enzyme-nanoparticle ratios,
equivalent to a different solution chemistry, could result in different biocomposite aggregation
states **, which could have an influence on the relative activity retained by the enzyme after its

immobilization.

Sample RhaB1 binding RhaB1 load Relative activity Specific activity
percentage (%) (ng/mg) retained by loaded (U/mg protein)
RhaB1 (%)
GOC-RhaB1 98,9 3,2 912,9+29,5 91,7+4,3 174,24+ 8,7
(600 pg/mL)
GOC-RhaB1 98,1+ 3,6 150,9 £ 5,6 58,7+5,5 11,5+ 10,5
10
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(100 pg/mL)

GO-RhaB1 995+ 1,7 918,5+ 15,6 88,4+ 1,4 168,0 £ 2,7
(600 pg/mL)

GO-RhaB1 97.9%59 150,7 £ 9,1 354%25 67,3438
(100 pg/mL)

GN-RhaB1 3,8+0,5 353+ 4,3 102,4 £ 3,6 194,6 £ 6,8
(600 pg/mL)

GN-RhaB1 17417 26,8%27 100,2 £ 5,5 190,4 £ 10,5
(100 pg/mL)

Table 1. RhaB1 binding percentage, total load (ug of RhaB1/mg of nanomaterial), relative
activity retained after the immobilization reaction when compared to the free RhaB1 relative
activity (O.D. 405 nm/mg of protein), and RhaB1 specific activity (units/mg of protein) retained
after the immobilization reaction. The reported values are the averages of four technical

replicates, measured in two different samples.

To confirm the enzyme binding, and to analyze the morphological characteristics of the
biocomposites, additional spectroscopy and microscopy analyses were performed on GOC-
RhaB1, GO-RhaB1 and GN-RhaB1. The infra-red spectra of the enzyme supported on GO and
GOC were very different to the bare nanomaterials, containing several high intensity bands
which were absent in the graphene matrices, as can be seen in Figure 3. The intense and
medium bands around 3275, 1634, 1530-1515, 1455-1445, 1390, 1235, 1150-1055 and 930
cm™' have been attributed to v(O-H) / v(N-H), amide I, amide Il, v(COO-) / v(C=C), amide I,
amide lll, 3(N-H) and y(N-H) vibration modes, respectively, which is in good agreement with

previously reported studies 54-58

. Also, some researchers have assigned bands around 1050
cm™ to the formation of hydrogen bonds between protein and graphene % In contrast, no
evidence of enzyme adsorption to graphene nanoplatelets could be obtained from infra-red
measurements in the same experimental conditions, probably due to the low levels of enzyme

bound to the nanomaterial, as shown in the binding percentage determination assay.
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Figure 3. IR spectra of GOC-RhaB1 (red) and GO-RhaB1 (blue), in logarithmic scale for the
4000 — 400 cm™ region.

To get additional insights into the enzyme adsorption phenomenon of each of the selected
graphene derivatives we also made Raman measurements in the samples with and without
bound enzyme. The spectra of GO and GOC bound to RhaB1 show the characteristic D and G
bands, which are present in the bare materials too. However, a similar shift towards lower
wavenumbers could be observed for GO-RhaB1 and GOC-RhaB1 (Supplementary figure S2b).

As previously described 4143

, this could be due to reorganization of the hexagonal lattice of the
carbon atoms with defects when the enzyme is bound to the graphene derivatives. Additional
differences observed between the enzyme bound and the bare materials were the ratio increase
between D and G bands on the first group, possibly due to the presence of a greater number of
defects, and the clear increase in intensity of the 2D region, which is an indication of partial
stacking of the graphene sheets, possibly caused by the presence of the enzyme 4243
Regarding the Raman spectra of GN and GN-RhaB1, both samples showed the typical
graphene characteristics *2_ However, GN-RhaB1 showed a displacement of the 2D band to a
lower wavelength, and both the 2D band intensity and the ID/IG ratio were higher. These

changes could be related to the small amounts of RhaB1 that were immobilized on GN.

To observe possible morphological changes caused by RhaB1 immobilization on GO, GOC and
GN, microscopy analyses using AFM and TEM were done. The AFM scans of GO-RhaB1 and
GOC-RhaB1 showed clear differences when compared to those obtained from the bare
materials. In case of GN-RhaB1, differences were not as evident, probably due to the low
enzyme binding efficiency observed. However, the low resolution of the scans made it
impossible to do a thorough analysis of the nanomaterial-enzyme composites structure
(Supplementary figure S3). TEM imaging allowed to see evident differences in the surface
topography of the nanomaterials before and after RhaB1 immobilization, and gave more

information on how the bound enzyme interacted with the different nanomaterials. In the case of
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GOC, the nanomaterial flakes appeared to form aggregates with the enzyme, while in the case
of GO, RhaB1 seemed to form a coating over the graphene sheets. The differences observed
between GN and GN-RhaB1 could only be noticed on the images obtained at higher resolution,

where small spots distributed on the flakes surface were identified, which could correspond to

oNOYTULT D WN =

enzyme aggregates (Figure 4).
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Figure 4. TEM analysis of GOC (a, c), GOC-RhaB1 (b, d), GO (e, g), GO-RhaB1 (f, h), GN (i, k)
and GN-RhaB1 (j, I). Graphene solutions with a final concentration of 20 ug/mL were deposited

by drop casting on carbon coated copper grids.

To determine possible RhaB1 structural changes due to the enzyme adsorption on the different
materials, a circular dichroism (CD) spectroscopy analysis was done. The CD spectra of free
RhaB1, GOC-RhaB1, GO-RhaB1 and GN-RhaB1 were similar (Supplementary Figure S4). An
analysis of the far UV-region allowed the identification, in all samples, of a positive band at 205
nm, and a negative band around 220 nm, suggesting that minimum changes in the secondary
structure of RhaB1 occurred as a consequence of its interaction with the different graphene
derivatives, as previously reported 0 To have further insights into possible conformational
changes occurring in the immobilized RhaB1, the affinity of the different graphene-
rhamnosidase composites towards the synthetic 4-nitrophenyl alpha-L-rhamnopyranoside was
determined by studying their activity in the presence of different concentrations of the substrate.
The obtained results showed that free RhaB1 has a Km of around 6 mM, as reported previously
by Beekwilder et al. (2009), while the same values were obtained for the different RhaB1
immobilized versions. The influence of the immobilization process on the substrate affinity of
different enzymes has been reported previously with a variable outcome, ranging from no

changes to increased values of almost two orders of magnitude 8

3. Effect of temperature on RhaB1 activity and its different graphene composites

The enzymatic activity of free and immobilized enzymes as a function of temperature was
studied (Figure 5a). Maximal activity for free RhaB1 was detected at 48°C, which is very similar
to the one reported in a previous study *® The remaining activity of the free enzyme at 60°C
was close to 70 %. This result also fits with previous reports, indicating a relatively high activity
of the enzyme at temperatures over 50°C 8 When immobilized on GOC, the enzyme activity
profile did not show any significant changes. However, when immobilized on GO and GN, a
change in the optimal temperature and in the activity profile of the enzyme could be observed.
The optimal temperature of RhaB1 immobilized on GO and GN was 40°C and 50°C
respectively. In the case of RhaB1-GO, the enzyme showed a lower activity at temperatures
above 40°C, when compared to the rest of the RhaB1 versions studied. In contrast, RhaB1-GN
displayed a significantly lower activity at temperatures below 45°C when compared to the other
conditions tested. Previous studies, in which different alpha-L-rhamnosidases were immobilized
on substrates different to graphene, also showed variable effects in the temperature activity

24,61

profile of the enzymes . In addition, other studies, in which different enzymes were

immobilized on functionalized graphene derivatives, also showed a change in their activity

30,50,62

profile at different temperatures . Amongst other possibilities, this phenomenon could be

due to distinct aggregation kinetics of the enzyme-graphene composites, which would affect the
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measurable RhaB1 activity. Recent findings show that both temperature and the solution
chemistry have an impact on the aggregation kinetics of graphene in aquatic environments 3
GO, GOC and GN have shown differences in morphology and composition, and TEM analysis
showed distinct nanomaterial-enzyme interactions as well. Therefore, it is possible that their
aggregation state is differently affected under temperature changes, causing differences in the

enzyme availability for the substrate.

a b
1204 —a— RhaB1
1004 ---- GOCRhaB1
4 GORhaB1
_ = 104 --#-- GNRhaB1
S g
< g0 >
2 S 80
2 2
- o
& 60 s
60
@ 2
[ <
£ i [
x 404 A @ 40
2 2
- ©
s L]
5 ©
o 204 \
& X 204
b 3
0 T T T T T T 0 T T T T T T
35 40 45 50 55 60 55 6,0 65 7,0 75 8,0
Temperature °C pH

Figure 5. Alpha-L-rhamnosidase activity of free and immobilized RhaB1 on different graphene
derivatives as a function of temperature (a) and pH (b). The error bars are means of four

technical replicates, measured in two different samples.

4, Effect of pH on RhaB1 and its different graphene composite versions

The pH optima of free RhaB1 and its different immobilized versions was studied by determining
the enzyme activity along a range of different pHs (for more details see Materials and methods).
In all cases the activity of the enzyme was highest at pH 6.5 (Figure 5b). A similar result was
previously reported for the free enzyme, when rutin was used as substrate " All RhaB1
versions analysed (free and immobilized) showed a similar activity profile along the different
pHs. However, while free RhaB1, and the enzyme immobilized on GN and GO, kept over 60 %
of its activity in the pH range from 5.5 to 7, the enzyme immobilized on GOC showed a lower
residual activity at pH 5.5 (50 %). In addition, the residual activity that was determined at pH
values higher than 7 was lower than 50 %, in all cases. As displayed in Figure 5b, both free
RhaB1 and the graphene-enzyme nanocomposites showed comparable activity profiles, with
the exception of RhaB1-GOC at pH 5.5. Similar results were reported previously, where
rhamnosidases from Clostridium stercorarium and Aspergillus terreus where immobilized on

24,26,61

different non-graphene materials . Nevertheless, immobilization of glycoside hydrolases

different from alpha-L-rhamnosidases on graphene derivatives have shown variable results

regarding their pH activity profile when compared to the free enzyme, being clearly altered most

30,51,62,63

of the times . In any case, the graphene nanomaterials selected in these studies are
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quite heterogeneous in terms of composition, which makes it difficult to understand their role on

the modification of the enzymes catalytic properties.

5. Time-dependent stability of RhaB1 graphene composites at different

temperatures

Once the optimal temperature was determined for all RhaB1 versions, their time-dependent
stability at different temperatures was also examined. The enzymes were incubated at 50°C and
60°C for one hour. In the case of the free enzyme, RhaB1 kept over 80 % of its residual activity
after an hour of exposure to 50°C (Figure 6). In a previous study, RhaB1 showed a lower
degree of stability at 45°C and 55°C “®. In the present study, the protocol used for quantification
of alpha-L-rhamnosidase activity included bovine serum albumin (BSA), while this was not the
case in the study performed by Avila and collaborators. BSA can act as an enzyme stabilizer o
which could explain the differences in thermal stability observed between the two studies. The
enzyme immobilized on GOC showed a comparable behaviour to that of the free enzyme when
incubated at 50°C. However, contrasting changes in thermal stability were observed when the
enzyme was immobilized on GO and GN. When immobilized on GO, RhaB1 lost, on average,
around 30 % of its activity after an hour of thermal incubation, while the residual activity of the
enzyme remained over 90 % when immobilized on GN, showing the highest stability levels
among all RhaB1 versions studied (Figure 6a). At 60°C, the free enzyme became inactive after
ten minutes of incubation, while all RhaB1 immobilized versions kept around 15 % residual
activity (Figure 6b). Remarkably, the improvement of the thermal stability of other glycoside
hydrolases after their immobilization on graphene derivatives has been previously observed in

various studies "*%%083,
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Figure 6. Stability of free and immobilized RhaB1 at 50°C (a) and 60°C (b) during a time course
incubation of 60 minutes. The error bars are means of four technical replicates, measured in

two different samples.
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6. Effect of potential inhibitors and activators

The presence of different components in reaction matrices where alpha-L-rhamnosidases can
65,66

be applied might inhibit their activity . The availability of data regarding the influence of
potential inhibitors and activators of RhaB1 activity is limited, and their effect could vary due to
the enzyme immobilization. Therefore, we studied the effect of a range of components (metal
ions, sugars, alcohols, etc.) on the activity of free and immobilized RhaB1. As displayed in
Table 2, the divalent cations Mn**, Cu?*, Zn?* and Co®" showed an inhibitory effect on the free
RhaB1. An inhibitory effect on RhaB1 activity was previously observed for Mn?" and Cu® ions *.
In contrast, the monovalent cations Na* and K showed an improvement (27 % and 10 %
respectively) of the enzymatic activity of free RhaB1, while Mg* and Ca®* did not affect the
enzyme activity. After its immobilization on the different graphene composites, the stimulatory
effect of Na* and K* on RhaB1 activity disappeared. The divalent cations Mg®* and Ca®* reduced
the activity of all RhaB1-graphene composites, and Co®* and Cu* had an even bigger inhibitory
effect. In contrast, the inhibitory effect of the divalent cations Mn*" and Zn*" on RhaB1 activity
was stronger on the free enzyme. Regarding sodium metabisulfite (200 mg/L), the presence of

this salt barely affected the performance of the free enzyme and the three different composites.

Component alpha-L-rhamnosidase activity (%)
RhaB1 GOCNF-RhaB1 | GONF-RhaB1 | GNNF-RhaB1

MnSO,-H,0 (1 mM) 5411 572+1,5 59,3+3,3 18,5+ 0,6
CuS04-5H,0 (1 mM) 6,9+0,7 52+1,5 0,0£0,5 1,1+0,4
ZnS0O4 (1 mM) 37,0+2.2 53,3+1,8 53,9+3,4 38,3+1,3
CoCly (1 mM) 740+5,5 63,5+2,4 63,0+ 1,9 50,2+4,3
CaCl, (1 mM) 91,1+ 3,1 84,8+ 3,6 87,4+1,8 78,757
MgCl, (1 mM) 101,6 £ 5,8 83,8+ 3,1 91,654 71,753
KCI (1 mM) 110,1+£6,7 95,3+3,9 97,7+ 6,1 93,3+2,3
NaCl (1 mM) 127,4 + 3,2 95,5+ 3,6 98,0+£0,8 97,3+3,5
Sodium metabisulfite 98,6 +1,2 90,0+4,4 96,1 +4,1 98,6 + 8,4
(200 mg/L)

Table 2. Effect of different inorganic compounds on the activity of free and immobilized RhaB1.
The reported values are the averages of four technical replicates, measured in two different

samples.

The effect of different organic compounds on the catalytic behaviour of different RhaB1 versions
was also tested (Table 3). Two different sugars (glucose and rhamnose), three organic acids

(tartaric acid, citric acid and acetic acid), and four alcohols (ethanol, methanol, propanol and
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butanol) were tested at concentrations that resemble those found in a variety of food matrices.
In contrast to previous studies reporting the effect of high glucose concentrations on the

performance of rhamnosidases e6.67

, RhaB1 kept a relatively high level of activity in the
presence of glucose 500 mM, while the enzyme-graphene composites showed a higher
reduction of their activity. The inhibitory effect produced by rhamnose (100 mM) was stronger,
and similar in all cases. In general, methanol, butanol and propanol showed a relatively low
influence on the performance of all four RhaB1 versions, while ethanol provoked a more
pronounced inhibitory effect on the enzymes, which was higher in case of the RhaB1-graphene
composites. Meanwhile, the presence of organic acids substantially reduced the enzyme
activity, which could be due to a pH decrease. The inhibitory effect observed for rhamnose,

alcohols and organic acids seem to be usual for most rhamnosidases 6869

, although some have
shown to be more tolerant to ethanol than RhaB1 °*®’. Regarding the effect of organic solvents
on the activity of immobilized enzymes, few studies were found, investigating their effect on the
activity of lipases and laccases. In some cases, the immobilized enzymes showed higher
activity levels than the free ones, but the results were variable, as observed as well in the

present study 15.70.71

. The obtained results show that potential inhibitors and activators may have
a different influence on the activity of immobilized enzymes and their free forms. As mentioned
before, a recent report shows that changes in the ionic strength and the solution chemistry
(including changes of cation types) can have an influence on the stability and aggregation state

of graphene derivatives %% which could also influence the activity of the biocomposites.

Component alpha-L-rhamnosidase activity (%)
RhaB1 GOCNF-RhaB1 | GONF-RhaB1 GNNF-RhaB1

Glucose 500 mM 84,7+3,7 66,3 £ 2,6 60,8 £ 3,9 66,7 £2,3
Rhamnose 100 mM 19,6 £ 0,8 19,0+ 1,7 18,3+ 1,7 16,8+ 1,3
L(+)Tartaric acid 0,8 g/L | 15,0 £ 4,1 52+1,8 7,8+17 93+21
Citric acid 0,8 g/L 245+55 5417 3,8+0,5 3,0%0,7
Acetic acid 0,8 g/L 744 +14 285+2/1 30,2+1,9 31,7 +2,2
Ethanol 12 % 53,8+1,4 43,7 £ 3,2 38,7 +1,9 382+23
Methanol 0,6 % 88,6+ 1,5 100,3 £ 2,6 99,3+4,8 91,6 +£4,9
Propanol 0,6 % 90,5+ 3,3 92,2+27 85977 81,0+7,5
Butanol 0,6 % 84,8+ 5,6 95,2+4,0 88,5 +7,1 76,0+ 25

Table 3. Influence of different organic compounds on the activity of free and immobilized
RhaB1. The error bars are means of four technical replicates, measured in two different

samples.

7. Time-dependent stability, leaching and reusability

ACS Paragon Plus Environment 18

Page 18 of 29



Page 19 of 29

oNOYTULT D WN =

ACS Applied Materials & Interfaces

The time-dependent stability of the different RhaB1-graphene composites was analyzed by
measuring the activity of the different stocks when stored during two months at 4°C. In addition,
the influence of enzyme load on the enzyme stability was evaluated. All RhaB1 versions were
stored at 4°C for 60 days, and their activity was tested several times during this period. As can
be observed in Figure 7, free and immobilized RhaB1 stability showed a clear dependence on

protein concentration, as previously reported for other enzymes 2

. The free enzyme and
RhaB1-GOC suspensions containing a higher enzyme concentration (600 ug/mL) were the only
samples that kept 100 % of their activity during the test period. In contrast, the RhaB1-GOC
composites obtained with a lower enzyme concentration (100 pg/mL) lost around 30 % activity,
while the free enzyme at the same concentration lost 50 %. Therefore, GOC showed to have a
protective role on RhaB1 stability when the enzyme was loaded at 100 pg/mL. The RhaB1-GO
sample sets, obtained from both 600 yg/mL and 100 ug/mL immobilization reactions, gradually
reduced their rhamnosidase activity along the storage period. Initially, the samples with a lower
RhaB1 load (100 pg/mL) showed a faster activity decrease. However, after 60 days of storage,
the remaining activity levels in both sample sets were very similar, maintaining around 30 % of
the initial activity in all cases. Similarly, when immobilized on GN, RhaB1 also suffered a
decrease of its activity along the whole storage period, finally keeping around 50 % of the initial
activity in both 600 pg/mL and 100 ug/mL sample sets. In this case, there were no clear
differences between GN and GN-RhaB1 in terms of activity reduction rhythm. As described
before, the RhaB1 binding on polycarboxylate functionalized GN was low, regardless of the
amount of enzyme used in the immobilization process. This could explain the fact that no clear
differences are observed in stability changes between the different GN samples. RhaB1 loaded
on GOC and GO at a lower concentration lost its activity faster than when loaded in higher
amounts, which indicates the relevance of this parameter to keep RhaB1 stability along time.
The GOC nanomaterial showed the best performance to keep the stability of RhaB1, at both

enzyme concentrations tested, when stored at 4°C.
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Figure 7. Time dependent alpha-L-rhamnosidase activity of free RhaB1 (a), and immobilized,
with different initial concentrations, on GOC (b), GO (c), and GN (d). The error bars are means
of four technical replicates, measured in two different samples.

The reusability of GO-RhaB1, GOC-RhaB1 and GN-RhaB1 was also compared in this study, as
it is an important feature of the immobilized enzymes cost efficiency. The three biocomposites
were subjected to 10 reutilization cycles and, as described below, they showed similar
differences to those observed in the storage stability assay. GOC-RhaB1 had the highest
reutilization stability, keeping more than 90 % of the initial RhaB1 activity after 10 cycles of
repeated use. Initially, GO-RhaB1 also showed to be highly stable, being fully active during the
first 5 utilization cycles. Afterwards, the enzyme activity started to decline steadily until the 10"
cycle, when only the 60 % of its initial activity remained. GN-RhaB1 was the less efficient
biocomposite in terms of reusability: RhaB1 lost one third of its activity after the fourth cycle,
although it still kept the 50 % of its activity at the end of the assay (Figure 8). The reusability of
similar biocomposites from previous reports has shown to be a variable parameter. Still, in many
cases the studied enzymes lose a significant proportion of their initial activity after 10 reaction

Cycles 50,51,63,74.
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Figure 8. Reusability of GOC-RhaB1 (a), GO-RhaB1 (b), and GN-RhaB1 (c). The error bars are

means of two technical replicates, measured in two different samples.

Finally, the possible enzyme leaching from the different nanomaterials was also investigated in
the 600 pg/mL RhaB1 immobilization reactions. The rhamnosidase activity of biocomposites
that were stored for 10 months at 4°C was measured, in both the nanomaterial and the storage
buffer. Interestingly, the enzyme leaching was very low in all cases. GOC-RhaB1 was the more
remarkable case, as the biocomposite conserved 99.5 % of the enzyme activity, while GO-
RhaB1 and GN-RhaB1 conserved around 95 %. Overall, the storage, reusability and leaching
results indicate that GOC-RhaB1 is the more robust biocomposite, yielding very good results in

terms of stability.

Conclusion

The comparative analysis of distinct commercial graphene derivatives used as immobilization
supports has unveiled their ability to modulate the catalytic properties and stability of a particular
enzyme. It is remarkable how differently GO and GOC, which showed to have very similar
spectroscopic properties but different morphology, affected the catalytic properties and stability
of the alpha-L-rhamnosidase RhaB1. Overall, GOC was the best carrier for RhaB1, since it
performed better in enzyme loading capacity, in maintaining the enzyme biochemical
characteristics, and in keeping its stability during storage and reutilization. This makes the GOC-
RhaB1 biocomposite a robust alternative to the RhaB1 non-immobilized version. The obtained
results show that the enzyme loading, biochemical properties and stability can vary dramatically
depending on the material of choice. Therefore, the selection of an optimal enzyme carrier
demands for a thorough screening of the available options, and an in depth characterization of

the enzyme properties once it has been immobilized.
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