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Enzymatic catalysis in microreactors has attracted growing scientific interest because of high specific
surface enabling heat and mass transfer and easier control of reaction parameters in microreactors.
However, two major challenges that limit their application are fast inactivation and the inability to
the biocatalysts in microchannel reactors. A fluid and unsinkable immobilized enzyme were firstly
applied in a microchannel reactor for biocatalysis in this study. Functionalized forms of graphene-
immobilized naringinase flowing in microchannels have yielded excellent results for isoquercitrin
production. A maximum yield of 92.24 + 3.26% was obtained after 20 min in a microchannel reactor.
Ten cycles of enzymatic hydrolysis reaction were successively completed and an enzyme activity above
85.51 4-2.76% was maintained. The kinetic parameter V, /K, increased to 1.9-fold and reaction time
was decreased to 1/3 compared with that in a batch reactor. These results indicated that the moving and
unsinkable graphene sheets immobilized enzyme with a high persistent specificity and a mild catalytic
characteristic enabled the repetitive use of enzyme and significant cost saving for the application of
enzyme catalysis. Thus, the developed method has provided an efficient and simple approach for the
productive and repeatable microfluidic biocatalysis.

In the past decades, microreactors have been used for many biocatalytic reactions'. The reactor channel has
microscale geometrical features, which results in an extremely high surface-to-volume ratio providing a larger
specific surface area for efficient heat and mass transfer in a short reaction time These parameters are essential
for highly exothermic reactions, where the need for precise and intensive transfer of generated heat is crucial.
With biocatalytic reactions in microreactors, the operating conditions (i.e. pressure, temperature, concentration,
residence time, etc.) can be better controlled, which can contribute to the reduction of the by-products forma-
tion, the enhancement of the selectivity and the yield of target products. Biocatalytic reactions in microreactors
have a wide range of uses, including uses in heterogeneous catalysis, homogeneous catalysis and photo catalysis.
Recently, Thermomyces lanuginosus lipase has been used in the synthesis of natural flavor esters in a continuous
flow microreactor?, and a crude cell lysate containing hydroxynitrile lyase has been applied to synthesize optically
pure cyanohydrins in a microreactor®. However, in the present microreactor, these reactions may occur with the
following limitations: (1) difficult separation of free enzyme from the product; (2) non-reuse of free enzyme; (3)
easy inactivation of free enzyme in the microchannel.

To solve these problems, a large number of different applications involving the use of
microchannel-immobilized enzyme have already been presented. Such as, immobilizing enzymes on a
glass-capillary surface using a chemical modification containing sol-gel techniques has already been reported,
and this process requires high-level techniques and multi-step procedures, leading to low-cost performance™*®.
Enzyme-immobilized microreactors have been prepared in capillaries and on microfluidic chips by immobi-
lizing trypsin on porous polymer monoliths consisting of 2-vinyl-4, 4-dimethylazlactone, ethylene dimeth-
acrylate, and acrylamide or 2-hydroxyethyl methacrylate’. For effective electronegative polymerization, an
enzyme-immobilized microreactor using a cross-linking enzyme membrane on a microchannel surface has
been developed as a facile and inexpensive preparation method®. These methods provide advantages such as the
possibility to reuse the enzymatic system, lower reactant consumption, extended enzyme life time and greater
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Figure 1. Biosynthesis diagram of isoquercitrin in a microchannel reactor with a fluid and unsinkable
immobilized enzyme. The photos were taken and modified by C. Z., and the diagram was drawn by A. G.

stability. However, in this arrangement, the replacement of the deactivated catalyst can be technically challeng-
ing. In addition, these structures of microreactors are often responsible for the generation of high pressure,
which is unfavorable for micro-synthesis systems including multiple processes. And the microfluidic biocatal-
ysis needs a highly controlled microreactor with energy-intensive operation. Thus, a simple and inexpensive
enzyme-immobilized microreactor without operation of the high pressure needs to be designed.

Recently, a vast majority of studies of enzyme immobilization have worked on nanomaterials with the poten-
tial for the target product or biocatalyst. Chitin, chitosan, activated silica and glass nanoparticles have been used
as supports for enzyme immobilization® 2. It is worth mentioning that a core-shell structured iron oxide mag-
netic nanoparticle was used to immobilize Thermomyces lanuginosus lipase'?. Biological reactions using immobi-
lized enzyme can enable the easy separation of the enzyme from the product, the multiple reuses of enzyme, and
a high operational stability, as well as the low cost of enzymes'*.

Considering the extremely small size and the excellent performance in immobilizing enzymes, nanoparticles
can be used as carriers of immobilized enzyme to be applied in a microchannel reactor. However, the following
two important problems need to be solved firstly: (1) the non-coagulation of immobilized enzyme by nanopar-
ticles; and (2) a high loading capacity for enzyme. Carbon-based nanomaterials, such as carbon nanotubes and
graphene have attracted considerable interest among the nanostructured materials, which could provide a good
opportunity to solve these problems. Especially, a larger specific surface area of nanomaterials may be conducive
to higher enzyme loading and better chemical stability'>. Functionalized carbon nanotubes have been employed
for NADH oxidase immobilization'®. Graphene, which consists of a one-atom-thick two-dimensional sheet of
sp?-bonded carbon atoms, has been proposed as a versatile material to be applied in various fields'”-'. Recently,
graphene has been explored for the synthesis of various types of derivatives. For example, graphene sheets cova-
lently functionalized with aromatic-aliphatic amino acids have demonstrated stable dispersion in water and in
common organic solvents®’. A new type of casein phosphopeptides and bio-functionalized graphene compos-
ite was synthesized for hydroxyapatite biomimetic mineralization by an amidation reaction?'. In addition, sur-
factants and ionic liquids have successfully been used for the noncovalent surface functionalization of graphene
to obtain highly stable dispersions in aqueous and organic solvents. Thus, the perfect synergy of graphene sheets,
surfactants and ionic liquids maybe can solve the mentioned two problems.

Isoquercitrin is a rare flavonol glycoside with wide biological activities, and regards as a key intermediate
for the production of enzymatically modified isoquercitrin (EMIQ)*%. Among the reported methods, enzymatic
transformation would be feasible for isoquercitrin production if the process could be performed at a reasonable
cost?. Improving the reaction rate to achieve a high yield is the final target, so a promising enzymatic method to
greatly strengthen the reaction process is urgently needed. In this study, the immobilization method used is non-
specific adsorption, which is based on physical adsorption. Immobilization by adsorption is a mild, easy-to per-
form process and usually preserves the catalytic activity of the enzyme. The advantages of immobilized enzyme
have been combined with microreactors flexibly. A functionalized form of graphene sheets was firstly used as the
immobilized carriers for biocatalysis in a micro-channel reactor (see Fig. 1).
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Types Diameter (nm) | Length (um) | Density (g/cm®) | Adsorbing capacity * (g)
MW-CN 20-30 10-30 2.01 0.82+0.03
MWC-OH 20-30 10-30 1.96 0.99£0.02
MWC-COOH 20-30 10-30 2.12 0.95+0.05
SMW 20-30 0.5-2 1.68 0.89£0.06
SMW-OH 20-30 0.5-2 1.62 0.86+0.14
SMW-COOH 20-30 0.5-2 1.73 0.89£0.04
MW-Ni 20-30 10-30 1.98 1.024+0.13
Fe,0; — 30-50 5.18 0.42+0.07
Graphene 0.55-1.2 0.5-3 0.77 1.10£1.81

Table 1. Different physical parameters of the immobilized supporters. a: Reaction condition: the temperature
was 50 °C; the enzyme powder was confected in 20 g/L by 2 mL disodium hydrogen phosphate-citrate buffer
(pH 7); the nanoparticles mass was 10 mg; the reaction time was 3 h; the mixture was stirred at 120 rpm in an
incubator shaker.

Results and Discussion

Choice of nanoparticle carrier for enzyme immobilization.  Table 1 shows the adsorbing capacities of
different nanoparticles. Under the same condition, the adsorbing capacity was affected by nanoparticle types. The
maximal adsorbing capacity of graphene nanoparticles was 1.10 g/g. On the contrary, Fe,O; nanoparticles show
the lowest adsorbing capacity with 0.42 g/g. In addition, the different groups of nanotubes nanoparticles had a
similar adsorbing capacity approximately 0.92 g/g, which was a little lower than that of graphene but higher than
Fe,0; nanoparticles. Carbon nanotubes had been also used as carriers of immobilized lipase for conversion of
Jatropha oil to fatty acid methyl esters, and the maximum adsorbing capacity was obtained with 0.41 g/g**. Thus,
the specific surface area, temperature and other factors could result in the difference of the adsorbing capac-
ity. Moreover, graphene nanoparticles had the smallest diameter (0.55-1.2nm), length (0.5-3 ;m) and density
(0.77 gcm ™). The size effect of nanoparticle particles on the adsorptive properties was obvious. As the nano-
particles size decreases, the adsorption capacity increases”. A similar trend was observed in the experiment on
activated carbon adsorption dye in such that the same mass of graphene nanoparticles had the biggest adsorbing
capacity compared to other nanoparticles?®?’.

The nanoparticles-immobilized enzyme would be used in the microchannel reactors, so the size and density
of the carriers needs to be of an appropriate range. When the size of the nanoparticle was larger than that of the
channel, it might lead to the blockage of the microchannels. Moreover, the density of nanoparticles was also an
important factor. The larger density of nanoparticles could deposit onto the bottom, while they flowed in the
microchannels. Considering the overall factors, graphene were found to be the most suitable nanoparticles for
use as carriers and could be applied in a microchannel reactor.

Characterization of immobilized enzyme. Figure 2A depicts the image of graphene before immobiliz-
ing procedure. After the immobilization, it was observed that graphene sheets were evenly attached by naringi-
nase (Fig. 2B). Figure 2C and D shows the differences on the surface micromorphology of Fe,O; nanoparticles
before and after immobilizing were not significant. It indicated that a small quantity of naringinase had attached
to Fe,0; nanoparticles. For carbon nanotubes, a few morphological changes were observed and shown in
Fig. 2E and E Their SEM images revealed the excellent performance of graphene used as carriers for naringinase
immobilization.

Figure 3A shows the FT-IR spectra of graphene, naringinase and graphene-immobilized naringinase, which
displayed the changes in absorption peaks. The emission spectrum of graphene sheets showed peaks at 3450 cm™,
2950cm™}, 2400 cm ™!, 1500 cm ™! and 1575 cm™". The absorption peaks at 1500 cm™! and 1575 cm™! assigned
to the aromatic C=C stretching vibration both displayed increased intensity, and red shifts in the peaks from
1500cm ™! to 1510cm™!, and from 1575cm™! to 1608 cm ™}, respectively. The absorption band at about 3450 cm ™!
could be attributed to the stretching vibration of hydrogen-bonded hydroxyl groups. It should be noted that
there was a significant change in the band intensities at 3450 cm ™ after the immobilization due to abundant
hydroxyl groups. The result confirmed that the hydroxyl groups from naringinase were successfully connected
with graphene sheets. Moreover, the peaks at about 1608 cm™! was caused by the stretching vibration of C=0
bond due to amide groups from naringinase. Meanwhile, a significant absorption peak was found in the FT-IR
spectra of pure enzyme at 1600 cm™!. This property further confirmed the enzyme molecules were adsorbed by
graphene sheets. A different result was shown in the FT-IR spectra when cicer a-galactosidase was immobilized
on graphene®. Compared with this reference, the light transmission of graphene-immobilized naringinase was
lower. It suggested that more naringinase molecules were immobilized on the graphene. Due to the different
adsorption capacity of graphene for different enzyme molecules, and the results observed, naringinase could be
much more easily adsorbed by graphene.

As shown in Fig. 3B, X-ray diffraction (XRD) was applied to acquire detailed information about the micro-
structure of graphene-immobilized naringinase. The broad diffraction peak at 20 = 16.1° observed in amorphous
regions was attributed to graphene sheets. The XRD pattern of the prepared immobilized naringinase displayed
two peaks at 20 = 14.4° and 20 =26.3°, respectively. The significant change of peak intensity was exhibited at
20 =14.4° after the immobilization. The diffraction peak at 20 =26.3° was narrow and the intensity was obviously
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Figure 2. The SEM photos of pure graphene (A and B), Fe,O; (C and D) and carbon nanotube nanoparticle (E
and F) before and after immobilizing. Reaction condition: enzyme solution (20 g/L) was dissolved by disodium
hydrogen phosphate-citrate buffer (pH 7); graphene nanoparticles mass (10 mg) was added in 2 mL of enzyme

solution and the mixture was stirred at 120 rpm in an incubator shaker for 3 h, reaction temperatures was 50 °C.

increased, implying that the crystalline sizes of graphene particles were expanded after the immobilization. The
changes in peak intensity might be caused by the interaction between graphene surface and enzyme protein,
which changed the graphene structure. Moreover, the crystal structure of Form I was displayed by the peak of
20=16.1° before the immobilization; However, a new crystal structure of Form II was appeared by a narrow peak
of 260 =26.3° after the immobilization, which implied an excellent crystallization had been taken place. The higher
narrow peak intensity after the immobilization indicated that more enzymes were immobilized on the surface of
the carriers, demonstrating a better performance of the immobilization. For instance, in the study of lipase immo-
bilization, the narrow peak intensity was low and the maximum protein loading was only 0.48 g/g of support?®.
However, a higher narrow peak intensity and a maximum of protein loading (1.30 g/g of support) were observed
after the naringinase immobilized on graphene. Thus, the calculated values of the maximum protein loading were
well matched with their peak intensity in the spectra.

Adsorption isotherm and kinetics models. Figure 4A shows the equilibrium adsorption behavior of
naringinase immobilized on graphene. To describe how adsorbed molecules interact with the adsorbent surface,
two adsorption isotherm models of Langmuir and Freundlich were performed by fitting. Both models have been
the most commonly used to explain the interaction between enzyme molecules and support surfaces and to
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Figure 3. The FT-IR (A) and XRD (B) spectra of graphene immobilized enzyme, graphene and enzyme.
Reaction condition: enzyme solution (20 g/L) was dissolved by disodium hydrogen phosphate-citrate buffer (pH
7); graphene nanoparticles mass (20 mg) was added in 4 mL of enzyme solution and the mixture was stirred at
120 rpm in an incubator shaker for 3 h, reaction temperatures was 50 °C.

predict their equilibrium parameters. In the Freundlich model, the calculated value of » for naringinase adsorp-
tion onto graphene was 2.5, which in the range 2-10. Thus, the result suggests there was a good adsorption of nar-
inginase on the graphene sheets. For the two isotherms studied, the best-fit equilibrium model was determined
based on the correlation coefficient R? using non-linear regression methods. The fitted curve using the Langmuir
model showed a correlation coeficient greater than 0.99, with is higher than that of the fitted curve using the
Freundlich model with an R? value of 0.96. A similar result was found in the experiment of dye adsorbed on
graphene®. This result suggested that the enzyme molecules were adsorbed on the surface of graphene sheets with
a monolayer style. It was because that the Langmuir isotherm model is based on the assumption of monolayer
adsorption on the support surface containing a finite number of sites of uniform energies of adsorption®" *2.
Under certain conditions, a dynamic balance was established between adsorption and desorption. However, the
Freundlich adsorption equation is difficult to distinguish the presence of monolayer or multilayer. This deter-
mination of the Freundlich adsorption is based on coverage and is related to the solution concentration and
temperature®. Thus, the Langmuir isotherms were selected as the suitable fitting models for enzyme adsorbed
by graphene.

As shown in Table 2, the experimental value of g, was 1.15 g/g of support. Compared to soybean peroxidases
adsorbed onto commercial single-walled carbon nanotubes with a maximum loading of 0.575 g/g*, graphene
showed much better adsorption capability. The hydrolytic activity of the enzymatic preparation increased from
40.12 to 270.17IU/g of support when the initial protein loading was increased from 0.2 to 5 g/g of support. When
the immobilization performed was conducted on 4 g/g of support or more, no significant increase was observed
in the hydrolytic activity. An increase in initial protein loading by 25-fold (from 0.2 to 5g/g of support) resulted
in an increase in hydrolytic activity by approximately 6.7-fold.

Based on the two adsorption kinetics models, curve fitting was performed and the resulting kinetics plots
are shown in Fig. 4B and C. The R? values for pseudo-first-order and pseudo-second-order equations were 0.93
and 0.98 respectively, which indicated a better fit to pseudo-second-order rate model than pseudo-first-order
rate model. The theoretical value of g, for the pseudo-second-order was 1.17 g/g, while the value for the
pseudo-first-order was 0.99 g/g. However, the experimental g, value was 1.15g/g of support. The difference
between experimental and theoretical values could be attributed to the adsorption of other stabilizing com-
pounds and/or impurities present in solutions on the support surface. The result indicated that the adsorption
of enzymes onto graphene followed by the pseudo-second-order rate model, which is better than that by the
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Figure 4. Langmuir and Freundlich isotherms (A), pseudo-second-order (B) and pseudo-first-order (C)
adsorption kinetics of enzyme adsorped on graphene. Reaction condition: enzyme solution (20 g/L) was
dissolved by disodium hydrogen phosphate-citrate buffer (pH 7); graphene nanoparticles mass (20 mg) was
added in 4 mL of enzyme solution and the mixture was stirred at 120 rpm in an incubator shaker for 3h,
reaction temperatures was 50 °C.

pseudo-first-order model. Moreover, the kinetic behavior of lead ions adsorbed by magnetic chitosan/graphene
oxide has similar results®*. It was because the two carriers, graphene and graphene oxide, have similar structure
layer characteristics.

Functionalized forms of graphene-immobilized naringinase for flowing in microchannels.
Figure 5A shows graphene is functionalized using five different surfactants for better application in a microchan-
nel reactor. Figure S1 depicts that graphene can stably disperse in water with SDS, PVA and SDBS. A similar result
was also applied on solubilizing high weight fraction single-wall carbon nanotubes in water by the nonspecific
physical adsorption of sodium dodecyl benzene sulfonate®. Graphene functionalized by sodium dodecyl sul-
fonate (1g/L) possessed a better dispersion, hydrophilia and catalytic activity in the aqueous solution. By adding
the sodium dodecyl sulfonate to the reaction system, the yield of isoquercitrin increased to 87.52% while it only
reached 26.86% yield without any surfactant. This result occurred because alkyl sulfonic acid salts surfactant
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Enzymeloading | Immobilization Immobilized protein Hydrolytic activity | Specific activity
(g/g of support) | yield (%) loading (g/g of support) | (U/g of biocatalyst) | (U/g;p)

0.2 52.19+1.32 0.10+£0.02 40.12+1.23 401.05+3.51
0.4 65.69+2.36 0.26£0.08 78.45+3.28 301.56+£2.45
1 28.09+0.10 0.28+£0.06 92.78+2.11 331.15+1.87
1.5 22.00+1.35 0.334+0.01 101.36+3.82 307.02+3.88
2 18.98£0.12 0.37£0.02 124.07 £1.76 335.14+2.65
2.5 18.61+£0.56 0.47+0.01 144.81+2.26 308.18+1.45
3 23.05+2.83 0.69+0.03 171.93£2.55 249.15+3.93
4 28.25+1.28 1.13£0.13 265.45+1.12 23493+1.23
5 23.00+0.21 1.15£0.21 270.17 £2.64 234.89+2.46

Table 2. Influence of initial graphene protein loading on the catalytic properties of immobilized particle.
Reaction condition: Different concentrations of enzyme solution (1, 2, 5, 7.5, 10, 12.5, 15 and 20 g/L) was
dissolved by 2 mL disodium hydrogen phosphate-citrate buffer (pH 7); and reaction temperature was 50 °C; the
nanoparticles mass was 10 mg; the mixture was stirred at 120 rpm in an incubator shaker for 3 h.

has the ability to better reduce the interfacial tension of water, which cause graphene-immobilized enzyme to
flow more smoothly and to become more suspended in the reaction system. Under the state of suspension,
graphene-immobilized enzymes were allowed to gain contact with substrates more completely. Functionalized
forms of graphene-immobilized enzyme have presented a good performance for raising the yield in the micro-
channel reactor, relatively.

The morphology of the immobilized enzyme flowing in the microchannel reactor was studied using fluores-
cence inversion microscope. Before injecting graphene-immobilized enzyme, the microchannel shown in Fig. 5D
was empty. After the graphene-immobilized enzyme was injected, Fig. 5E depicts a small amount of immobilized
enzyme flowing into the microchannel. In addition, Fig. 5F shows the high concentrations and uniform disper-
sion of the immobilized enzyme formed in the microchannel reactor after the injected graphene-immobilized
enzyme reaching to a steady state. By considering previous studies with these results simultaneously, the final
formation of flowing immobilized enzyme in the microchannel occurred due to the smaller density of graphene
and the absence of surfactant in the reaction system. With better dispersion in the microchannel, more active sites
of the immobilized enzyme with the final formation were exposed to the substrate molecule which increased the
chances for the combination of substrate and enzyme. The results also indicated that flow rate was a vital factor to
microfluidic biocatalysis, because a proper flow rate could provide a sufficient residence time for the immobilized
enzyme flowing in the microchannel. Moreover, more enzyme collisions were conducted and the heat transfer
was exchanged with the external environment in the microchannels.

Figure 5B shows that different yields of isoquercitrin were obtained at various flow rates. Flow rates of 2 1L/
min and 4 ;L/min resulted in a higher yield than the other rates, reaching 92.14% and 91.23%, respectively. As the
flow rates further increased to 8 uL/min, the yield was reduced. In a fixed microchannel reactor, flow rate deter-
mines the residence time, and upon reducing the flow rate, the residence time increases. With longer residence
times, a more complete, full contact between substrates and enzymes was allowed®” %%, When the flow rates were
2 puL/min and 4 pL/min, the residence times were 40 min and 20 min, respectively. A higher yield was achieved
at the flow rate of 2 uL/min. In a fixed microchannel reactor, flow rate determines the residence time, and the
reaction capacity. Thus, the space-time yield depends on flow rate and the yield. Considering the space-time yield,
4 ;iL/min was selected as the suitable flow rate for further study in the microchannel reactor.

Figure 5C shows the effects of temperature on the yield in a continuous-flow microreactor. Temperature can
affect the flow pattern, the heat transfer and mass transfer in a microchannel, especially for the reaction rate and
the final product yield directly. With the advantages of the microreactor, the yield was higher than that in a batch
reactor. In particular, a significantly higher yield catalyzed by graphene-immobilized was observed at a lower
temperature of 30 °C. At a temperature of 40 °C, the highest yield of 92.24% was achieved. Upon further increase
in the temperature, ranging from 40 °C to 50 °C, the yield showed no significant increase. However, the yield
started to show decline at 55 °C, because higher temperatures have been demonstrated to lead to a decline in yield
and enzyme denaturation, thus lowing the efficiency of enzymatic hydrolysis. Hence, in a continuous-flow micro-
reactor, temperature played a crucial role in the isoquercitrin production, and 40 °C was selected as the suitable
temperature for the enzymatic reaction.

These results suggested that heat transfer was compromised in a microchannel and that local temperature
changes were significant®. Forced convection heat transfer was formed to enhance heat transfer and mass transfer
since the fluid injected by a syringe pump into the microreactor via Y-shaped inlets. The intensive and efficient
heat transfer, enhanced in a microchannel, could lead to a shorter reaction time. However, this transfer might also
result in enzyme inactivation at high temperatures. The inactivation usually is due to heat dissipating faster at the
enzyme active site, which subsequently lowers the yield when the temperature is higher than the optimum value.

Kinetic parameters of graphene-immobilized enzyme. Figure 6A shows the effect of immobilized
protein loading on the yield of isoquercitrin. The concentration of the enzyme in reaction system depends on the
amount of graphene-immobilized enzyme. The yield of isoquercitrin was only 11.58% after 40 min when the pro-
tein loading reached 1 g/g of support. Upon a further increase of nanoparticle mass, the yields initially increased.
It was found that the protein loading increased to 4 g/g of support, the yield reached 86.57% after 1h reaction,
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Figure 5. Effect of various reaction parameters on isoquercitrin yield in the microchannel reactor, including
different surfactants (A), temperature (B) and flow rate (C). Reaction conditions: rutin concentration was
0.05g/L. The real-time microchannel graph under inverted fluorescence microscope when inserting the
reaction system in different stages; (D) before injecting graphene immobilized enzyme; (E) after injecting
graphene immobilized enzyme for a moment; (F) stabilization after injecting graphene immobilized enzyme.

which was much higher than before. By the protein loading increased to 5 g/g of support, no significant increase
in the ultimate yields was observed, even though the initial yields were higher. Hence, the final optimized protein
loading obtained was 4 g/g of support.

Figure 6B shows the effect of rutin concentration on the yield. When the concentration of rutin was 0.01 g/L,
the highest yield of approximately 89.12% was achieved in 1.33h. Further increase in the rutin concentration
decreased the yield initially compared to that initially observed. After 1.33 h, with the stepwise addition of rutin
concentration, the yield increased significantly. In particular, for higher rutin concentrations (0.1 g/L), the yield
reached 86.36%. However, when the rutin concentration increased from 0.1 to 0.2 g/L, the yield decreased. The
probable reasons for those results include the following two factors: (1) the naringinase concentration in this
experiment was very limited, resulting in an enzyme that could not fully come in contact with the substrate; (2)
substrate inhibition occurred, and the enzyme was denatured, which was detected at a high substrate concen-
tration®. In a batch reactor, the residence time and the reaction capacity are constant. Thus, the mass and the
space-time yield both depend on the substrate concentration and the yield. Considering the space-time yield,
0.1g/L was selected as the optimum concentration of rutin for further study.
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Figure 6. Effect of immobilized protein loading (A), rutin concentration (B) and reaction temperature (C)

on isoquercitrin yield in a batch reactor. Reaction conditions: the mixture was in a 4 mL reaction system and
obtained at 20, 40, 60, 80 and 120 min. (A) rutin concentration was 0.1 g/L and the mixture was shaken at 50 °C;
(B) the nanoparticle mass was 20 mg (protein loading of 4gg™" of support) and the mixture was shaken at
50°C; (C) the rutin concentration was 0.1 g/L and the nanoparticle mass was 20 mg (protein loading of 4 g/g of
support).

Figure 6C shows the effect of reaction temperature on the yield. When the temperature reached 40 °C, the
yield was only 52.5% at 20 min and the reaction rate was the lowest. The yield initially increased with tempera-
tures ranging from 40 °C to 50 °C. The yield could reach 90.46% at 50 °C within 1.33h. Above 50°C, a decreased
yield was observed, because higher temperatures led to a decline in the yield and enzyme denaturation, which
lowered the efficiency of enzymatic hydrolysis. The relative stability of graphene-immobilized naringinase at the
50 °C was 25% higher than that of the free enzyme®*!. It showed the thermal inactivation at increasing tempera-
tures was lower, compared with the free enzyme. Hence, 50 °C was selected as the optimum temperature.
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Figure 7. Lineweaver-Burk double reciprocal plots (A) and Lilly-Hornby plots (B) for graphene immobilized
enzyme assay in a batch reactor and a microchannel reactor. Reaction conditions: (A) the rutin concentration
was 0.1 g/L, the nanoparticle content was 20 mg, the reaction time was 1h, and the reaction temperature was
50°C; (B) the flow rates in microchannel reactor were 2 yL/min, 5 ¢L/min, and 10 uL/min; rutin concentrations
ranged from 0.18 to 0.32 mM.

The best optimized conditions for enzymatic synthesis of isoquercitrin were used to study studying kinetic
parameters in the different reactors. Figure 7A and B illustrate the Lineweaver-Burk double reciprocal plot
and Lilly-Hornby model plot for the kinetic parameters estimated for the immobilized naringinase in differ-
ent reactors. Figure 7B shows the linear plots of f [A,] versus In (1-f), and K, (,pp) values which were derived
from the slopes of these plots. The K, values calculated by linear fitting for different flow rates in the micro-
reactor increased in the following order: 10 yL/min (48.85 tM/min, R?=0.97) > 6 uL/min (31.02 4M/min,
R?70.98) >4 pL/min (25.17 uM/min, R*=0.99). The K, values increased with increasing flow rate. The differ-
ent K.,y values suggested that the apparent kinetics of the microreactor were significantly affected by the mass
transfer. The lowest K., value was observed at a flow rate of 4 uL/min, indicating a more efficient interaction
between enzyme and substrate. Therefore, the low flow rate is more suitable for the reaction.

As shown in Table 3, under the optimum conditions, the best results were produced in a microchannel reac-
tor, with a K, of 25.17 yuM and a V,;, of 4.86 yM/min. Similar results were reported by Amaro et al*2. The kinetic
parameters in a microreactor were higher than that in a batch reactor and the V,, of 4.86 4M/min was much
higher than V,;, of 3.23 uM/min obtained using the free enzyme in a microreactor®. In addition, the kinetic
parameters in a batch reactor were obtained, comprising a K, of 36.04 M and a V, of 3.62 uM/min. From these
calculated data, the value of V, /K, when reacting in a microreactor was higher than that in a batch reactor with
graphene immobilized enzymes, which indicated that substrates had a higher affinity to immobilized enzyme in a
microreactor. The results indicated the consequence of efficient reaction-diffusion dynamics in the microchannel
system*!, where graphene immobilized enzymes were provided more opportunities for contacting with substrate
molecules in a microreactor.

Reusability and relative enzyme activity of graphene-immobilized enzyme. Figure 8A shows
that under the optimum operating conditions, the graphene-immobilized enzymes were reused twelve times in a
batch reactor with steady yields (80%), which demonstrated a high catalytic activity and stability. A similar result
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Batch reactor * 0.1 50 60 90.47 +2.89 1.74
Microreactor ® 0.05 40 20 92.24+3.26 1.58

Table 3. Comparative results for the enzymatic-catalyzed transformation of rutin to produce isoquercitrin in
different reactors. a: Reaction condition: rutin concentration 0.1 g/L, reaction temperature 50 °C, 120 r/min in
an incubator shaker, reaction time 1h, graphene immobilized naringinase was suspended in a reaction system;
b: Reaction condition: rutin concentration 0.05 g/L, reaction temperature 40 °C, flow rate 4 1L/min, reaction

time 20 min, functionalized form of graphene immobilized naringinase flowed into a microchannel reaction
system.
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Figure 8. Reusability (A) and relative enzyme activity (B) of immobilized enzyme in a batch reactor and
a microchannel reactor. Reaction conditions: In a batch reactor, the rutin concentration was 0.1 g/L, the
nanoparticle content was 20 mg, the reaction time was 1h, and the reaction temperature was 50°C. In a

microchannel reactor, the rutin concentration was 0.05 g/L, the reaction time was 20 min, the flow rate was 4 L/
min, and the reaction temperature was 40 °C.

was also observed in the synthesis of galacto-oligosaccharides by Aspergillus oryzae [3-galactosidase immobilized
on magnetic polysiloxane-polyvinyl alcohol which was reutilized 10 times and retained approximately 84.33% of
the initial activity®*. The decrease of enzyme activity in a batch reactor could be due to the leakage of the enzyme
during the washing process*. To some extent, using the non-covalent technique to immobilizing enzyme easily
led to the inactivation of the enzyme*’. On the other hand, the life of the enzyme was decreased gradually with
the reutilization for several recycles.

After twelve cycles of reaction, decreased yields were observed in Fig. 8A. Figure 8B shows the decrease of the
relative enzymatic activity of graphene-immobilized enzymes when compared with first reusing of the immo-
bilized enzyme. In a microchannel reactor, ten cycles of the reaction showed high yields of isoquercitrin (above
80%) and the graphene immobilized enzymes maintained a relative enzymatic activity above 85.51%. The number
of reused times was less than that in a batch reactor, which could be attributed to the stronger interaction of the
immobilized enzyme with the support microenvironment in a microchannel. Sometimes, the stronger interaction
resulted in enzymes detachment from carriers of graphene nanoparticles*.

The results suggested operational stability could be increased with enzymes immobilized by graphene in batch
reactors or microchannel reactors. Meanwhile, the immobilized enzymes could also maintain its mild character-
istic compared with free enzymes. However, in comparing results for the isoquercitrin production in different
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Reactor type Enzyme K, (uM) | V,, (uM/min) | V /K, (min~?) | Ref.
Mlcroc}:annel free — 323 — Wang et al.*
reactor

Batch reactor ® Immobilized 36.04 3.62 0.10 'This work
Microchannel Immobilized 25.17 486 0.19 This work
reactor

Table 4. Kinetic constants of free and graphene immobilized naringinase in different reactors. a: Reaction
condition: rutin concentration 1 g/L, reaction temperature 40 °C, flow rate 2 sL/min for 40 min, [Bmim][BF,]-
buffer (pH 9.0) (10/90, v/v) as the reaction medium; b: Reaction condition: rutin concentration 0.1 g/L, reaction
temperature 50 °C, 120 r/min in an incubator shaker, reaction time 1h, graphene immobilized naringinase was
suspended in a reaction system; c: Reaction condition: rutin concentration 0.05 g/L, reaction temperature 40 °C,
flow rate 4 L/min, reaction time 20 min, functionalization form of graphene immobilized naringinase flowed
into a microchannel reaction system.

reactors, it was found that lower reaction temperature (reduced by 10 °C) and fewer reaction times (decreased
by 50%) were required in microchannel reactors. Table 4 shows the production of isoquercitrin produced with
a unit quantity of enzyme was 1.74 g/g and 1.45 g/g in different reactors, respectively. The different values indi-
cated that more efficient enzymes utilization for obtaining higher yields occurs in microchannel reactors, even
though a small amount of enzyme activity was lost due to the fast heat and mass transfer. Enzymes immobilized
on graphene also enabled the repetitive use of enzymes and significant cost savings for the application of enzyme
catalysis.

In conclusion, naringinase immobilized on graphene was firstly applied for the isoquercitrin production in
a microchannel reactor. Graphene exhibited high enzyme adsorption capacity and maximum adsorbed protein
loading (approximately 4 g/g of support) was observed. In a batch reactor, the yield of 90.47 4 2.89% was obtained
under the following conditions: a rutin concentration of 0.1 g/L, a protein loading of 4 g/g of support, tempera-
ture of 50 °C, and a reaction time of 1 h. In a microchannel reactor, the yield of 92.24 4-3.26% was obtained under
the optimum conditions: a flow rate of 4 L/min, a rutin concentration of 0.05 g/L, a temperature of 40°C, and
a reaction time of 20 min. Twelve and ten successive cycles of enzymatic reaction were achieved in a batch or
microchannel reactor, with relative enzymatic activities all above 85.51 4-2.76%. Thus, the application of moving
and unsinkable graphene sheets immobilized enzyme in a microchannel reactor is highly promising in the pro-
duction of fine chemicals.

Methods

Immobilization of enzyme. A total of 20 mg of graphene nanoparticles were initially treated with 4mL
of a phosphate buffer (the disodium hydrogen phosphate-citrate buffer pH 7) containing 80 mg of commercially
available naringinase. This suspension was then placed in an incubator shaker for 3h at 50°C, 180 rpm to obtain
effective immobilization. Periodically, samples of the supernatant liquid were withdrawn and protein concentra-
tion was analyzed according to the Bradford assay and enzyme activity (triiodide assay). Thereafter, the mixtures
were separated in a refrigerated high-speed centrifuge for 10 min at 4°C, 5000 rpm and carefully washed with
phosphate buffer (2 to 3 times) to remove residual free enzyme. The obtained product was stored at 4 to 6 °C prior
to use.

Characterization analysis. The prepared samples of immobilized enzymes were characterized by XRD pat-
terns on a SHIMADZU XRD-6000X diffractometer system. FT-IR spectra were recorded on a BRUKER TENSOR
27. The morphology of graphene-immobilized enzyme was studied by SEM (HITACHI S-4700). The morphol-
ogy of the immobilized enzyme flowing in the microchannel reactor was studied using a fluorescence inversion
microscope system (Nikon ECLIPSE TS100).

Analysis of rutin and isoquercitrin by HPLC. HPLC quantitative analyses were performed using an H&E
Pump P3000A (H&E Co., Ltd., Beijing, China) with a UV-VIS detector (PLC-2, Biochem. Jinda, Ltd., Shanghai,
China). The separation and determination of rutin and isoquercitrin using an HPLC-UV method were performed
on an Alltima C 4 column (250 mm x 4.6 mm, i. d.; 5pm, W. R. Grace & Co., Deerfield, IL, USA) using a mobile
phase consisting of an acetonitrile: 0.02% phosphoric acid solution (20:80, v/v) at a flow rate of 1.0 mL/min. Rutin
and isoquercitrin were detected at 360 nm. All solutions were filtered through a 0.45 pm filter before injection.
The yield of isoquercitrin was calculated using previously reported method*.

Equilibrium isotherm and kinetics of adsorption experiments. Adsorption isotherm experiments
are required for the protein determination of immobilized enzyme. The determination of protein was performed
by Bradford’s method*. Bovine serum albumin (BSA) was prepared as a standard protein in the experiment. In
this study, two different adsorption isotherms, Langmuir and Freundlich isotherm models, were used to fit the
experimental data obtained from naringinase adsorption on graphene nanoparticles®.

Where g, is the adsorption capacity at equilibrium (g protein per g support), C, is defined as the residual
maximum amount of protein per unit volume of naringinase solution (mg protein/mL), g,,., is the maximum
adsorption capacity of naringinase (g protein per g support), and K; is the Langmuir constant (mL/mg protein).
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G < K Ce”
e Ty Kce (1)
Where K is the Freundlich isotherm constant (mL/mg support), and # is the Freundlich exponent.

ge = Kp x Ce''™ )

The adsorption kinetics for enzymes were investigated by pseudo-first-order (3) and pseudo second-order (4)
models.

In(q, — q,) = Ing, — Kt (3)

Where g, and g, are the amounts adsorbed in g/g at equilibrium and time ‘¢ in min, and K; the equilibrium rate
constant of pseudo-first-order (min~").

t 1 t

q, Kag’@ q, (4)

Where g, and g, are the amounts adsorbed in mg/g at equilibrium and time ‘¢’ in min, and K, is the
pseudo-second-order rate of adsorption (min™!).

Enzymatic synthesis of isoquercitrin in a batch reactor and a microchannel reactor. Rutin dis-
solved in a phosphate buffer solution was added to a 10-mL centrifuge tube. Then, the reaction was then per-
formed in an incubator shaker by adding immobilized enzyme to the centrifuge tube. The mixture was shaken at
180 rpm and sampled at 20, 40, 60, 80 and 120 min. The crude hydrolysis products of rutin diluted with methanol
were filtered through a 0.45 um filter prior injection into HPLC. The immobilized enzyme used was prepared
using a protein loading of 4 g/g of support; the effects of substrate concentration using different rutin concentra-
tion (0.01-0.2 g/L), and reaction temperatures (40-60 °C) on isoquercitrin yield were investigated.

Graphene-immobilized naringinase was applied in a microchannel reactor. Several factors were explored in
the enzymatic synthesis of isoquercitrin. Considering the higher pressure achieved by increasing the flow rate and
microchannel crushed by immobilized enzyme, surfactants were used to modify immobilized enzyme, rendering
them more hydrophilic. In this study, five types of surfactant, including vinyl alcohol polymer (PVA), cetyltri-
methylammonium bromide (CTAB), N,N-dimethyl dodecyl amine-N-oxide (DMAO), sodium dodecyl benzene
sulfonate (SDBS) and sodium dodecyl sulfonate (SDS), were added to the mixture of immobilized enzyme to
create stable dispersions of the immobilized enzyme. Then, different flow rates (2-20 uL/min) and reaction tem-
peratures (30-55 °C) were investigated, respectively.

Measurements of kinetic and Michaelis constant. The kinetics of immobilized enzyme in a batch
reactor can be described by a Michaelis-Menten model®. The experimental data are fitted to a Lineweaver-Burk
relationship (5), where V.., is the maximum velocity of the reaction, K, is the kinetic constant, and S is the sub-
strate concentration. The values for K, and V,,,, were obtained from the experimental data.

1_ Kyl 1
V Vmax S Vmax (5)

Enzyme kinetics in a microchannel reactor was evaluated using the Lilly-Hornby model (6), which was devel-
oped for a continuous-flow microfluidic system®!.

C
[A4)] ==+ K In(1 — f)
f 0 Q m(app) f ( 6)
Where fis the fraction of substrate converted to product during the reaction, Q is the flow rate of the substrate,
[A,] is the initial substrate concentration, C is the reaction capacity of the microreactor, and K, is the kinetic
parameter.

(app)

Reusability tests of immobilized enzyme. Reusability tests for immobilized enzymes were per-
formed under optimal experimental conditions as follows: in a batch reactor, with previously prepared
graphene-immobilized naringinase, a rutin concentration of 0.1 g/L, a reaction temperature of 50 °C and a reac-
tion time of 1h; in a microreactor, with previously prepared graphene-immobilized naringinase, a sodium dode-
cyl sulfonate concentration of 1.0 g/L, a rutin concentration of 0.05g/L, a reaction temperature of 40 °C, and
a reaction time of 20 min. At the end of each reaction, the mixture was separated in a refrigerated high-speed
centrifuge for 10 min at 4°C and 5000 rpm and carefully washed with a phosphate buffer (2 to 3 times) to remove
residual mixture. Then, a fresh reaction mixture was added to the reaction system.

Statistical analysis. Triplicate experiments were performed for each parameter investigated. Standard devi-
ations were calculated to verify the reliability of the results. The differences in mean values were evaluated using
the analysis of variance (ANOVA). Significance was determined at a 95% level of probability.

SCIENTIFICREPORTS|7:4309 | DOI:10.1038/541598-017-04216-4 13



www.nature.com/scientificreports/

References

1.
2.

3.

10.
11.
12.
13.
14.

15.
. Wang, L., Wei, L., Chen, Y. & Jiang, R. Specific and reversible immobilization of NADH oxidase on functionalized carbon nanotubes.

17.
18.
19.
20.
21.
22.

23.

24.
25.
26.
27.
28.
29.
30.
31.
32.

33.
. Karajanagi, S. S., Vertegel, A. A., Kane, R. S. & Dordick, J. S. Structure and function of enzymes adsorbed onto single-walled carbon

35.
36.
37.
38.

39.
. Krishna, S. H., Divakar, S., Prapulla, S. G. & Karanth, N. G. Enzymatic synthesis of isoamyl acetate using immobilized lipase from

41.
42.

Wiles, C. & Watts, P. Continuous flow reactors: a perspective. Green Chem. 14, 38-54 (2012).

Yoshida, J. I, Kim, H. & Nagaki, A. Green and sustainable chemical synthesis using flow microreactors. ChemSusChem. 4, 331-340
(2011).

Gumel, A. M. & Annuar, M. Thermomyces lanuginosus lipase-catalyzed synthesis of natural flavor esters in a continuous flow
microreactor. 3 Biotech. 6, 1-12 (2016).

. Koch, K. et al. Enzymatic synthesis of optically pure cyanohydrins in microchannels using a crude cell lysate. Chem. Eng. J. 135,

§89-592 (2008).

. Miyazaki, M. et al. Preparation of functionalized nanostructures on microchannel surface and their use for enzyme microreactors.

Chem. Eng. ]. 101, 277-284 (2004).

. Kaneno, J. et al. A simple method for surface modification of microchannels. New J. Chem. 27, 1765-1768 (2003).
. Peterson, D. S., Rohr, T., Svec, . & Fréchet, ]. M. Enzymatic microreactor-on-a-chip: protein mapping using trypsin immobilized on

porous polymer monoliths molded in channels of microfluidic devices. Anal. Chem. 74, 4081-4088 (2002).

. Honda, T., Miyazaki, M., Nakamura, H. & Maeda, H. Facile Preparation of an enzyme-immobilized microreactor using a cross-

linking enzyme membrane on a microchannel surface. Adv. Synth. Catal. 348, 2163-2171 (2006).

. Salazar-Leyva, J. A. Acidic proteases from Monterey sardine (Sardinops sagax caerulea) immobilized on shrimp waste chitin and

chitosan supports: searching for a by-product catalytic system. Appl. Biochem. Biotech. 171, 795-805 (2013).

Klein, M. P. et al. Effect of the support size on the properties of 3-galactosidase immobilized on chitosan: advantages and
disadvantages of macro and nanoparticles. Biomacromolecules. 13, 2456-2464 (2012).

Woo, E., Ponvel, K. M., Ahn, I. & Lee, C. Synthesis of magnetic/silica nanoparticles with a core of magnetic clusters and their
application for the immobilization of His-tagged enzymes. J. Mater. Chem. 20, 1511-1515 (2010).

Champagne, P. & Ramsay, J. A. Dye decolorization and detoxification by laccase immobilized on porous glass beads. Bioresource
Technol. 101, 2230-2235 (2010).

Wischang, D. et al. Vanadate (V)-dependent bromoperoxidase immobilized on magnetic beads as reusable catalyst for oxidative
bromination. Green Chem. 13, 102-108 (2011).

Ansari, S. A. & Husain, Q. Potential applications of enzymes immobilized on/in nano materials: A review. Biotechnol. Adv. 30,
512-523 (2012).

Wei, E. & Ji, P. Enzymes immobilized on carbon nanotubes. Biotechnol. Adv. 29, 889-895 (2011).

J. Biotechnol. 150, 57-63 (2010).

Abergel, D. S. L., Apalkov, V., Berashevich, J., Ziegler, K. & Chakraborty, T. Properties of graphene: a theoretical perspective. Adv.
Phys. 59, 261-482 (2010).

Lonkar, S. P, Deshmukh, Y. S. & Abdala, A. A. Recent advances in chemical modifications of graphene. Nano Res. 8, 1039-1074
(2015).

Yang, Y., Asiri, A. M., Tang, Z., Du, D. & Lin, Y. Graphene based materials for biomedical applications. Mater. Today. 16, 365-373
(2013).

Mallakpour, S., Abdolmaleki, A. & Borandeh, S. Covalently functionalized graphene sheets with biocompatible natural amino acids.
Appl. Surf. Sci. 307, 533-542 (2014).

Fan, Z. et al. Casein phosphopeptide-biofunctionalized graphene biocomposite for hydroxyapatite biomimetic mineralization. J.
Phys. Chem. C. 117, 10375-10382 (2013).

K. Motoyama, H. et al. Atheroprotective and plaque-stabilizing effects of enzymatically modified isoquercitrin in atherogenic apoE-
deficient mice. Nutrition. 25, 421-427 (2009).

Vila-Real, H. L., Alfaia, A. N. ], Bronze, M. R. R,, Calado, A. N. R. T. & Ribeiro, A. M. H. L. Enzymatic synthesis of the flavone
glucosides, prunin and isoquercetin, and the aglycones, naringenin and quercetin, with selective a-L-rhamnosidase and 3-D-
glucosidase activities of naringinase. Enzym Res. 2011, 692618 (2011).

Deep, A., Sharma, A. L. & Kumar, P. Lipase immobilized carbon nanotubes for conversion of Jatropha oil to fatty acid methyl esters.
Biomass Bioenergy. 81, 83-87 (2015).

Horstmann, B. J., Kenny, C. N. & Chase, H. A. Adsorption of proteins on Sepharose affinity adsorbents of varying particle size. J.
Chromatogr. A. 361, 179-190 (1986).

Qada., E.N. E,, Allen, S. J. & Walker, G. M. Adsorption of methylene blue onto activated carbon produced from steam activated
bituminous coal: a study of equilibrium adsorption isotherm. Chem. Eng. J. 124, 103-110 (2006).

Juang, R. S., Tseng, R. L., Wu, E C. & Lee, S. H. Adsorption behavior of reactive dyes from aqueous solutions on chitosan. J. Chem.
Technol. Biot. 70, 391-399 (1997).

Singh, N. et al. Cicer a-galactosidase immobilization onto functionalized graphene nanosheets using response surface method and
its applications. Food Chem. 142, 430-438 (2014).

Li, Q. Fan, F, Wang, Y., Feng, W. & Ji, P. Enzyme immobilization on carboxyl-functionalized graphene oxide for catalysis in organic
solvent. Ind. Eng. Chem. Res. 52, 6343-6348 (2013).

Ramesha, G. K., Kumara, A. V., Muralidhara, H. B. & Sampath, S. Graphene and graphene oxide as effective adsorbents toward
anionic and cationic dyes. J. Colloid Interface Sci. 361, 270-277 (2011).

Tan, I., Ahmad, A. L. & Hameed, B. H. Adsorption of basic dye on high-surface-area activated carbon prepared from coconut husk:
Equilibrium, kinetic and thermodynamic studies. J. Hazard Mater. 154, 337-346 (2008).

Wong, Y. C,, Szeto, Y. S., Cheung, W. H. & McKay, G. Equilibrium studies for acid dye adsorption onto chitosan. Langmuir. 19,
7888-7894 (2003).

Foo, K. Y. & Hameed, B. H. Insights into the modeling of adsorption isotherm systems. Chem. Eng. J. 156, 2-10 (2010).

nanotubes. Langmuir. 20, 11594-11599 (2004).

Li, L., Fan, L., Luo, C., Duan, H. & Wang, X. Study of fuchsine adsorption on magnetic chitosan/graphene oxide. RSC Adv. 4,
24679-24685 (2014).

Islam, M. E, Rojas, E., Bergey, D. M., Johnson, A. T. & Yodh, A. G. High weight fraction surfactant solubilization of single-wall
carbon nanotubes in water. Nano Lett. 3, 269-273 (2003).

Lin, X. Z., Terepka, A. D. & Yang, H. Synthesis of silver nanoparticles in a continuous flow tubular microreactor. Nano Lett. 4,
2227-2232(2004).

Zhao, Y., Yao, C., Chen, G. & Yuan, Q. Highly efficient synthesis of cyclic carbonate with CO, catalyzed by ionic liquid in a
microreactor. Green Chem. 15, 446-452 (2013).

Kundu, S. et al. Continuous flow enzyme-catalyzed polymerization in a microreactor. J. Am. Chem. Soc. 133, 6006-6011 (2011).

Rhizomucor miehei. J. Biotechnol. 87, 193-201 (2001).

Wang, J. et al. A comparison of acidic and enzymatic hydrolysis of rutin. Afr. J. Biotechnol. 10, 1460-1466 (2011).

Amaro, M. L. et al. Anti-inflammatory activity of naringin and the biosynthesised naringenin by naringinase immobilized in
microstructured materials in a model of DSS-induced colitis in mice. Food Res. Int. 42, 1010-1017 (2009).

SCIENTIFICREPORTS|7:4309 | DOI:10.1038/541598-017-04216-4 14



www.nature.com/scientificreports/

43. Wang, J., Gong, A., Gu, S., Cui, H. & Wu, X. Ultrafast synthesis of isoquercitrin by enzymatic hydrolysis of rutin in a continuous-flow
microreactor. J. Serb. Chem. Soc. 80, 853-866 (2015).

44. Pohar, A., Plazl, I. & Znidarsi¢, Plazl. P. Lipase-catalyzed synthesis of isoamyl acetate in an ionic liquid/n-heptane two-phase system
at the microreactor scale. Lab Chip. 9, 3385-3390 (2009).

45. Neri, D. E. et al. Galacto-oligosaccharides production during lactose hydrolysis by free Aspergillus oryzae [3-galactosidase and
immobilized on magnetic polysiloxane-polyvinyl alcohol. Food Chem. 115, 92-99 (2009).

46. Kespi, P, Neelam, M. & Anita, B. Immobilization of urease in alginate, paraffin and lac. ] Serb Chem Soc. 75(2), 175-183 (2010).

47. Danial, E. N., Hamza, A. H. & Mahmoud, R. H. Characteristics of Immobilized Urease on Grafted Alginate Bead Systems. Braz Arch
Biol Techn. 58(2), 147-153 (2015).

48. Savelli, G., Spreti, N. & Dj, Profio. P. Enzyme activity and stability control by amphiphilic self-organizing systems in aqueous
solutions. Curr. Opin. Colloid. In. 5, 111-117 (2000).

49. Bradford, M. M. A rapid and sensitive method for the quantitation of microgram quantities of protein utilizing the principle of
protein-dye binding. Anal. Biochem. 72, 248-254 (1976).

50. Stanescu, M. D., Sanislav, A., Ivanov, R. V., Hirtopeanu, A. & Lozinsky, V. I. Immobilized laccase on a new cryogel carrier and
kinetics of two anthraquinone derivatives oxidation. Appl. Biochem. Biotech. 165, 1789-1798 (2011).

51. Lilly, M. D., Hornby, W. E. & Crook, E. M. The kinetics of carboxymethylcellulose-ficin in packed beds. Biochem. J. 100, 718 (1966).

Acknowledgements

This work was supported by the Natural Science Foundation of China (21676130), the Key Project of University
Science Research of Jiangsu Province (16KJA530002), the Qing Lan Project of Jiangsu Province (Year of 2014),
and the Shen Lan Young scholars program of Jiangsu University of Science and Technology (Year of 2015).

Author Contributions

J.W. conceived the idea and designed the experiments. C.Z. and A.G. prepared the samples and performed
characterization with the assistance from X.Y., EW. and D.K,, J.W. discussed with C.Z., A.G. and EW. for the
analysis and discussion of results. C.Z., A.G., and ].W. were mainly responsible for preparing the manuscript with
further inputs from other authors. All the authors discussed the results and commented on the manuscript.

Additional Information
Supplementary information accompanies this paper at doi:10.1038/s41598-017-04216-4

Competing Interests: The authors declare that they have no competing interests.

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

T ] icense, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2017

SCIENTIFICREPORTS|7:4309 | DOI:10.1038/541598-017-04216-4 15


http://dx.doi.org/10.1038/s41598-017-04216-4
http://creativecommons.org/licenses/by/4.0/

	Moving and unsinkable graphene sheets immobilized enzyme for microfluidic biocatalysis

	Results and Discussion

	Choice of nanoparticle carrier for enzyme immobilization. 
	Characterization of immobilized enzyme. 
	Adsorption isotherm and kinetics models. 
	Functionalized forms of graphene-immobilized naringinase for flowing in microchannels. 
	Kinetic parameters of graphene-immobilized enzyme. 
	Reusability and relative enzyme activity of graphene-immobilized enzyme. 

	Methods

	Immobilization of enzyme. 
	Characterization analysis. 
	Analysis of rutin and isoquercitrin by HPLC. 
	Equilibrium isotherm and kinetics of adsorption experiments. 
	Enzymatic synthesis of isoquercitrin in a batch reactor and a microchannel reactor. 
	Measurements of kinetic and Michaelis constant. 
	Reusability tests of immobilized enzyme. 
	Statistical analysis. 

	Acknowledgements

	Figure 1 Biosynthesis diagram of isoquercitrin in a microchannel reactor with a fluid and unsinkable immobilized enzyme.
	Figure 2 The SEM photos of pure graphene (A and B), Fe2O3 (C and D) and carbon nanotube nanoparticle (E and F) before and after immobilizing.
	Figure 3 The FT-IR (A) and XRD (B) spectra of graphene immobilized enzyme, graphene and enzyme.
	Figure 4 Langmuir and Freundlich isotherms (A), pseudo-second-order (B) and pseudo-first-order (C) adsorption kinetics of enzyme adsorped on graphene.
	Figure 5 Effect of various reaction parameters on isoquercitrin yield in the microchannel reactor, including different surfactants (A), temperature (B) and flow rate (C).
	Figure 6 Effect of immobilized protein loading (A), rutin concentration (B) and reaction temperature (C) on isoquercitrin yield in a batch reactor.
	Figure 7 Lineweaver-Burk double reciprocal plots (A) and Lilly-Hornby plots (B) for graphene immobilized enzyme assay in a batch reactor and a microchannel reactor.
	Figure 8 Reusability (A) and relative enzyme activity (B) of immobilized enzyme in a batch reactor and a microchannel reactor.
	Table 1 Different physical parameters of the immobilized supporters.
	Table 2 Influence of initial graphene protein loading on the catalytic properties of immobilized particle.
	Table 3 Comparative results for the enzymatic-catalyzed transformation of rutin to produce isoquercitrin in different reactors.
	Table 4 Kinetic constants of free and graphene immobilized naringinase in different reactors.




