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ABSTRACT

Enzyme microreactors are important tools of miniaturized analytics and have promising
applications in continuous biomanufacturing. Fundamental problem of their design is that plain
microchannels without extensive static internals, or packings, offer limited exposed surface area
for immobilizing the enzyme. To boost the immobilization in a manner broadly applicable to
enzymes, we coated borosilicate microchannels with silica nanosprings and attached the enzyme,
sucrose phosphorylase, via a silica-binding module genetically fused to it. We showed with
confocal fluorescence microscopy that the enzyme was able to penetrate the ~70-um thick
nanospring layer and became distributed uniformly in it. Compared with the plain surface, the
activity of immobilized enzyme was enhanced 4.5-fold upon surface coating with nanosprings and
further increased up to 10-fold by modifying the surface of the nanosprings with sulfonate groups.
Operational stability during continuous-flow biocatalytic synthesis of a-glucose 1-phosphate was
improved by a factor of 11 when the microreactor coated with nanosprings was used. More than
85% of the initial conversion rate was retained after 840 reactor cycles performed with a single
loading of enzyme. By varying the substrate flow rate, the microreactor performance was
conveniently switched between steady states of quantitative product yield (50 mM) and optimum
productivity (19 mM min™!) at a lower product yield of 40%. Surface coating with silica
nanosprings thus extends the possibilities for enzyme immobilization in microchannels. It
effectively boosts the biocatalytic function of a microstructured reactor limited otherwise by the

solid surface available for immobilizing the enzyme.



1. INTRODUCTION

Continuous-flow microfluidics is the key enabling technology for many important applications,
from the Lab-on-the-Chip implementations in analytics, cell biology and medicine'>  to  the
advanced tools of microprocess engineering in chemistry and biotechnology.>!* Microfluidic
biocatalysis plays a central role in biochips for DNA sequencing, proteomic analysis and clinical
metabolite detection.!!"!*!5 It has furthermore aroused significant interest for use in various flow
chemistry applications. The idea in general is that by combining the high selectivity of enzymes
with the efficient fluidics of a microstructured flow reactor, the performance characteristics of
certain chemical transformations can be enhanced substantially. Fundamental problem of all
microfluidic biocatalysis in continuous flow is, however, that irrespective of the enzyme's actual
use for sample pretreatment, analytical detection or organic synthesis, the enzyme must be applied
in a form that prevents it from being washed away.!®!*!6 Immobilizing the enzyme on the wall
surface of the microchannels presents the most straightforward solution.!%!7-?2 Doing so, however,
demands a strongly integrated development of the microfluidic system considered. The flow
channels must be designed to accommodate a suitable amount of active enzyme immobilized on
their solid walls, since the conversion rate scales directly with that amount.!%?*23-2* The contrast
to enzyme immobilization in conventional reactors i1s immediately noted. Bulk-scale
immobilization is usually done on porous particles and so represents a task of the overall

bioprocess development that is pursued somewhat independently of the actual bioreactor design.?-
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Microchannel design for efficient immobilization needs to conjoin aspects of overall geometry and
internal structure of the microchannels with those of the material used for microfabrication. The

core problem is that plain microchannels, lacking extensive static internals or packings, offer only



a limited amount of solid surface for immobilizing the enzyme. Because microparticle packings

result in large pressure drops, and static internals alter the liquid flow pattern!?*°

usually more than
they help increasing the surface area, enhancement of the enzyme-accessible surface directly on
the microchannel walls remains as the most promising option. Among the materials widely used
in microfluidics, silica has excellent properties, including high compatibility with enzymes,
substrates and solvents.?® Immobilization technology based on silica-binding modules (SBM)
enables convenient immobilization of enzymes on plain silica (e.g., borosilicate glass). The SBM
is a small three-helical protein, often referred to also as Zpasic2, that is highly positively charged on
one protein face due to multiple Arg residues pointing outward.'*!*” The SBM is genetically
fused to the enzyme of interest and the resulting enzyme chimera becomes attached to
underivatized silica surfaces via the SBM. Under conditions in which the silica material is
negatively charged, binding occurs with high affinity and selectivity. Immobilization likely
involves a high degree of molecular alignment of the enzyme, via its SBM, towards the silica
surface. In contrast to silica, polymeric materials also popular in microreactor development,
polydimethylsiloxane for instance, is not directly accessible, and so requires extensive surface
derivatization, for enzyme immobilization.>!1>3! In the current study, therefore, we made an

effort to bring surface engineering for efficient SBM-enzyme immobilization into the design of

silica microchannel reactors.

Coating the microchannel walls with a suitably porous silica microstructure represents a promising
approach to increase the enzyme-available surface for immobilization. Among different options
available, silica nanosprings as the well-characterized nanomaterials have recently gained attention
in particular.’>* Nanosprings provide high solvent-accessible surface area and the Darcy

permeability of nanosprings (k ~ 3 x 10"® cm?) demonstrates low resistance to fluid flow.>



Their specific surface is extremely large (~300 m? g'') and a plentitude of surface silanol groups
are available for chemical functionalization. Similarly, these silanol groups present surface sites
for enzymes to become anchored via their SBM. Using a modified vapor-liquid-solid (VLS)
process, nanosprings can be deposited on essentially any solid surface able to tolerate a growth
temperature of 370 °C, thus making their applications quite versatile.** Nanosprings were
previously used as a support in immobilized enzyme microreactors.*?** However, lacking the
advantages of SBM technology, the overall immobilization required multiple steps, including
enzyme purification and surface functionalization, and involved 87% loss of active enzyme in the
process. Nanospring layers of different thickness were compared, but the enzyme distribution

within was not clarified.

We show here that the major performance characteristics of a biocatalytic microreactor were
consistently improved in immediate consequence of immobilizing the SBM-enzyme on
microchannel walls coated with silica nanosprings as compared to immobilizing the same enzyme
on "plain" silica walls. The immobilized enzyme activity was enhanced and the obtainable
productivity was boosted accordingly. Due to increased retention of the enzyme into the
nanospring layer, the operational stability of the microreactor increased. We did our evaluation
using sucrose phosphorylase, a well-known transglucosidase that has important applications in
glycoside and sugar phosphate synthesis.*> We present evidence that surface coating with silica
nanosprings extends significantly the current possibilities, and so addresses relevant limitations,
of enzyme immobilization in microchannels. Combined with immobilization technology based on
SBM, it appears broadly useful in microfluidic systems limited otherwise by the solid surface

available for immobilizing the enzyme.

2. EXPERIMENTAL SECTION



2.1. Materials used

Resealable flowcells made of borosilicate glass were used. Fhetrdesign,fabrication-and-use-were
deseribed—elsewhere—in—detail.’* The complete flowcell consists of a microstructured element
placed into a suitably interfaced and conveniently opened and closed chip holder. Fluidic Connect
Pro Resealable flowcell 4515 holder, Teflon tubings and connection parts were from Micronit
Microtechnologies B.V (Enschede, NL). A New Era NE-1000 syringe pump (Next Advance,
Averill Park, NY) was used to deliver the liquid flow. All chemicals were of analytical grade and

reported elsewhere.!®

2.2. Fabrication of the nanosprings-flowcell

2.2.1. Integration of the nanosprings in the resealable flowcell

The fabrication of the plain flowcell is the established standard process explained in previous work
with detail.*® Considering that the flowcell's bottom glass slide was conveniently used for surface
derivatization. The procedure applied to attach nanosprings onto the glass surface is summarized
in Figure 1. The surface was masked with Kapton tape, thus making sure that only the center area
(i.e., the area eventually exposed to liquid flow inside the fully assembled flowcell) was used for
growth of the nanosprings (Figure 1). The process of nanosprings growth on glass slides was
described in detail before.>* Synthesis was performed in a furnace operated at atmospheric
pressure. A thin gold film prepared by sputtering on glass was used as catalyst. Nanosprings were
formed by exposure to constant flows of a proprietary silicon precursor and oxygen in a nitrogen
atmosphere. About 9 mg of the nanosprings, covering a surface area of ~3 cm? and forming a layer
of 70 um thickness, were grown on the glass slide. The coated area was then enclosed with a gasket

made of perfluorinated elastomer. As shown in Figure 1, the gasket was present on a second glass



slide, which also contained the fluidic channel pattern. The glass slides were inserted into the
flowcell holder and connected with Teflon tubings (250 pum inner diameter). The gasket had a

thickness of 250 um, which was compressed by about 10% on usage in the flowcell holder.
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Figure 1. Preparation of the nanosprings-flowcell is shown. Panel A shows fabrication of the
nanosprings glass slide. The gasket glass slide is also shown. Panel B illustrates stacking of the

two glass slides on each other. Panel C shows the assembled nanosprings-flowcell (not to scale).



2.2.2. Functionalization of the nanosprings-flowcell

The nanosprings glass slide was functionalized with sulfonic acid groups (-SO3H) using procedure
from literature.’” Glass slide was immersed in 1 M sodium hydroxide for 30 min followed by
rinsing with deionized water. It was incubated in 10 % (v/v) aqueous solution of 3-
(trihydroxysilyl)-1-propane-sulfonic acid for 3 h (80 °C, pH 8.0) and after that washed extensively

with 50 mM potassium phosphate, pH 7.0.

2.3. Enzyme immobilization in the flowcell

2.3.1. Enzyme immobilization procedure

A chimeric form of sucrose phosphorylase from Bifidobacterium longum (BISPase) was used that
had the binding module Zyasic2 fused to its N-terminus. B/SPase is a functional homodimer, so each
enzyme chimera used here contained two Zpasico modules. The enzyme is referred to as Z_ BISPase
throughout. Z_BISPase was produced in Escherichia coli BL21(DE3) as reported elsewhere.'
Unless mentioned bacterial cell extract containing Z BISPase was used for immobilization. The
general procedure was described in earlier papers.!®2%?’ For reference from pure Z_BISPase, the
enzyme was isolated according to a reported protocol'® and shown to exhibit a specific activity of
77 U mg’! of protein. One unit (U) of enzyme activity is the enzyme amount producing 1 pmol o-
D-glucose 1-phosphate (aGle 1-P) min! under assay conditions (25 °C, pH 7.0). The
immobilization described here only briefly involved filling of the flowcell with immobilization
mixture, which comprised the enzyme in 50 mM potassium phosphate, pH 8.0, supplemented with
0.25 M sodium chloride. After incubation for 2 h, the flowcell was washed with 50 mM potassium
phosphate (25 °C, pH 7.0) at a flow rate (F) of 50 pL min!. We note, because it will be important

for the discussion later, that by washing with the same phosphate buffer containing 2 M sodium



chloride, it was possible to elute the immobilized enzyme from the plain glass without causing any
inactivation. Enzyme still bound to the nanosprings matrix after elution at high salt concentration
(5 M sodium chloride) was removed from the nanosprings-flowcell by rinsing with 1 M

hydrochloric acid and then with deionized water.

2.3.2. Measurement of the enzyme activity in solution and immobilized in the flowcell

The activity of Z BISPase in solution and immobilized on the glass slide was measured by a
spectrophotometric assay described elsewhere.!” Briefly, the aGlc 1-P released on conversion of
sucrose (50 mM) and potassium phosphate (50 mM) by Z BISPase was measured as the reduced
form of nicotinamide adenine dinucleotide (NADH) formed in a coupled enzymatic reaction (25
°C, pH 7.0). The NADH was determined from absorbance at 340 nm. To obtain the apparent
activity (Eapp) of immobilized Z BISPase, a continuous reaction was performed in which solution
of sucrose and potassium phosphate (50 mM each, 25 °C, pH 7.0) was delivered to the microreactor

at different flow rates. The aGlc 1-P produced at steady state was measured dependent on F. Eapp

was calculated from the relationship, Eapp = [aeGlc 1-P] x F. It is reported in U.

2.3.3. Immobilization efficiency

Immobilization yield (Y) and catalytic effectiveness of immobilized enzyme (77) were used to
characterize the efficiency of Z B/SPase immobilization in the nanosprings-SOs3™-flowcell. Y is
the ratio of the enzyme activity immobilized on the surface (Eimm) to the total enzyme activity
offered in solution (Etot). Eimm is the difference in Eior and the enzyme activity left in solution after
the immobilization. Alternative way of determining Eimm Was to elute the immobilized enzyme

from the glass surface and measure its activity in solution. The latter approach was useful when



activity differences in solution were too small for a reliable determination, hence when Y was very

low. 7 is the ratio of Eapp t0 Eimm.

2.4. Fluorescence labeling of the immobilized enzyme

Protocol from literature was used.?’ A solution of fluorescein isothiocyanate (FITC) was prepared
in dimethyl sulfoxide and diluted in 50 mM potassium phosphate, pH 7.0. The FITC solution (20
mol FITC/mol enzyme) was passed through the nanosprings-SOs-flowcell containing
immobilized enzyme and incubated for 1 h at 25 °C. Afterwards, the flowcell was washed

extensively with 50 mM potassium phosphate, pH 7.0.

2.5. Material characterization

Scanning electron microscopy (SEM) was performed with a FEI NOVA 200 dual beam system
(Thermo Fisher) using secondary electron imaging at 10 keV and 130 pA with the lowest possible
doses unless otherwise specified. The samples were covered with a 20-nm thick carbon layer prior

to scanning.

Confocal laser scanning microscopy (CLSM) was performed using a Leica TCS SPE confocal
microscope (Mannheim, Germany). The samples were excited at 488 nm, and the emission was
detected in the range of 500—700 nm. A water immersion objective HCX APO LU—V-I 20%/0.50
W was used and a drop of glycerol was placed onto the nanosprings before covering the sample
with a microscope coverslip. This was done to improve the match in refractive index between the

medium and the nanosprings layer.

The surface area of nanosprings was determined by the Brunauer-Emmett-Teller (BET) gas

adsorption method.**
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3. RESULTS AND DISCUSSION

The shown data are from multiple independent experiments, typically three or more. Mean values
were calculated from the data and are given together with the corresponding standard deviation in

text.

3.1. Characteristics of the nanosprings-flowcell

The plain flowcell offered a total wall surface area of 740 mm?, which was contributed from the
top and bottom glass slides. The calculated internal volume of the flow channel was ~83 pL
(Figure 1C). Note that effect of the nanosprings layer on reduction of internal volume was not
considered in that value. Based on the nanosprings surface area determined by gravimetric BET

(300 m? g1, the extra surface area introduced with the nanosprings was estimated as ~2.7 m2.

The structure of the nanosprings coating was characterized by SEM. Analysis was performed at
different positions along the glass slide using varied magnification. The complete set of SEM
images recorded is given in Figure S1. SEM images from three different positions are shown in
Figure 2. The overall structure of the nanosprings coating was best described as a highly irregular
network of fibers arranged into a fine-mesh heterogeneous layer of material. Irregularity persisted
at the level of individual nanosprings in terms of both size and shape. Nanosprings generally had
strongly elongated form but differed widely in their length and thickness. Certain nanosprings had
a strongly strung-out shape and appeared almost linear in shape, exhibiting only a slight internal
twist. Others adopted spiral-wound conformations, differing however widely in the size of the
individual coils forming the spiral. Nanosprings often displayed helicoidal shape of varying
diameter (0.3 pum -3 pm). The overall nanosprings layer exhibited non-uniform density and hence

surface area, as shown in a representative cross-section image of it in Figure S2.
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Figure 2. SEM images of the nanosprings coating are shown from three different positions on the

glass slide. Each row shows one position at different magnifications.

Density increased from the surface to the bottom of the nanosprings matrix. The overall solid layer
did not contain defined pores, but featured multiple interstices of variable size (from nm to pm
scale). In principle, these interstices were sufficiently large to enable the enzyme (10.9 nm x 5.9
nm X 5 nm; deduced from the crystal structure of the highly similar enzyme from Bifidobacterium
adolescentis) to penetrate the matrix by diffusion. The nanosprings layer, therefore, seemed

promising for use as a densely woven, three-dimensional scaffold for Z B/SPase immobilization.
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Besides offering a substantially enlarged surface area for the enzyme to become attached to, as
compared to the plain surface, we also considered that the nanosprings layer might help improving
the immobilization efficiency through effect on Eapp. Although immobilization of Z_ BISPase is
steered mainly by the Zpasico module, nonspecific protein adsorption on solid surface might occur
to a limited degree, as shown in our earlier study.!® A fibrous layer of solid material could be useful
to avoid nonspecific binding of the enzyme and, in consequence, help to maximize Eapp. We finally
considered that adsorption stability of immobilized Z B/SPase might be increased on entrapment
of the enzyme in the nanosprings matrix. Experiments were performed to explore these

possibilities.
3.2. Performance analysis of immobilized enzyme flowcell
3.2.1. Enzyme immobilization in nanosprings-flowcells

Nanosprings-flowcells were prepared with and without surface functionalization by sulfonate
groups. The surface sulfonate groups were introduced for they could potentially enhance enzyme
immobilization via the Zpasico module. The "plain" flowcell was used as reference. Immobilization
involved offering Z BI/SPase in an amount that was the same for each flowcell and exceeded by a
factor of 9 the estimated maximum binding capacity of the plain surface for that enzyme (Bmax =
2.54 pg). The Supporting Information describes the assumptions and calculations used in binding
capacity assessment. It was ensured thus that enzyme in solution was not limiting the
immobilization. From continuous reactor experiments performed as described in the Experimental
Section, we determined the concentration of aGlc 1-P released at steady state (Figure 3A). Results
show that the plain flowcell exhibited an Eapp of 83+3 mU. From the value of Bmax and the specific

activity of purified Z BISPase (77 U mg!) we calculated that the observed Eapp corresponded to
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40 % of the Eapp expected for maximum monolayer adsorption of the enzyme on the microchannel
wall, under the condition that all of the immobilized Z B/SPase was fully active (7 = 1). The
flowcell containing nanosprings exhibited an increase in Eapp to 37848 mU. The presence of
sulfonate groups gave a further increase in Eapp (58311 mU), thus boosting the immobilization 7-

fold compared to the plain reference.

Effect of varying the amount of enzyme offered (Eiot) on the performance of nanosprings flowcell
containing sulfonate groups was studied at conditions of reactor steady state (Figure 3A). The
conversions reached were up to 10-fold higher as compared to the plain flowcell. Critical
parameters of the immobilization of Z BISPase (Eimm, Y, 77) were also determined from these
experiments. Figure 3B shows that Eimm increased steadily on raising FEio, indicating that the
surface area available for immobilization was not saturated under the conditions used.
Interestingly, therefore, Y was always below a value of unity (< 0.80) that would indicate
incomplete adsorption of the Et present. And, it did not change pronouncedly dependent on Eiot
in the range used. The result suggests that, for reasons not known at the time, irrespective of the
E'ot a certain portion (> 20%) of the Z BISPase present as active enzyme in solution was unable to
bind to the solid surface. Considering the large increase in Eimm dependent on Eiot it was important
to determine what the corresponding change in Eapp would be. Somewhat to our surprise, a 6-fold
enhancement in Eimm due to increase in Ei was reflected in only a 1.5-fold gain in Eapp. Therefore,
this implies a dramatic decrease in 7, from a value of 0.52 to one of just 0.11, in response to the

increase in Eiot.

In the ideal case of oriented immobilization via the Zpasicc module in which becoming attached to

the solid surface did not interfere with enzyme function in any way, 1 would have a value of unity,
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for the immobilized enzyme (Eapp) had exactly the same activity as the identical amount of enzyme
would have in solution (Eimm). We have shown in earlier studies, using different Zpasico chimeras
of sucrose phosphorylase including Z BI/SPase, that the practical upper limit of 7 for these
enzymes immobilized on silica surface was consistently lower than 1, typically in the range 0.45 -
0.65." Molecular account of 7 is notoriously difficult to give for immobilized enzymes, but suffice
it to say that the 7= 0.52 at low Ew of Z_BISPase was in good agreement with literature.!® Well-
oriented enzyme immobilization via SBM technology enhanced the operational activity of
immobilized enzyme up to 4-fold compared to random enzyme immobilization in nanosprings.>?
Substantial drop in 7 at high Ei,« was however unexpected and only a very tentative explanation
can be offered at this point. It must be emphasized for the sake of clarity that a decrease in Eapp,
and hence 7, was not caused by substrate depletion or any other limitation in the experiment. At
the highest E.pp we were able to reach in continuous flow reactions (~880 mU), the substrate
conversion was just around 40% when up to 90% conversion would have been possible at
thermodynamic equilibrium. However, given the structure of the nanosprings matrix (Figure 2), it
is conceivable that by increasing the enzyme loading, the portion of Z_BI/SPase localized at nano-
interstices within the matrix might also increase. Due to the highly irregular network of nanowires
present at these interstices, it may no longer be possible for the immobilized enzyme to have a
well-defined orientation towards, and interaction with, the solid material, contrary to the more
compactly organized surfaces of plain glass, like those in plates and porous beads, that exhibit a
moderate or even a null curvature.!>?*?737 An immobilization of Z BISPase in the nanosprings
matrix that is not any more steered by the Zpasicc module might be responsible for the decrease in
n dependent on Ei. In addition, the extreme irregularity of the solid matrix and the variation in

local density associated with it might hinder, more strongly than anticipated, the diffusion of even
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small molecules. The possibility of diffusional limitations in supplying substrates to the

immobilized enzyme could therefore not be excluded.
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Figure 3. An analysis of immobilization in different flowcells is shown. Panel A shows the [aGlc
1-P] at steady state produced in continuous reactions in different flowcells (black, plain flowcell;
gray, nanosprings-flowcell; red, nanosprings-SOs™-flowcell). Panel B shows the effect of
increasing the Eior on the performance of the nanosprings-SOs™-flowcell in terms of Eimm and Eapp.
Data in panel A are used to calculate Eimm and Eapp. The conditions used were: F =40 pL min’,
50 mM of each sucrose and potassium phosphate, 25 °C and pH 7.0. Results are from three

independent experiments with the standard deviation of 5 %.

Using again the specific activity of the purified Z BI/SPase, we calculated from the values of Eimm
that between 15 and 100 pg of enzyme were bound onto the nanosprings-SOs™-flowcell. These
loadings are equivalent to an immobilization of 1.7 - 11 mg of protein/g of nanosprings. Compared
to the Bmax (calculated with the assumption of a strictly two-dimensional adsorption of the enzyme)
normalized on the unit surface area (3.43 ng mm™), these amounts of immobilized enzyme
represent a 6- to 40-fold enhancement over immobilization on the plain surface. Results show that

nanosprings with a high enzyme-loading capacity significantly increase the microchannel surface.
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In comparison with other surface modification techniques for enzyme immobilization such as

layer-by-layer or surface-anchored polymer brushes, nanosprings coating is more easily done.**-

It is evident from these considerations that immobilization of Z_ BI/SPase in the nanosprings-SO3°
-flowcell must have involved enzyme adsorption in all three dimensions of the nanosprings matrix.
However, distribution of Z_BISPase within the nanosprings layer was unknown and visualization

experiments were performed for clarification.

3.2.2. Visualizing enzymes immobilized in the nanosprings-SOsz -flowcell

Z BISPase (15 ng) was immobilized in the nanosprings-SOs™-flowcell, labeled fluorescently with
FITC and analyzed with CLSM. Results are shown in Figure 4. A vertical cross-section image in
panel A shows the nanosprings layer of about 70 um thickness (height) on the glass surface. Close-
up images (panels B - E) from different points between top and bottom of the layer are also shown.
The control was a nanosprings-SOs3 -flowcell labeled with FITC but lacking the enzyme. It did not
show fluorescence, thus validating the evidence in Figure 4. One recognizes immediately from
Figure 4 that fluorescence was present all through the nanosprings layer, indicating that the enzyme
was able to penetrate laterally and vertically, and so became distributed broadly across, the solid
matrix. Images in Figure 4 (panels B - E) reveal the increase in solid matrix density on moving
from top to bottom of the nanosprings layer. The nanosprings material located closer to the glass
surface exhibited areas in which nanosprings were extremely strongly interwoven with relatively
large interstice in between (see Figure 4E). To the extent that fluorescence intensity informs about
the amount of labeled protein present locally, Z B/SPase seemed to be distributed somewhat
uniformly in the nanosprings matrix irrespective of local differences in material density. The

results in Figure 4 are from an immobilization of Z_ BI/SPase that used enzyme directly from the
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crude E. coli cell extract. To exclude the possibility of artifact, namely that FITC fluorescence in

the nanosprings matrix was not from Z BI/SPase but actually from another E. coli protein, we

repeated the experiment under exactly comparable conditions but used purified Z BISPase instead.

The results are shown in Figure S3. Ability of Z BISPase to penetrate the nanosprings layer and

become immobilized in it was confirmed unambiguously.
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Figure 4. CLSM images of the nanosprings-SO3™-glass slide containing FITC-labeled Z BI/SPase

are shown.
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3.2.3. Substrate conversion in the biocatalytic microreactor dependent on liquid flow rate

Flow chemistry involves the liquid flow rate F' as a key process variable. F' determines the average
residence time (Trwes) via the relationship tres [101V/F where V is liquid volume of reactor. Using
Z BISPase immobilized in the nanosprings-SO3™-flowcell, effect of ' on substrate conversion at
steady state was analyzed. Note that microreactor steady state implies time invariance of the
substrate conversion at constant F. For each F used, therefore, it was ensured that steady state was
maintained for a reaction time equivalent to 10 times the trs. The change in F was achieved via
ramp-up and ramp-down of the flow rate in the range 10 - 150 uL min!. Direction of the F

excursion, up or down, did not affect the conversions obtained. Results are summarized in Figure

5.
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Figure 5. Performance analysis of the nanosprings-SOs;-flowcell containing immobilized
Z BISPase (100 pg) is shown. The substrate solution contained sucrose and phosphate (50 mM of
each). The concentration of aGlc 1-P released at steady state was measured. Conversion and
productivity were calculated from the data. F' was varied as indicated and 7 calculated with a
volume V of 83 pL. Results are from three independent experiments with the standard deviation

of 5 %.
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The conversion increased dependent on Tres, as expected from conventional fluidic behavior of a
tubular reactor, and full conversion was reached within about 8 min. The productivity increased

dependent on F to reach a maximum at 80 pL min’!

or greater. Figure 5 shows that through
systematic variation of /' the microreactor performance was switched between steady states of
quantitative product yield (50 mM; 100% conversion) and optimum productivity (19 mM min™)
at a lower product yield of about 40%. We previously showed the productivity of 14 mM min™' at
the product yield of 50 % in the meander-shape fluid microchannel.'® Higher productivity provided

by nanosprings-SOs™-flowcell, even with lower degree of miniaturization, proves the efficiency of

nanosprings coating.
3.2.4. Enhanced operational stability of enzyme immobilized in nanosprings layer

Operational stability represents a critically important parameter of efficiency of the enzymatic
microreactor applied to continuous flow synthesis. Enzyme immobilization via the Zpasicc module
is readily reversible by its design. However, lacking the high endurance of enzyme immobilization
via covalent fixation, its stability under continuous operation is a problem requiring special
attention. Besides actual loss of enzyme activity due to denaturation under conditions of use,
limited operational stability might involve effect of washing out of the enzyme. We evaluated the
operational stability of immobilized Z B/SPase in time-course experiments comparing the
nanosprings-SOs™-flowcell to the plain flowcell. The reaction set-up (F =40 pL min™') was selected
such that the aGlc 1-P released at steady state was an immediate measure of Eapp. The initial Eapp
was 8748 mU for the nanosprings-SOs -flowcell while it was 83+3 mU for the plain flowcell.
The actual reaction time was normalized on Tres (= 2.08 min) to show the number of reactor cycles

run through. The results are shown in Figure 6. Using the nanosprings-SO3™-flowcell, about 85%
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of the initial Eap, was retained after 840 reactor cycles. Using the plain flowcell, by contrast, Eapp
decreased continuously to just 20% of the initial value after 450 reactor cycles. An operational
half-life of about 269 cycles, equivalent to 560 min, was determined for Z BI/SPase immobilized
in the plain flowcell. The corresponding half-life of enzyme immobilized in the nanosprings-SO3°
-flowcell was approximately 6160 min, representing a substantial 11-fold enhancement of stability.
Since Z BISPase does not loose activity in the timespan of these experiments under the conditions
used, the decrease in Eapp solely reflects washing out of the immobilized enzyme. Considering
previous work with the same enzyme and immobilization conditions in the meander-shape fluid
microchannel, 60 % of activity was retained after the same reactor cycles.!” Enzyme
immobilization in the glass flowcell via ionic interaction showed the drastic decrease in activity to
50% after just 140 reactor cycles.’® Enhanced operational stability of immobilized Z_BISPase is
therefore ascribed to the incorporation of the enzyme into the solid matrix of nanosprings of the

glass surface.
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Figure 6. Comparison of nanosprings-SOs -flowcell (o) and plain flowcell (A) in terms of their
operational stability is shown. Operational stability was evaluated as decrease in Eapp Over time.

The total reaction time is expressed relative to the tres of 2.08 min and given as number of reactor
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cycles. The conditions used were: F = 40 pL min', 50 mM of each sucrose and potassium
phosphate, 25 °C and pH 7.0. Results are from three independent experiments with the standard

deviation of 8 %.
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4. CONCLUSION

The current study demonstrates significant advance in enzyme immobilization in flow
microchannels through well coordinated designs of the enzyme and the material used. Design of
the enzyme's molecular structure as to promote efficient "affinity-like" binding to silica surfaces
involved fusion to the silica binding module Zpasico. Evidence for the Zpasico fusion of
Bifidobacterium longum sucrose phosphorylase herein obtained revealed that surface coating with
a layer of silica nanosprings boosted the immobilization in flow microchannels in two important
ways. First, enzyme binding was enhanced by an order of magnitude or more as compared to
binding to the plain wall surface of uncoated microchannels. Second, resistance of the
(noncovalently) bound enzyme to washing out under conditions of continuous liquid flow was also
enhanced compared to the "plain surface" reference, likewise by an order of magnitude or more.
The surface layer of nanosprings was characterized in its morphology as a fibrous network of
material that was shown to be readily penetrated by the enzyme. The enzyme efficiency factor,
which is typically quite good (= 0.5) for immobilizations to silica steered by the Zyasicc module,
decreased to an unusually low value of 0.11 at high enzyme loadings into the silica nanosprings
matrix. While the effect must wait further study for deeper understanding, a nanosprings synthesis
mainly via lateral growth on the surface so as to lower the thickness of the final layer might help
to increase the efficiency of the immobilized enzyme. Evidence from continuous reaction studies
suggested that the microchannel reactor containing enzyme immobilized on nanosprings-coated
wall surface is a flexible and powerful tool, for both chemistry and chemical engineering, to
characterize and optimize biocatalytic transformations in flow. The operational stability of the
continuous Z_BISPase reactor would enable over 1000 cycles (reactor volumes processed) to be
performed with only a single load of enzyme. In summary, therefore, surface coating with silica

nanosprings extends the possibilities for enzyme immobilization in flow microchannels. It
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effectively boosts the performance in biocatalytic synthesis of a microstructured reactor limited
otherwise by the solid surface available for immobilizing the enzyme. The optimized thickness of
nanosprings layer, to diminish the diffusion limitation, might even increase the efficiency of
enzyme immobilized reactors. Sufficiently large porosity of the nanosprings matrix in order for
the reactor to operate at moderate pressure, provides opportunity to modify both surfaces of the
flowcell with nanosprings. This would increase the productivity of reactor, albeit fabrication route

optimization is needed.
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