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ABSTRACT: Enzymes immobilized on cellulose-based supports
provide important applications because they are convenient,
economical, and stable. In this paper, we report the application of
delignified bamboo as a novel cellulose-based scaffold for enzyme
immobilization and bamboo enzyme-based flow bioreactors, which can
drastically improve the catalytic reaction and subsequent separation. %Hemme‘,“‘ose Enzyme

The delignified bamboo provides a superior biobenign and hierarchi- / Qudized

cally structured platform that can be conveniently derivatized to = olulosefiber 4o
conjugate functional proteins with high loading capacity. With an = \“i haye
optimized delignification process and a modified Schiff base-dependent {o §ﬁ wo_ o } Sy o Jﬁ%
conjugation method, we identified an efficient approach to immobilize L ki J[cﬁ\ } {x )/ % !
enzymes on bamboo. In our system, generally ~8 mg/m*g~" proteins
can be immobilized on the delignified bamboo, which is significantly
higher than that of the reported methods. The immobilized enzymes on bamboo showed sustained activity under ambient
conditions, excellent reusability with 13 cycles, and high stability of more than 7 weeks of storage at 4 °C, which can be readily
adapted in flow reactors for both single transformation and tandem catalysis. As an example, drugs of abuse in synthetic urine
samples were analyzed in f-glucuronidase (BGU)-functionalized flow reactors in 0.1 M phosphate buffer, pH 7.4, at room
temperature, the condition suitable for the bioanalysis. Our work demonstrates that the delignified bamboo can serve as a readily
available support for enzyme immobilization and hierarchical bioreactor construction, which will potentially increase the robustness
of enzymes in analytical and synthetical applications.
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H INTRODUCTION effect on the catalytic efficiency, and facilitation of the
operation process, should be considered to design an effective
immobilization system.'”"?

The materials that have been successfully employed as
supports include carbon nanotubes (CNTs),"* metal—organic
frameworks (MOFs),"” synthetic and natural polymers,'"'®"”
hydrogels,18 zeolites,'” other inorganic particles,20 etc. Among
them, cellulose,”’ as a natural hydrophilic material, is one of
the most promising supports for enzyme immobilization.
Because of its tight packing (i.e., crystallite) resulting from the
inter- and intramolecular hydrogen bonds,”” cellulose is
normally dissolved by certain specialized solvents (e.g.,
NaOH/thiourea/urea, 4-methylmorpholine N-oxide, lithium
chloride/dimethylacetamide) and then precipitated in a
swollen form for derivatization.'”*® This process requires

Enzymes, as efficient biocatalysts in versatile reactions, have
been widely explored and used in biotechnological sciences
and synthetic applications.”” Despite significant advantages
compared to chemical catalysts including high specificity and
high efficiency,” the practical applications of enzymes are often
hampered by their high cost that is mainly caused by the
requirement of production systems and complicated purifica-
tion processes, low stability under non-native conditions, and
inefficient reusability.”> Enzyme immobilization represents a
practical way to overcome these limitations and obtain more
stable, active, and reusable biocatalysts. With some well-
designed systems, the enzymes’ activity, substrate selectivity,
thermal stability, and organic solvent tolerance could be
improved, highlighting the benefit of enzyme immobilization
for synthetic applications.””® Generally, nonsophisticated
equipment is required for enzyme immobilization,” and a Received:  January 17, 2022
variety of materials and chemistries have been explored for Revised:  April 16, 2022
enzyme immobilization so far.'”'" Specific requirements, such

as the cost of the materials, harmlessness to both health and

the environment, resistance to chemical and microbial

decomposition, effectiveness of the immobilization process,
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volatile and harmful organic solvents and has been considered
energy-intensive. On the other hand, cellulose supports are
often packed into a fixed bed,”* which are limited by mass-
transfer resistances,” intolerance of high pressure,26 inhomo-
geneous distribution of reactants and products, and poor
reproducibility.27 Thus, the search for a more sustainable
method for cellulose’s application in enzyme immobilization is
continuously desirable and essential.

Compared to the 10—20 years of the life cycle of timber,
bamboo only needs 3—5 years. Bamboo yields up to 25-fold
more materials due to fast growth (i, up to 100 cm/day),
sequesters fourfold more carbon dioxide, and releases 35%
more oxygen than wood. Bamboo cell walls are hierarchical
assemblies of different types of fibrils including macrofibrils,
microfibrils, and elementary fibrils.”*** Bamboo offers a
significant and sophisticated structure with parenchymal cells
as the matrix and vascular bundles as reinforcement. These
hierarchical structures provide various pores with different
sizes and make bamboo an excellent cellulose-based support.

The bamboo or wood monolith with different modifications
has been used in industrial applications.””*° In addition to
cellulose nanofiber extraction and application, the porosity of
the hierarchical structure with fast mass transfer and high
permeability has been explored.”’ Most lignin in cell walls can
be removed through the delignification process,”” while the
overall morphology and cellular structure can be preserved.’’
The delignification process also increases the internal multi-
scale porosity vastly and enables facile derivatization due to the
abundance of hydroxyl groups exposed.”> The highly aligned
cellulose fibers exhibit excellent liquid transport capacity,”™*”
leading to a high water flux in bamboo. Therefore, the scaffold
is chemically amenable for enzyme immobilization due to the
abundant reactive groups and hydrophilic chains and
dynamically suitable for catalysis.”**" By taking advantage of
the multiscale porosity of the internal structure, the delignified
bamboo can also be used for separation applications.*

To date, both covalent and noncovalent strategies have been
explored to immobilize enzymes on a cellulose scaffold and
other solid supports.**™*° Multiple types of interactions and
multipoint interactions could occur during and after the
protein immobilization,"*~** which should be considered for
the design of the immobilization method and process
optimization.”** The amine groups at the side chain of lysine
residues and the N-terminal of the proteins are commonly used
for enzyme immobilization since the majority of proteins have
such amine groups on their surface, which are usually exposed
to medium and accessible for derivatization.” The amine
group can react with the aldehyde group of the oxidized
cellulose unit to form a Schiff base.*”*® However, the Schiff
base is not stable, while once reduced to the C—N bond, the
formed alkylamine linkage is highly stable.”” Cyanoborohy-
dride instead of sodium borohydride was chosen to serve as a
milder reducing agent, which has been reported to successfully
preserve the function of antibodies.’>>" With this method, the
protein can be feasibly functionalized on the hierarchical
bamboo scaffold with a minimized spacer arm. Compared to
the reported methods utilizing affinity tags and nanoparticles
for mediation,'”>>>* lower steric hindrance and significantly
improved atom economy were achieved in our system.

(B)-glucuronidase (BGU) has been extensively used in
research and analytical laboratories to hydrolyze steroid S-
glucuronides and steroid conjugates (glucuronides).”* >°
Different bioanalytic methods with the BGU-based hydrolysis

reaction as the initial step were extensively applied in drug
metabolism studies.’® For example, the enzyme has been
applied to prepare samples for liquid chromatography—mass
spectrometry (LC-MS), immunoassay, and other analytical
analyses.’7 In these assays, the protein needs to be removed
after the enzymatic reaction to achieve high sensitivity and
accuracy. The process is tedious and may bring variations.
BGUs contain several notable secondary structural forms (i.e.,
jelly roll barrel and a triose-phosphate isomerase (TIM)
barrel)*® and show excellent stability and hydrolytic activity
under ambient conditions due to the qualitative Sy2 reactions
involved in the catalysis.”” The activity of BGUs can be tuned
by the molecular lipophilicity and polarity and the exterior
environment.”> All these factors make BGUs a useful but also a
challenging target for enzyme immobilization. In addition,
BGU immobilization on the functional group-abundant
materials could potentially separate the enzyme from the raw
materials, prevent enzyme leaching, and improve the stability
of the tertiary structure,”>*>%

In this work, we employ BGU as a model enzyme for
immobilization and activity characterization. We also devel-
oped a flow bioreactor to enable the enzyme to be used in
different analytical applications. Then, we applied our system
for tandem catalysis by employing a bienzyme catalyst model,
glucose oxidase (GOx) and horseradish peroxidase (HRP). In
this contribution, bamboo-based bioreactors are prepared by a
facile and cost-effective top-down method, which avoided the
energy-consuming process of cellulose fiber extraction, while
the natural structure of bamboo and the enzymes’ function
were well-maintained. We demonstrated that bamboo could
serve as a good support for enzyme immobilization and the
bamboo-based bioreactors can potentially be used for
bioseparation and other enzymatic applications.

B EXPERIMENTAL SECTION

Materials. Moso bamboo was collected from the Wuyishan
bamboo forest in China. One- to two-year-old bamboo culms were
selected. The epidermal and endodermal layers were removed, and
the culms were immersed in hydrogen peroxide (H,0,, 30%) at 70
°C overnight. Samples were cut to dimensions of S mm X 6.5 mm X
25 mm (longitudinal X radial X tangential), and the pieces were
stored at 20 °C/65% relative humidity before treatment. BGU (50
kU/mL, 1.0 mg/mL), which was highly purified, filter sterilized, and
genetically modified, was provided by Integrated Micro-Chromatog-
raphy Systems, Inc (Irmo). Horseradish peroxidase (HRP) was
purchased from VWR. 2,2'-Azino-bis(3-ethylbenzothiazoline-6-sul-
fonic acid) diammonium salt (ABTS, C;3H;sN,0¢S,-(NH;),) and 4-
nitrophenyl-f-p-glucuronide (pNPG, C;,H;;NO,) were purchased
from Chem-Impex. Glucose oxidase (GOx), bovine serum albumin
(BSA), i-propanol (C3HO), glycine (C,HNO,), and sodium
hydroxide (NaOH) were purchased from Sigma. Sulfuric acid
(H,SO,, 98%), glacial acetic acid (HAc), p-glucose, hydroxylamine
hydrochloride (NH,OH-HCl), sodium cyanoborohydride
(NaCNBHj;), and fluorescein-S-maleimide were purchased from
Fisher Scientific. Hydrogen peroxide (H,0,, wt 30%) was purchased
from Macron Fine Chemicals. 4-Nitrophenol (pNP) was purchased
from Aldrich. Milli-Q water deionized using a Synergy Ultraviolet
(UV) Water Purification System was used in this work. All chemicals
and solvents used were of analytical grade. Unless otherwise noted,
0.1 M potassium phosphate, pH 7.4, was used as a buffer.

Delignification Procedure. The moso bamboo pieces were
immersed in a beaker with an equal-volume mixture of H,O, solution
and HAc for 6 h at room temperature. The mixture was heated at 80
°C until the pieces were becoming totally white from yellow, and the
white pieces were immersed in H,SO, aqueous solutions (wt 3%) at
96 °C for 2 h. Then, the delignified bamboo scaffolds were washed
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thoroughly using water before use. The samples were stored in water
and cut into cylinder shapes with a diameter of S mm and a height of
S mm (22 mg =+ 2 mg). The delignified bamboo scaffold was placed
on the bottom of a plastic column, and the device was used for the
following experiments.

Characterization of Delignified Bamboo. Brunauer—Emmett—
Teller (BET) measurements were carried out on a Micromeritics
TriStar II 3020 instrument through a N, physisorption surface at a
relative pressure between 0.01 and 0.99. The bamboo and delignified
bamboo scaffold samples were dried in an oven at 100 °C; then,
attenuated total reflection—Fourier transform infrared (ATR-FTIR)
spectroscopy was performed at room temperature across the
frequency range of 4000—650 cm™' on a spectrum system (IS S0,
Thermo Nicolet Ltd.), with 64 FTIR scans per spectrum. The surface
morphology of the delignified scaffold was observed using a Tescan
Vega 3 SBU variable-pressure scanning electron microscopy (SEM)
system after gold sputtering (240 s to give an ~40 nm gold
conductive layer; Denton Desk II sputter coater). The porosity of
bamboo was determined using the gravimetric method.®" Specifically,
a piece of the scaffold was lyophilized (Labconco Freeze Dryers
FreeZone 4.5 Liter) at —80 °C with 0.003 MPa vacuum overnight and
subsequently weighed using an analytical balance (Denver Instrument
PI series). The sample was fully immersed in i-propanol for 1 day for
complete alcohol infiltration. Then, the sample was cleaned to remove
residue from the surface and weighed. The porosity (1) was estimated
using eq 1

Vpore _ mIPA/pIPA
‘/tota[ ‘/tota[ ( 1 )

where V, m, and p are the volume, mass, and density, respectively, and
IPA indicates i-propanol. Three independent measurements were
performed on each sample.

The pore structure of the delignified bamboo scaffold after
lyophilization was evaluated by mercury penetration using an
Autopore IV 9500 mercury intrusion porosimeter (Micromeritics)
with the contact angle employed as 130° and measuring range as
0.005—800 ym.

Preparation of the Oxidized Bamboo Scaffold (OBS). The
oxidized bamboo scaffold was prepared by the sodium periodate
oxidation method.*”®* First, the bamboo scaffold was washed with
100 mL of Milli-Q water at a speed of 20—25 mL/min and then
immersed in S00 yL of sodium periodate (0.2 M) for 2 h. The whole
process was performed in the dark at room temperature with gentle
shaking. After oxidation, the excess I0,~ and Na* were removed by
washing with around 600 mL of flowing Milli-Q water with 20—25
mL/min. Then, OBS was lyophilized to test the aldehyde amount by
deduction from the quantitative reaction with NH,OH-HCL® In a
typical experiment, two pieces of OBS were reacted with 20 mL of
0.25 M NH,OH-HCI solution for 3 h at room temperature. The pH
of the hydroxylamine solution alone and that with OBS were initially
3.2. After 3 h, the pH of the whole mixture decreased due to HCI
release. The solution was then titrated with 0.01 M NaOH solution
back to pH 3.2, and the content of CHO was calculated by the
following eq 2

n =

V,xC

content of CHO (ymol/mg) = a7 TNOH @)
where Vg is the volume (mL) of the standard NaOH solution added
to reach pH 3.2, Cy,oy is the concentration (mol/L) of the standard
NaOH solution, and m (mg) is the weight of OBS.

Immobilization of BSA and BGU. To determine the
immobilized capacity, BSA labeled with fluorescein-S-maleimide (F-
BSA) was prepared for the test. Specifically, BSA was reacted with
fluorescein-S-maleimide overnight at 4 °C at a ratio of 1:2 in the dark,
and then, the nonreacted fluorescein was removed by dialysis using a
dialysis tube with 10 kDa cutoff. During the dialysis procedure, the
dialysis buffer with at least 300 times the volume of the sample was
used; the dialysis buffer was changed every 6 h three times, and the
UV absorbance of the solution at 498 nm before and after labeling

was detected by spectrophotometry (Nanodrop 2000c, Thermo
Scientific). F-BSA was protected from light and stored at 4 °C. The
amount of immobilized protein was measured by detecting the
difference between the initial and final concentrations of F-BSA using
fluorescence spectrophotometry at 518 nm with the excitation
wavelength of 494 nm before and after the Schiff base reaction
(Varian Cary Eclipse, Agilent). The F-BSA solution was tested as a
negative control at the same time. F-BSA at 0.1, 0.4, and 1.0 mg/mL
concentrations was used for optimization of the immobilization
conditions. The immobilized scaffold was washed in $ mL X 1.5 mL
of phosphate buffer (0.1 M, pH 7.4) to get rid of the nonspecifically
bound proteins, during which the buffer was changed at 1, 3, 8, 24,
and 54 h. The loading amount of the immobilized enzyme was
calculated by eq 3

loading amount (mg/g) = W = W) (3)
where W, is the loading amount of enzyme before washing (i.e., after
the Schiff base reaction for 16 h), W, is the accumulated amount of
enzyme in the washing solution, and m is the weight of the scaffold.

For BGU immobilization, the OBS samples were immersed in the
BGU solution (1.0 mg/mL, SO0 4L in 0.1 M, phosphate buffer, pH
7.4); 3 mg of NaCNBH, was added, and the mixture was reacted at 4
°C for overnight to maximize the protein loading. Finally, the
immobilized scaffold was immersed in 1.5 mL of 1.0 mol/L glycine
solution for 6 h and then immersed in S mL X 1.5 mL of phosphate
buffer as described above to wash away the nonspecifically bound
BGUs. Similarly, the loading amount of BGUs was calculated by
measuring UV absorbance at 218 nm before and after washing.

The theoretical maximum loading capacity was related to the
specific surface area (S) of the delignified bamboo scaffold, which was
0.45 m?/g. The theoretical maximum specific adsorption capacity was
calculated by eq 4 with an assumption that the enzyme acts like a
spherical nanoparticle with a radius of 2 nm

Menzyme

N, (4)
where S is the specific surface area of OBS, M., is the molecular
weight of the enzyme (67 kDa for the model protein F-BSA, 80 kDa
for the BGU in the monomer form), r is the radius of the enzyme (2
nm), and N, is Avogadro’s number (6.02 X 10%).

Measurement of BGU Activity and Kinetic Study. The BGU
is stable for up to 3 h at incubation temperatures of up to 60 °C in the
range of pH (4—10).°* However, when using different percentages of
organic solvents, a correction factor should be applied to the enzyme
activities. In this work, we focus on the ambient conditions that were
commonly used for BGU application. BGU showed different catalytic
activities toward different glucuronidated substrates. In our work,
pNPG was used as a representative substrate for enzyme activity
evaluation. The concentration of the pNP product was determined by
monitoring the absorbance at 400 nm using the method described by
Collins et al.>® In brief, 500 uL of pNPG (2.0 mM, dissolved in 0.1 M
phosphate buffer, pH 7.4) was added to the device containing the
immobilized BGU on OBS (BGU@OBS) and incubated at room
temperature under static and shaking conditions. The product pNP
solution was tested in a nanodrop at different reaction times. To test
the reusability and storage stability of BGU@OBS, after the reaction,
the BGU@OBS was washed with 100 mL of water and prepared for
the next cycle of the test. Three independent replicates were
performed under the same conditions. The Michaelis constant, K,
and v, of free and BGU@OBS were determined using a plate
reader. The substrate concentration was set from 0.01 to 2.0 mM. To
obtain BGU@OBS with different amounts of immobilized BGUs (20,
10, and S ug), the same BGU@OBS blocks were cut into 4, 8, and 16
splits in the growth direction, respectively.

Flowing Biocatalysis. For immobilized BGUs, one scaffold was
placed in the sample holder, and the flow rate of pNPG samples (4, 80
uM, 2.0 mM in 0.1 M phosphate buffer, pH 7.4) was constant (S, 25,
25, 50 uL/min) and controlled using a Legato 180 syringe pump (KD

theoretical loading capacity (mg/g) =
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Scheme 1. Ilustration of the Bamboo Scaffold Preparation and Protein Immobilization Processes
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Figure 1. (A) Photo of the bamboo scaffold before and after delignification. (B) ATR-FTIR spectra of the bamboo scaffold before and after
delignification. (C) Pore size distribution curve of the delignified bamboo scaffold obtained by mercury intrusion porosimetry. (D) SEM images of
cross sections (1) and parenchymal cells (2) of the delignified bamboo scaffold.

Scientific). The flow-through was collected and then tested for UV
absorbance at 400 nm. The activity of BGU@OBS was tested after
storage for 0 and 2—49 days. To test the hydrolysis of glucuronidated
drugs of abuse in synthetic urine (Surine), three kinds of
benzodiazepine drugs (oxazepam, lorazepam, temazepam) were
used. A spiked Surine mixture (glucuronides: 23.8 ppb, internal
standard: 4.76 ppb) was prepared freshly, and the flow-through
reaction was executed by mounting one piece (diameter: 5.5 mm,
height: S mm) of BGU@OBS. The flow rate was controlled to be
constant (5, 10, S0 uL/min). Fractions of the sample with 250 yL was
collected, quenched using 160 uL of elution solvent (5% FA in
MeOH), transferred to a b-Gone Plus Plate, centrifuged at 500g for 1
min, transferred at a volume of 200 uL into separate wells, and diluted
into 600 uL. The final samples were analyzed by liquid
chromatography—mass spectrometry (LC-MS). Four controls were
characterized in parallel: (1) blank scaffold under static conditions,
(2) BGU@OBS under static conditions, (3) free BGU, and (4)
unhydrolyzed sample (Surine sample only). For the flow reaction with
immobilized HRP and GOx, the reactor was executed by mounting
two pieces of immobilized GOx on OBS (GOx@OBS), followed by

two pieces of immobilized HRP on OBS (HRP@OBS). The substrate
solution came into contact with immobilized GOx first and thereafter
was transported to the immobilized HRP. The flow rate was set as 10
#L/min, and the UV absorbance of the ABTS" product was measured
at 415 nm. The substrate contains D-glucose (50 mM) and ABTS (2
mM) in phosphate buffer (0.1 M, pH 7.4).

B RESULTS AND DISCUSSION

Principle of the Bamboo Cellulose-Based Bioreaction
Separator Design. The processing route from native bamboo
to protein-immobilized bamboo is depicted schematically in
Scheme 1. We first fabricated the delignified bamboo scaffold
in a green route using H,0,—HAc.”® This mild process
employing peracetic acid (PAA) generated from an HAC and
H,0, mixture®” can delignify bamboo efficiently with little
fiber damage. In the process, the bamboo bulk was treated with
H,0,—HAc (V:V = 1:1) solution at 80 °C. Mechanical stirring
was avoided. The reagents used in the method only contain C,
H, and O and do not introduce additional spacer atoms, which
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is helpful for the subsequent cellulose oxidation reaction. The
hydroxyl group at C2 and C3 of the unit of surface cellulose
was oxidized by NalO, to form dialdehyde,*”*> which could
react with the amino group (—NH,) on the protein via the
Schiff base reaction and be reduced into an alkylamine linkage
subsequently in one pot by NaCNBH;.

Delignification and Characterization. As shown in
Figure 1A, after delignification, the bamboo turned white
from slight yellow. An efficient delignification process is critical
for the bamboo’s application as a support for enzyme
immobilization since many enzymes’ functions can be tuned
by the hydrophobicity of the supports and the polarity of the
environment.” The ATR-FTIR spectral analysis (Figure 1B)
indicated an effective delignification process. The specific split
peaks at 1054 and 1035 cm™" were attributed to cellulose-I and
cellulose-II, respectively. The removal of lignin was confirmed
by the absence of bands at 1599, 1423, and 1462 cm™, which
were assigned to aromatic skeletal vibrations and C—H
deformation combined with aromatic ring vibrations.”® The
obvious reduction in the intensity of peaks at 1691 and 1655
cm™' was related to carbonyl stretching vibrations in
lignin.69’70 Partial hemicellulose removal was found based on
the disappearance of the peak at 1738 cm™" corresponding to
the carbonyl stretching vibration of hemicellulose, and the
small change of the absorption peak at approximately 1246
cm™ was due to the C—O linkage in xylan.®®”"’* The
predominant absorption at 3427 cm™' was assigned to —OH
stretching because the cellulose portion was exposed
significantly after the removal of lignin and hemicellulose,
which could lead to increasing interactions via hydrogen
bonding.

After delignification, the density of bamboo decreased from
0.68 + 0.06 to 0.25 + 0.01 g/cm® (Figure S1). The loss of
hemicellulose and lignin contributed to a mass loss of 63%
after the process. The porosity of the scaffold increased from
31 + 4 to 86 + 3% (eq 1 and Figure S1). The pore size
distribution results (Figure 1C and Table S1) showed that the
hierarchical delignified bamboo includes vessels and sieve
tubes having the largest conduit pores with a size of 50—120
pum diameter (20%), parenchyma cell lumen with a medium
size of 10—50 ym (46%), and the smallest pores in teh inner
cell wall with a size range of 0.5—10 um (24%), which is
consistent with reported results.”*~"> The SEM images of raw
bamboo and the delignified bamboo scaffold (Figure S2A,B)
show that the micropores were exposed significantly after
delignification. SEM analysis (Figures 1D(1) and S2B,C)
showed vast micropores in the range of 15—120 ym with a
hairy fracture surface. The higher porosity would typically lead
to a higher hydraulic conductivity, which will be helpful for
diffusion and separation during the chemical process. The large
amount of pits ranging from 0.5 to 10 ym in diameter were
sustained in the parenchymal cells (Figure 1D(2)), which were
used for nutrient transport and cell attachment in the live
organism.’"’® These pits provide short diffusion distance while
offering sufficient space due to the anisotropic and hierarchical
structural feature, which is beneficial for enzyme immobiliza-
tion and biocatalytic reactions.

Oxidation of the Bamboo Scaffold for Enzyme
Immobilization. The delignified bamboo scaffold was
oxidized using NalO, to give the oxidized bamboo scaffold
(OBS),"”**”7"% which was then used for protein immobiliza-
tion. The content of CHO (eq 2) was corelated to the reaction
time.”> Around 0.61 pmol/mg CHO of OBS was observed

with 3 h of treatment (Table S2), which is ~2-fold the
literature result (0.32 ymol/mg).”> To quantify the efficiency
of immobilization, fluorescein-S-maleimide-labeled BSA (F-
BSA) was used as a model protein (Figures S3 and S4). As
shown in Table S2, the loading amount of F-BSA per gram of
OBS was 3.6—3.7 mg (eq 3). The loading amounts of F-BSA
on different OBSs with varied contents of CHO were found
similar (Table S2 and Figure SS), which almost reached the
highest loading capacity (3.98 mg/g as the theoretical loading
capacity, which was estimated based on the inner specific
surface area of the OBS and the dimension of the BSA particle,
eq 4). This result implied the excellent efficiency of the
immobilization method for delignified bamboo. As shown in
Figure 2 and Table S3, the protein loading capacity of the OBS
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Figure 2. Comparison of immobilized efficiency versus specific
surface area of different cellulose-based systems.**™*” BSA (MW: 66.5
kDa) was used for the measurement in this work.

(8.09 mg/m*g™") is 3—20 times that of delignified wood and
other cellulose-based supports with comparable or much
bigger specific surface area.”* " Furthermore, when a high
concentration of F-BSA (ie, 1.0 mg/mL) was used, the
protein loading was ~6-fold that at low concentrations (0.1—
0.4 mg/mL, Table S4 and Figure S6), indicating the diffusion
rate as an important factor affecting the immobilization
process. Similarly, when 1.0 mg/mL BGUs was used for
immobilization, 4.4 + 0.2 mg/g loading capacity was identified
(Figure S7 and Table S4), which was close to the calculated
theoretical capacity (4.8 mg/g, Table S4).

Activity of the BGU@OBS and Kinetic Analysis. To
evaluate the activity of BGU@OBS, a chromogenic reaction
with 4-nitrophenyl-f-p-glucuronide (pNPG) as the substrate
was employed (Scheme land Figure S8A,B). The reactions
were carried out in phosphate buffer (pH 7.4) at room
temperature, which is a common condition for BGU-based
catalysis.“’57 As shown in Figure S8C—F, during the 15 min
reaction, more than 86.8% conversion rate was achieved by
BGU@OBS under shaking, while much lower conversion
(24.5%) was observed without shaking, implying that the
enzyme’s function was largely sustained by comparing the
conversion rate of the commercial enzyme. The reaction
catalyzed by BUGs@OBS might be restricted by molecule
diffusion. To further characterize the reaction kinetics, the
initial reaction rate of BGU@OBS was assessed with increasing
concentration of pNPG from 0.01 to 2.0 mM. The reactions
with free enzyme (0.016 pg) were carried out with the same
conditions for comparison. Different sizes of BGU@OBS with
S, 10, and 20 pug of enzyme were used in the assay for
comparison. The Hanes—Woolf plotting analysis of pNPG
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Figure 3. (A) Hanes—Woolf plots of experiments performed with OBS immobilized with different amounts of BGUs and the fitting of the
Michaelis—Menten equation (insert). (B) Reusability of BGU@OBS. (C) Storage stability of free BGU and BGU@OBS (~4 °C for 40 days). The
result of the first cycle in (B) and the first day in (C) was set as 100%. For (B) and (C), the enzymatic reactions were carried out in phosphate
buffer (pH 7.4), at room temperature for S min. The error bars represent the standard deviation of the mean of triplicate samples.

hydrolysis showed a single straight line (Figure 3A), which
supports a Michaelis—Menten behavior of BGU@OBS (Figure
3A, Insert). As shown in Table 1 and Figure S9, BGU@OBS

Table 1. Kinetic Parameters of Free BGU and Immobilized
BGU“

Cagu Kmb s Kca«id
(nmol/L)  (mmol/L) (umol/L-min)  (S7')

BGU
free BGU/0.016 g 0.24 0.24 3.30 229.28
BGU@OBS/S ug 74.96 0.77 53.89 11.98
BGU@OBS/10 pg 149.93 0.54 28.47 3.16
BGU@OBS/20 ug 299.85 0.39 10.78 0.60

“The reaction rate was determined with S min reactions. In the assay,
0.016 ug of free BGU and 5—20 pg of immobilized BGU were used.
bK,, = Michaelis—Menten constant in mM. “v,,,, = maximum specific
activity in pM/min. “The turnover rate Ko = Umo/E (enzyme
concentration).

showed a slower reaction kinetic behavior compared to that of
the free enzyme in solution. BGU@OBS had a ~3X higher
apparent enzyme-substrate affinity (K,,) and a ~19X lower
catalytic activity (K.,) than those of the free enzyme in
solution. The results of the free enzyme we obtained are
comparable with the published data.””’”* Generally, the
biocatalytic processes involve both molecular and convective
diffusion including substrate diffusion to catalytic sites and
product diffusion back to the solution.’”®' Moreover, the
density of BGU immobilized at different locations of the
hierarchical scaffold should be different due to the gradient
distribution of the vascular bundles from the inner skin to the
outer skin.”® In our system, molecular diffusion could be
affected by the bamboo structure including their internal
geometry.””~”> The rates of adsorption and desorption of small
molecules (both the substrate and the product) by bamboo are
related to the external diffusion coeflicient and the internal
resistance (due to the boundary layer, the diffusion in the
materials, etc.).””®® Under some conditions, the apparent
diffusion coeflicient could be positively correlated with the
materials’ thickness.”* All these factors may cause a slightly
decreased K., value with a larger size of enzyme@OBS.
Similarly, with plenty of micron-level pore sizes, the diffusion
of enzymes could be dramatically affected by capillarity. The
slower reaction rate displayed in the larger BGU@OBS sample
further implied the effect of diffusional resistances on the
enzymatic reactions (Table 1 and Figure SO9B—D), which has

been described in heterogeneous enzyme systems.”' Other
reasons that caused the activity decrease may include (1) less
conformational flexibility of enzymes because of immobiliza-
tion; (2) structural changes occurring during enzyme
immobilization;*> and (3) an unmixed solvent layer around
the support surface, which is product-rich and substrate-
depleted, hence leading to slower reaction kinetics.”> More
detailed studies are needed to further investigate these possible
factors.

Reusability and Stability of the BGU@OBS. Free
enzyme aggregation either during the reaction or storage is
one major issue that limits enzymes’ application.** Therefore,
reusability and the improvement of enzymes’ stability are
important goals in the practical applications of enzyme
immobilization. In this work, the same batch of BGU was
used for enzyme immobilization and characterization to avoid
batch-to-batch variations. As shown in Figure 3B,C, the
BGU@OBS displayed excellent reusability and stability. The
relative activity of immobilized BGU in the first run was set as
100%. After 13 cycles, ~90% of enzyme activity was
maintained (Figure 3B). Figure 3C shows that ~90% of
enzyme activity of immobilized BGU was maintained after
more than 40 days of storage at 4 °C. The slight activity
decrease could be attributed to the leakage of BGU from the
scaffold due to the degradation through ring opening during
oxidation, which may disrupt the ordered structure of cellulose
of the scaffold.*

Flowing Reaction with a Single Enzyme and
Bioseparation. In terms of synthetic and diagnostic
applications of the immobilized enzymes, continuous flow
biocatalysis is favored against the conventional bulk reaction
due to continuous production, facilitated enzyme separation,
and product isolation. The fast mass transfer and high
permeability of the bamboo scaffold make the bamboo-based
reactor an ideal system for a continuous system. Importantly,
the interg)lay of either external or internal diffusion could be
reduced.”’

Moreover, the high-structured OBS may introduce multi-
point interactions with the enzyme, which could minimize the
enzyme leaching, which provides our system additional
advantages for the flow reactions.” Therefore, a continuous
flow reactor using BGU@OBS was constructed as shown in
Figures 4A and S10. The whole system was an enclosed reactor
vessel, and the flow rate was controlled using a syringe pump.
As shown in Figure S11A, the conversion rate was increased
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Figure 4. (A) Schematic illustration of the flow bioreactor: (a) substrate vessel, (b) pump, (c) bioreactor, and (d) product. (B) Recovery
percentage (black curve) and accumulated product (red curve) as a function of volume of collections. The substrate (pNPG, 2.0 mM, 10 mL) was
pumped to flow through the bioreactor with 25 yL/min flow rate. The flow-through was collected and tested by UV spectroscopy. The recovery
percentages were calculated by the conversion compared to free BGU (10 ug/mL). (C—E) Recovery percentage of oxazepam (C), lorazepam (D),
and temazepam (E) hydrolyzed by BGU@OBS as a function of volume of collections at different flow rates. The flow reactor was executed by
mounting one piece (diameter: 5.5 mm, height: S mm) of BGU@OBS. The spiked Surine mixture (glucuronides: 23.8 ppb, internal standard: 4.76
ppb) was pumped to run through the bioreactor at different flow rates (5, 10, SO #L/min). Each fraction was collected every 250 uL and quenched
with 160 uL of solvent with 5% FA in MeOH. The samples were transferred into a b-Gone Plus plate, centrifuged at 500g for 1 min, and then
diluted using water (the volume of supernatants and water was 200 vs 600 uL) before LC-MS analysis. The molecule structures of the drugs are

shown in the inset of (C—E).

with decreasing flow rate. The optimal flow rate that made
>99% conversion was found as 25 yL/min. There is a diffusion
process before the substrates contact with enzymes thoroughly.
To test the flow volume of the process (i.e., dead volume),
pNP was pumped to flow through the bioreactor until the
concentration of collection was the same as the concentration
used. As shown in Figure S11B, the dead volume was about 1
mL. Under the optimized conditions, the flow reaction was
done for 20 pmol pNPG; around 15.3 ymol pNP (Figure 4B)
could be accumulated after 6.7 h with 10 mL operation
volume. Around 96.2% recovery rate was achieved. In addition,
Figure S11C shows that ~88% of activity was maintained if the
flow bioreactor was stored for 2 days at 4 °C, while ~83% of
the enzyme’s activity was maintained after 7 weeks of storage
at 4 °C, demonstrating good reusability and stability of the
OBS-based flow bioreactor.

In clinical and forensic laboratories, BGU is commonly used
to hydrolyze glucuronic acid-conjugated drug metabolites
present in different biological fluids. The enzyme hydrolysis
efficiency and reproducibility are critical for analysis and
diagnosis. We applied the BGU@OBS flow reactor to perform
the hydrolysis of glucuronidated benzodiazepine drugs of
abuse in synthetic urine. We chose three different representa-
tive benzodiazepine drugs: oxazepam, lorazepam, and

temazepam. As shown in Figure 4C—E, the BGU@OBS
presented different recovery percentages at different rates.
When the flow rate was set to 5 yL/min, the hydrolysis of
glucuronides was above 90% within 1.5 mL of flow-through.
The hydrolysis process of the BGU@OBS bioreactor was
successfully applied for accurate detection of these three
glucuronidated drugs, achieving over 90% recovery of
glucuronides of glucuronidated benzodiazepines in Surine
samples.

Flowing Reaction for Tandem Catalysis. Encouraged by
the results with the single enzyme, we expanded the system to
multienzyme reactions. Glucose oxidase (GOx) and horse-
radish peroxidase (HRP) were readily immobilized on
separated OBSs to construct a dual-enzyme reactor, in which
GOx@OBS first oxidized glucose to gluconolactone under the
production of H,0O,. Then, H,0, can be used by HRP@OBS
as a cosubstrate for oxidation of the substrate ABTS. The
functions of the two enzymes after immobilization were
identified by the chromogenic assay. As shown in Figure S12,
the green color of the solution was from the ABTS*, the
product catalyzed by HRP@OBS in the presence of GOx@
OBS and p-glucose, which indicated the functionality of the
enzymes after immobilization. A flow-through cascade reaction
was successfully executed by GOx@OBS and HRP@OBS as
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Figure S. (A) Schematic diagram (1) and optical photograph (2) of the bioreactor for tandem catalysis with GOx@OBS and HRP@OBS. The flow
reaction was first executed by mounting two pieces of GOx@OBS and then followed by two pieces of HRP@OBS. (B) Recovery percentage as a
function of collection volume at 10 yL/min flow rate. The substrate (p-glucose, SO mM; ABTS, 2 mM; 3 mL) was pumped to run through the
bioreactor; drops were collected and measured by UV—vis at 415 nm. The recovery percentages were calculated by the conversion compared to

free GOx (1 nM) and HRP (2 nM) for 30 min.

shown in Figure SA. Similar to the results obtained in the
BGU-based bioreactor, we found that the recovery percentage
reached ~98% after ~1.5 mL of flow-through (Figure SB),
which could be explained by the process of substrate diffusion
before they contact with enzymes thoroughly. Figure SB also
implies that the immobilized GOx and HRP have good
stability and reusability. Usually, lignin and hemicelluloses are
degraded by H,O, in other wood-based supports;*’~*” no
apparent deleterious effect was observed in our experiments,
which implies that the delignified immobilized scaffolds have a
predominant advantage when applied in this combined
biosystem. Mutienzyme-based biotransformations have experi-
enced rapid growth for both scientific and industrial
applications in recent decades.”’””> Conventionally, multi-
enzymatic transformation is carried out in a one-pot reaction
system. This approach has limitations due to potential cofactor
competition, product mutual inhibition, etc.”® Moreover, the
separation of the multistep enzymatic reaction has disadvan-
tages including high operation costs, instability of intermediate
products, and low yields. Our results demonstrated that the
OBS-based bioreactor could be transferred to multienzyme
systems that may catalyze tandem reactions under a
continuous flow setup for synthetic and other applications.

B CONCLUSIONS

In summary, we successfully established a “green” technology
of immobilized enzymes on a delignified bamboo scaffold and
employed it to construct hierarchical flow-based bioreactors.
After the efficient delignification and immobilization process,
the three-dimensional (3D) anisotropic porous structure of the
delignified bamboo scaffold was well-maintained, and excellent
loading capacity was achieved. The conjugated biomaterials
demonstrated sustained functionality, high stability and
reusability. As a model enzyme, the immobilized BGU could
be reused for at least 13 cycles with minimal activity lost and
sustained its activity after storage for at least 7 weeks at 4 °C.
We also demonstrated that the enzyme-immobilized bamboo
scaffold could be readily constructed as flow reactors for both
single and tandem catalysis. According to application demands,
such a delignified scaffold could be functionalized by various
enzymes and subsequently used in emerging applications. This

facile working scheme provides an economic, environmentally
friendly, and efficient alternative for the enzyme-based
synthesis and analysis. By choosing a specific bamboo, this
approach could provide potential inspiration for immobilizing
a large amount of biomolecules. Overall, this work reveals that
functionalized bamboo has wide prospects to serve as a
superior support for enzymes and other biomacromolecules’
application.
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