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Abstract

Immobilized enzymes have drawn widespread attention due to the enhanced stability, easy separation from reaction mixture,
and the prominent recyclability. Nevertheless, it is still an ongoing challenge to develop potent immobilization techniques which
are capable of stable enzyme encapsulation, minimal loss of activity, and modulability for various enzymes and applications.
Here, microfibers with tunable size and composition were fabricated using a home-made microfluidic device. These microfibers
were able to efficiently encapsulate bovine serum albumin (BSA), glucose oxidase (GOX) and horseradish peroxidase (HRP).
But the physically adsorbed enzymes readily diffused from microfibers into the catalytic reaction system. The leakage of
enzymes could be substantially inhibited by conjugating to polyacrylic acid (PAA) and incorporating into the alginate-based
microfibers, enabling stable immobilization, improved recyclability, and enhanced thermostability. In addition, GOX and HRP-
loaded microfibers were fabricated under the optimized conditions for the visual detection of glucose using the cascade reaction
of these enzymes, showing sensitive color change to glucose with concentration range of 0-2 mM. Due to the tunability and
versatility, this microfluidic-based microfiber platform may provide a valuable approach to the enzyme immobilization for the

cascade catalysis and diagnoses with multiple clinical markers.
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Abstract

Immobilized enzymes have drawn widespread attention due to the enhanced stability, easy separation from
reaction mixture, and the prominent recyclability. Nevertheless, it is still an ongoing challenge to develop
potent immobilization techniques which are capable of stable enzyme encapsulation, minimal loss of activity,
and modulability for various enzymes and applications. Here, microfibers with tunable size and composition
were fabricated using a home-made microfluidic device. These microfibers were able to efficiently encapsulate
bovine serum albumin (BSA), glucose oxidase (GOX) and horseradish peroxidase (HRP). But the physically
adsorbed enzymes readily diffused from microfibers into the catalytic reaction system. The leakage of enzymes
could be substantially inhibited by conjugating to polyacrylic acid (PAA) and incorporating into the alginate-
based microfibers, enabling stable immobilization, improved recyclability, and enhanced thermostability. In
addition, GOX and HRP-loaded microfibers were fabricated under the optimized conditions for the visual
detection of glucose using the cascade reaction of these enzymes, showing sensitive color change to glucose
with concentration range of 0-2 mM. Due to the tunability and versatility, this microfluidic-based microfiber
platform may provide a valuable approach to the enzyme immobilization for the cascade catalysis and
diagnoses with multiple clinical markers.
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Introduction

The increasing importance of industrial biocatalysis has led to the extensive development of heterogeneous
biocatalysts employing immobilization technologies (Rudroff et al., 2018). The rational design of stable,
active, and reusable immobilized enzymes is an urgent need for the broad application of industrial enzymes.
So far, the immobilization of enzymes is a facile and economically feasible strategy to improve their stability
and reusability through a variety of methods such as entrapment, encapsulation, adsorption, crosslinking,
and covalent attachment to water-insoluble matrices (Basso & Serban, 2019; Bayramoglu & Arica, 2008;
Bilal et al., 2019; Cantone et al., 2013; Liese & Hilterhaus, 2013; Liu et al., 2018). Substantial progresses
have been made in the development of enzyme immobilization in recent years. Nevertheless, the practical
application of a large number of immobilized biocatalysts still suffers from varying problems, e.g., enzyme
leaching, low stability, limited diffusion, deactivation, sophisticated recycling, which reduces the catalytic
efficiency and hinders their industrial application (Bilal & Igbal, 2019; Liang et al., 2020; Secundo, 2013;
Zhou & Hartmann, 2013). The exploration of appropriate supporting matrix and novel technologies for
enzyme immobilization has attracted intensive attentions (Grant et al., 2018; He et al., 2020; Henderson et
al., 2019; Ho et al., 2019; Jannat & Yang, 2020; Ko et al., 2019; Liang et al., 2020; Liu & Nidetzky, 2021;
Ren et al., 2019; Teepakorn et al., 2021; Yang et al., 2020; Zanker et al., 2021; Zhu et al., 2019b).

Microfluidic platform is a promising technique for manufacturing customizable structures integrating with
rapid crosslinking strategies (Hu et al., 2020; Huang et al., 2020; Jeong et al., 2004; Jun et al., 2014; Ren et
al., 2019; Shao et al., 2019; Teepakorn et al., 2021). The convergence of the emerging microfluidic technology
and materials science enables novel applications in varying fields including enzyme immobilization (Ho et
al., 2019; Kabernick et al., 2022; Teepakorn et al., 2021; Zhu et al., 2019b). Alginate is a natural biomaterial
that widely used in immobilization of protein/enzyme, drug, and cell because of the rapid crosslinking by
multivalent cations (e.g., Ca?>" or Ba?") (Bedade et al., 2019; Cheng et al., 2014; Jeon et al., 2009; Kahya &
Erim, 2019; Pawar & Edgar, 2012; Qin, 2008; Yu et al., 2017). Alginate-based microfibers, microspheres, and
microparticles can be feasibly fabricated via microfluidics technique which are widely used in fundamental
researches and practical applications (Cheng et al., 2014; Jeong et al., 2004; Jun et al., 2014; Pawar &
Edgar, 2012; Qin, 2008; Shin et al., 2007; Yu et al., 2017). They are capable of modifying or blending with
other organic or inorganic materials for the immobilization of protein/enzyme (Bedade et al., 2019; Coppi
et al., 2002; Lee & Lee, 2016; Wang et al., 2011; Wu et al., 2015), controlled release of protein drug (Kahya
& Erim, 2019), or the detection of alkaline phosphatase, hydrofluoric acid, lactate, glucose (Gunatilake et
al., 2021; Lee & Lee, 2016; Li et al., 2019). It has been reported that the calcium-crosslinked alginate
hydrogel possesses a microporous structure, which benefits the rapid diffusion of substrates and products
during catalysis while leads to the leakage of physically adsorbed enzymes from the matrix as well (Shao et
al., 2018; Zdarta et al., 2018). To address this challenge, covalent binding or crosslinking was introduced
to enzyme immobilization to improve the stability and suppress enzyme leaching (Jannat & Yang, 2020;
Sheldon & van Pelt, 2013). In addition, the microfluidic fabrication endows alginate microfibers with flexible
manipulation on the diameter, composition, and pore size of microfibers, which plays a substantial role in
the development of supports for enzymes with specific physicochemical features (Cheng et al., 2014; Jun et
al., 2014; Yu et al., 2017; Zhu et al., 2019b).

In this study, we developed co-flow microfluidic devices for the fabrication of alginate-based microfibers
in coaxial glass capillaries. This approach is capable of fine tuning the diameter and crosslinking degree
of microfibers. Moreover, alginate microfibers with covalently bound enzymes were readily constructed and
easily collected using this microfluidic platform, showing excellent reusability and improved thermal stability.
After loading with glucose oxidase and horseradish peroxidase, the alginate microfibers are able to sense
glucose in a wide range of concentrations (Scheme 1 ). Due to the feasible modulation of the physicochemical
properties of microfibers, the microfluidic platform may have great potential in the construction of microfiber
carriers for enzyme immobilization and multitarget detection.
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Scheme 1 (a) Schematic illustration of the enzyme-immobilized alginate microfibers and (b) colorimetric
detection of glucose by microfibers.

Materials and methods
2.1 Materials

Sodium alginate, calcium chloride (dihydrous) and poly (acrylic acid) (PAA) solution were purchased from
Sigma-Aldrich (USA). 1-Ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride (EDC-HCI) and N-
hydroxy succinimide (NHS) were purchased from Aladdin Chemistry (China). Glucose oxidase (GOX) from
Aspergillus niger was obtained from Solarbio (China). Horseradish peroxidase (HRP), 3,3’,5,5'-tetrame-
thylbenzidine (TMB), and dimethyl sulfoxide (DMSO) were purchased from Sangon Biotech (China). Bo-
vine serum albumin (BSA) was obtained from Beyotime (China). Fluorescein-5-isothiocyanate (FITC) was
purchased from Thermo Fisher Scientific (USA). Triethylamine was obtained from Shanghai Lingfeng Che-
mical Reagent (China). Poly (Ethylene Glycol) (M, = 400 Da) was purchased from Greagent (China).

2.2 Preparation of the microfluidic device and microfibers

The microfluidic device was built up by coaxially aligning two cylindrical capillaries (1 mm outer diameter
(0.D.) and 0.58 mm inner diameter (I.D.)) inside a square capillary (1 mm I.D.) according to previous
reports (Cheng et al., 2014; Othman et al., 2015; Yu et al., 2018). First, the square capillary was fixed onto a
glass slide with epoxy glue. The cylindrical capillary was tapered using a capillary puller (PC-100, Narishige,
Japan) and subsequently shaped using a microforge (MF-900, Narishige, Japan) to desired orifice (60 or 150
pum I.D.). Then, the tapered cylindrical capillary was inserted into another untapered cylindrical capillary in
the fixed square capillary on the glass slide. At last, two syringe needles (2.5 mm O.D. and 0.9 mm 1.D.) with
plastic hubs were placed onto the junction between the cylindrical capillaries and square capillary followed
by sealing the gap with epoxy resin.

The alginate (2%, w/v) solution was pumped using a syringe pump (SLP01-02A, Longer, China) into the
tapered round capillary while the outer phase (50% PEG and 2% CaCly) was pumped by another pump
(SLP01-01A, Longer, China) in the identical direction through the region between the inner cylindrical



capillary and outer square capillary. Straight microfibers were easily fabricated in the channel via the
effective and rapid crosslinking of Ca?* and alginate (Yu et al., 2017). The diameter and composition of
alginate-based microfibers were readily modulated by adjusting the diameter of tapered orifice, flow rate,
and the concentration of the inner or outer phases (Yu et al., 2018). Free BSA, enzymes, or their conjugates
with PAA were added to alginate solution for fabricating protein/enzyme-loaded microfibers using similar
protocol. Microfibers were collected by wrapping on paper clips for catalysis assays.

Encapsulation of BSA in microfibers
2.3.1 Encapsulation efficiency of BSA

BSA-loaded microfibers were prepared using the internal phase containing alginate (2%, w/v) and BSA
(5, 10, 15, 20, 25, 30, 35, 40 mg/mL). The mixture of BSA and alginate was centrifuged (4000 rpm, 1
min) to remove air bubbles prior to the preparation of microfibers. BSA concentration was determined by
the Bradford assay method. The encapsulation efficiency (EE) and loading capacity (L.C) were calculated
according to equations (1) and (2) (Kahya & Erim, 2019):

EE% = m0=m1 % 100 (1)

LC% = 7320 % 100 (2)

Where myg is the feeding mass of BSA in the preparation of microfibers, m; is the mass of free BSA, my is
the mass of alginate in microfibers.

2.3.2 BSA release studies

BSA-loaded alginate microfibers were prepared under selected conditions (the flow rate of inner phase: 0.2
mL/h, the flow rate of out phase: 17 mL/h) and collected for 10 min. Microfibers were immersed in 1 mL
deionized water in microcentrifuge tube and shaken (90 rpm) at room temperature. At each time interval
(60 min), 20 pL release media was taken for BSA concentration assays, to which 20 uL fresh water was added
to the centrifuge tube to keep the volume constant (Kahya & Erim, 2019). BSA content in the samples was
determined by the Bradford protein assay at 595 nm and measurements were performed with a microplate
reader (spectraMAX M5, Molecular Devices, USA). All experiments were performed in triplicate.

Synthesis of enzyme-polymer conjugates

Carboxyl groups of PAA were activated by EDC/NHS coupling reaction followed by the addition of GOX
for the covalent attachment of enzymes to PAA (Grabovac et al., 2015; Riccardi et al., 2014; Zore et al.,
2017). Specific steps are as follows: a stock solution of PAA was prepared by dissolving 0.893 g PAA (35%)
in 7 mL deionized water. 0.833 g EDC and 0.25 g NHS were dissolved in 1 mL water and added dropwise
into the PAA solution. The mixture was gently stirred at room temperature for 18 h after the pH was
adjusted to 7.4 by adding triethylamine. 1 mL GOX solution (10 mg/mL) was added dropwise into the
above mixture and the mixture was stirred for 6 h. GOX-PAA conjugates solution with GOX concentration
of 1 mg/mL was successfully prepared after dialysis with cellulose membrane (molecular weight cut-off
of 200 kDa) against deionized water for the following studies (Ji et al., 2017; Zore et al., 2017). Other
enzyme-PAA conjugates (HRP-PAA) were synthesized using the same protocol and mixed with alginate
for the fabrication of enzyme-immobilized microfibers (Riccardi et al., 2014). The covalent conjugates were
confirmed with FTIR spectroscopy (Nicolet 6700 FTIR-ATR analyzer, Thermo Fisher Scientific, USA). The
spectra were recorded in the range of 4000-400 cm™' with a resolution of 1.0 cm™' at room temperature.

2.5 Characterization of microfibers

The formation of microfiber was monitored using an optical microscope with digital camera (LW300LT, Cewei
Optoelectronics Technology Co., Ltd., China). The diameter of microfibers was measured using the included
software of the microscope. FITC-labeled BSA (FITC-BSA) was prepared according to previous reports
(Kizilay et al., 2014; Zhang et al., 2010). Fluorescence images of the FITC-BSA encapsulated microfibers were
recorded using an Axio Observer A1 fluorescence microscope (Carl Zeiss Inc., Germany). The morphologies



of fibers were observed using Scanning Electron Microscopy (GeminiSEM500, Zeiss, Germany). The SEM
images were taken using in-lens detector operating at an accelerating voltage of 5 kV and a working distance
of 5.5 mm.

2.6 Activity assay of enzymes
2.6.1 Activity assay of GOX

GOX catalyzes the conversion of glucose to glucuronic acid (CgH;207), producing hydrogen peroxide (Hz02)
simultaneously. Upon reacting with HoOs, the colorless substrate TMB is readily converted to the oxidized
TMB (OxTMB) which has a maximum absorption at 652 nm (Lin et al., 2014; Singh et al., 2017). Hence,
the catalytic activity of GOX was evaluated by the measurements of the consumption of glucose based on
these reactions. Specific steps are as follows: 0.2 mL of glucose solution (5 mM), 0.02 mL of HRP solution
(10 mg/mL), and 2.15 mL phosphate buffer (10 mM, pH 6) were mixed in a glass cuvette followed by the
quick addition of 0.05 mL of the GOX enzyme solution (0.5 mg/mL) or immobilized enzyme. After 2 min-
equilibration, UV absorption (652 nm) was measured. A unit of GOX activity is defined as the amount of
enzyme which oxidizes 1.0 pmol of 3-D-glucose to gluconic acid and HaOgper minute (Wang et al., 2011).

2.6.2 Activity assay of HRP

HRP converts guaiacol to tetraguaiacol (maximum UV absorption at 470 nm) in the presence of HoOs. The
activity of HRP can be evaluated by measuring the absorbance change at 470 nm (El-Naggar et al., 2021;
Felisardo et al., 2020; Liu et al., 2021). Specific steps are as follows: 2.85 mL of phosphate buffer solution,
0.05 mL of HyOg solution (0.3 %), and 0.1 mL of guaiacol solution (0.02 mol/L) were added in a glass cuvette
(1 cm width) followed by the quick addition of 0.05 mL of the enzyme solution or immobilized HRP. The UV
absorption (470 nm) of the mixture was recorded after equilibrating for 2 min. The activity unit of HRP is
defined as the amount of the enzyme which increases the absorption value by 1.0/min under corresponding
assay conditions (El-Naggar et al., 2021).

2.7 Evaluation of the enzyme-immobilized microfibers
2.7.1 pH dependent catalysis

The GOX-PAA immobilized microfibers were collected for 10 min using the following parameters: the tapered
orifice was 60 ym, the flow rate of inner phase (2% alginate, 0.5 mg/mL GOX-PAA) and outer phase (50%
PEG, 2% CaCly) were 0.2 mL/h and 17 mL/h, respectively. The activity of free and immobilized GOX-PAA
was tested in different buffers (10 mM, pH 4.0-9.0) at room temperature to assess the optimum pH. The
relative activity of enzyme-immobilized microfibers at varying pHs was normalized to that of microfibers
with the optimum pH.

2.7.2 Temperature dependent catalysis

The enzyme-immobilized microfibers were collected for temperature dependent assay using the parameters
mentioned above. The temperature dependent catalysis of free and immobilized GOX-PAA were assayed
at 40-70 °C to assess the optimum temperature. For the thermal stability studies, the microfibers or free
enzymes were incubated at 40 °C, 50 °C, 60 °C, or 70 °C for 30, 60, or 90 min, followed by immediately
cooling to room temperature for catalytic activity assays. The relative activity of microfibers was normalized
to that of without thermal treated microfibers.

2.7.3 Reusability of immobilized enzymes

The reusability of enzyme-immobilized microfibers means the capability of the immobilized GOX to be used
for repeated cycles. For this study, microfibers were immersed in a solution containing 0.2 mL of glucose
solution (5 mM), 0.02 mL of HRP solution (10 mg/mL), and 2.15 mL buffer (10 mM, pH 6) in a glass
cuvette. After the reaction at room temperature for 10 min, the microfibers were taken out from the cuvette
and TMB solution was added to the reaction mixture. Then microfibers were washed with deionized water,
and added to the fresh reaction mixture subsequently. The catalytic activity of microfibers was evaluated by



the analysis of the residual glucose in the reaction solution according to the protocol mentioned above. The
relative activity of microfibers at each cycle was normalized to that at the first cycle.

2.8 Visual detection of glucose using enzyme-loaded microfibers

For the sensitive detection of glucose, the weight ratio of HRP and GOX in the microfibers was optimized
by changing the composition of the inner phase in the preparation of HRP and GOX-loaded microfibers.
The total enzyme content was kept constant and the weight ratios of HRP to GOX (Wurp/Wgox) were
8:1, 4:1, 2:1, 1:1, 1:2, 1:4, or 1:8.

0.1 mL TMB DMSO solution (12 mM) was added dropwise to the mixture containing 0.5 mL alginate (2%,
w/v), 0.2 mL GOX, and 0.2 mL HRP (10 mg/mL) in a 5 mL beaker. The blend was gently stirred for 30
minutes until it became homogeneous, and used as the inner phase. Enzymes and TMB-loaded microfibers
for glucose detection were prepared and collected using the method mentioned above. For the detection of
glucose, 20 uL glucose solution (10 mM PBS, pH 6) with various concentrations (0, 0.25, 0.5, 1, 2 mM) was
added onto the wrapped microfibers. The color of microfibers readily changed from light golden to blue with
varying degrees, depending on the concentration of glucose.

Results and discussion3.1 Preparation of microfibers and encapsulation of protein/enzyme Using the
home-made microfluidic device, the straight alginate-based microfibers was formed continuously due to the
feasible gelation upon the rapid crosslinking of alginate with Ca?*(Fig. S1) . The addition of PEG into
CaClysolution increased the viscosity of the external phase, suppressing the diffusion of alginate flow and
benefiting the stable formation of microfibers (Yang & Guo, 2019; Zhu et al., 2019a). Moreover, the diameter
of alginate microfibers increased from 21.1 to 90.7 ym with the decrease of the flow rate of outer phase from
28 to 5 mL/h when the flow rate of alginate was kept constant at 0.2 mL/h and the inner diameter of orifice
was 60 um (Fig. S2) . Under these experimental settings, the higher flow rate of the outer phase stretched
the alginate stream at the constant flow rate of inner phase, leading to smaller diameter of microfibers.
Further increasing the flow rate of the outer phase ultimately resulted in the break of microfibers while
too low flow rate of the outer phase led to clogging the microfluidic channel. Thicker microfibers could be
fabricated using the microfluidic device with larger orifice dimension under proper conditions. For example,
microfibers with the diameter of 100 ym could be prepared when the orifice was 150 ym, the flow rate of
outer phase and inner phase were 18 and 0.5 mL/h, respectively. It was obviously that fluids mainly form
laminar flow under the above conditions.
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Fig. 1 Immobilization of BSA or GOX in alginate-based microfibers. (a) Fluorescence imaging of FITC-BSA
loaded microfibers. Scale bar = 100 ym. (b) Encapsulation efficiency of BSA in microfibers. (c¢) Cumulative
release of BSA from the microfibers. (d) Relative activity of the encapsulated GOX (mean + SD, n = 3).

To check the feasibility of microfibers for enzyme immobilization, BSA was used as a model to measure the
protein loading capacity and release behavior of protein-encapsulated microfibers because BSA shows similar
pl to GOX (Singh et al., 2014; Zore et al., 2017). Fluorescence images of FITC-BSA loaded microfibers
demonstrated the successful encapsulation of protein, suggesting the potential for the immobilization of
enzymes (Fig. 1a ). The EE of BSA in the selected microfibers at varying feeding concentrations was higher
than 95% (Fig. 1b ). The BSA loading capacity (LC) of microfibers increased with BSA content in the
inner phase (Fig. S3 ). When the concentration of feeding BSA was 40 mg/mL, the LC was as high as
66%, indicating the excellent performance for protein loading. However, BSA was readily released from the
microfibers which were constructed by the physical encapsulation of BSA in the alginate blend when the
microfibers were incubated with deionized water (Fig. 1c ). There were only 35%-40% proteins remaining
in the microfibers after 3 h incubation. During the preparation of microfibers, the concentrate PEG outer
phase was able to constrain the alginate stream and suppress the diffusion of BSA from the inner phase.
When the microfibers were transferred to deionized water, loosely bound BSA was prone to diffuse across
the macropore of alginate fibers to aqueous phase (Gao et al., 2015; Kahya & Erim, 2019). The leakage of
physically adsorbed proteins was further confirmed by the catalytic assays of GOX-loaded microfibers (Fig.
1d ). The relative activity of microfibers decreased to 30% after reuse for 3 times.
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Fig. 2 Preparation and the catalytic activity of microfibers based on alginate and enzyme-PAA conjugates.
(a) Synthesis of enzyme-PAA conjugates. (b) FT-IR spectra of PAA, GOX, HRP, GOX-PAA conjugate, and
HRP-PAA conjugate. (¢) Reusability of GOX-PAA immobilized alginate microfibers.

To reduce the leakage from microfibers, enzymes were conjugated to PAA prior to mix with alginate for
microfluidic fabrications (Fig. 2a ). FTIR spectroscopy was utilized for the analysis of enzyme-PAA
conjugates (Nie et al., 2005). The FTIR spectra of PAA showed typical absorption of COOH at 1702
cm™! which corresponds to the stretching vibration of C=0 bonds while the spectra of enzymes showed
absorption of amide I and II at 1634 cm™ and 1538 cm™, respectively (Fig. 2b ). After coupling reaction and
subsequently dialysis, the IR spectra of resulting mixture of PAA and enzymes demonstrated the coexistence
of the characteristic absorption of the starting components, indicating the successful preparation of enzyme-
PAA conjugates (Gejji & Fernando, 2018). It is worth noting that enzyme-alginate conjugates cannot be
prepared via EDC/NHS coupling strategy (Fig. S4 ). The enzyme cannot covalently bind to alginate
which may be ascribed to the steric hindrance of the cyclic structure to the coupling reaction on the COOH
of alginate. Abundant carboxyl groups in the flexible PAA enables not only the feasible conjugation with
proteins but also the robust chelation with Ca?* which is beneficial for the formation of microfibers and the
immobilization of enzymes in the fibers.

By the covalent attachment to Ca?*-crosslinkable PAA, the leakage of enzymes was inhibited and the
reusability of the enzyme-immobilized microfibers was substantially improved (Fig. 2c ). The insert im-
ages showed that the color of solution after catalysis reaction with GOX-immobilized microfibers did not
change significantly in the first to the seventh use, indicating the consistent catalytic activity of enzymes in
microfibers during these reactions. The quantitative data showed that the immobilized GOX-PAA retained
over 85% of its initial activity after seven cycles of utilization. The highly remained activity could be at-
tributed to the firm attachment of enzymes to PAA and the robust crosslinking of alginate and GOX-PAA
with Ca?*, which leads to efficacious prevention of enzyme from leakage during the enzymatic reaction.
These microfibers were capable of ease collection and handling, as well as modulatable size and component,
thus, offering promising potential in enzyme immobilization for multiple purposes.

3.2 Characterization of alginate-based microfibers

SEM images of alginate microfibers with diameter of 50 and 100 ym (the size measured by optical micro-
scope during microfluidic fabrication) showed that the microfibers had smooth surfaces and the change of
preparation settings (e.g., the flow rate and the inner diameter of capillary) did not remarkably affect the
morphologies of microfibers (Figs. 3a and 3b ). The rapid chelation of sodium alginate with calcium ions at
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the orifice of tapered aperture, and the high viscosity of PEG solution may suppress the diffusion of alginate
from the inner phase to the outer phase, leading to the formation of smooth surfaces. Moreover, the size of
dry microfibers observed by SEM was consistent with that at swollen state measured by optical microscope
in the preparation of microfibers, indicating the robust crosslinking in the microfibers and no significant
shrinkage during drying for SEM observation.

Fig. 3 Scanning electron microscopy (SEM) images of microfibers. (a) and (b) SEM images of microfibers
with the diameter of 50 and 100 um prepared with alginate only. (c) and (d) SEM images of GOX-PAA
immobilized alginate microfibers before catalysis use and after six cycles of utilization. Scale bar = 50 ym.

The diameter and surface topography of microfibers did not change when GOX-PAA was added into alginate
phase (Fig. 3c) . After repeating use for 6 cycles, the diameter decreased by ~10 um but the integrity of
microfibers remained (Fig. 3d) . The shrinkage in size may be ascribed to the slight dissociation of
enzymes, enzyme-PAA, or alginate and the reorganization of instantaneously crosslinked polymer-protein
blends during the catalysis reaction. In general, the microfibers composed of alginate and enzyme-PAA held
outstanding stability and reusability for enzyme immobilization.

3.3 Effects of diameter and alginate content on the catalytic activity of microfibers

One of advantages of the microfluidic fabrication of microfibers is the capability of tuning the diameter
and the composition of microfibers, which affect the catalytic performance of immobilized enzymes. Here we
prepared microfibers with different diameters or alginate contents and tested the catalytic activity at the same
enzyme concentration. The catalytic ability of HRP-PAA immobilized microfibers could be demonstrated
with the kinetics of the conversion of guaiacol into tetraguaiacol (Felisardo et al., 2020). Figures 4a and 4c
showed that enzyme-loaded microfibers with the diameter of 50 um enabled more rapid increase in the color
and the absorption at 470 nm comparing with the thicker ones (100 pm), suggesting more efficient conversion
of guaiacol into tetraguaiacol by the catalysis with thinner microfibers at the same amount of HRP. The
diffusion barriers of substrates and products decreased with the diameter of microfibers, therefore facilitating
the mass exchange between the intra-microfiber and the aqueous phase for thinner microfibers. Moreover,
the relative surface area of thinner microfibers is larger that of thicker microfibers, which is beneficial for
the catalytic reaction.
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Fig. 4 Catalytic kinetics of HRP-PAA immobilized alginate microfibers with different diameters or alginate
contents. (a) Photos of substrate solution after catalysis with microfibers of 50 or 100 ym. (b) Photos of
substrate solution after catalysis with microfibers prepared with 0.5% or 1% alginate. (¢) Time dependent
absorption (470 nm) of substrate solution after catalysis with microfibers of 50 or 100 um. (d) Time dependent
absorption (470 nm) of substrate solution after catalysis with microfibers prepared with 0.5% or 1% alginate.

We then prepared two kinds of microfibers with the same diameter (50 pm) and enzyme content but dif-
ferent alginate contents. The catalytic efficiency of HRP-immobilized microfibers was analyzed by the color
observation and absorption at 470 nm (Figs 4b and 4d ). Data showed that microfibers prepared with 1%
alginate demonstrated slightly lower catalytic activity those prepared with 0.5% alginate. More alginate in
the inner phase of preparation led to more crosslinking and compact internal structure of microfibers, which
may hinder the exchange of substrates and products during catalysis. However, the mechanical property of
microfibers dramatically decreased with the content of alginate. A higher alginate content is usually required
for the fabrication of stable microfibers for reuse.

3.4 Effects of pH and temperature on the catalytic activity of microfibers

The pH dependent catalytic activities of free and immobilized GOX were studied at pH 4-9. Fig. 5a showed
that free and immobilized GOX-PAA exhibited optimum pH at 4 and 6, respectively, which is similar to the
report in the literature (Todea et al., 2021). The additional interaction between GOX and alginate or PAA,
in particular electrostatic interaction is pH dependent. The catalysis-related conformation of GOX-PAA
may be altered with pH, resulting in different optimal pH for free and immobilized enzymes (Bedade et al.,
2019; Hanefeld et al., 2009).
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Fig. 5 pH and temperature dependence of catalysis with free or immobilized GOX. (a) The relative catalytic
activity of free or immobilized enzymes at pH 4-9. (b) The relative catalytic activity of free or immobilized
GOX at 40-70 °C. (c) The relative catalytic activity of free GOX after heating at 40 °C, 50 °C, 60 °C, or 70
°C for 0-90 min. (d) The relative catalytic activity of immobilized GOX after heating at 40 °C, 50 °C, 60 °C,
or 70 °C for 0-90 min.

Temperature is one of the key factors for the catalysis reaction and the stability of enzymes. Fig. 5b showed
that the catalytic activity of both free and immobilized GOX decreased with temperature above 50 °C. For
the immobilized GOX, the decrease of activity was much slower than that of free GOX, indicating better
tolerance of immobilized enzymes to heating. The favorable ability of resistance to thermal inactivation for
the immobilized enzymes may ascribed to the protection of the alginate carriers. The thermal stability of
immobilized enzymes was further investigated by the catalysis assays of enzyme-loaded microfibers after
heat treatments at different temperature for 0-90 min (Figs. 5cand d ). For the heat treatments at 40
°C and 50 °C, immobilized GOX exhibited moderate decrease in the relative catalytic activity with the
increase of heating time, which is similar to that of free GOX. Meanwhile, heating at 70 °C readily resulted
in the substantial inactivation of both free GOX and immobilized GOX. For the heat treatment at 60 °C,
enzyme-immobilized microfibers retained about 60% of the catalytic activity after heating for 60 and 90 min
whereas the relative catalytic activity of free GOX was less than 20% under the same conditions. The results
demonstrated that the thermal stability of immobilized enzymes in alginate-based microfibers was enhanced
due to the increased rigidity of enzyme caused by the firm attachment to microfibers and the protection of
alginate matrix for enzymes (Bedade et al., 2019; Todea et al., 2021; Zhang et al., 2015).

3.5 HRP and GOX co-immobilized microfibers for the visual detection of glucose

Besides the excellent thermal stability and recyclability of the immobilized enzymes, microfluidic fabrication
endowed alginate-based fibers with tunable composition and size as well as good mechanical properties
for knitting, which suggests the potential applications in the construction of detection chips on demand.
To validate this potential, microfibers loaded with HRP, GOX, and the chromogenic substrate TMB were
prepared under the optimal conditions and wrapped on a glass slide for the visual detection of glucose (Fig.
6 ). By the catalysis with GOX, glucose could be oxidized to gluconic acid in aqueous solution while oxygen
was simultaneously converted to HoOs. which oxidizes TMB to a green-blue product OxTMB in the presence
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of HRP (Scheme 1b ) (Dong et al., 2012; Lin et al., 2014; Ren et al., 2019).

First, the weight ratio of GOX-PAA and HRP-PAA was optimized to improve the catalytic efficiency of
the multi-enzyme immobilized microfibers. When the total amount of GOX and HRP was constant, the
conversion of TMB to OxTMB increased with GOX as HRP/GOX weight ratio decreased from 8:1 to 1:2.
Because the molecular weight of GOX is about 4 times as that of HRP, the molar ratio of HRP to GOX
was about 32:1 to 2:1, suggesting that the chromogenic reaction was dominated by the catalysis with GOX
under these conditions. More GOX improved the oxidation of glucose and the subsequent conversion of TMB
to OxTMB in the presence of abundant HRP. Further increase of GOX did not improve the chromogenic
reaction due to the decrease of HRP when HRP/GOX weight ratio was lower than 1:2 (Fig. 6a ). In general,
enzymes co-immobilized microfibers exhibited obvious absorption for the successive reactions at HRP/GOX
weight ratio of 1:1 to 1:8. These microfibers showed great GOX activity at the ratio of 4:1 to 1:2 (Fig. S5
). HRP and GOX with equivalent weight were selected for the preparation of enzyme-loaded microfibers for
glucose detection.
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Fig. 6 Glucose detection with enzyme-loaded microfibers. (a) The effect of HRP/GOX weight ratio on the
absorption of mixture of glucose and TMB after catalysis with HRP and GOX-loaded microfibers. (b) The
effect of glucose concentration on the absorption of the aqueous solution containing enzymes, glucose, and
TMB. (c¢) Visual detection of glucose (0, 0.25, 0.5, 1, 2 mM) with enzymes and TMB-loaded microfibers.

Prior to the glucose analysis with microfibers, the chromogenic reaction in aqueous solution were investigated
at selected concentrations of glucose (Fig. 6b ). Data showed that the absorption (652 nm) of the mixture
increased with glucose concentration. But the relationship between the absorption and the concentration
was not linear in the selected range of glucose concentration. The slope of the curve was smaller when the
glucose concentration was higher than 2 mM, indicating that the color change was less sensitive to glucose
with too high concentrations. For visual detection of glucose, microfibers with enzymes and TMB were
fabricated under the optimal conditions and wrapped on a glass slide (Fig. 6c ). The aligned fibers turned
to blue after dropwise adding with 20 uL of glucose solution. The blue color remarkably became deeper with
the increase of glucose concentration from 0 to 2 mM. The catalysis reaction was triggered by the addition
of glucose and the penetration into the pores of the hydrogel network followed by the rapid generation of
OxTMB, which causes the visible blue color in the microfibers. The knittability and the modulability in the
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composition and size enabled great potentials of the microfluidic microfibers in the construction of portable
devices for the simultaneous detection of multiple markers.

4. Conclusions

In this study, a home-made co-flow microfluidic chip was constructed to prepare the alginate-based mi-
crofibers which composition, size, and degree of crosslinking was feasibly tunable. These microfibers were
capable of effectively absorbing BSA and enzymes. To reduce the leakage of enzymes from microfibers in
the catalytic reaction solution, GOX was covalently grafted to PAA and formed microfibers with alginate.
The resulting microfibers enabled stable encapsulation and excellent repeating use of enzymes. Over 85% of
the activity remained after seven cycles of reuse. Moreover, GOX-PAA immobilized microfibers exhibited
enhanced thermostability than free GOX. Two enzymes (GOX and HRP) were loaded in microfibers for
the visual detection of glucose using the cascade reaction of these enzymes. The enzyme ratio-optimized
microfibers demonstrated rapid and sensitive color change upon addition of glucose with concentration of 0-2
mM. Due to the feasibility and tunability, this versatile microfiber platform may have great potential in the
immobilization of various enzymes for catalysis and simultaneous detection of multiple diagnostic markers.
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