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ABSTRACT: Recently, the biomineralization of enzyme in metal-organic-framework
(enzyme-MOF) composite have shown a great potential to increase enzymes stability without
compromising their activity; hence, it is desirable for its applications in bio-sensing devices.
Nonetheless, most of the enzyme-MOF research has been focusing on enzyme encapsulation
in particle form, which limits its synthesis flexibility for practical applications; due to its
requirement for post-synthesis immobilization onto solid support. Therefore, to develop a
diagnostic device out of the biomineralized enzyme, surface patterning and integration of
microfluidic system offers many advantages. In this work, mussel-inspired
polydopamine/polyethyleneimine (PDA/PEI) coating is employed to pattern enzyme-MOF in
microfluidic channels and exploit the wettability gradient for “pumpless transportation”
effect. As a proof of concept, we combine a cascade reaction of glucose oxidase (GOx) and

horseradish peroxidase (HRP) enzymes to detect glucose into a patterned zeolitic imidazole
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framework - 8 (ZIF-8) thin film on a flexible polymeric substrate. The results show that the
ZIF-8/GOx&HRP in-situ composites on PDA/PEI patterns have good acid and thermal
stability compared to samples without ZIF-8. ZIF-8/GOx&HRP in-situ shows high
selectivity towards glucose, linear sensitivity of 0.00303 Abs/uM and the Limit of Detection
(LoD) of 8 uM glucose concentration. An unexpected benefit of this approach is the ability of
the ZIF-8 thin film structure to provide a diffusion limiting effect for substrate influx; thus,
producing high range of linear response range (8 uM-5mM of glucose). This work provides
insight on the spatial location of the enzymes in MOF thin films; and the potential of such
patterning techniques for MOF-based biosensors using other types of biological elements
such as antibodies and aptamers.

KEYWORDS: microfluidic, biosensors, metal-organic framework, patterning, enzymes,
polydopamine, pumpless transportation
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1. Introduction

Over the years, enzyme-based biosensors have been an attractive analytical tool to a
wide variety of applications such as in biomedical fields (medical diagnostic and monitoring)
and food safety (allergen detections). Using enzymes as the primary biological sensing
element poses the benefits of high sensitivity and high selectivity towards their target
analytes.! However, the use of enzyme suffers from major drawbacks of poor chemical,
thermal, mechanical and long-term storage stability.! These limitations can be attributed to
the susceptibility of enzymes to immobilization and operating conditions such as high
temperature, low pH and exposure to non-biocompatible organic solvent.> Due to these
instabilities, extensive applications of enzymes in devices are constrained.

Recently, the in-situ biomineralization of enzymes using metal-organic-framework
(MOF) has shown a great potential in increasing enzymes stability without compromising
their activity and performance.>* In-situ enzyme-MOF synthesis is understood as the
nucleation and growth of MOF which happens concurrently with the enzyme immobilization
in a one-step approach, resulting in crystallization of MOF with embedded enzyme either at
the particle surface, or within the framework.> One of the notable works in this field has been
done by Liang et al.,> which demonstrates a water based approach for immobilizing enzymes
in MOF, particularly the zeolitic imidazole framework - 8 (ZIF-8).2 It was demonstrated that
the enzyme-MOF particle composite maintains the activity of the enzyme in high temperature
(100°C), and in the presence of enzyme inhibitors.?

Nonetheless, most of the enzyme-MOF research revolves around synthesizing
enzyme-MOF composites in free particle systems in which, the enzyme-MOF composites
were mixed with analytes and then, filtered out from the solution prior to analysis.>® The
issue with handling enzyme-MOF in particle form is that it requires an additional step of

immobilizing the post-synthesized enzyme-MOF composite onto a solid substrate for
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application such as in biosensing. This process is tedious and will restrict the particles
immobilization mechanism to weak physical adsorption. Previously, an attempt has been
made to facilitate in-situ MOF growth on a solid surface via protein-induced
biomineralization. Liang et al. has first reported the nucleation of ZIF-8 on protein rich
patterns on various substrates.” The presence of protein has been shown to accelerate the
agglomeration of metal-cations and ligand; thus, acting as a nucleating agent for ZIF-8.°
Since then, various enzyme-MOF patterning approaches including using commercial inkjet
printing have emerged.'? During enzyme-MOF based device fabrication, it is crucial to pre-
treat the surface with a binding agent in order to achieve better stability and integrity of the
enzyme-MOF layer.

To realize the potential of MOF-based enzymatic biosensors, a simple and rapid
fabrication of robust enzyme-MOF thin film on solid surfaces are required. Therefore, in this
paper, a mussel inspired polydopamine/polyethyleneimine (PDA/PEI) patterning is employed
to induce nucleation of enzyme-MOF composite on polypropylene (PP) substrate.
Polydopamine which was found to adhere to hydrophobic surfaces via electrostatic and
hydrophobic interactions, contains an abundance of catechol containing compound such as
3.,4-dihydroxyphenyl-L-alainine (DOPA) and lysine.!'"!? During paired polymerization of
PDA/PEI, PEI undergoes Michael addition or Schiff-base reactions with catechol group in
PDA to form a robust bio-adhesive layer on the polymeric substrate.!3-4 In this context, PEI
was used as a cross linking agent with PDA,'> and it was shown to increase the mechanical
integrity of the PDA/PEI film,!6-!7 while reducing the coating time and increases its
hydrophilicity.'® The increase in hydrophilicity of PDA/PEI surface is due to the contribution

of positive charges by PEI which is also an amino-rich polycation.!?

It is important to highlight that, the PDA/PEI surfaces can induce biomineralization

process on the solid liquid inteface.'3 '° The mechanism of ZIF-8 biomineralization is first by
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the precursors enrichment on the hydrophilic PDA/PEI coating, followed by the chelation of
zinc ion precursors on the surface via PDA’s catechol moiety.!? This enable the heterogenous
nucleation and growth of ZIF-8 on the surface of PDA/PEI coating.?%-2> Without the presence
of PDA/PEI intermediate layer, homogenous nucleation is preferred in bulk solution
hindering the ability to form ZIF-8 thin film layer on the surface of the inert hydrophobic
polymeric substrate. Therefore, it is expected that the enzyme-MOF composites will

biomineralize in-situ in the form of thin films on the PDA/PEI coating.

Although PEI is toxic by itself, the toxicity level is not detrimental to the enzymes
when modified with PDA. Recent paper by Zhang et al.?* has shown that not only enzyme is
compatible to be used with PEI grafted on PDA coating, the activity of enzyme glucose
oxidase (GOx) is the highest when immobilized with PEI on PDA coating, compared to other
enzyme immobilization reagent using glutaraldehyde and 1-dodecanethiol.?3 It is worth to
note that the overall PDA/PEI coating offers anti-bacterial effect and demonstrate
compatibility with biomolecule including enzyme;'# 242 thus, justifying the use of bio-
inspired material for this design.

As alluded earlier, PDA/PEI coating can alter the wettability of a hydrophobic surface
to hydrophilic properties. Conventional microfluidic paper-based biosensors have always
utilized dual surface wettability; a hydrophilic part for enzyme attachment and liquid
retention; and a hydrophobic barrier for liquid confinement in the hydrophilic part.? The
fabrication process of such device focuses on patterning a hydrophobic coating such as
paraffin wax?’ or trimethoxy octadecylsilane (TMOS)?® onto an inherently hydrophilic filter
paper. Nonetheless, due to the high melting point of the materials, the integration of the
hydrophobic pattern onto the filter paper requires heat press treatment, adding an additional
processing step. In contrast, we use a hydrophobic polypropylene (PP) membrane as a
substrate material and apply a hydrophilic PDA/PEI patterning using a reusable
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polydimethylsiloxane (PDMS) microfluidic channels at room temperature. The difference
between surface wettability of the hydrophilic PDA/PEI patterning and hydrophobic PP
membrane creates a surface free energy gradient, which drives the liquid movement on the
PDA/PEI patterns via capillary forces. This eliminates the need to use external equipment for
pumping mechanism which simplifies the setup and reduces the cost of the device. The
“pumpless transportation” mechanism utilizing hydrophilic patterning on hydrophobic
substrates was demonstrated in our previous work.?®

The PP polymer is intrinsically hydrophobic due to the presence of -CH- and -CH,-
backbone, and -CHj; pendant group and can used directly as hydrophobic support from
manufacturers to enable “pumpless transportation’. It is also suitable to be used as a paper-
based biosensor as it is an inexpensive, low density flexible material. Besides that, the porous
morphology of PP membrane surfaces is ideal for the adhesion of PDA/PEI layer. Therefore,
it is not preferred to use other solid hydrophobic supports without such morphology. Lastly, it
was reported that PP has shown better biocompatibility compared to other hydrophobic
polymers used in biomedical applications such as polytetrafluoroethylene and polyester.3°
Due to its desirable structural properties and biocompatibility, PP membrane is justified to be
used as a base support in this study.

In addition to enabling the fabrication of portable lab-on-chip (LOC) concept devices,
the integration of microfluidic systems in biosensor devices offers significant advantages
such as reduction in the number of samples, amount of chromogen reagent and energy
consumption.!- 3! For commercialization purposes, a facile patterning technique using
microfluidic system will benefit the flow of production and consistency of the product. It will
also assist the incorporation of MOF into enzyme-based biosensor through biomineralization

process.
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As a model enzyme and proof of concept, we used a combination of glucose oxidase
(GOx) and horseradish peroxidase (HRP) to detect glucose. According to International
Diabetes Federation (IDF), it is estimated that 8.4 % of the global population aged 18-99
years suffers from diabetes in 2017, and this number is expected to increase to 9.9 % in
2045 .32 The rising number of diabetes patients with the need to monitor the blood glucose
level daily results in a plethora of glucose sensing point-of-care (PoC) devices in market.3?
Therefore, the enzyme-MOF glucose biosensor can be as a proof of experiment; before
paving the way for synthesis of other type of biosensors in this field.

In this paper, the enzymatic cascade of reaction or multi-enzyme systems is essential
for colorimetry detection, which relies on monitoring the formation of colored products that
can be recognized by naked eyes or optical sensing instrument such as spectrophotometer.
The colored intensity measured by the absorbance wavelength is proportional to the
concentration of products in the solution. The GOx and HRP are used in tandem for glucose
detection via cascades of reaction which are: 1) the conversion of glucose (C¢H;,05) to
gluconic acid catalyzed by GOx with the presence of oxygen, producing hydrogen peroxidase
(H,0,) as by-product; and 2) the H,O, is converted to water by catalyzed reaction of HRP.
With the presence of chromogen 2,2'-azino-bis(3-ethylbenzothiazoline-6-sulphonic acid)
(ABTS), reaction (2) will subsequently oxidize ABTS> to ABTS" which can be detected at
415 nm by spectrophotometer or appears as visible green color by naked eye. Without the
presence of second enzyme HRP and chromogen ABTS, there are no other means of
detection via colorimetry for the products of reaction (1) only. Therefore, the cascade
reactions of GOx and HRP are crucial for detection based on color change.

In a broader context, we have demonstrated the feasibility of enzymatic cascade
reactions in enzyme-MOF thin films that can be extended in other applications. The multi-

enzyme systems has received attention of researchers for myriad applications,” 3* such as in
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enzymatic fuel cell,?* carbon capture and conversion,!# 3¢ drug synthesis,*” and biosensing.’
In general, the enzymatic cascade reaction is limited by the proximity of enzymes between
each other for substrate transfer. Therefore, tandem immobilization of enzyme can increase
the overall enzymatic activity due to improved mass transfer of substrates to the active site of
the enzyme.3® By utilizing ZIF-8/GOx&HRP in-situ biomineralization; enzymes are in the
close proximity of each other, hence, demonstrating the feasibility of cascade reaction with
this synthesis technique. This method can be extended to other type of enzymatic cascade-
based sensors for lactase and amylase detection in a form of 3 —in— 1 LoC devices.

Herein, the mussel-inspired PDA/PEI patterning is employed to induce
biomineralization of enzyme-MOF composite on PP substrate; particularly ZIF-8/GOx&HRP
thin film. The role of the microfluidic system is to provide a containment for patterning and
ZIF-8/GOx&HRP precursor solution. Combining two known technologies of in-situ
biomineralization and microfluidic systems into one, we study the characteristic of the ZIF-
8/GOx&HRP patterning and its performance to be used as a reliable glucose biosensor.
Various characterization techniques such as scanning electron microscopy (SEM), Fourier-
transform infrared-spectroscopy (FT-IR), thermogravimetric analysis (TGA), x-ray
diffraction (XRD), inductively coupled plasma mass spectrometry (ICP-MS) and contact
angle measurements have been used to demonstrate the effect of synthesis protocol to the
structure. To study the role of ZIF-8 in the bio-composite patterning, the activity of the bio-
composite with the exposure to acidic, high temperatures, and with presence of enzymatic
inhibitors are analyzed. Finally, the performance of the bio-composites is evaluated in terms
of selectivity, sensitivity, detection limits and the ability to produce a readout scheme for

optical detection.
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2. Results and Discussions
2.1. Fabrication of Bio-composite Patterning

The fabrication of bio-composite patterning of ZIF-8 and GOx&HRP is illustrated in
Figure 1. A flexible PDMS mold with microfluidic channels is placed on top of the bare
polypropylene (PP) membrane. Mussel inspired (polydopamine/polyethyleneimine) PDA/PEI
patterning is achieved by injecting the mixture of ethanol, dopamine and PEI solution (Tris
buffer, pH 8.5, 0.05 M) into the microchannels. The concentration of dopamine and PEI are
both 2 mg/mL. The mixture is deposited on the PP membrane for 4 hours and rinsed
thoroughly with Milli-Q® water. Afterwards, ZIF-8 precursors solutions (zinc nitrate
hexahydrate, Zn(NOs),, 0.0135 g and 2-methylimidazole, HMIM, 0.2830 g) with 0.4 mL of
enzyme solutions (2 mg of glucose oxidase, GOx and 3 mg of horseradish peroxidase, HRP)
are injected into the microchannels and left to react for 30 minutes. The simultaneous
nucleation of ZIF-8 and immobilization of GOx&HRP in this method results in ZIF-
8/GOx&HRP in-situ on the PDA/PEI patterning. As a control in studying the effect of
presence of enzyme to the ZIF-8 thin film structure, ZIF-8 thin film on PDA/PEI patterning
was synthesized using ZIF-8 precursor solutions for 30 minutes without the enzyme solution.
The fabrication technique is illustrated in Figure 1 and the details are included in the

Experimental Section.
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Dopamine, PEI
pH 8.5

PP membrane PDA/PEI patterning

PDMS mold on polypropylene Glucose + ABTS ™\
membrane

Figure 1. Schematic drawing of fabrication of bio-composite patterning. Bare polypropylene
(PP) membrane is coated with polydopamine/polyethyleneimine (PDA/PEI) patterning using
PDMS mold with microchannels. Then, ZIF-8/GOx&HRP in-situ in which the ZIF-8 and the
enzyme GOx and HRP are co-precipitated on the PDA/PEI layer (in-situ growth).

With the goal of immobilizing enzyme-MOF matrix onto solid support via bio-
adhesion through mussel-inspired PDA/PEI patterning, additional approaches were explored
to demonstrate the flexibility in integrating the enzyme-MOF architecture in a device. Two
alternative schemes which were explored are 1) the layer-by-layer method (LbL), in which
the enzyme is first immobilized onto the PDA/PEI patterning before the synthesis of ZIF-8
over the PDA/PEI-enzyme surfaces; and 2) the deposition of pre-synthesized enzyme-MOF
particles on the PDA/PEI patterning.

In theory, the layer by layer method will ensure complete protection of the enzyme
underneath the MOF thin film; however, this is at the expense of additional mass transfer

resistance between the analyte and the enzyme. In contrast with the proposed in-situ method,

LbL method will require an additional step for fabrication.
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Similar to the LbL method, the deposition of pre-synthesized enzyme-MOF particles
on PDA/PEI patterning prolongs the fabrication process with the need to pre-synthesize the
enzyme-MOF particles. Another disadvantage of using particle deposition method is the
susceptibility of the particles to detachment as the immobilization mechanism is due to weak
van der Waals forces between the hydrophobic ZIF-8 and the hydrophilic PDA/PEI surface.
In a sense of comparing the alternative enzyme-MOF immobilizations on PDA/PEI (layer-
by-layer and particle deposition), the performance each alternative scheme to provide color
change within 10 minutes were observed. It was found that in-situ method has better
performance for color change than the other schemes (results in Figure S1, Supporting
information).

2.2. Surface characterization

Scanning electron microscopy (SEM) was employed to study the surface morphology
of the modified PP membrane. Figure 2a shows the pores of pristine PP membranes are not
visible due to the PDA/PEI patterning, indicating that the hydrophobic PP membrane is
successfully covered by the hydrophilic layer of the PDA/PEI. Previously our group showed
that the formation of PDA/PEI film on a porous polymeric membrane is stable and robust.>®
The cross-section images shows that the PDA/PEI is constructed as a thick, dense film on top
of the PP membrane with an estimated thickness of 252 + 99 nm (Figure 2a, insert and
Figure S2, Supporting Information). Based on Figure 2b (ZIF-8 without enzyme), the ZIF-8
crystals on PDA/PEI patterns forms a highly intergrown layer. Studying samples with
reaction times show that the ZIF-8 crystals can be formed within 5 minutes; and the crystals
are more intergrown as the synthesis time increases to 30 minutes (Figure S3, Supporting
information). The presence of enzyme in the ZIF-8 precursor mix for ZIF-8/GOx&HRP in-
situ approach results in a higher particle aggregation and a rougher surface morphology

compared to the ZIF-8 crystals grown without enzyme (Figure 2¢). Similarly, the ZIF-
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8/GOx&HRP in-situ thin film layer shows time-dependent nucleation and growth on the
PDA/PEI coating, with the first seeding can be observed clearly at 10 minutes and gradual
growth of the intergrown ZIF-8/GOx&HRP in-situ film by 30 minutes (Figure S4,
Supporting Information). It is also worth to mention that the presence of PDA/PEI patterning
ensures more cohesive formation of ZIF-8/GOx&HRP in-situ as a thin film as shown in
Figure S5 (Supporting Information) compared to samples of ZIF-8/GOx&HRP in-situ

without PDA/PEI intermediate layer.

ZIF-8 thin film ZIF-8/GOx&HRP in-situ thin film |

Top view Side view

N

PP-PDA/PEI

B
ZIF-8/GOxX&HRP in-situ,
thin film

Figure 2. SEM image of a) PDA/PEI coatings on PP membrane with cross section insert

showing PDA/PEI film; (b) formation of ZIF-8 without enzyme and c¢) formation of ZIF-
8/GOx&HRP in-situ.

To estimate the thickness of ZIF-8/GOx&HRP in-situ patterning, the PP substrate was
replaced with a silicon wafer to provide a solid support for atomic force microscopy (AFM)
study. The silicon wafer was coated with PDA/PEI for 4 hours, followed by using the PDMS
mold to create the ZIF-8/GOx&HRP in-situ patterning. Step analysis showed an average
thickness of 62.5 nm for ZIF-8/GOx&HRP in-situ layer (Figure 3a-c). Next, the relative
surface roughness was assessed for PDA/PEI, ZIF-8 and ZIF-8/GOx&HRP composites which

resulted to be 5.19 £0.73 nm, 15.24 = 1.92 nm and 9.90 + 0.46 nm respectively (Figure S6,
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Supporting information). The ZIF-8 and ZIF-8/GOx&HRP composites significantly change

the surface roughness of the PDA/PEI patterning. The presence of enzyme in ZIF-

oNOYTULT D WN =

8/GOx&HRP in-situ composites creates more fine and denser particles on the PDA/PEI

10 patterns.
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8/GOx&HRP in-situ with simulated ZIF-8 from Powder Diffraction File 4 (PDF-4) organic
database (reference ID: 00-062-1030);*° g) Water contact angle results of the PP membrane
compared with modifications (PDA/PEI, ZIF-8 thin film and ZIF-8/GOx&HRP in-situ thin
film) with respective image data and calculated surface free energy of corresponding
surfaces, with diiodomethane and glycerol, using Van Oss approach; h) schematics of liquid
pumpless transportation application using hydrophilic patterning on hydrophobic base.

The Fourier Transform — IR (FT-IR) tests were performed to study the surface
chemistry of the modified structure of PP membrane. The surface modified with PDA/PEI
patterning resulted in a distinct and broad shape with IR band of 3200 — 3650 cm™! which
corresponds to stretches of alcohol, catechol and N-H bonds from the PDA and PEI structures
(Figure 3d and Figure S7a, Supporting information). Biomineralization of ZIF-8 on the
PDA/PEI patterning reveals 11 new peaks with the two notable peaks at 3133 cm! and 421
cm! which correspond to 1,2,5-oxadiazole and Zn-N stretching respectively (Figure S7b,
Supporting information); with the latter being a characteristic peak of ZIF-8 as cited in the
literature.*! The presence of enzyme GOx and HRP in the ZIF-8/GOx&HRP in-situ
patterning produced a small FT-IR peaks (Figure S7¢, Supporting information) at 1636 and
1535 cm!- which is in proximate region of amide I vibration (1700-1600 c¢m') and amide IT
vibration (1600-1500 cm!) respectively.*?#3 These are the characteristic vibrations of amino
acid side chains of the enzyme secondary structure, which suggests that the enzymes are not
denatured after biomineralization with ZIF-8.4>43 The characteristic ZIF-8 peak at
wavenumber of 421 cm™! is also observed with ZIF-8/GOx&HRP in-situ (Figure 3d) which
confirms the formation of ZIF-8 structure.

Next, we employed thermal gravimetric analysis (TGA) to study the decomposition
rate of the bio-composite patterning and the results are shown in Figure 3e and Figure S8a
(Supporting information). Decomposition of PDA/PEI patterned PP membrane (Figure S8b,
Supporting information) exhibited similar curve to the pristine PP; however, with higher

weight loss in the range 200-280 °C and higher residue after 450 °C, which indicates the
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presence of PDA/PEI polymer. Similar trend was observed in the literature when PDA is
coated onto PVDF membrane; in which, the PDA coated membrane exhibit higher weight
loss in the beginning and higher residues at the end of the test.**

The TGA curve for synthetized ZIF-8 particles showed two steps of mass loss
(Figure S8d, Supporting information); with the first step below 200 °C due to the release of
the unreacted organic linker (2-methylimidazole) and guest molecules (mainly H,0);#-4¢ and
the second step is at around 450 °C. This result is in agreement with previously published
studies, for both steps of ZIF-8 thermal degradation.*>-4¢ A plateau over 500 °C can be
attributed to the presence of zinc residue in the form of zinc oxide (ZnO). Then, the
decomposition rate comparison of the ZIF-8 particles with the bio-composites pattern of ZIF-
8 thin film (without enzyme) and ZIF-8/GOx&HRP in-situ thin film (with enzyme) were
done (Figure S8c, Supporting information). There is an obvious second stage of weight loss
at ~470 °C for ZIF-8/GOx&HRP in-situ (Figure 3e and Figure S8c, Supporting
information),; which indicates that the decomposition of ZIF-8/GOx&HRP thin film occurs at
a higher temperature than ZIF-8 particles. However, the second stage of mass loss is not
observed for the TGA curve of ZIF-8 thin film without enzyme, implying lower ZIF-8
density on the sample. The percentage of ZIF-8 based on zinc residues in the ZIF-
8/GOx&HRP in-situ composite is calculated to be 65.8 % higher than the residue from the
ZIF-8 thin film without the presence of enzyme. This can be explained by an existing study
which shows that the presence of proteins will speed up the precipitation of ZIF-8 crystals,
leading to higher density of ZIF-8 to biomineralized on the PDA/PEI patterning.?

The X-ray diffraction (XRD) tests were conducted to identify the ZIF-8 structure on
the bio composite patterns. For this purpose, the ZIF-8 and ZIF-8/GOx&HRP composites
were synthetized for 5 hours to create sufficiently thick bio composite layer for the XRD

tests. In Figure S9a (Supporting Information), the XRD patterns of PP-PDA/PEI-ZIF-8
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consists of the broad peak by amorphous PP and PDA/PEI patterns and high intensity peaks
which reflects the crystalline structure on the bio-composite. The XRD pattern confirms most
of the major peaks exhibited by simulated ZIF-8 patterns.*® Similarly, for ZIF-8/GOx&HRP
in-situ composite, the distinct peaks identified are at position 2 theta of 7.3°, 10.3°, 12.7° and
18.02° with corresponding to 110, 200, 211 and 222 orientations respectively (Figure 3f and
Figure S9b, Supporting Information). These are in good agreement with the simulated ZIF-8
patterns, which identify the presence of ZIF-8 crystal structure.

The enzyme loading can be estimated with inductively coupled plasma mass
spectrometry (ICP-MS) from the amount of iron, Fe in the sample.!? Since one molecule of
enzyme HRP (mw~ 40000 Da) consists of one iron center, the enzyme loading (kg
enzyme/kg PDA/PEI) percentage was calculated to be 20.9 % and 13.9 % for HRP and GOx
respectively in PDA/PEI-GOx&HRP patterns (without ZIF-8). The ZIF-8/GOX&HRP in-situ
had higher HRP and GOx loading of 34.0 % and 22.7 % respectively. These results support
the hypothesis that higher enzymatic loading can be achieved with the biomineralization of
enzyme on the PDA/PEI patterns.

As alluded earlier, dual-wettability properties of the hydrophilic patterned surface on
the hydrophobic membrane is essential for liquid pumpless transportation. The wetting
properties of the surface can be manipulated by altering the surface chemistry and surface
microstructure. In Figure 3g, the water contact angle (WCA) and corresponding surface free
energy (SFE) of modified surfaces are presented. The SFE can be calculated using acid-base
approach by Van-Oss from contact angle measurement of water, glycerol and
diiodomethane.*’ Schematics of the pumpless transportation application is shown in Figure
3h to highlight the importance of the wetting contrast.

Based on Figure 3g, the PDA/PEI patterning significantly lowers the WCA of PP

from 136.7+2.0°to 17.6 + 1.7 ° while the SFE increases from 2.3 £+ 0.16 mN m'! to 34.1 +
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1.55 mN m!. These can be attributed to the change in the surface chemistry with an
abundance of catechol group; hence, increasing the chemical affinity of the surface towards
water molecules, making it more hydrophilic. The formation of ZIF-8 thin film and ZIF-
8/GOx&HRP in-situ thin film slightly increases the WCA of the surface to 14.5 £ 4.5 © and
36.1 £ 0.6 °, respectively. The change in WCA in this case, is attributed to the formation of
ZIF-8 microstructures which increases the surface roughness of the patterning, making it
more hydrophobic. Interestingly, the reason for slightly lower WCA value for ZIF-8 thin film
compared to than ZIF-8/GOx&HRP in-situ thin film, can be explained using the Wenzel
model. This model states that, the roughness factor plays a role in amplifying the intrinsic
surface wettability.*3-4° Previous observations of the SEM and AFM image of ZIF-
8/GOx&HRP in-situ reveals fine and dense particles with lower surface roughness compared
to ZIF-8 thin film (refer AFM results and Supporting information Figure S6). According to
the Wenzel model, the lower roughness of hydrophilic surface leads to lower surface area for
chemical affinity;*¥-4° hence, the ZIF-8/GOx&HRP in-situ with lower surface roughness
exhibit more hydrophobicity. This interesting observation suggests alternative wettability
manipulation by changing the ZIF-8 microstructure using the presence of enzymes.
Nonetheless, it is apparent that the hydrophilic properties of PDA/PEI are dominant in
both ZIF-8 and ZIF-8/GOx&HRP in-situ thin film samples. Exploiting hydrophilic patterning
on hydrophobic surfaces (in this case, PDA/PEI patterning on PP membrane); have an
attractive application as pumpless transport in the paper-based diagnostic device as discussed
earlier (Figure 3h and Supporting Information-Video). The room temperature PDA/PEI
patterning on the PP membrane offers a facile alternative approach compared to the

conventional wax on paper fabrication devices for the same purpose as liquid containment.
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2.3. Chemical, Thermal and Inhibitory Stability of ZIF-8/GOx&HRP in-situ Thin Film

Based on the literature,> 7-% 39 we hypothesized that the biomineralized ZIF-8 will
provide an entrapment for the enzyme on the PDA/PEI patterning; hence, increasing the
chemical, thermal and inhibitor stability of the biomineralized enzyme. Therefore, the ZIF-
8/GOx&HRP in-situ stability was tested in acid, at elevated temperature of 100 °C and with
exposure to various inhibitors.

The pH value of physiological fluids such as blood, interstitial fluid, urine, sweat,
saliva and ocular fluid ranges from pH 4.5 — 8.33 In this study, a constant pH value of 5 was
chosen to test the stability of the ZIF-8/GOx&HRP in-situ biosensor in exposure to the acidic
conditions of physiological fluids. Next, evaluation of thermal stability is crucial demonstrate
the ability of the ZIF-8/GOx&HRP in-situ biosensor to withstand high temperature
conditions. Although in practical cases, the surrounding temperature will not reach as high as
100 °C, this temperature is used to test the robustness of ZIF-8/GOx&HRP in-situ against
thermal degradation. Lastly, experiments of stability against inhibitor will suggest the type of
ZIF-8 structure surrounding the enzymes in ZIF-8/GOx&HRP in-situ composites.

Acid stability: The result shows that the performance of ZIF-8/GOx&HRP in-situ
patterning in pH 5 has slightly reduced compared to the control samples in pH 7.4 (Figure
4a). ZIF-8/biomolecules composites stability test in low pH condition has been well-studied
in various literature %3'-2, in which, the degradation of ZIF-8 in acidic condition is measured
by the intensity of fluorescence or amount of biomolecules released from ZIF-8 matrix.
Generally long incubation time is needed to completely etch ZIF-8; for instance, 6 hours

incubation in pH 6 results in approximately 90 % release of biomolecules.? 3!
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Figure 4. a) Absorbance value over time of bio-composites with and without ZIF-8
performance in acidic condition (pH 5) compare with control (with ZIF-8, pH 7.4); b)
Performance of bio-composites with ZIF-8 after incubation in 100 °C of water for 1 hour, no
residual activity of free enzyme with the same treatment, compared with control (with ZIF-8,
25 °C); ¢) Relative activity of ZIF-8/GOx&HRP in-situ after incubation in various inhibitors
(Chymotrypsin and CuSOy) for 30 minutes with insert showing absorbance value over time
of bio-composites with ZIF-8 (ZIF-8/GOx&HRP in-situ) performance after incubation in
Chymotrypsin and CuSOs,.

In our study, the incubation of ZIF-8/GOx&HRP in-situ thin film in pH 5 is
conducted for 30 minutes which is 3 times longer than the required sensor time of 10
minutes, when used with physiological fluid. When compared with control condition of pH
7.4, the enzyme activity has slightly decreased. This finding is consistent with the study by
Tian et al.,>> whom reported that ~20 % and ~40% drug are released at pH 6 and pH 4.5
respectively within 30 minutes; hence, we can expect that the ZIF-8/GOx&HRP thin film
activity in pH 5 to be reduced to an extent.

To further support this explanation, a simple acid test was conducted with ZIF-8
particles at pH 5 to study the morphology of the particles before and after acid treatment,
which shows the particles are slightly degraded; however, not completely dissolved after an
incubation time of 30 minutes, as shown in Figure S10. In a broader context, the acid test
proved that ZIF-8 has a potential application in controlled release of protein in drug delivery
by utilizing the increased in enzyme loading and disintegration mechanism for drug release in
low pH microenvironment.
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Nonetheless, it is worth to note that the ZIF-8/GOx&HRP in-situ shows a higher
activity than the samples without ZIF-8 at pH 5 condition (Figure 4a). The higher activity of
ZIF-8/GOx&HRP in-situ can also be explained by disintegration of ZIF-8 in pH 5,3 through
the breaking of the coordination bond between zinc centers and imidazolate ligands.>* Since
ZIF-8/GOx&HRP in-situ has higher enzymatic loading than sample without ZIF-8 (refer to
ICP-MS results); the acid will expose more enzymatic active sites for reactions; thus, serves
as an indirect evidence for biomineralization of the enzymes on the surface of PDA/PEI
patterning.

Although the device does shows lower activity in acidic condition compared to
normal condition, this area allows more room for improvement and further research. Indeed,
the significant increase in stability of the device compared with the device without ZIF-8
should be emphasized to establish the role of ZIF-8 in this device.

Thermal stability: When subjected to 100 °C boiling water for 1 hour; the ZIF-
8/GOx&HRP in-situ shows slightly decreased activity when compared to the performance of
the device in control condition at 25 °C (Figure 4b). Nonetheless, the role of ZIF-8 in
increasing the thermal stability of the enzyme is apparent as there are no detectable activity
from the free enzyme after heat treatment of 100 °C. These results corroborates with previous
finding in literature,? suggesting that the in-situ biomineralization protects the tertiary and
quaternary structure of the enzyme from thermal degradation.

Inhibitor stability: Lastly, we studied the effect of introducing known enzyme
inhibitor such as chymotrypsin and copper (II) sulfate (CuSO,). Chymotrypsin which is a
digestive enzyme that cleaves peptides (protein primary structures) at hydrophobic residues,
has a similar tertiary structure with trypsin.>> Therefore, chymotrypsin was used in this
experiment as an analog to digestive enzyme trypsin which was predominantly used in

previous literature to exhibit ZIF-8 protective properties.> 7 Copper (II) ions (Cu?") was
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known to severely inhibit GOx,%6-37 and due to its susceptibility to Cu?*, GOx has been
studied for its potential to be used of Cu?* detection.’” Based on our results, there is a
significant reduction in the activity of the ZIF-8/GOx&HRP in-situ patterns when pre-treated
with enzyme inhibitors for 30 minutes (Figure 4c¢). As expected, there is no residual activity
observed when the samples are pre-treated with CuSO,4 (pH 8.83) as ZIF-8 structure can be
penetrated by Cu?" as shown in previous literature;>® hence, enabling inhibition of the enzyme
active sites. Interestingly, the activity of ZIF-8/GOx&HRP in-situ patterns declines
significantly to 6.67 £ 1.38 % when pre-treated with chymotrypsin. Considering the size of
chymotrypsin is of larger magnitude than ZIF-8 pores, this suggests that the encapsulated
GOx and HRP are partially exposed to the surface of the thin films or alternatively, there are
passageways within the thin film that enable chymotrypsin to access the encapsulated
enzymes.

In summary, the thermal and chemical stability of ZIF-8/GOx&HRP in-situ
composites indicates that the structural conformation of the enzyme can be preserved in the
enzyme-MOF thin film. In other words, in elevated temperatures and low pH conditions, the
unfolding of proteins which corresponds to the disruption of tertiary and quaternary structure
of protein will occur. As the result shows enhanced thermal and pH stability, this leads us to
deduce that the ZIF-8 film stabilizes the tertiary and quaternary structural conformation of the
enzyme by acting as “tether” and hold the enzyme in confinement. Besides that, the low
inhibitor stability by chymotrypsin experiment alluded that the ZIF-8/GOx&HRP in-situ
cannot prevent the cleaving of secondary structure (peptide bonds) to amino acids and the
small Cu®" ions can alter the active site of the enzyme, subsequently changing the enzyme’s
inner structure. These experimental results are in agreement with a previous study by Liao et
al. ® which has demonstrated that the sodalite structure (SOD) of ZIF can provide enzyme

structural conformational stability from unfolding element (temperature and pH) while still
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can be affected by infiltration of active site inhibitors. Hence, the mechanism of enzyme
protection from environment conditions (high temperature, low pH and presence of
inhibitors) in enzyme-MOF thin films and enzyme-MOF particles can be different.

Spatial location of the enzyme. Based on the inhibitor stability results, we can
postulate the location of the enzyme GOx&HRP in the ZIF-8 thin films. There are three cases
that can be considered which are Case I: enzyme underneath MOF, Case II: enzyme partially
exposed to the surface and Case III: fully encapsulated enzyme within the matrices which are
illustrated in Figure 5 a, b, and ¢ respectively. It is expected that the scattering of enzymes
underneath the MOF crystals (Case 1) will pose mass transfer issues as the movement of
substrate will be limited. In Case II, the exposed enzymes to the surface will increase the
enzyme susceptibility to inhibitors and chelating agents. Lastly, in Case III, the enzyme will

be protected and encapsulated within the MOF thin films.

a) Case b) Case ll C) Case lll
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Figure 5. Schematic illustration of a) Case [; b) Case II; c¢) Case III; and fluorescence
microscopy images in bright field mode and fluorescence mode of FITC-GOx and RhB-HRP
with different location of enzymes in sample such as d) Case I imitation, the enzymes are
beneath the ZIF-8 layer; e) Case II imitation, the enzyme are on top of ZIF-8 layer; and
finally, ) our ZIF-8/GOx&HRP in-situ sample, as synthesized. Scale bar is 100 um long in
all images.

We infer that Case I does not represent the spatial enzyme distribution in ZIF-
8/GOx&HRP in-situ since it has higher enzyme loading compared to sample with PDA/PEI-
GOx&HRP, based on the ICP-MS results. The higher loading of the enzyme in ZIF-
8/GOx&HRP in-situ was attributed to biomineralization where some of the enzymes will be
encapsulated within the ZIF-8 matrices compared to enzymes deposited on the surface of
PDA/PEI without the presence of ZIF-8. From the chymotrypsin inhibitor test, it is obvious
that the enzymes are severely impacted by the presence of inhibitors which lead to initial
deduction that the enzymes are not fully encapsulated within the matrix of ZIF-8 as depicted
in Case III; hence, the combination of Case II and Case III is more likely to represent the
spatial location of enzyme in ZIF-8/GOx&HRP in-situ thin film.

To assess this hypothesis, a fluorescence microscopy test was performed to
qualitatively analyze the location of the enzymes in the patterns. Bio-composite patterning of
Case I employed a layer of enzyme on top of PDA/PEI patterns with ZIF-8 thin film growth
on top (layer-by-layer) and Case II with enzyme immobilized on top of ZIF-8 thin film was
developed to be compared with ZIF-8/GOx&HRP in-situ. In each sample, fluorescence
labelled enzymes such as fluorescein isothiocyanate-glucose oxidase (FITC-GOx) and
rhodamine B-horseradish peroxidase (RhB-HRP) are used. Note that the optical microscope
views the 2-D images of the samples from the top view.

The fluorescence emission photographs of the samples are as in Figure 5 d-f. Figure
5d shows when the enzymes are beneath the ZIF-8 structure, the fluorescence emissions are

more evenly dispersed, and the emission intensity is dampened. On the other hand, Figure 5e

shows sparsely distributed enzymes with high intensity emissions when the enzymes are
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deposited on top of the ZIF-8 structure. Comparison of these two figures shows that the
different spatial arrangement of enzymes can be observed with fluorescence microscopy
images. Next, we observe the fluorescence images of the ZIF-8/GOx&HRP in-situ as
synthesized (Figure 5f) which indicates that the enzymes are biomineralized within the ZIF-8
matrix based on the even dispersion of the enzyme fluorescence emissions; and the high
intensity indicates that the enzymes might be closer to the surface. This arrangement
resembles a combination of Case II and Case III as proposed and supports the findings from
the chemical, thermal and stability test.

In the future, using more sophisticated characterization methods such as super-
resolution fluorescence microscopy might offer 3-D view of the spatial location of the
enzyme in the ZIF-8 matrix. Nonetheless, the preliminary fluorescence microscopy images
combined with stability results are satisfactory to suggest that the spatial enzyme distribution

in the enzyme-MOF thin film structure is different than the enzyme-MOF particles.
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2.4. Biosensor Performance Evaluation

To evaluate the performance of ZIF-8/GOx&HRP in-situ thin films as glucose

oNOYTULT D WN =

biosensor, the selectivity towards glucose against interference of other analytes and the

10 sensitivity of the biosensor to provide a linear response range are studied. In this study, the
sensitivity of ZIF-8/GOx&HRP in-situ is calculated as response (absorbance value) over
15 concentration of glucose. Next, the Limit of Detection (LoD) to determine the lowest

17 concentration of glucose that reliably produce a response and the ability of the ZIF-
8/GOx&HRP in-situ to produce a readout scheme for eye-detection will be evaluated as

22 biosensor performance criteria.
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2.4.1. Selectivity

The ZIF-8/GOx&HRP in-situ thin film biosensor shows high selectivity towards
glucose in comparison with other type of carbohydrates and interferences (albumin, lactose,

sucrose and glycogen) when tested within 10 minutes (Figure 6a). This result is comparable

with ZIF-8/GOx&HRP composite particles in the literature.”
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Figure 6. a) Selectivity test of the ZIF-8/GOx&HRP in-situ using 1 mM of glucose, 1

mg/mL of albumin, 1 mM of lactose, | mM of sucrose and 1 mM of glycogen; b) sensitivity
test of ZIF-8/GOx&HRP in-situ with glucose concentration in mM range shows linear span
of concentration of glucose until ~ 5 mM; c) sensitivity test of PP-PDA/PEI-GOx&HRP

(without ZIF-8) and d) sensitivity test of ZIF-8/GOx&HRP in-situ (with ZIF-8) with
concentration of glucose of 8, 16, 32, 48, 60 and 80 uM.
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2.4.2. Sensitivity

The ZIF-8/GOx&HRP in-situ shows linear sensitivity when tested in low
concentration range of glucose (8, 16, 32, 48, 64 and 80 uM). The ZIF-8/GOx&HRP in-situ
strips (Figure 6d) has higher sensitivity of 0.00303 Abs/uM compared to the strips without
ZIF-8 (PP-PDA/PEI-GOx&HRP only) 0.00068 Abs/uM (Figure 6c¢).

In practice, a reliable sensor device should exhibit a linear relationship over a wide
span of analytes concentration. The deviation from linearity is a common problem in different
type of sensors which is well-explained in the review paper by Mross et al.3! The limiting key
factor of enzyme linear kinetic is the Michaelis -Menten constant (K,,,), which quantifies the
affinity of the substrate (S) to the enzyme (E); forming an enzyme-substrate (ES) complex.3!
Well below K, the reaction rate increases linearly, until it reaches a point whereas the
saturation of substrate molecules on the surface of the enzyme (ES formation) which reduces
the available oxygen for the enzyme oxidase reactions.?! Due to the oxygen scarcity, the ES
complex is unable to return to its original E form for the next conversion. 3!

Several measurements were proposed by Mross et al. to extend the linear
measurement range; such as employing diffusion limiting membrane, using redox mediator
for oxygen replenishment and substrate dilution using controlled flow in microfluidic
channels.?! Based on the initial results of the sensitivity test, we propose ZIF-8/GOx&HRP
in-situ thin film to provide a diffusion limiting effect; hence, resulting in high linear
sensitivity for signal measurement at wider range of substrates concentration (from very low
to very high concentration).

The concentration of glucose in bodily fluid for normal and diabetic patients were
summarised by Bruen et al.;?? ranging from 0.01 mM of glucose in sweat, up to 40 mM of
glucose in the blood.?? This warrants an extended investigation for the sensitivity test of ZIF-

8/GOx&HRP in-situ at higher concentration of glucose. Therefore, three sets of repeat
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experiments were done for the glucose concentration of 1, 2, 5, 8, 10, 20, 30 and 40 mM; and
the readings were taken after 10 minutes of reaction. Note that these concentrations are at
1000 times higher than the previous test which was in the uM range (Figure S11). Figure
S11 shows that the absorbance increases as the concentration of glucose increases from 1 to 5
mM and started to exhibit a decline in trend for concentrations higher than 10 mM showing
substrate inhibition behaviour. The substrate inhibition is confirmed for the ZIF-
8/GOx&HRP in-situ as explained earlier; however, it occurs at a higher limit of concentration
range ~5 mM. Therefore, the linear span of ZIF-8/GOx&HRP in-situ ranges from 8 uM to 5
mM.

It is claimed that the linear sensitivity is observed at low concentration range of
glucose concentration within micromolar concentration range, and when extended to
millimolar concentration range, the linear trend is also exhibited. While the linearity is
maintained, the sensitivity (slope) changes accordingly due to the difference in the resolution
of measurement. At higher concentration range of glucose, the sensitivity is reported to be
0.2798 Abs/mM (Figure 6b). Since the data point in millimolar concentration range are
further apart than in the micromolar range, the sensitivity decreases in one order of

magnitude due to difference in the resolution of the test.
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2.4.3. Detection limits

In this work, the Limit of Blank (LoB) and Limit of Detection (LOD) will be
calculated to determine the smallest concentration of analyte 5° that can be reliably detected
using the MOF-based enzymatic biosensor using Cary 300 UV-Vis spectrometer at 415 nm.
LoB is defined as the highest value measured when repeated of blank samples containing no
analytes are done.”® In our case, the LoB was done by measuring the absorbance value of
blank sample without the converted ABTS radicals (conversion of glucose was not initiated);
thus, acquiring the mean (meanyy,,) and standard deviation (SDyjni).>° The LoB was
calculated using LoB = meany, + 1.645(SDyank).>° LoD is defined at the lowest
concentration of analyte that can be detected by the measured protocol, with the equation of
LoD = LoB + 1.645(SDiow concentration sample); 11 Which SDygy, concentration sample 15 the standard
deviation of samples with low concentration of analytes. When using this statistical method,
it is understood that at least 95% of the low concentration samples will lie above the defined
LoB; validating the LoD as the lowest possible concentration of analyte that can be detected.

The LoD was found to be 0.0027 value of absorbance at 8§ uM concentration of
glucose and the LoB was calculated to be at 0.0005 absorbance value. All 11 individual tests
with 8 uM concentration of glucose results in absorbance values above LoB; thus, validating

the LoD at 8 uM glucose concentration.
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2.4.4 Comparison of performance with glucose biosensors

The sensitivity, LoD and linear span of the thin film ZIF-8/GOx&HRP in-situ are of
comparable performance to other particulate colorimetric glucose biosensors in past
literatures (Table 1 and Figure 7).7- -6 The performance of ZIF-8/GOx&HRP in-situ is
superior in terms of linear span compared to ZIF-8/GOx&HRP composites in free particle
systems.” It is worth to note that the sensitivity of ZIF-8/GOx&HRP in-situ thin film is lower
than ZIF-8/GOx&HRP in particle form’ due to the suspended free particle systems allowing
higher surface area for enzymatic reaction. Nonetheless, the thin film form is more desirable
as a portable point of care device, as further separations of nanoparticles from the solution are
not required.

The concept of nanoparticle-sensors separation using magnetic field has led to the
synthesis of magnetic ZIF-8 and glucose oxidase composites (mZIF-8@GOx) for glucose
sensing purposes.’? The ZIF-8/GOx&HRP in-situ thin film is of commensurate sensitivity
with mZIF-8@GOx (reported sensitivity 0.00309 Abs/uM); with the benefit of eliminating
the need to perform a separation process.®> Compared to other nano-materials such as
carboxylic acid functionalized graphene oxide® and cobalt (ILIII) oxide nanoparticles;®' ZIF-
8/GOx&HRP in-situ bio composites possess greater performance in terms of sensitivity.
Lastly, the LoD of ZIF-8/GOx&HRP in-situ is relatively low while still maintaining wide
linearity when compared with optical detector,®* microfluidic systems®® and microfluidic

paper-based devices® for glucose biosensing purposes.
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1

2

3 Table 1. Comparison of ZIF-8/GOx&HRP in-situ biosensor performance with enzyme-based glucose biosensor in literature, in

4 terms of sensitivity, limit of detection (LoD) and linear span.

5

6 Label Sensitivity? LoD? (uM) Linear Span° Description Ref.d
(Abs/uM)

7

8 A 0.00303 8 8 UM to 5 mM ZIF-8/GOx&HRP in-situ thin film; cascades of This

9 reaction work

1(1) B 0.00820 0.5 8 uM to 64 uM ZIF-8/GOx&HRP particles; cascades of reaction 7

12

13 Cc 0.00076 1 1uMto 2 uyM GOx and Graphene Oxide-COOHs; free system; €0

cascades of reaction

14

15 D 0.00011 5 10 uM to 10 mM GOx, Co30,/ nanoparticles; free system; cascades of ¢

16 reaction

1; E 0.00309 1.9 5to 150 uM mZIF-89@GOx nanoparticles; free system 62

19 F 0.00003 260 Up to 5 mM Silica- PEG'-GOx&HRP; microfluidics 63

20

21 G Not reported 23.8 0.1t0 2.5 mM PBi~GOx-PEDD/ 64

22 H Not reported 300 Up to 10 mM uPAD* biosensor; paper-based 65

23

24 a Sensitivity: The slope of calibration graph, (Absorbance / concentration of glucose (uM)).  Limit of detection (LoD): Lowest

25 concentration of analyte that can be detected (uM). ¢ Linear span: The range of analyte concentration for linear measurement. ¢

26 References. ¢ -COOH: carboxylic acid functional group. f Co;04: cobalt (ll,Ill) oxide. ¢ mZIF-8: magnetic ZIF-8. " PEG:

27 polyethylene glycol. / PB: Prussian Blue. / PEDD: paired emitter-detector diodes. ¥ yPAD: microfluidics paper based analytical
devices.
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Figure 7. ZIF-8/GOx&HRP in-situ biosensor performance (Label A, red bar) in terms of a)
sensitivity, (Abs/uM); b) Limit of Detection, LoD (uM) and c) linear span (uM); in
comparison with glucose sensors from literature; labelled B-H, as referenced in Table 1.

In summary, the performance of ZIF-8/GOx&HRP in-situ is outstanding considering the
added advantage of ease of handling of thin-films to be used in devices, compared to other
new materials in free particles system.” 9965 With further optimization, the biosensor
performance can be improved. When combined with good thermal and acid stability; ZIF-
8/GOx&HRP in-situ is definitely a competitive alternative synthesis method for the

conventional paper-based biosensor.
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2.4.5. Readout Schemes for Glucose Sensing Application

One of the applications of ZIF-8/GOx&HRP patterns is to be used as a testing strips
for visible detection of glucose; providing an indicator of ranges of glucose analytes
concentration in the sample. In Figure 8a, the readout scheme shows visible detection limit
of 0.5 mM which is comparable with the readout schemes from existing studies by Wu et al.”
using ZIF-8/GOx&HRP particles on paper strips with the same duration of response time
(t=10 mins). At the concentration of 0.1 mM, the color change after 10 minutes incubation
time is barely visible. The range of readout scheme from 0.5 mM to 8 mM is suitable to be
used for glucose detection using ocular fluid and saliva of diabetic patients with glucose
concentration of 0.5-5 mM and 0.55-1.77 mM respectively.

a) 0.1 0.5

f) p
P6CeQ
g) Green
200H 3 coloured

Analyte Buffer tanks solution
+ ABTS , —

[y
wu
[=]

=

o

o
T

Grayscale intensity

PDMS
mold
50f

o 1 2 3 4 5 6 7 8 P"L"dmp';"b'c
membrane Hydrophilic
PDA/PEI-ZIF-8/GOX&HRP

in-situ patterning

Concentration of glucose (mM)

Figure 8. a) Proposed readout scheme for glucose concentration ranges from 0.1 to 8.0 mM
with detection limit of 0.5 mM; with b) corresponding images of droplets at the respective
concentration; ¢) grayscale intensity of droplets images against concentration of glucose
(mM) d) demonstration of color change in microfluidic channels (2 from right with glucose
analytes); ¢) photograph of colored response from testing strips in microfluidic channels for
solution with the same concentration of glucose; f) photograph of colored response from
testing strips without microfluidic channels, with different concentration of glucose; and g)
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schematic drawing of PDMS microfluidic channels containing the fluid on hydrophilic
patterning, for enzymatic reaction to occur (figure drawn not in scale).

Practical considerations in applying the readout schemes are the response time, the
volume of analytes and the enzyme loading capacity in each of the testing strips. This is
because, a variance in one of the parameters will affect the final color of the solution. For
instance, a longer incubation time, lower volume of analyte and higher enzyme loading
capacity will results in solution with higher intensity of color change. Nonetheless, the first
two parameters can be controlled by integrating the testing strips systems with a timing and
optical device for increased accuracy. The enzyme loading can only be controlled during
manufacturing steps; thus, any discrepancy should be recognized as a systematic error. Whilst
accuracy of glucose monitoring is not the main aim of using bare eye for optical detection;
the ZIF-8/GOx&HRP patterning does provide a fast method to determine a concentration
range of glucose analytes in a sample, based on the readout scheme.

In the future, paired usage of the glucose testing strips with handheld optical sensing
device (e.g. smartphone with downloadable applications) can be developed.®®> To demonstrate
the detection ability by optical devices, the grayscale intensity was calculated from the RGB
color scale of the droplet images. The result shows that the grayscale intensity has an
inversely proportional relationship to the concentration of glucose (Figure 8c); indicating the
feasibility of the optical device sensing strategy with the ZIF-8/GOx&HRP glucose sensing

strips.
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3. Conclusions

In conclusion, a facile two-step fabrication of hydrophilic patterning and enzyme-
MOF thin film for enzyme-based biosensor application has been demonstrated in this paper;
and the characteristic, stability and performance of the biosensor were investigated. We
utilized a unique patterning method of PDA/PEI on hydrophobic PP membrane with
microfluidic structure which provides liquid pumpless transportation. This method is cost-
effective and increases the device flexibility for onsite applications. Next, the enzyme GOx
and HRP and MOF ZIF-8 were used as a proof of concept for simultaneous nucleation and
growth of ZIF-8/GOx&HRP thin film on the PDA/PEI patterning. The ZIF-8 structure is
confirmed on the patterns; with higher density of ZIF-8 when enzyme is added. The acid and
thermal stability test shows that the enzyme structure is preserved in the ZIF-8/GOx&HRP
in-situ; however, the susceptibility of the composite to inhibitors suggests that further studies
are required to confirm the spatial arrangement of enzyme in the ZIF-8 matrix and its effects.
The biosensor performance of ZIF-8/GOx&HRP in-situ shows a good selectivity, high
sensitivity, sufficient LoD and linear response in a wide span range that is comparable with
other sensors based on new materials in the literature. The sensitivity result indicates that the
ZIF-8 structure in ZIF-8/GOx&HRP in-situ can contribute to the linear sensitivity by
providing a diffusion limiting effect, compared to samples without ZIF-8. Overall, this study
has demonstrated a universal approach in utilizing enzyme-MOF thin film as a biosensor
whereby the application can be extended to other enzyme cascades such as amylase-

GOx&HRP for starch detection.
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4. Experimental Section

Reagents and Chemicals: All reagents and chemicals used were purchased from
Sigma-Aldrich, otherwise specified; at highest purity and used without further purification.
All experiments were performed in room temperature and pressure unless stated otherwise.
Milli-Q® water dispensed from Milli-Q® IQ 7000 Ultrapure Lab Water System (Merck
Millipore) is used for buffer preparation.

Microfluidic structure preparation: There were two main steps involved in preparing
the PDMS mold. The first step was to create the silicon wafer master template with the
negative photoresist SU-8 bumps. The 4” silicon wafer (TED-PELLA, Resistivity 1-100 ohm
cm™!, Orientation: <100>) was pre-treated with isopropanol and acetone prior to the spin
coating of SU-8 onto the silicon wafer at 1500 rpm for 30 s. Afterwards, the wafer was
baked at 100 °C for 50 s. The SU-8 patterning of microchannels was achieved via negative
photolithography technique, which requires the transfer of microchannels geometrical shapes
from a negative mask via exposure of the UV light for 3.5 s. The photolithography process
was followed by developing process and final rinse with isopropanol. The final dimension of
the SU-8 bumps are 1 mm wide with 20 pum height. Once the master template was obtained,
the PDMS mold was prepared by pouring the PDMS mixture of 9:1 parts of silicone:hardener
(Sylgard® 184 silicone elastomer kit) onto the master template. The air bubbles in the PDMS
mixture was removed in the vacuum oven at room temperature before being cured at 78 °C
for 40 minutes.

PDA/PEI patterning: Dopamine hydrochloride (2 mg mL-") and polyethyleneimine
(PEI) (2 mg mL!) was prepared in Tris-HCI buffer solution (0.05 M, pH 8.5) with 10 v/v %
of ethanol (100 %, denatured). It is recommended to add the dopamine hydrochloride prior to
patterning to prevent premature polymerization of polydopamine. This mixture was injected

into the microfluidic channels on polypropylene membrane (hydrophobic, Accurel® PP 2E
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HF (R/P) from Membrana GmBH) to develop patterns for 4 hours. Then, the patterns were
rinsed with Milli-Q® water.

ZIF-8 thin film synthesis (control): ZIF-8 precursor solution (5 mL) was prepared
from precursors which are zinc nitrate hexahydrate, Zn(NO;),.6H,0 (0.0135 g) and 2-methyl
imidazole, HMIM (0.2830 g). The solution was injected into the microfluidic channels with
PDA/PEI pattern to allow ZIF-8 growth. After 30 minutes, the patterns in the channels were
rinsed with Milli-Q® water.

ZIF-8/GOx&HRP in-situ thin film synthesis: Enzyme solution (0.4 mL, 5 mg mL-!
GOx, 7.5 mg mL-! HRP) was mixed with ZIF-8 precursor solution (5 mL, 0.0135 g
Zn(NO3),.6H,0, 0.2830 g HMIM). The solution turned cloudy with the presence of enzyme
solution which indicates that the nucleation of ZIF-8 was accelerated. The solution was then
immediately pipetted into the microchannel to be deposited on the PDA/PEI coating for 30
minutes; followed by Milli-Q® water rinse.

Detailed instrumentation and experimental methods are included in the Supporting
Information (SI) Document.

ASSOCIATED CONTENT
Supporting Information

Supporting Information is available free of charge via the Internet at http://pubs.acs.org.

1) Details of experimental sections including instrumentation, selectivity test, sensitivity test,
acid stability test, thermal stability test, inhibition stability test, enzyme labelling protocol for
fluorescence microscopy, activity comparison of different immobilization strategies of
enzyme-MOF onto the PDA/PEI patterning via ZIF-8/GOx&HRP in-situ thin film, SEM
images of ZIF-8 thin films on PDA/PEI coated PP membranes with ZIF-8 and ZIF-
8/GOx&HRP nucleation times of 5, 10, 15, 20, 25 and 30 minutes respectively, 2-D AFM
height sensor images with respective 3-D images inserts, detailed stacked FT-IR spectra,
detailed overlapped TGA results, detailed XRD patterns, substrate inhibition behavior of the
device and table of RGB values of droplet images. (Portable Document Format, PDF, .pdf)

2) Video of pumpless transportation demonstration by the hydrophilic PDA/PEI patterning on
the hydrophobic PP membrane. (QuickTime, .mov)
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