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Abstract

Diabetes is a dangerous disease caused by the inability of the body to produce and use insulin
properly, resulting in the increase in blood glucose level. The most advanced technology for
glucose detection is the surface plasmon resonance (SPR)-based sensor. However, this technology
has a slight drawback due to the small size of glucose. As a porous material, the Zr-based MOF,
UiO-66, has a good adsorption to glucose through hydrogen bonding, so it can be utilized as a
receptor and active layer for the SPR glucose sensor, without the need for other receptors, such as
glucose oxidase, concanavalin A, or boronic acid-based compounds. This study investigates the
morphology effect, immobilization techniques, and signal amplification strategies for optimizing
the utilization of UiO-66 in SPR glucose sensor. By optimizing these parameters, a high-
performance SPR glucose sensor with a detection limit of 0.0693 mM (S/N = 3) in the
concentration range of 0.01-10 mM is successfully developed. In addition, the selectivity test
reveals that the UiO-66/Au-based SPR sensor exhibits a high selectivity toward glucose.
Furthermore, the developed SPR sensor showed good ability for detecting glucose in human blood

serum, suggesting its promising potential for practical applications.

Keywords: SPR glucose sensor; Metal-organic frameworks; Au nanoparticles, Morphology effect,

Immobilization effect; Signal amplification.

1. Introduction
Surface plasmon resonance (SPR) technology is commonly used as a tool to observe the
molecular interactions between analytes in real-time, thus allowing it to be used as a sensor.!?

Although this technology promises rapid measurement, high sensitivity, high selectivity, and label-
2
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free detection, it struggles to detect molecules with molecular weights of less than 200 Da.3
Therefore, glucose with a molecular weight of 180 Da is quite difficult to detect by this technology,
even though blood glucose level is widely used to diagnose diabetes.*> Due to the deadly nature of
this disease, the performance of SPR sensor for glucose detection needs to be improved so that its
advantages can be utilized properly.

Several studies have attempted to solve the limitations of SPR technology for glucose
detection. The most widely used approach is to develop a glucose receptor. The most commonly
used receptor is glucose oxidase but it is strongly influenced by pH, and temperature, and its
activity decreases with increasing measurement time, thus affecting the signal readings.%” Other
receptors which have been used include boronic acid-based compounds, glucose/galactose binding
protein (GGBP), and concanavalin A (Con A). All three receptors can bind well to glucose to
increase the selectivity and sensitivity of the SPR sensor. However, boronic acid-based compounds
depend on pH, while GGBP needs genetic engineering and labeling for high concentrations, and
Con A is toxic.*%%2 The second most used approach is to use a host matrix as an anchoring site for
glucose receptors. In addition, the host matrix can also protect the receptors from harsh
environments, collect analyte targets, and promote electron transport. Singh et al. deposited ZnO
as an active layer on gold discs and immobilized it with GOy to detect glucose.!? They observed an
increase in sensitivity due to the availability of oxygen defects on the surface and good electron
transfer between Au and ZnO. Another study demonstrated that the GO, encapsulation by ZIF-8
could protect GO, and increase the glucose adsorption.!! Although the combination of the receptor
with the host matrix shows good performance, the immobilization process on the surface of the
SPR sensor chip is not easy to perform.

Metal-organic frameworks (MOFs) as porous crystalline materials have the potential to be
used as active layers on SPR chips for direct glucose detection without the use of additional
receptors. This is because MOFs have high surface areas, tunable pore structures, and easy
functionalization.!>!3 Because of this, MOFs have been extensively researched in various other
applications, such as separation technology,!’"!> gas storage,!® energy,'”-!® catalysis,'>?° and
antibacterial agents.?!->? For instance, Zeng et al. compared the performance of ZIF-8 (Zn), UiO-
66 (Zr), MIL-100 (Fe), MIL-96 (Al), MIL-101 (Cr), MIL-100 (Cr), and MIL-53 (Cr) to separate
fructose and glucose.??> They demonstrated the higher adsorption ability and selectivity of UiO-66
compared to these other MOFs to fructose and glucose due to the increased presence of active O-

H groups that could bind to the O-H group in glucose. UiO-66 is a metal-organic framework (MOF)
3
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which is composed of Zr as the metal center and 1,4-benzene dicarboxylate as the organic linker.
It possesses a number of attractive characteristics, including large specific surface area, high
thermal stability, and good chemical stability.!#?425 These advantages make it a good candidate as
areceptor and an active material in direct detection of glucose using SPR technology. Several other
MOFs have also been used in SPR sensors. Hang and co-workers employed Au@MIL-100(Fe)
core-shell to detect glucose with the SPR technique without using enzymes but using 3-
aminophenyl boronic acid hemisulfate (PBA).2° This core-shell MOF exhibited a significant
response in the 0-12 mM range, however the LOD is limited to 12 mM. Zhu ef al. used ZIF-8 to
encapsulate GO, and the resulting GO,@ZIF-8 sensor was capable of detecting low glucose
concentrations between 1 to 8 mM.!! However, both sensors still required glucose receptors, and
only effective for detecting high glucose concentrations. Therefore, it is important to develop
MOF-based SPR sensors which are sensitive, selective and have low LOD without the use of
enzymes and specific glucose receptors.

To address the above challenges, several strategies have been proposed. The first is to
optimize the adsorption capacity and therefore, the sensitivity of the SPR biosensor by optimizing
the surface area of the active material.?’ Generally, the larger the surface area, the greater the
adsorption capacity and sensitivity.?® This strategy was demonstrated by several researchers and
was successful in improving the performance of SPR biosensors. For example, Mudgal et al. used
graphene to enlarge the surface area of the SPR active layer composed of BaTiOs-graphene-top
affinity layer to detect Pseudomonas bacteria.?’ Samavati and co-workers hybridized Ag with large
surface area ZnO to enhance the saline detection.”

The second strategy is to optimize the method of immobilization. Huang et al. investigated
the effect of the MOFs thin film fabrication method on the optical properties, namely the refractive
index of the film.3! The refractive index is an important parameter in the SPR biosensor technique
because the surface polariton propagation is highly dependent on this parameter.3? Therefore, the
immobilization technique can influence the SPR sensor performance. In addition, the surface
roughness due to the immobilization technique also affects the homogeneity of the biomolecule
adsorption, and therefore, the number of active sites that can be accessed by biomolecules.3!-33-33
Agarwal et al. studied the effect of modified Ti/Ag deposition/immobilization techniques onto
indium tin oxide (ITO) substrate toward the surface roughness of the SPR sensor for sucrose
detection.?¢ They found that the rougher the surface, the lower the sensitivity of the sensor. This

study indicates the importance of paying attention to immobilization techniques.
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The next strategy is to amplify the SPR signal in the sensor system using the plasmonic
properties of localized surface plasmonic resonance (LSPR) of Au nanoparticles (AuNp).3’4 Wu
and co-workers demonstrated that the DNAzyme-AuNp conjugation immobilized on the SPR
sensor could reduce the LOD by two or three orders in the detection of Pb>" ions in water.3®
Kaczmarczyk et al. achieved signal amplification by conjugating antibodies with AuNp to detect
aflatoxin M1 in milk with a low LOD of 18 pg/mL.3” Further, Akgoniillii et al. reported that
polymer hybridization with AuNp immobilized on the Au surface for the aflatoxin B1 sensor had
a LOD of 1.04 pg/mL over a wide concentration range (0.0001 — 10 ng/mL).*® This strategy has
also been used by Hang and co-workers in detecting glucose by hybridizing AuNp with MIL-
100(Fe), however, the resulting LOD is still relatively high (<12 mM).?¢ Several studies have
shown that AuNp could produce electromagnetic waves because there is a coupling effect of LSPR
waves from AuNp with SPR propagation waves from the Au film.

In this report, the combination of these strategies has been employed to improve the
performance of the UiO-66 modified SPR sensor chip as a glucose sensor. Investigation of the
morphological effect was carried out using hierarchical plate-like (HPL) UiO-66 and UiO-66
synthesized by solvothermal method. The product was immobilized onto the Au layer of the
standard SPR sensor chip by spin coating (SC) technique. The SPR measurements show that UiO-
66 has higher performance with a LOD value of 0.784 mM (S/N = 3), which works in the
concentration range of 0-10 mM. However, when compared with the direct assembly (DA)
immobilization technique, the performance is lower. The LOD of UiO-66 with the DA technique
is 0.389 mM in the same concentration range. The signal amplification effect was investigated by
hybridizing UiO-66 and bipyramidal AuNp. The hybridization process is achieved by the
solvothermal reaction of UiO-66 with AuNp bipyramid colloid obtained by the hydrothermal
method. The synthesized products were immobilized onto a standard sensor chip by the DA
technique. SPR measurements were carried out at lower concentrations first to determine the effect
of signal amplification. The optimum glucose detection performance was obtained using the UiO-
66 sample with the addition of AuNp bipyramid colloid (UiO-66/Au, 5) which had a LOD value of
~3.4 times smaller than the pristine UiO-66 in the concentration range of 0.01-10 mM. In addition,
selectivity of the UiO-66/Au, s sample toward glucose was tested against related molecules, such
as sucrose, uric acid, ascorbic acid, urea, and maltose. The results showed the excellent selectivity

of UiO-66/Auyy s for glucose. Glucose detection tests were also carried out in human serum with
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good recovery results, so the developed SPR sensor based on UiO-66/Auy s has the potential to be

used in practical glucose sensing applications.

2. Experimental section
2.1. Materials

Zirconium (IV) chloride (ZrCly, 99.5%), benzene-1,4- dicarboxylic acid (H,BDC), gold (III)
chloride hydrate (HAuCly.xH,0, 99.995% trace metal basis), silver nitrate (AgNO;, >99.0%),
sodium borohydride (NaBHy4, 98%), cetyltrimethylammonium chloride solution (CTAC, 25%),
acetic acid (C,H;0,) solution, citric acid (C¢HgO-, 99%), hydrochloric acid (HCI, 1 M), sucrose
(>99.5% (GC)), uric acid (CsH4N,403, >99%), 3-mercaptopropionic acid (3-MPA, >99%) and urea
(CH4N,0) were purchased from Sigma-Aldrich (Japan and Singapore). N, N-dimethylformamide
(DMF), and acetonitrile (C,H3N, 99.8%) and D(+)-glucose (C¢H 204, 99.5%) were purchased from
Fujifilm Wako Pure Chemical Corporation, Japan. Polyvinylpyrrolidone K-30 (PVP) (M,, =
40,000), maltose (C1,H»,011, > 99%), and L-ascorbic acid (C¢HgOg, 99%) were purchased from

Nacalai Tesque, Japan. Phosphate buffer saline (PBS) were purchased from Biogear Scientific
(BioVentures, Inc., lowa, USA). Commercial human serum (from male AB clotted whole blood)

was purchased from Sigma-Aldrich, Singapore.

2.2. Synthesis of materials

Au seeds. The synthesis was carried out by the hydrothermal method with a water-based
solution using a 50 mL vial. In an agitated state, 4 mL of 0.5 M CTAC was placed into a vial
containing 32.1304 mL of distilled water, followed by the additions of 2 mL of 0.1 M citric acid
solution, 0.87 mL of 0.01 M HAuCl,;xH,O solution, and 1.25 mL of 0.06238 M NaBH, solution.
Afterward, the vial was closed and heated at 80 °C for 90 min in an oil bath under magnetic stirring.

Bipyramidal AuNp. In a typical process, 40 mL of 0.1 M CTAC was placed into a 50 mL
vial. Then, 2 mL of 0.01 M HAuCl,4xH,O solution, 0.4 mL of 0.01 M AgNOj; solution, 0.8 mL of
1 M HCI solution, 0.32 mL of 0.1 M ascorbic acid solution, and 2 mL of Au seed, respectively
were added into this solution. Then, the vial was closed and heated at 30 °C for 2 h. Next, the
mixture solution was centrifuged at 10,000 rpm for 20 min. Then, the water at the top was removed
so that only the AuNp colloid remained in the centrifuge tubes. Finally, water was added again,

and the centrifugation process was repeated until ~2 mL of colloidal AuNp was obtained.
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Following this, AuNp colloid was prepared for the synthesis of UiO-66/AuNp. Typically, 12.8 mg
of PVP was dissolved in 3 mL of DMF, then the AuNp colloid was added, and the solution was
shaken for 24 h. Next, the resulting solution was washed with DMF and centrifuged for 10 minat
10,000 rpm. Then, the DMF in the AuNp colloid was discarded until ~2 mL of colloid was
obtained. Then, DMF was added again until the colloid has a total volume of 5 mL.

UiO-66. The synthesis of Ui0-66 and UiO-66/AuNp followed the procedures reported by Na
et al. with some modifications.® In a typical procedure, 33.4 mg of ZrCl, was dissolved in 10 mL
of DMF in a 20 mL vial and stirred until fully dissolved. After that, 25 mg of H,BDC and 0.7 mL
of acetic acid (36%) were added into this solution. Following this, the mixture solution was placed
into the oven for 24 h at a temperature of 120 °C. The resulting product was washed using DMF
and methanol three times each and centrifuged at 14,000 rpm for 10 minutes. Finally, the product
was dried in an oven at 60 °C and then, in vacuum at 140 °C overnight.

UiO-66/AuNp. The synthesis process for UiO-66/AuNp is almost similar as that for UiO-66,
however, after the acetic acid addition, 0.0759 g of PVP was added and sonicated for 5 min. After
that, 0.5 mL, 1 mL, and 2 mL of the above prepared AuNp colloid were added and the
corresponding samples were labeled as UiO-66/Auy 5, UiO-66/Au,, and UiO-66/Au,, respectively.

UiO-66 HPL. The UiO-66 HPL sample was synthesized according to our previous report.**
Two different solutions were initially prepared, namely the metal precursor and the organic linker
solutions. The metal precursor solution was prepared by dissolving 0.3 g of ZrCl in 10 mL of
DMF and 30 mL of acetonitrile, while the organic linker solution was made by dissolving 0.3 g of
H,BDC and 1.5 g of PVP in 30 mL of DMF and 10 mL of ACN. After that, 4 mL of each solution
was taken and mixed in a 50 mL vial, then sonicated for 2 min. The vial was then heated in oil bath
at 135 °C for 24 h. The resulting product was washed by centrifugation at 14000 rpm for 8 min and
dispersed in DMF, ethanol, and methanol three times in succession. After that, it was dried
overnight in an oven at 60 °C. Then, the dried UiO-66 powder was dispersed in chloroform and
shaken for 24 h. Finally, the product was centrifuged and dried at 120 °C overnight in a vacuum
oven.

2.3. Materials characterization

The morphological characterization was performed using a scanning electron microscope
(SEM, Hitachi SU-8000) operated at 10 kV and a transmission electron microscope (TEM, JEOL
JEM2100F) operated at 200 kV. The ultraviolet-visible (UV-vis) spectra of the Au colloid (seed)
and AuNp were collected using M-200 Pro Tecan, while the UV-vis spectra of UiO-66 and UiO-

7
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66/AuNp were collected using JASCO V-570 UV-vis-NIR (NIR = near-infrared)
spectrophotometer. The composition and crystal structure of the as-prepared samples were checked
by X-ray diffraction (XRD, Rigaku RINT 2500X) with Cu-K aradiation (A= 0.15406 nm). Nitrogen
(N,) adsorption-desorption measurements were conducted using BELSOPR-max (BEL, Japan) at
77 K. The specific surface area and pore size distribution of each sample were calculated using the
Brunauer-Emmett-Teller (BET) and nonlocal density functional theory (NLDFT) methods. Before

the N, adsorption-desorption measurement, each sample was degassed at 175 °C for 20 h. Raman

spectra was collected with a 514.5 nm laser excitation on a HORIBA-JOBIN-YVON T64000

model. [COD 4512074, COD 1100138, and CCDC 733458 contains the supplementary
crystallographic data used in this paper. These data can be obtained free of charge from the

Crystallography Open Database (COD) via www.crystallography.net/cod and the Cambridge

Crystallographic Data Center (CCDC) via www.ccdc.cam.ac.uk/data_request/cif. ]

2.4. Sample immobilization onto standard SPR chip sensor

The sample suspension was made by dispersing 5 mg of each sample in 5 mL of methanol,
followed by sonication in an ultrasonic bath for 30 min. Before immobilization by spin coating and
direct assembly techniques, the 2 cm x 2 cm standard SPR sensor chip with a refractive index of
1.61 (composed of a glass substrate, 5 nm Cr layer, and 45 nm Au layer) (NanoSPR LLC, US) was
cleaned by immersing it in piranha solution for 30 s followed by consecutive rinsing with tap water,
soapy water, ethanol, and distilled water. After that, the SPR sensor chip was dried with an air
blower. Next, 75 pL of 0.01 mM methanolic solution of MPA was dropped onto the surface of the
sensor chip and left for 2 h. After that, the surface of the sensor chip was washed with methanol
dried with an air blower.

The spin coating technique was carried out by dropping 200 pL of the prepared sample
suspension onto the surface of the SPR sensor chip and then rotating it at 3000 rpm for 60 s and
then drying at 100 °C. The spin coating process was carried out three times. After that, the sensor
chip was washed with PBS gently and dry using an air blower. The direct assembly technique was
performed by dropping 100 pL of the sample suspension onto the surface of the SPR sensor chip
followed by drying at room temperature for 12 h. Finally, the sensor chip was rinsed with PBS to
remove the UiO-66 sample which is not tightly bound to the Au surface and dried using an air

blower.
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2.5. SPR measurements

SPR measurements were carried out using a NanoSPR 6 (NanoSPR LLC, US) device with a
two-channel system. The dynamic response was measured in terms of the SPR intensity (RU) to
time. Glucose solutions with wide concentration range from 0.1 to 10 mM were used to investigate
the influence of morphology and immobilization techniques on the glucose sensing performance.
The effect of signal amplification was studied using glucose concentration range of 0.01-10 mM.
These glucose solutions were prepared by dissolving different amounts of D-glucose powder in
PBS. The measurement process consisted of a baseline measurement using PBS for 15 minutes, a
glucose association process for 20 minutes, and a dissociation process using PBS solution for 15
minutes. The flow rate used was 20 pL min! using a syringe pump.
2.6. Selectivity and reusability tests

The selectivity test was carried out by evaluating the response to glucose (0.1mM) against
other compounds found in human blood. The competing biomolecules used were uric acid (UA),
ascorbic acid (AA), urea (U), and maltose (M) with concentrations of 2.5 mM, 0.45 mM, 0.11 mM,
5 mM, and 0.1 mM, respectively. The concentration of these disruptive biomolecules was adjusted
to the highest concentration limit in healthy human blood. Besides that, it was also tested on
biomolecule with a similar structure to glucose, namely sucrose with a concentration of 2.5 mM.
The reusability test was carried out on 2.5 mM glucose for five repetitions, sequentially without
any other treatment, using a functionalized sample SPR chip with the best performance.
2.7. Glucose detection in human serum

The glucose solution in human serum was first prepared by dissolving the human serum in
PBS with a volume ratio of 1:100 (#juman serum: ¥pBs). This human serum solution was then used as
solvent to prepare glucose solutions with concentrations of 0.01, 0.05, 0.1, 0.5, 1, 2.5, 5, and 10
mM. The measurement parameters for glucose SPR in blood serum were the same as those used in
Section 2.5, except that the medium used for baseline measurement and the dissociation process is

human serum solution.

3. Results and discussion

3.1. Synthesis and characterization

The morphology of the AuNp, UiO-66 and UiO-66/Au samples were characterized using

both SEM and TEM, as shown in Fig. 1. The prepared AuNp have diverse morphologies including
9
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bipyramidal, rod, and dumbbell-like morphology (Fig. 1a). In addition, there are also Au seeds that
do not experience crystal growth. However, the majority of the AuNp exhibits bipyramid shape.
This non-uniformity is caused by the low affinity of CI~ from CTAC on Au in a solution containing
Ag* so that the growth of the AuNp becomes more disordered.*>#¢ In addition, the length of the

heat-treatment time for seed formation greatly affects the formation of uniform AuNp. Specifically,

the longer the heating time for Au seeds, the more uniform the shape of the resulting AuNp.46

Fig. 1. TEM images of (a) AuNp, (b) UiO-66, (d)UiO-66/Au s, (f)UiO-66/Au;, and (h) UiO-
66/Au,, and SEM images of (¢) UiO-66, (e)Ui0-66/Au s, (g)Ui0-66/Au;, and (i) UiO-66/Au,.

The variation in the morphology of the synthesized AuNp can also be identified from the
UV-vis spectra. In Fig. S1a (ESI), the UV-vis spectrum of AuNp shows two absorbance peaks at
wavelengths (1) of ~747 nm and ~529 nm. The appearance of these two peaks indicates that the
morphology is not uniform. The peak at 4 = ~529 nm is the Au seed spectrum, as shown in Fig.

Sla, while the peak at A =~747 nm corresponds to bipyramidal AuNp. This is in agreement with

10
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a previous report by Sanchez-Iglesias et al., in which bipyramidal and rod AuNp exhibited peaks
in the range of 730-1280 nm and these AuNp were synthesized using Au pentatwinned
nanoparticles as seeds which showed a peak at 529 nm.% Therefore, the shape of the Au seed
obtained from this study is similar to this work, namely pentatwinned nanoparticles. Furthermore,
the absorbance peak at ~747 nm is higher than at ~520 nm, indicating that the amount of AuNp
with bipyramidal shape is greater than the amount of AuNp with other shapes. The synthesized
AuNp have peaks at ~38.08°, ~44.41°, and ~64.62°, which correspond to (110), (200), and (220)
crystal planes of Au (Crystallography Open Database (COD) No. 1100138), respectively (Fig.
S1b).¥

The UiO-66 product synthesized using solvothermal method exhibit highly uniform
octahedral morphology with an average size of ~250 nm (Fig. 1¢). After adding colloidal AuNp to
the UiO-66 precursor solution, the resulting UiO-66 particles become smaller in size and slightly
less uniform. As depicted in Fig. 1¢, e, g, and i, AuNp are attached to the surface of UiO-55/Au,
and UiO-55/Au, but in the UiO-55/Au, 5 sample, they are not visible. The TEM images in Fig. 1b,
d, f, and h show the presence of AuNp in UiO-66. With increasing AuNp addition, more AuNp
are deposited on the surface of UiO-66 particles. Additionally, the morphology of the AuNp also
changes from bipyramid to spherical shape following the hybridization with UiO-66. This is
because when the synthesis temperature starts to increase to 120 °C, AuNp (Au) oxidation occurs
with the help of Cl™ ions from ZrCl4.4° As a result, the AuNp become aggregated to reduce their
surface energy and form larger spherical particles.**4° The agglomeration process may occur in the
early stages of the hybridization process, and the possible growth mechanism is shown in Fig. S2.
The SEM image of the HPL UiO-66 product reveals its hierarchical plate-like morphology (Fig.
S3a) and the XRD pattern of HPL UiO-66 matches well with the simulated pattern of UiO-66, as
seen in Fig. S3b.

The increase in LSPR activity due to the hybridization of UiO-66 with AuNp can be observed
from the UV-vis spectra.*! In Fig. 2a, increases in the absorbance of UiO-66 at certain wavelengths
are observed. This increase varies depending on the volume of AuNp added, as seen in Fig. 2b.
These peaks indicate the increased LSPR activity of UiO-66 after the hybridization with AuNp.4!-0

After AuNp are added to UiO-66, the LSPR peak is generally redshifted (Fig. 2c). UiO-66/Au s,

11
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UiO-66/Au;, and UiO-66/Au, show LSPR activity at wavelengths of 538 nm, 536 nm, and 529 nm,
respectively. However, after the addition of more than 0.5 mL of colloidal AuNp (UiO-66/Au s as
the reference point), the wavelength experiences a blue shift. The redshift indicates an increase in
the effective permittivity, while the blue shift indicates the opposite.’! UiO-66/Au has an effective
permittivity greater than UiO-66, then the effective permittivity of the hybrids follows the order of
UiO-66/Auy s > UiO-66/Au; > UiO-66/Au,. Prior to hybridization, AuNp has a wavelength of 520
nm, and after hybridization with UiO-66, the AuNp LSPR peak in the UiO-66/Au sample changes
to the values mentioned above (Fig. S4a). This shift occurs due to the changes in the morphology

of AuNp during the synthesis of UiO-66/Au. The hybridization process with UiO-66 seems to

affect the shape of the AuNp. The LSPR peaks of all UiO-66/Au samples experience both
broadening and red-shift, AuNp LSPR peak as a reference, Fig. S4b. These two phenomena

indicate AuNp aggregation and an increase in the aspect ratio of AuNp.>>* The observed LSPR
peak change in the UV-vis extinction spectra is due to shape change and agglomeration, thus
changing characteristics of the free electron collective oscillation on the AuNp surface. 036
Therefore, the shape changes and agglomeration of AuNp observed in the TEM image are

confirmed by the shift of the LSPR wavelength peak in the UV-vis spectra.

12
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Fig. 2. (a) UV-vis spectra of AuNp, UiO-66, and UiO-66/Au. (b) Enlarged UV-vis spectra of UiO-
66 and UiO-66/Au samples. (c) LSPR peak position as a function of the AuNp colloid volume
addition to the UiO-66 precursor solution. (d) XRD patterns of UiO-66, UiO-66/Auyy s, UiO-66/Au,,
and UiO-66/Au, and Ui0O-66 reference (COD. 4512074) and Au reference (COD. 1100138). (e)
N, sorption isotherms and (f) NLDFT pore distribution plots of UiO-66 and UiO-66/Au samples.
For UiO-66/Auys and UiO-66/Au; samples, the LSPR wavelength peaks are not much
different, but the LSPR intensity of the UiO-66/Auy s sample is higher than that of UiO-66/Au,. In
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general, the greater the addition of AuNp colloid, the plasmonic properties of UiO-66 are improved.
However, the larger the amount AuNp colloid added to the UiO-66 precursor solution, the greater
the agglomeration possibility, as seen in UiO-66/Au,, where bipyramidal Au aggregation occurs
to form a new Au cluster, and its plasmonic activity and effective permittivity are lower than those
of Ui0-66/Au, 5 and UiO-66/Au;. The Au cluster in UiO-66/Au, exhibits a LSPR peak at ~855 nm,
while the peaks in UiO-66/Auy s and UiO-66/Au, are broad, so that they cannot be observed (Fig.
SS).

The XRD patterns of the synthesized products are shown in Fig. 2d. The pristine UiO-66
sample has strong peaks at around 7.28°, 8.57°, and 25.74°, which correspond to (111), (200), and
(442) planes of UiO-66 (COD No. 4512074), respectively, with Fm-3m space group and cubic
crystal structure.’’ UiO-66/Auy 5, UiO-66/Au;, and UiO-66/Au, exhibit the same peaks as UiO-66,
but some peaks are either increasing or decreasing in intensity. Specifically, the intensity of the
(220) peak of UiO-66 at 12.01° increases, while the intensity of (222) peak of UiO-66 at 14.82°
decreases. These changes may occur because of the use of PVP as a structure-directing agent in
nanoparticle synthesis.**>® In comparison, HPL UiO-66 displays peaks at around 7.5°, 8.8°, and
17.5°, which correspond to (111), (200), and (400) planes of UiO-66 (Cambridge Crystallographic
Data Center (CCDC) No. 733458), respectively, as reported by Cavka et al.>®

The presence of AuNp in UiO-66/Auy s, UiO-66/Au;, and UiO-66/Au, is indicated by the
XRD peaks at ~38.24°, ~44.49°, and ~64.74°, which are indexed to the (111), (222), and (220)
planes of Au. The changes in UiO-66 lattice parameters due to the addition of AuNp were obtained
using the Rietveld refinement method in Profex 4.3.2a software. The strain (€) on UiO-66 crystals
as a result of the hybridization with AuNp is calculated using the Williamson-Hall equation as
shown below:6°

Bcos 6 = %/1 +e4sinfd (1)
where D is the average crystallite size of UiO-66, K is the Scherrer constant, A is the wavelength
of XRD radiation (Cu-Ka = 0.15406 nm), £ is the full width half maximum (FWHM) peak and
intensity, and @ is the Bragg diffraction angle. The K value for cubic crystal structure of UiO-66
with (111) plane is 1.1547.%! The € value is obtained by plotting the graph with 4 sin 6 as the x-
axis and S cos @ as the y-axis. Then, by using linear regression, the slope value of the graph is the
€ value. The obtained results from Rietveld refinement and calculation of the strain values are

summarized in Table S1. From the table, the greater the amount of AuNp added, the greater the
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lattice distance and the greater the strain on UiO-66 crystal, as shown in Fig. 1h. This is due to the
increased decoration of AuNp on its surface.

The N, sorption measurements were carried out to determine the specific surface area (SSA)
and pore distribution of the samples. The N, adsorption-desorption and the pore distribution plots
of Au/UiO-66 and HPL UiO-66 samples are shown in Fig. 2e-f and S3c¢-d, respectively and the
results are also summarized in Table 1. The pristine UiO-66 has the highest SSA among all the
samples (1,784.0 m? g'!) and this value is higher than the SSAs of other reported UiO-66 which
varied in the range of 826.05-1,710 m? g"'.62-%8 For UiO-66/Au samples, the hybridization with
AuNp changes the SSA of UiO-66. The larger the AuNp colloid added, the smaller the SSA value.
In addition, the total pore volume also decreases due to the partial pore blockage of UiO-66 by
AuNp. The order of SSA from largest to smallest is UiO-66 > Ui0-66/Au, s > HPL UiO-66 > UiO-
66/Au; > UiO-66/Au,. The total pore volume of the samples follows the same trend as the SSA.
The pore diameter calculated by the NLDFT method is not much different, which is in the range
of 6-7 A. The lack of significant change in the pore diameter of UiO-66 with increasing AuNp
addition is likely because of these AuNp are only decorated on the surface of the UiO-66 particles
and not inside them, thus pore blockage was not observed. A similar phenomenon is observed by
Wang et al. where the average pore diameter of MOFs was only slightly changed from 0.6-0.7 nm
to 0.64 nm after the addition of CuO nanoparticles.®

The pore diameter and total pore volume of HPL UiO-66 are much higher than other samples.
The much larger pore diameter of UiO-66 HPL compared to UiO-66 is caused by the use of PVP
as a structure modifier. In the crystal growth of HPL UiO-66, PVP coordinated with metal ions and
occupied several sites in the organic linker around the Zr metal center through weak hydrogen
bonds.*+7%71 Then, the complex coordination process between PVP, organic linker, and the Zr
metal center promotes hierarchical pores with larger pore diameters than pristine MOFs.”? Further,
Li et al. showed that the addition of PVP could enlarge the pore diameter by ~6.4 times larger
compared to the pristine MOFs synthesized without PVP.7?
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Table 1. The BET specific surface area and pore size distribution of UiO-66, HPL UiO-66, UiO-
66/Aug 5, UiO-66/Au;, and UiO-66/Au,.

Pore diameter Total pore
Sample SSA (m?g™)
A) volume (cm?g™)

Ui0-66 1,784.0 6 0.7494
HPL UiO-66 1,248.4 26.6 1.9140
Ui0-66/Auy 5 1,597.8 7 0.6930
UiO-66/Au, 1,177.3 7 0.5053
UiO-66/Au, 668.13 6 0.2750

3.2. Detection of glucose
3.2.1. Effects of morphology and immobilization techniques

The morphological effects of UiO-66 were investigated using the octahedral and HPL form,
named as UiO-66/SC and HPL UiO-66/SC, respectively, and each sample is immobilized onto the
Au chip SPR sensor by the SC technique. The dynamic response of HPL UiO-66/SC and UiO-
66/SC are shown in Fig. 3. Meanwhile, the change of intensity (ARU) values for each glucose
concentration are shown in Table S2. At a concentration of 0.1 mM, the RU values of UiO-66/SC
and HPL UiO-66/SC are not much different, but at concentrations between 0.5 and 10 mM, UiO-
66/SC has higher RU values (Fig. 3a and 3c¢). In addition, the signal characteristics of the two

samples are also different which can be contributed by the different morphology.
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Fig. 3. The SPR sensor dynamic responses of (a) HPL UiO-66/SC, (c) UiO-66/SC, and (e) UiO-
66/DA to glucose in the concentration range of 0.1-10 mM. Plots showing the changes in the
dynamic response of the SPR sensor with increasing glucose concentration for (b) HPL UiO-66/SC,
(d) Ui0-66/SC, and (f) UiO-66/DA (the inset images show the corresponding calibration curves).

17



Journal of Materials Chemistry A

As shown in Fig. 3b, there is a linear correlation between the glucose concentration and the
RU value for HPL UiO-66/SC in the concentration range of 0.1-10 mM with a correlation
coefficient (R?) of 0.9973 and a linear regression equation ARU = 1.9029X + 2.47464, so that the
LOD is 1.077 mM (S/N = 3), and the sensitivity value is 1.9029. For UiO-66/SC (Fig. 3d), the
obtained experimental data corresponds to the Brouers-Sotolongo (BS) isotherm adsorption, which
has the following equation (with slight modifications):”3

ARU = ARU,[1 — exp(— Kps€%)] (2)

where ARU is the unit change in reflectivity, ARU,, is the maximum adsorption capacity, Kzs is the
BS constant, and a is the surface heterogeneity constant.3>73 From the non-linear regression, the
obtained R? value for UiO-66/SC is 0.9874 with the adsorption parameters ARU,, = 38.3109, Kps
=0.2340, and a = 0.7386. To obtain the LOD and sensitivity, a linear form of Eq. (2) is used by
plotting ARU versus X = ARU,, [1 — exp(—Kps C*)].”* The linear equation obtained for UiO-66/SC
is ARU = 0.9759X + 0.5259 with R’ = 0.9884. From this linear equation, the obtained LOD value
1s 0.784 mM (S/N = 3) with a sensitivity value of 0.9759.

Although the sensitivity of HPL UiO-66/SC is higher, UiO-66/SC shows better performance
because it has a smaller LOD. The lower LOD of UiO-66/SC implies that this sensor has a better
signal to noise ratio. The sensing performance is affected by both morphology and SSA. The SSA
of Ui0-66 is 1,748.0 m? g”!, while the SSA of HPL UiO-66 is 1,248.4 m? g~!. The higher SSA of
Ui0-66 relative to HPL UiO-66 allows for increased glucose adsorption. Moreover, the higher the
glucose concentration, the greater the increase in the ARU value of UiO-66. Therefore, the
hypothesis regarding the relationship between surface area, adsorption capacity and RU is well
confirmed.

The sensing performance of Ui0-66/SC was then compared with UiO-66 immobilized by the
DA technique (UiO-66/DA). The dynamic response of UiO-66/DA is shown in Fig. 3e, and the
calculation results are summarized in Table S2. The changes in ARU with glucose concentration
for this sample also follows the BS isotherm model with R? value of 0.9739 (Fig. 3f). The ARU,,,
K3s, and a values of UiO-66/DA are 26.6981, 0.8629, and 0.5296, respectively. The calibration
curve on the inset of Fig. 3e shows the linearity between ARU and X = ARU,, [1 — exp(—Kps C%)]
with the linear equation ARU = 0.9804.X + 0.3962 with R’= 0.9744. From the linear regression, the
LOD of UiO-66/DA is found to be 0.389 mM (S/N = 3) with a sensitivity value of 0.9804.
Compared with UiO-66/SC, UiO-66/DA shows a lower LOD but higher sensitivity, so it can be
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deduced that the use of DA technique can improve the glucose sensing performance of the SPR
Sensor.

This performance improvement can be analyzed using the obtained BS adsorption
parameters. The o value of UiO-66/DA < UiO-66/SC < 1, suggesting that the glucose adsorption
in UiO-66 follows the initial rapid biosorption kinetics. This is caused by the many active sites
available on the surface that can absorb glucose molecules.? In other words, the smaller the a
value, the more active sites available to absorb molecules. In addition, the smaller a value, the
more homogeneous the surface characteristics are.? This factor plays a role in improving sensor
performance. As the a value of UiO-66/DA is lower than that of UiO-66/SC, the active sites on the
UiO-66 immobilized sensor with the DA technique are more numerous and homogeneous than the
SC technique. Therefore, the immobilization technique used for the subsequent investigation will

use the DA technique.

3.2.2. Signal amplification

To investigate the effect of signal amplification, all samples were immobilized by the DA
technique. Hypothetically, the addition of AuNp to UiO-66 can increase the signal measurement
by the SPR system. Therefore, the measurements were made using lower glucose concentrations
than those used in Section 3.2.1. Specifically, the glucose concentrations used were 0.01, 0.05, 0.1,
0.5, 1, 2.5, 5, and 10 mM. The dynamic responses of the prepared SPR sensors with increasing
glucose concentration are shown in Fig. 4a-d, with the RU values summarized in Table S3.
Evidently, the changes in the RU value with increasing glucose concentration for UiO-66/Auy s,
UiO-66/Au;, and UiO-66/Au, are significantly different that those observed in UiO-66. The
addition of AuNp to UiO-66 leads to significant changes especially at low glucose concentrations.
In addition, upon exposure to 0.01 mM glucose, the signal generated by the pristine UiO-66 sample
is difficult to be distinguished from the noise. However, this is not the case for the UiO-66/Au
samples. Although the UiO-66/Au; sample exhibits a rather low RU value of 0.609 at a glucose
concentration of 0.01 mM, the produced signal can still be distinguished from the noise.

The experimental data plots for all samples in Fig. 4e show that all curves follow the BS
isotherm adsorption model with the R? values for UiO-66, UiO-66/Auy s, UiO-66/Au,, and UiO-
66/Au; being 0.9838, 0.9769, 0.9791, and 0.9769, respectively. The isotherm parameters from the
non-linear regression analysis of the BS isotherm adsorption model on the experimental data are

given in Table 2. Based on the a value, the characteristics of heterogeneity and the number of
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active sites that interact with glucose on the sample surface are different. The o value follows the
order of UiO-66 > Ui0O-66/Au, > UiO-66/Au; > UiO-66/Au, s, implying that the active sites in
UiO-66/Aug s are more numerous and homogeneous than those in the other samples. These
parameters can affect the performance of the developed SPR sensor chip. For further investigations,
the experimental data were calibrated using linear regression.

The linear regression curves for the BS isotherm adsorption model uses the linear form of
Eq. (2) and they are shown in Fig. 4f. The linear regression analyses on the ARU vs. X = ARU,, [1
— exp(—Kps C*)] curves indicate the high R? values 0f 0.9822, 0.9781, 0.9771, and 0.9841 for UiO-
66, Ui0-66/Ayy s, UiO-66/Au,;, and UiO-66/Au,, respectively, with the linear equation and LOD
calculation results (S/N = 3) shown in Table 3. The glucose sensing performance of the UiO-66
sensor chip, especially at low glucose concentrations, is increased due the signal enhancement
effect by AuNp. The LOD values follow the order of UiO-66/Au s < UiO-66/Au; < UiO-66 < UiO-
66/Au,, indicating that the UiO-66/Au, s immobilized sensor shows the highest performance. In
addition, UiO-66/Auys also has a higher sensitivity than the other samples with the order of
sensitivity being UiO-66/Auy s > UiO-66/Au; > Ui0O-66/Au, > Ui0-66. The above results indicate
that the combined effect of the AuNp addition with SAA can improve the performance of non-
enzymatic glucose sensors. The effect of AuNp on performance improvement will be studied more

deeply in the adsorption and detection mechanisms section below.

Table 2. The obtained parameters from the non-linear regression of the BS adsorption model on

the experimental data of UiO-66, UiO-66/Auy s, UiO-66/Au,, and UiO-66/Au,.

Parameters
Sample
R? a Kps ARU,,
Ui0-66 0.9838 0.6539 0.9305 25.7903
Ui0-66/Aug 5 0.9769 0.3397 0.9159 27.4923
UiO-66/Au, 0.9791 0.5262 1.1061 15.7492
UiO0-66/Au, 0.9769 0.5670 0.5525 13.8546
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Fig. 4. The dynamic responses with increasing glucose concentration from 0.01 to 10 mM for (a)
Ui0-66, (b) Ui0-66/Auy s, (¢) UiO-66/Au,, and (d) UiO-66/Au,. (¢) The concentration versus ARU
curves and the non-linear regression analyses of the BS isotherm adsorption model and (f) the

corresponding glucose detection calibration curves.
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Table 3. The parameters obtained from calibration curves for UiO-66, UiO-66/Auy 5, UiO-66/Au;,

and Ui10-66/Au, for glucose detection in the concentration range of 0.01-10 mM.

Parameters
Sample LOD (mM)
Linear equation R? Sensitivity
(S/N=3)

Ui0-66 ARU=0.9871X—-0.0248  0.9822 0.2318 0.9871
UiO-66/Auy 5 ARU=1.0390X—-0.4922  0.9781 0.0693 1.0390
UiO-66/Auy ARU=1.0306X—-0.3529  0.9771 0.1676 1.0306
Ui0-66/Au, ARU=0.9919X+0.4176  0.9841 0.2787 0.9919

A comparison of the glucose sensing performance of our MOF-based SPR sensors with
previously developed SPR sensors is provided in Table 4. 4711267579 Compared to other SPR
sensors, the LOD value in this study is among the lowest, with a fairly wide concentration range,
especially for the UiO-66/Au, s sample. Almost all the obtained LODs in other studies are higher
than 0.1 mM. Some fiber-based SPR sensors showed lower LOD values than UiO-66/Aug 5 (0.055
mM and 0.01 mM).”-”> However, in the study of Li et al., the working range of the SPR sensor was
too wide, and the process of mobilizing borate polymer onto the fiber/Au surface was quite
complex. Further, Lobry et al. used Con A, which required potent adhesive compounds for the
immobilization process onto the gold surface, thus complicating the fabrication process.

The use of MOFs as surface recognition has also been introduced in several reports.!!2° In
the report by Hang et al., despite the use of AuNp to amplify the SPR signal, the LOD of this sensor
is still lower than the LOD values of all samples in our study (Table 4). Furthermore, the working
concentration range of a ZIF-8-based sensor with GOy receptor was narrower (1-8 mM) than the
optimum UiO-66/Au sensor. In our study, even without the use of bioreceptors, the UiO-66/Auy 5
functionalized SPR sensor can operate in a wide concentration range of 0.01-10 mM with low LOD
0t 0.0693 mM (S/N = 3). As this sample can work in a relatively wide concentration range and has
the lowest LOD among all the fabricated samples, it will be analyzed further in terms of its

selectivity and reusability.
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Table 4. The performance comparison of SPR-based glucose sensors with previous reports.

Concentration
SPR type Recognition surface LOD Ref.
range
6.23 mg/dL
0-140 mg/dl (0-
Prism coupling (0.3458 76
7.77 mM)
mM)
CMS5 chip with
Prism coupling glucose/galactose-binding 1-30 mM 0.5 mM 4
Au layer with
Prism coupling ' 0.075-0.5 uM - m
polyindole/GOy
‘ 1-10 mg/dl (0.055- 0.01 mg/mL
Optical fiber  Au layer with borate polymer 73
0.55 mM) (0.055 mM)
Au layer with Si0,/GOy 0-80 mg/dl (0-4.44 4 mg/dL
Prism coupling 8
(glucose sensitive membrane) mM) (0.22 mM)
LSPR Au@MIL-100(Fe) 0-12 mM <12 mM 26
Tilt fiber bragg
Au layer with
gratings . 1-100 uM 0.01 uM 7
polydopamine/Con A
(TFBGs)
Long period
ZIF-8/GOy 1-8§ mM - 1
grating (LPG)
Au layer with MoS;-
D-shaped _ 0-300 mg/dl (0-
graphene/pyrene-1-boronic - ”
optical fiber 16.65 mM)
This
Prism coupling  Au layer with HPL UiO-66 0.1-10 mM 1.077 mM
work
This
Prism coupling Au layer UiO-66 layer 0.01-10 mM 0.2318 mM .
wor
This
Prism coupling  Au layer UiO-66/Auy s layer 0.01-10 mM 0.0693 mM .
wor
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Concentration
SPR type Recognition surface LOD Ref.
range

‘ This

Prism coupling  Au layer UiO-66/Au, layer 0.01-10 mM 0.1676 mM .
wor

This

Prism coupling  Au layer UiO-66/Au, layer 0.01-10 mM 0.2787 mM .
wor

3.2.3. Raman spectroscopy and possible sensing mechanism

The Raman spectra taken from 200 to 1800 cm™! show increases in the peak intensity of the
samples before and after glucose exposure (Fig. Sa, b). Both UiO-66 and UiO-66/Au, 5 experience
several increases in peak intensity after exposure to glucose. The peak strengthening at 630 and
860 cm™! are attributed to the v(C—C) aliphatic chain vibration and the linker C—H in-plane bending
mode. The peak at 1140 cm ™ indicates a breathing mode in the terephthalate ring. The strengthened
peaks at 1428 and 1450 cm™! correspond to the in-phase carboxylate stretching normal mode.
Furthermore, the peak increase at 1613 cm™! can be indexed to the C—C bond stretching mode of
the linker aromatic ring.®° Several other peaks also experience slight enhancements, indicating the
appearance of functional groups belonging to glucose. The peaks at 200-500 cm™! represent the
main skeletal vibrational motions of glucose which correspond to 6 (C—C—C), § (C—C-0), and t
(C—C). In addition, the peak strengthening between 820-950 cm™! can be assigned to the vibrational
v(C-0), 6(C—C-H), v (C—C), and 8§ (C—C—O0) specifically induced by glucose.?! In line with Bock
et al. work, the presence of glucose is indicated by the Raman peaks at 542, 843, 916, and 1272
cm .32 The intensity peak at 1125 cm™! is also a glucose-specific peak corresponding to the
asymmetric v (C—0—C).83 Therefore, it is clear that UiO-66 and UiO-66/Au0.5 can bind glucose
well.

Zeng et al. showed that the glucose adsorption process by UiO-66 involves the interaction of

the hydroxyl functional group (O—H) in UiO-66 with that in glucose through hydrogen bonding.??

The hydrogen bonding involves van der Waals forces and is influenced by the attractive dipole-

dipole interactions.?* In this work, the dipoles are the O—H groups of glucose and UiO-66.

Therefore, when glucose meets the surface of UiO-66 and UiO-66/Au, the O—H group of glucose
was bound to the hydroxyl terminal and bridge of UiO-66 with an initial rapid kinetic biosorption
mechanism. If viewed from the dynamic responses of UiO-66 and UiO-66/Au (Fig. 4), the response
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curves during the dissociation process are observed to either return to the initial baseline or above
the baseline. This phenomenon indicates that the O—H groups on UiO-66 and UiO-66/Au are bound
strongly to the O—H group of glucose. However, no dissociation curve is observed with a lower
response value than the baseline value. Therefore, during the association and dissociation
processes, there is no release of UiO-66 or UiO-66/Au from the surface of the SPR sensor chip,

and the shedding phenomenon does not occur.
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Fig. 5. Raman spectra of UiO-66 [before (black line) and after (red line) glucose exposure] and
UiO-66/Auy s [before (blue line) and after (magenta line) glucose exposure] in the range of (a) 200-
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900 cm™! and (b) 900-1800 cm™!. (¢) The possible mechanism of glucose sensing by UiO-66/Au.

The detection mechanism of the SPR is strongly influenced by the refractive index and the
medium dielectric constant above the Au layer surface of the SPR chip. When the laser strikes the
Au layer, the free electrons interact with the photon energy to experience brief exponential
oscillations and propagate (electromagnetic evanescence wave) at the Au-dielectric interface.
AuNp in UiO-66 exerts an amplification effect on the signal through the coupling mechanism of
the AuNp LSPR wave with electromagnetic waves generated by the Au surface on the SPR sensor
chip.’” The proposed glucose detection mechanism is shown in Fig. 5¢. The coupling between
SPR and LSPR waves can be viewed through the depth of penetration of electromagnetic waves
(EMW) generated by the SPR sensor chip by using the wave vector equation in the direction of the

normal plane. The equations are expressed as below:8>

21 Siz
k=7 [ @)

1

Zi= (5)
where A is the wavelength (A4 (NanoSPR6) = 650 nm), &1 and &, are the metal dielectric permittivity
and the medium dielectric permittivity, respectively. k,; is the wave vector in the normal plane

direction, and z; is the penetration depth. The refractive index (n) value of the NanoSPR 6 sensor

chip is 1.61, and the n value of PBS is 1.3348.86 Through the relationship n = /€, the Echip 18
2.5921, and eppg is 1.7817. Furthermore, by using Eqs. (4) and (5), the penetration depth of EMW
is determined to be 121.383 nm. If it is assumed that AuNp is precisely in the middle of UiO-66,
then the EMW can directly affect AuNp because UiO-66 has an average size of ~125 nm and AuNp
has an average size of ~76,352 nm. If the size of the AuNp is smaller than the EMW penetration
depth of the SPR layer, an increase in SPR signal may occur.?’

Before the glucose solutions were exposed to UiO-66/Au, a laser fired at the surface of the
Au chip resulted in the excitation of SPR waves in the form of EMW oscillations on the surface
and propagated perpendicularly. Simultaneously, the AuNp at UiO-66/Au produce LSPR waves in
the form of electron oscillations around the AuNp surface.®® This results in an increase in EMW
generated through the coupling mechanism of SPR and LSPR waves.3#388 When the UiO-66/Au
active sites bind glucose, the interacting dipole-dipole (i.e., O—Hyio-66/au — O—Hglucose) becomes

polarized under the influence of the EM field generated by the coupling of the SPR and LSPR
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waves. In this state, the Fermi energy shifts and causes a change in the interface permittivity.8%-%0
Other optical constants, such as the interface dielectric constant and the interface refractive index,
also change.?® Changes in these constants subsequently affect the SPR reflection angle and laser
intensities that are read by the photodetector. The EMW on UiO-66 without the AuNp addition is
only sourced from the evanescence waves of the sensor chip Au layer, so the resulting performance
is not better than the UiO-66/Au samples.

UiO-66/Auy s has the smallest a value and the largest ARU,,, so it is not surprising that it has
the highest performance because its surface is the most homogeneous and provides the largest
adsorption capacity with the largest number of active sites. Hence, although its plasmonic
properties are not greater than UiO-66/Au,, these two parameters have significant impact. The
higher o value of UiO-66/Au,; than UiO-66/Au, s indicates its heterogeneous surface with fewer
active sites, thus leading to its lower adsorption capacity and sensing performance compared to
Ui0O-66/Auy s. These observations suggest that the signal enhancement by the coupling of LSPR
and SPR wave is less effective in improving sensor performance if it is not accompanied by the
ability to bind as much glucose as possible. Similarly, although UiO-66/Au, has better plasmonic
properties than UiO-66, its adsorption capacity is lower due to the greater amount of agglomerated

AuNp which may block or cover its active sites.

3.3. Selectivity and reusability

As seen in Fig. 6a and b, the selectivity test results show that UiO-66/Au, 5 has the highest
response to 0.1 mM glucose than other competing compounds, even though the concentration is
far below the minimum blood glucose limit. In contrast, the concentration of other compounds is
the maximum concentration in healthy people. The RU and the selectivity coefficient (k) can be

seen in Table 5. The & value is obtained using the following equation:®!
ARUtemplate

k=)

ARU competitor
where k is the selectivity coefficient, ARU empiare 18 the RU change due to the main biomolecule
(glucose), and ARUcompeitor 1s the RU change from the dynamic response of competing
biomolecules. The k value reflects the selectivity of UiO-66/Auys to glucose against other
competing compounds. If £ > 1, then the selectivity is higher toward glucose and if £ <1, then it is

more selective against competing compounds.
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Fig. 6. Selectivity test results: (a) Dynamic responses of UiO-66/Au0.5 SPR sensor to 0.1 mM
glucose and other competing compounds (2.5 mM S, 0.45 mM UA, 0.11 mM AA, 5 mM U, and
0.1 mM M) and their mixtures (MIX, without S), and (b) a bar chart comparing the responses of
UiO-66/Augs to glucose and other compounds as obtained from the dynamic response data.
Reusability test results: (¢) Dynamic responses of UiO-66/Auys SPR sensor to 2.5 mM glucose
from the first to fifth measurement and (d) the corresponding plot showing the changes in response

with repetition number.

The RU of competing compounds from largest to smallestis G>S >U>M > UA > AA with
selectivity coefficients of k£ (S) = 3.2499, k (U) = 6.2661, k (M) = 10.9377, k (UA) = 11.9192, and
k (AA) =442.2344. All competing compounds have & values > 1, indicating that UiO-66/Auy s is
not more selective to them. To ensure that the glucose response signal can be distinguished from
these competing compounds, an additional selectivity test was carried out using a mixture of all
biomolecules (except for S), with the same concentration as before. The RU value of MIX (a

mixture of G, UA, AA, U, and M) is 12.680 and the £ value of 0.9522. The RU of MIX
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biomolecules is not much different from the ARU value for 0.1 mM glucose, and the & value is
close to 1. Therefore, it can be concluded that UiO-66/Au, 5 is more likely to interact with glucose

than other competing compounds.

Table 5. The ARU values and selectivity coefficients of UiO-66/Auys toward glucose and

competing biomolecules.

Biomolecule ARU k Biomolecule ARU k
G 12.073 - U 1.9267 6.2661
S 3.2499 3.7149 M 1.1038 10.938
UA 1.0129 11.919 MIX 12.680 0.9522
AA 0.0273 442.23

The reusability test of UiO-66/Auys for glucose detection is shown in Fig. 6c¢. It can be
observed that there is a gradual decrease in the ARU value with increased repetition/cycling.
Compared with the first measurement, the second until fifth measurement percentages are 95.16%,
84.97 %, 78.34%, and 74.44% (Fig. 6d). The relatively strong binding of glucose to UiO-66/Auy s
can cause this decrease and the dissociation process using PBS does not entirely release the bound
glucose molecules. The dynamic response data in Fig. 6¢ supports this explanation because when
the dissociation process is carried out, the signal does not return to the baseline position before the
exposure to glucose.

The inability of the response to return to the baseline during the dissociation process indicates
that the sensor chip regeneration is not very good. There are several factors that can cause this
problem, including a combination of chemical compounds, concentration, and regeneration contact
time with the regeneration rate (k) dissociation having the order of 107 s71.°2 In this study, to
determine whether the desorption rate is detrimental to the regeneration process, an analysis using
a kinetic adsorption model was carried out through a non-linear fitting on the experimental data of
2.5 mM glucose dissociation. The regeneration curve (Fig. S6) seems to correspond to Avrami's
kinetic adsorption model represented by the equation:”>74

ARU, = ARU, {1 —exp[ — (kyyt)]™}  (7)
where ARU; is the change in intensity over time, k4 1s the kinetic constant or adsorption/desorption
rate, and nyy is the Avrami constant. The value of R’ obtained from the non-linear regression

analysis is 0.9786 with &, of 0.038624 s'! and n,y = —0.2422. The k,y is much greater than the
29
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minimum requirement for a perfect regeneration process. Hence, it can be concluded that the rate

of desorption is not detrimental for the regeneration process. Therefore, the factors that may reduce

the regeneration are the combination of chemical compounds and the concentration of the medium

used.

3.4. Glucose detection in human serum
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Fig. 7. (a) The dynamic response of UiO-66/Au, s-based SPR sensor to 0.1-10 mM glucose in a

mixture of human serum and PBS solution. (b) A bar chart comparing the RU values measured for

each glucose concentration in PBS solution and human serum/PBS mixture solution. (¢) The

concentration versus ARU curve and its non-linear regression analysis of the BS isotherm

adsorption model. (d) The calibration curve for glucose detection in human serum/PBS mixture

solution.
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To assess the suitability of the SPR sensor based on UiO-66/Au, 5 for practical applications, the
measurements were performed on a glucose solution in a mixture of PBS and commercial human
serum (volume ratio of 100:1) with similar concentrations as before. The dynamic response results
shown in Fig. 7a reveal that the response increases with increasing glucose concentration. Then,
when compared with the change in the dynamic response of the test without human serum (Fig.
7b), the magnitude is not much different. This difference appears to be due to the use of human
serum. From Table S4, it can be seen that the UiO-66/Auy s sensor displays variable recovery
values depending on the glucose concentration. The recovery values at glucose concentrations of
0.01 mM, 0.05 mM, 0.1 mM, 0.5 mM, 1 mM, 2.5 mM, 5 mM, and 10 mM are 37.51%, 79.49%,
80.36%, 83.24 %, 90.26 %, 104.37 %, 103.69 %, and 98.08%, respectively. However, to determine
the recovery values that represent all glucose concentrations, it is necessary to calibrate the
response data. The concentration versus ARU curve (Fig. 7¢) follows the BS isotherm adsorption
model with an R? value of 0.9819. Next, using its linear form, we get the linear equation ARU =
0.9904X + 0.13391 with R? = 0.9782, as seen in Fig. 7d. The slope value of this linear equation
corresponds to the sensitivity value which is 0.9904. Then, comparing this slope value with the
linear equation slope of the UiO-66/Auys sensor chip without using human serum, the overall
recovery value is determined to be 95.33%. This high recovery value suggests that the developed

sensor could work in practical applications and has great potential as a sensor to control diabetes.

4. Conclusions

In summary, this study describes the performance enhancement of the UiO-66 functionalized SPR
sensor in glucose detection by optimizing its morphology, immobilization technique and adding
AuNp to amplify the signal during glucose detection. Based on the results obtained, the
morphology can affect its performance. With the same immobilization technique, the octahedral
UiO-66 has a smaller LOD than the HPL UiO-66 in the working range of 0.1 to 10 mM, which is
attributed to its much larger SSA. In addition, the most effective immobilization technique for
improving performance is the DA technique. The LOD of UiO-66 immobilized by this technique
is lower than that immobilized by the SC technique in the glucose concentration range of 0.1-10
mM. This is due to the more homogeneous surface layer (indicated by the value of @< 1), so it has
a higher amount of active sites for glucose binding. Furthermore, the modification of UiO-66 with
AuNp can also improve the performance of the glucose SPR sensor. By using the DA

immobilization technique, the LOD value follows the order of UiO-66/Au, s < UiO-66/Au; < UiO-
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66 < UiO-66/Au,. This indicates the superior glucose sensing performance of UiO-66/Au s with a
LOD 0f 0.0693 mM (S/N = 3) in the concentration range of 0.01-10 mM. The combined high SSA
and LSPR effect of UiO-66/Au, s directly enhance the glucose adsorption capacity and lower the
LOD, thus improving the SPR performance for glucose detection. This study is expected to provide
a new perspective in exploiting the unique properties of UiO-66 and its hybrids for glucose sensing
applications using SPR technology. Apart from being an active material to increase glucose
adsorption capacity, UiO-66/Au, s also has a good and acceptable recoveries value, indicating its

promising potential for practical glucose sensing applications.
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