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ABSTRACT: A near-infrared paper-based analytical device (NIR-PAD)
for glucose detection in whole blood was based on iridium(III) metal
complexes embedded in a three-dimensional (3D) enzyme gel. These
complexes emit NIR luminescence, can avoid interference from the color of
blood, and increase the sensitivity of sensing glucose. The glucose reaction
behaviors of another two different iridium(IIT) and platinum(II) complexes
were also tested. When the glucose solution was added to the device, the
oxidation of glucose by glucose oxidase caused oxygen consumption and
increased the intensity of the phosphorescence emission. To the best of our
knowledge, this is the first time that data have been treated with the
programming language “R”, which uses Tukey’s test to identify the outliers
in the data and calculate a median for establishing a calibration curve, in
order to improve the accuracy of NIR-PAD:s for sensing glucose. Compared
with other published devices, NIR-PADs exhibit a wider linear range (1—30 mM, [relative emission intensity] = 0.0250[glucose] +
0.0451, and R* = 0.9984), a low detection limit (0.7 mM), a short response time (<2 s), and a small sample volume (2 yL). Finally,
blood specimens were obtained from 19 patients enrolled in Taipei Veterans General Hospital under an approved IRB protocol
(Taiwan; 2017-12-002CC). The sensors exhibited remarkable characteristics for glucose detection in comparison with other
methods, including the clinical method in hospitals as well as those without blood sample pretreatment or a dilution factor. The
above results confirm that NIR-PAD sensors can be put to practical use for glucose detection.
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H INTRODUCTION (H,0,) produced from the glucose oxidase (GOx)/glucose
enzymatic reaction under NIR excitation.” Yu et al. suggested a
NIR ratiometric fluorescent probe, whose sensor properties are
based on a similar chemistry where the fluorescence of the NIR

Nowadays, about 463 million people in the world have
diabetes mellitus, which is a common metabolic disease and
can induce complications such as kidney failure, vision loss,

and myocardial infarction.'® Optical sensing, which is a fast, quantum  dots is quenched upon an increase in glucose
highly precise, non-invasive, and non-destructive analytical concentration.’ In both cases,”® increases in glucose levels
tool, is extremely useful in experimental and practical medicine cause emission reduction, whereas for analytical methodology,
for the analysis of various pathologies. In this respect, the use the turn-on-type luminescence systems are substantially more
of sensors with near-infrared (NIR) emission (650—950 nm) is sensitive than the turn-off ones.” Therefore, Deng et al. used
much more convenient than using their counterparts that emit NIR fluorescent nanoprobes (iRGMs) to detect glucose in
in the visible region due to advantages such as lower surface whole blood, in which the fluorescence of iRGMs was
tissue/blood absorption, reduced scattering, greater penetra- quenched by MnO, via energy transfer. When the iRGMs
tion depth, and weaker sensor signal interference with were mixed with the whole blood, GOx converted blood

background fluorescence.” Blood is not transparent to visible

light because reflective light is interfered with by a
hemochrome. Therefore, NIR phosphors and NIR spectros-
copy possess great potential to facilitate the observation of
molecular biotargets in cells and deep tissues.

Recently, Liu et al. have applied an upconversion nano-
particle polydopamine optical sensor to detect glucose in
human serum and whole blood. The sensor response is
generated by emission quenching using hydrogen peroxide

glucose into gluconic acid and H,0, and the latter reduced
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Figure 1. Structures of Pt4¥, Ir1¥, and Ir2*.

MnO,, thus increasing the fluorescence of iRGMs.” On the
other hand, conventional fluorescence bioprobes such as
quantum dots and organic dyes frequently suffer from
interference with the autofluorescence of biomolecules, low
photochemical stability, and high toxicity.”'® Phosphorescent
probes have attracted considerable interest due to their high
two-photon absorption cross sections and the relatively long
lifetimes, which enable discrimination of the probe emission
from background fluorescence and other short-time lumines-
cent signals by time-gated measurements.'”""

A large number of NIR phosphorescent emitting dyes have
been developed in recent years as promising chemical sensors
and bioimaging probes. Of particular interest are transition-
metal complexes (e.g., containing Pt and Ir ions as core metal
centers), which display high quantum yields and excellent
color adjustability due to strong metal-induced spin—orbit
coupling and easy variations in the structure and properties of
the ligand environment.''~'> Li et al. reported a novel NIR
phosphorescent iridium(III) complex (FNO2) probe which is
suitable for in vivo imaging to detect peroxynitrite. The sensing
mechanism can be described in the following way: A strong
electron-withdrawing group, 2,4-dinitroaniline, is introduced
into one of the ligands to quench the probe luminescence. The
reaction of the complex with peroxynitrite removes 2,4-
dinitroaniline within seconds, and the luminescence intensity
of the probe is increased.'® Zhang et al. combined polydop-
amine nanoparticles with NIR phosphorescent iridium(III)
complexes and aplplied them to ima§ing of intracellular pH
values in the skin."” These examples'®"” clearly demonstrated
that the application of iridium phosphors with a large Stokes
shift and a long luminescence lifetime help to avoid the
interference with background autofluorescence and give higher
sensitivity and resolution in biological imaging.

As for the other NIR complexes, Zach and co-workers
presented a couple of NIR phosphorescent platinum(II)
complexes and their application in a glucose optode for
measuring the internal oxygen gradient subcutaneously. The
glucose optode is composed of a first complex layer, GOx, a
diffusion barrier, and a second complex layer, giving rise to the
difference in the composition of oxygen gas values (pO,). The
obtained signal of the sensor corresponding to the glucose
levels is the difference between the oxygen levels (ApO,)
measured by two oxygen sensors.'” Importantly, optical
detection of glucose in whole blood is still challenging, and
conventional UV—vis fluorescence complexes are not suitable
for subcutaneous measurement. However, phosphorescent
complexes in the NIR optical window can overcome this
limitation. Previously, we synthesized a series of cyclo-
metalated Pt(II) and Ir(III) complexes containing auxiliary
sulfonated diphosphine (bis(diphenylphosphino) benzene
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(dppb*). The complexes are water soluble with high two-
photon absorption cross sections and have superior sensitivity
for oxygen.'" However, their application to the study of
biological samples has not been widely developed yet.

On the other hand, outliers and missing values are frequently
encountered during the data collection and computer
processing stages. Outliers significantly affect statistics (e.g,
the average and standard deviation of a sample) for they may
result in values that are sufficiently overestimated or under-
estimated, distorting group results and compromising the
statistical utility and reliability of the study.'” Therefore,
identifying outliers and missing values is a momentous
problem in various fields of research and has important
applications in medical research.”””' Wang and co-workers
have applied programming software in R to outlier
identification and treatment of mislabeled omics data.”” Estiri
et al. developed an unsupervised clustering-based anomaly/
outlier detection approach for detecting implausible observa-
tions in Electronic Health Records.”® In addition, the use of
paper-based devices as biosensors has become attractive for
point-of-care devices.”*™**

In the present work, cyclometalated Pt(II) and Ir(III)
complexes'' (Pt4*, Ir1*, and Ir2*, Figure 1) were applied to
glucose detection in human whole blood. These compounds
have several advantages in glucose detection, such as water
solubility, good sensitivity for oxygen, and emission close to
the NIR region. Moreover, the detection devices based on
these compounds were assembled and applied to the analysis
of non-diabetic and diabetic blood. In addition, we used the
programming language R to process collected data to construct
the calibration curve for glucose detection, for which the
outliers in the pretreated data were identified and removed. In
this paper, the results of our analytical studies and the data
from clinical measurements on human blood are analyzed and
discussed, and conclusions are provided.

Bl RESULTS AND DISCUSSION

The cyclometalated Pt(II) and Ir(III) complexes Pt4* and
Ir2*, based on sulfonated dppb* ligands, display excellent
solubility in water, and the phosphorescent emission maximum
is close to the “window of transparency” of biological tissues.
Note that a considerable part of their emission band profiles
falls into the wavelength range >650 nm (Figure S1) that fits
well the first NIR interval and makes it possible to detect
emission signal exactly in the “window of transparency”
possible. For fair comparison, both compounds have been
selected for application in human blood glucose sensing. Ir1*
also comprises the same dppb*, but its orthometalating ligand
contains less-developed aromatic system that results in the

https://doi.org/10.1021/acsomega.1c04344
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Figure 2. Luminescence quenching of Pt4*, Ir1¥, and Ir2* complexes on paper vs different partial pressures of oxygen and fitting of the data by eqs

1 and 2.

Table 1. Oxygen Quenching Fitting Parameters of Pt4¥, Ir1¥, and Ir2* on Paper and Comparison of the Oxygen Sensing

Performances of the Two Models and Other Recent Published Complexes

Eley—Rideal model

Freundlich model

complex Kgy; (atm™) Ky, (atm™)
Pt4*
Irl*
Ir2* 0.10 (f; = 0.43) 48.72 (f, = 0.57)
Ag3 47.60 (f, = 0.94) 2.63 (f, = 0.06)
PdOEP—PMMA® 18.56 (f; = 0.98) —0.15 (f, = 0.02)

“PAdOEP—PMMA: palladium octaethylporphine—poly(methylmethacrylate). The unit of Ksv reported in ref 39 has been converted to atm™.

R? 1/n K; R* refs
0.03 1.14 0.8932 our work
<0.01 1.26 0.8881 our work
0.9796 0.13 2.51 0.9921 our work
0.9915 our previous work®®
0.9999 ref 39

1

emission band shift into the visible region. However, this
complex has a larger dynamic range of lifetime, a higher
quantum vyield, and a good two-photon absorption cross
section in aqueous solution. For this reason, it has also been
studied for comparison with Pt4* and Ir2* in the sensing of
oxygen in the solid state.

The emission band profiles in the solid state are nearly
identical to those obtained in solution,"' and therefore, the
observed emission can be assigned to a combination of metal-
perturbed °IL and *MLCT excited states with dominating
contribution of the former in the case of Irl*, whereas the
latter gives much larger contribution in the emission of Pt4*
and Ir2*. To minimize the absorption and scattering by
biomolecules, for example, hemoglobin, compared to short-
wavelength light, a longer excitation wavelength, that is, 406
nm, was applied to study the oxygen sensing properties in
further sections and in glucose sensing in real samples.

The oxygen quenching experiment was performed to obtain
the collision ability between the title compounds and oxygen.
The emission intensities of all the three compounds on paper-
based cellulose were quenched by different partial pressures of
oxygen, and the nonlinear phosphorescence quenching plots
(I/I,) were fitted by two models, namely, the Eley—Rideal
model and the Freundlich model, as shown in Figure 2.3

The Eley—Rideal model is a two-site model and describes a
reaction between an absorbed phosphor and another vapor
oxygen which has not chemisorbed on the phosphor. The
mechanism assumes that the phosphors are in two different
environments and quenched by oxygen at different rates, as
expressed in eq 1°°

I 1 f
— = + , +f =1
I, 1+ st1[oz] 1+ stz[oz] fl f2

(1)

where I, and I denote the emission intensities at the peak
maxima under pure nitrogen and different partial pressures of
oxygen, respectively, and f, and f, are the fractions of the total

emission intensity generated by each environment, respec-
tively. Kgy; and Kgy, are the Stern—Volmer quenching
constants for each environment.

On the other hand, the dynamic quenching in cellulose
paper can be described by the Freundlich model.*® The
diffusional quenching by absorbed oxygen with absorbed
phosphors, in which the phosphors in the two sites have
different unquenched contributions to the emission intensity
and emission intensity ratio, is fitted by eq 2:

I 1/n
— = K{]0,]
IO fLY) (2)

where K; represents the adsorption capacity and »n is an
empirical parameter related to the intensity of the adsorption.
The same excitation wavelength (406 nm) is applied at Ir2%,
Ir1¥, and Pt4*, and their fitting parameters are tabulated in
Table 1.

As shown in Figure 2 and Table 1, the absorbed surfaces of
compounds Pt4*, Ir1¥, and Ir2* are heterogeneous. Regarding
Pt4* and Irl¥, the Freundlich model fits the oxygen
quenching behavior of Pt4* and Irl* much better, which
indicates multilayer oxygen adsorption onto an energy-
dependent heterogeneous surface. In the case of complex
Ir2*, however, both models were found to match well with the
measured quenching results, indicating that both quenching
models are involved in oxygen quenching in complex Ir2*. The
Freundlich parameter n values of Pt4*, Ir1¥, and Ir2* all being
>1 indicate that oxygen has a good adsorptive property on the
surface and presents for further adsorption, representing
nonlinear heterogeneous adsorption.”” The K; values are in
the order of Ir2* > Irl* > Pt4*, showing that Ir2* has a
higher adsorption capacity for oxygen. This also suggests that
Ir2*, in comparison to Irl1* and Pt4*, has higher ability to
sense oxygen, that is, a higher I,/I value. As shown in Figure 2,
the optimal mole fractions of oxygen in nitrogen for Pt4%,
Ir1¥, and Ir2* were about 0.08, 0.01, and 0.10, respectively.
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Figure 3. Photographic images of (a—c) Pt4*, Ir1¥, and Ir2* complexes with gel-paper-based sensors upon excitation at 406 nm with/without
glucose (4.56 mM), (d) NIR-PADs based on Ir2* without/with the addition of human blood with diabetes, and (e) luminescence spectra of the
NIR-PADs before/after adding blood containing glucose (4.56 mM). The scale bar of photographic images (a—c) is 100 ym; scale bar of image

(d) is 500 pm.

The quenching constants for the Eley—Rideal model of Ir2*
indicate that nearly half of the phosphors (43%) were
quenched by the quenching constant Kgy, = 0.10 atm™, and
nearly 57% were affected by the quenching rate Kgy, = 48.7
atm™". The Kgy, value of the quenching constant indicates that
57% of the phosphors were affected by oxygen. Comparing the
oxygen sensor data at the two sites with the recently reported
quenching rate constants, the Ir2* described here has a bigger
Kgy value, one that exceeds those of phosphorescent oxygen
sensors.”””” It can function as a sensitive O, sensor and can be
applied to glucose sensing in human blood (vide infra).

During the preparation of NIR-PADs, the conditions of each
component of the 3D sensing gel, including the amounts of
sodium alginate and calcium chloride, the pH value, the
concentration of the buffer solution, and the amount of the
enzyme, were optically determined. Sodium alginate and
calcium chloride are widely used natural polymers due to
their environmentally friendly properties; they are nontoxic,
low in cost, and biodegradable.40 The gel of sodium alginate
was ionically cross-linked with calcium ions. Sodium alginate
with 0.2 M CaCl, of 35, 40, and 45 mg/mL was tested. For this
measurement, the Ir2* complex solution, glucose oxidase,
buffer concentration, and pH were fixed at 107> M, 10 mg, S0
mM, and 7, respectively. As shown in Figure S2a, the relative
emission intensity upon addition of 02 M glucose was
measured. When the amount of sodium alginate was 40 mg/
mL, the relative emission intensity against glucose had good
performance.

Based on a previous study, the gelation speed and hardness
are directly proportional to the concentration of calcium.”" As
the amount of CaCl, increased from 0.2 to 0.6 M and sodium
alginate was fixed at 40 mg/mL, as can be seen from Figure
S2b, the relative intensity increased gradually, and at 0.5 M, the
emission intensity reached its maximum. This is attributable to
the gel, which has a suitable hardness, can fix the enzyme, and
allows glucose to react with the enzyme.

To test the effect of pH on the detection of glucose, we
varied the pH of the buffer solution from pH 5.0 to pH 8.0. As
shown by the results in Figure S2¢, in the sensing of glucose
with buffer solutions of different pH values, the emission
intensity increased with increases in the pH of the buffer
solution. The increased emission intensity reached the
maximum at pH 6.
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The concentration of the buffer solution was varied from 5
to 150 mM, as depicted in Figure S2d. This figure reveals that
glucose in 10 mM buffer at pH 6 had better ionic strength and
the greatest increase in intensity. Figure S2e shows the effects
of the amount of enzyme, revealing that the biggest increase in
emission intensity occurred in glucose oxidase of 14 mg/mL.
All the obtained values above were used in the optimization of
NIR-PADs.

All of the optimized parameters for the NIR-PADs are
shown in Table S1. 3D gel was used to encapsulate the enzyme
and phosphors, which were measured using fiber optic
spectroscopy. Analyte glucose in human blood will react with
the oxygen in the gel via glucose oxidase. The consumed vapor
oxygen and the reduction of the adsorbed oxygen in the
reaction will reduce the dynamic quenching with phosphors,
thereby enhancing the overall emission intensity of the NIR-
PADs. The increase in the emission intensity of the
phosphorescence will be proportional to the glucose
concentration. The glucose concentration can be calculated
using the increase in emission intensity.

Based on the absorption spectra of hemoglobin and
oxyhemoglobin, the main absorption peaks are in the spectral
range of <600 nm."” When the luminescence band is located at
this wavelength, the assay is prone to less interference from the
biomolecules. Figure 3 presents the photographic images of the
Pt4*, Ir1*, and Ir2* complexes with gel-paper-based sensors
without/with blood samples containing 4.56 mM glucose. As
shown in Figure 3a—c, the relative brightness changes in the
photographs based on the increase of the three phosphors in
the Pt4*- and Ir2*-based devices and was significantly
enhanced in the Ir2*-based device. Also, the visual change of
the Ir2*-gel-based device (NIR-PAD) is shown in Figure 3d.
Unlike those of the Pt4*- and Ir2%*-gel-based devices, the
emission intensity of the Ir1¥*-based gel device changed upon
addition of blood glucose. The emission intensity was
quenched due to the emitted visible light being absorbed by
hemoglobin and penetrating the blood less (vide supra; see also
Figure S1). A further comparison of emission intensity changes
upon addition of diabetes blood containing 4.56 mM glucose
was made between the Pt4*- and Ir2*-gel-based devices (NIR-
PADs). Both complexes emitted close to NIR emission. The
emission of Pt4* increased by 1.54 folds and 4.28 folds for the
NIR-PADs, respectively. Hence, the NIR-PAD was chosen as
the glucose sensing device for the human blood measurement.
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Figure 4. Block diagram showing the data collection and processing via outlier detection and removal to establish the calibration curve for glucose
sensing. The red circle is an outlier; the blue dashed line is 95% confidence interval. Taking 20 mM glucose as an example, the data were analyzed

between 2 and 10 s.

Table 2. Comparison of Analytical Performances of Recent Direct Glucose Detection Sensors

linear range

sample volume response time

glucose sensor methodology sample types (mM) LOD (mM) (uL) (s) refs
iRFP-GOx-MnO, nanoparticles”  fluorescence whole blood 3.9-8.6 not available S 10 8
GOx@Au@MagSiOzb colorimetric whole blood 0.44—17.78 0.66 460 1200 43
NIR-PADs phosphorescence ~ whole blood 1.0-30.0 0.7 2 2 our work

“RFP-GOx-MnO, nanoparticles = NIR fluorescent protein (iRFP) and glucose oxidase (GOx) were collectively deployed as the templates for the
biomineralization of Mn®* and as a NIR fluorescent nanoprobe. “GOx@Au@MagSiO, = glucose oxidase immobilized Au nanoparticle-attached

magnetic SiO,.

Table 3. Comparative Data of NIR-PADs with Clinical Analysis for Patient Blood Glucose

glucose concentration (mM)

no. patient hexokinase-glucose-6-phosphate dehydrogenase method (clinical method) NIR-PADs” R.S.D. (%)°
1 diabetic blood 16.4 174 + 0.10 0.57
2 11.6 12.0 + 0.0S 0.42
3 6.56 6.87 + 0.21 3.06
4 5.50 5.79 + 0.19 3.28
S 9.28 9.47 + 0.29 3.06
6 6.72 6.79 + 0.15 221
7 11.3 11.0 + 0.41 3.73
8 7.78 7.35 + 0.10 1.36
9 8.89 8.81 + 0.11 1.25
10 non-diabetic blood 4.67 4.86 + 0.03 0.62
11 4.33 449 + 0.11 2.45
12 4.78 4.96 + 0.07 1.41
13 4.56 4.60 + 0.04 0.87
14 4.56 4.68 + 0.03 0.64
15 4.78 4.93 + 0.26 5.27
16 5.17 4.86 + 0.08 1.65
17 4.06 4.20 + 0.20 4.76
18 4.83 4.99 + 0.02 0.40
19 5.61 597 + 0.16 2.68

9N = 3. P'RS.D.: relative standard deviation.

To construct the calibration curve and evaluate its
quantification performance between glucose concentration
and increased emission intensity, the dynamic emission change
curve for a set of 50 replicates of standard glucose
concentrations of 0—200 mM was measured (see Figure 4).
The Tukey statistical estimate was incorporated into the filter
process to find the outliers for each concentration. After the
removal of the outliers, the linear regression model between 1
and 30 mM was [relative emission intensity] = 0.0451 +
0.0250[glucose] (Figure S3). The regression coefficient of
0.025 (95% confidence interval 0.02—0.03, P-value < 0.001)
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represented the mean change in the relative emission change
variable for one unit of change in the predictor glucose
concentration variable. The model fitting was good (R*
0.9984) with the limit of detection (LOD); S/N = 3 was 0.7
mM. The normality assumption was evaluated based on the
Shapiro—Wilk normality test (p-value = 0.2945). The Durbin—
Watson test had a null hypothesis that the autocorrelation of
the disturbances was 0 (P-value = 0.1677). This shows that this
model fits well.

After processing the data with R programming, the glucose
sensing range of NIR-PADs in the calibration curve could
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detect patients with and without diabetes. We also compared
the analytical performances of the recent direct glucose
detection sensors in human whole blood systems (Table 2).
The results demonstrated that NIR-PADs have better glucose
detection conditions by the luminescence methodology
without blood sample pretreatment and a dilution factor.

The effects of interference by interferents, such as b-
(—)-fructose, L-(+)-ascorbic acid, p-(+)-galactose, several ions,
p-maltose, and so forth, were tested with NIR-PADs (Figure
S4). Interestingly, none of the interferents showed interference
for the system. This further indicates the outstanding
selectivity of the new NIR-PADs for glucose sensing in
whole blood.

In the human blood analysis, NIR-PAD results and clinical
results on blood from 19 patients were compared (Table 3 and
Figure S). The relative standard deviation (R.S.D) of NIR-

18-
16+
3 144
=
2 121
= 104
2]
£ s
O 6 y=0.958x + 0.15634
o R? =0.9926
4 6 8 10 12 14 16 18
NIR-PADs

Figure S. Correlation plot of two detection methods, NIR-PADs and
clinical method. The units for both axes are millimoles.

PADs for all the patients ranged from 0.40 to 5.27%. The
accuracy of the sensor was confirmed. In addition, a significant
correlation between the data generated by the two methods
was achieved (r = 0.993 and p = 0.010S, Figure S). It can be
seen that the results obtained from these two methods
presented similar diagram patterns. We additionally deter-
mined the mean absolute relative difference (MARD) of all
paired points. The MARD for NIR-PAD measurements across
all values (N = 19) was 3.64%, indicating that the NIR-PAD
readings were close to the clinical glucose value.

To confirm the stability of the NIR-PADs, we conducted
glucose measurements after storage for 1 month at 4 °C. The
percent errors of the sensor after 1 month were <0.06%,
indicating that NIR-PADs have good stability and that the 3D
gel can protect the enzymes from denaturation during storage
(Figure S5).

In the present study, we proposed a new method to
determine the glucose concentration in human whole blood by
using NIR metal complexes as the phosphorescent probes. The
data were treated with the programming language R to
construct a calibration curve to filter the outliers. The
performance of the sensor is comparable to those of clinical
methods of glucose detection.

The findings in our results were three-fold. First, we
observed different reactional mechanisms and abilities between
oxygen and the three NIR probes. Second, we observed that
NIR-PADs have good sensing ability to glucose in human
whole blood. The linear response is shown over the entire
physiologically relevant concentration range (Figure 4). To
reduce the ambient oxygen dependence of the sensor response
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in our experiment, we incorporated a control experiment to
reduce the effects of the ambient oxygen concentration and the
differences between each device."* In addition to the 3D gel
glucose sensing devices, 3D gel devices without GOx were also
prepared as control devices. We measured 50 glucose sensing
devices and control devices for each concentration and
recorded the luminescence intensities. The response of each
glucose device was calibrated with control devices. Then, the
relative changes in emission intensity upon addition of
different concentrations of glucose were calculated. In
addition, to reach more users, R is an open-source
programming language and is cross-platform. In other words,
anyone can use it freely without any licensing or fees, and it
can be used on platforms running Windows, Apple, or Linux
operating systems. Third, we observed no significant deviation
in glucose measurements derived with NIR-PADs from
glucose measurements derived with a clinical method.

Since it is also important to detect hypoglycemia in clinical
settings, this pilot study enrolled healthy participants and
demonstrated that it is feasible for NIR-PADs to detect
glucose levels of <5 mM. The precision and accuracy of a
glucose sensor for detecting glucose levels in hypoglycemia
ranges need to be much better than those for high glucose
concentrations.” Glucose-error grid analysis* can be applied
in further study to confirm the usefulness of the present
method for hypoglycemia detection in diabetic patients.

McShane’s group investigated one means of extending the
longevity of enzymatic microparticle-based sensors by the
coimmobilization of GOx and catalase in the sensor matrix.*’
Catalases play an important protective role in devices,
catalyzing the disproportionation of toxic hydrogen peroxide
into O, and H,0."” As for prolonging the storage lifetime of
devices, enzyme catalase can also be incorporated into the
devices with further study.

Opverall, we developed in this work a near-infrared paper-
based analytical device for blood glucose detection, which was
based on iridium(III) metal complexes embedded in a three-
dimensional (3D) enzyme gel. The advantages of the NIR-
PADs are as follows:

e environmental advantages of using paper as a substrate
for sensing,

o a cost-effective system for pipetting blood to the 3D gel
on paper,

e no need for blood sample pretreatment and a dilution
factor based on near-infrared phosphors,

e detection in a time-independent manner (i.e, the
luminescence intensity is recorded), and

e generation of a more reliable calibration curve through
statistical treatment of data to filter the outliers in each
glucose concentration, enabling the user to measure
glucose values correctly.

B CONCLUSIONS

In summary, for human blood glucose detection, we developed
a 3D-gel-encapsulated, near-infrared phosphor optical bio-
sensor. Blood is a complex matrix, and direct detection of
glucose in human blood by luminescence sensing without
pretreatment procedures is still a challenge. Using water-
soluble Ir(III) and Pt(II) complexes with near-infrared
luminescence ability, a large Stokes shift, and a long
luminescence lifetime eliminated the interference by back-
ground autofluorescence and visual color interference in the
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whole blood. The optimal preparation conditions of the
devices, their sensing performance on patients’ glucose levels,
and their stability were discussed. We also tried to construct a
calibration curve by using statistical estimation to filter the
outliers, which would be a more reliable approach for dealing
with the performance of analytical devices. Moreover, our near-
infrared phosphor-gel-based sensor, the NIR-PAD, exhibited
remarkable characteristics for glucose detection in comparison
to other types of methods, with no need for a blood sample
pretreatment or dilution factor. The above results confirmed
that this glucose sensor can be put to practical use for glucose
detection.

B EXPERIMENTAL SECTION

Materials and Blood Samples. Calcium chloride
dihydrate was from J.T. Baker. Sodium dihydrogen phosphate
and disodium hydrogen phosphate were purchased from
Merck. p-Glucose, glucose oxidase (G2133-50 KU; Type VII
specific activity >100,000 units/gram solid), sodium alginate
(SA), ascorbic acid, citric acid, succinic acid, tartaric acid, uric
acid, p-fructose, D-galactose, lactose, maltose monohydrate,
sucrose, urea, leucine, valine, methionine, glycine, alanine,
tyrosine, phenylalanine, glutathione, and human serum
albumin were from Sigma-Aldrich. The platinum and iridium
complexes (Pt4*, Ir1¥, and Ir2*) were synthesized according
to the published procedure.'’ Advantec filter paper (no. 5C)
was produced by Toyo Roshi Kaisha. The blood samples were
obtained from adult participants enrolled at Taipei Veterans
General Hospital; the details are described in the Human
Blood Analysis section. The samples were stored at 4 °C in
Vacutainer test tubes containing NaF/K; EDTA and were
measured for glucose concentration within 5 days of collection.

Oxygen Sensing and Stern—Volmer Experiments. The
iridium and platinum complexes used to prepare the sensors
have been completely characterized earlier by using X-ray
crystallography, E)roton NMR, mass spectroscopy, and
elemental analysis.” A gas mixing system using different partial
pressure ratios of nitrogen and oxygen was used to explore the
oxygen sensing capability of Pt4¥, Ir1¥, and Ir2* in the solid
state. Complexes (107°M) were dissolved in deionized water
(DI water), deposited, and dried on cellulose paper. The
maximum output flow of gas was 600 mL/min. The emission
intensities were measured for the different ratios of oxygen.
Using the changes in emission intensity in the various partial
pressures of oxygen and nitrogen, the collision relationship
between the sample and oxygen was calculated to extract the
oxygen quenching constant.

Design and Fabrication of the Paper-Based Device
for Glucose Sensing. First, Advantec filter paper (no. SC)
was cut into round pieces with a diameter of 5 mm. Then,
sodium alginate in DI water (SA, 40 mg/mL) was heated to
120 °C for 1.5 h to obtain a semitransparent viscid gluey
solution. The gluey solution was allowed to cool at room
temperature. Glucose oxidase (GOx, 14 mg/mL) was mixed
into pH 6 phosphate buffer solution (PBS, 10 mM). GOx and
SA were combined at a volume ratio of 1:1 and thoroughly
mixed until uniform. Ir2* (or Ir1* and Pt4*; 107> M) was
dissolved in a mixture of GOx and SA. Subsequently, 16 uL of
Ir2* (or Ir1* and Pt4*) solution was added onto the culture
dish, and then 16 uL of calcium chloride solution (0.5 M) was
added into the Ir2* (or Irl* and Pt4*) solution. After the
substitution of calcium ions for sodium ions, a 3D calcium
alginate hydrogel formed and was coated onto the filter paper.
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The Ir2* (or Irl* and Pt4*) embedded in the 3D calcium
alginate hydrogel was used to fabricate the glucose sensor.

Procedure of Glucose Detection with Gel Paper-
Based Devices. The setup for obtaining luminescence spectra
and the images of paper-based devices were described in our
previous report.”® Briefly, the luminescence spectra and the
images of the paper-based devices with Ir2%, Ir1¥, and Pt4*
gel, respectively, in human blood and with/without glucose,
were captured by 406 nm laser excitation with a 420 nm long-
pass filter equipped in a microscope with a video camera
(QImage 5.0 RTV) and with a sensitive charge coupled
detector (CCD, Princeton Instruments, PI-MAX). After that,
the luminescence intensities of the paper-based devices with
Ir2* gel coatings, namely, NIR-PADs, were recorded upon
addition of different concentrations of glucose with a CCD
system with a bifurcated optical fiber system (QBIF600-UV-
VIS, Ocean optics, Largo, Seelze, FL, USA).49

Outlier Detection and Models. The procedure for
clarification of the standard curves for glucose quantification
with NIR-PADs and for outlier detection is illustrated in
Figure 4. We measured 50 glucose sensing devices for each
concentration and recorded the response variables (relative
emission intensity change) from 1 to 60 s. We used the Tukey
test outlier method (1977)°° to remove the outliers in the
experiment. The main concept of this method is to assume that
Q1 is the first interquartile range and Q3 is the third
interquartile range and to define an outlier as any observation
outside the range [Ql — 1.5 IQR, Q3 + 1.5 IQR], IQR = Q3 —
Q1. Finally, we established a linear regression model of glucose
concentration (set as predictor variable X) and percentage of
emission change (set as response variable Y).

Human Blood Analysis. In the present study, blood
samples from 9 adult patients with diabetes and 10 healthy
adult controls were obtained at Taipei Veterans General
Hospital in Taiwan under an IRB-approved protocol (2017-12-
002CC). Blood samples from each subject were collected into
two NaF—K;EDTA vacutainer tubes. The blood glucose level
in the first tube was measured by the hexokinase-glucose-6-
phosphate dehydrogenase method in the hospital. In brief,
glucose and ATP were catalyzed by hexokinase to form
glucose-6-phosphate and ADP, and subsequently, glucose-6-
phosphate and NADP" were converted by glucose-6-phosphate
dehydrogenase to produce 6-phosphogluconolactone and
NADPH, which were quantitated spectrophotometrically at
340 nm to determine the glucose level in the blood.”" The
blood glucose in the second tube was measured by NIR-PAD.
Here, 2 L of whole blood was directly added into the gel of
the sensor and the dynamic curve was measured. Then, the
relative increase in emission intensity was measured, and the
glucose level in human blood was determined according to the
calibration curve. The process was performed in triplicate.

Statistical Analysis. The glucose data determined by NIR-
PADs are presented as the mean + standard deviation. The
Spearman correlation coefficient r was used to assess the
correlation between paired results measured by the clinical
hexokinase method and NIR-PADs. For the two paired
variables, linear regression analysis was performed to obtain
the coefficient of determination (R-squared or R*). All of the
statistics were analyzed in SPSS software (V18.0) and R
software (V4.0.5). A two-tailed p-value <0.0S was considered
significant.

The absolute difference (the NIR-PAD value minus the
clinical hexokinase method value) and the relative absolute
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difference (the absolute difference divided by the clinical
hexokinase method value) were analyzed for each matched
pair, as has been previously done in another study.”” The mean
of the relative absolute difference (MARD) was calculated at
all glucose ranges for NIR-PADs.
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