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Abstract—Two-dimensional polymeric cobalt phthalocyanine (poly-CoPc) was synthesized using a microwave-
assisted process, and its feasibility for use in continuous glucose monitoring (CGM) was investigated. The poly-CoPc/
CNT composite showed 18% higher Co content than using commercial CoPc (c-CoPc/CNT) and synthesized CoPc (s-
CoPc/CNT) composites, due to its intrinsic polymeric structure. In the cyclic voltammetry test, the bioelectrode incor-
porating glucose oxidase (GOx) based upper enzyme layer ([poly-CoPc/CNT]/PEI/[GOx-TPA]) demonstrated 1.51
times higher current densities than monomeric CoPc used bioelectrode ([CoPc/CNT]/PEI/[GOx-TPA]). This improve-
ment is attributed to the higher biocompatibility with the enzyme layer of poly-CoPc, which prevents the blocking of
hydrophobic sites near the co-factor of GOx. As a glucose sensor, [poly-CoPc/CNT]/PEI/[GOx-TPA] exhibits a sensi-
tivity of 50.5 uA mM ' cm™ and a response time of 2.4's in the chronoamperometric response test. Furthermore, the
proposed bioelectrode showed 95.6% performance maintenance during 24 h and 81.4% stability over 20 days. These
findings demonstrate the suitability of [poly-CoPc/CNT]/PEI/[GOx-TPA] for implantable and low-invasive patch-type
glucose sensors offering high sensitivity, durability, and a linear response within the physiological glucose concentra-
tion range (0.1-20.0 mM) of both average individuals and diabetic patients.

Keywords: Glucose Sensor, Polymeric Cobalt Phthalocyanine, Continuous Glucose Monitoring, Microwave-assisted
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INTRODUCTION

Diabetes mellitus is one of the prevalent adult chronic diseases,
affecting 10% of the worlds population [1]. It is also considered a
serious disease, one of the top 10 leading causes of mortality in
adults worldwide [2]. However, only half of the patients are able to
afford to diagnose and manage their diabetes due to the high cost
of diagnostic instruments and the lack of access to these instru-
ments in many parts of the world [3]. Moreover, diabetes must be
managed throughout the lifetime through self-monitoring of blood
glucose levels since it can cause various geriatric ailments such as
kidney and cognitive disorders [4]; many diagnosed patients thus
have struggled with a financial burden also. These problems mainly
originate from the expensive cost of the glucose-sensing electrodes,
which typically consist of precious metal catalysts [5].

Meanwhile, continuous glucose level measurements (CGMs),
including low-invasive patch-type or implantable glucose sensors,
have attracted public attention recently due to the potential to im-
prove patient comfort and convenience [6]. The widely used med-
ical sensor, the invasive finger-prick test, requires a droplet of blood;
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the patients thus undergo pain to obtain the diagnostic specimen,
commonly collected by sticking a needle on the fingertip. Addition-
ally, the results from this type are less valuable and reliable in moni-
toring the patients glucose level than CGMs since the outcome
can represent only the value when blood is collected [7-9]. How-
ever, the high cost and limited durability of CGM electrodes have
hindered their widespread adoption. For instance, a commercially
available low-invasive patch-type electrode can be used for only
around two weeks, and the expensive electrode thus should be
replaced periodically [10,11]. These issues have hindered the acces-
sibility of patients to CGMs, despite the potential benefits. To address
these challenges, it is necessary to develop commercially affordable,
inexpensive, durable, and sensitive CGM electrodes. Such elec-
trodes would reduce the high social cost of managing diabetes and
improve the quality of life for patients with this chronic disease.

So far, various catalysts have been suggested for the glucose level
sensor electrode [12-18]. Most of them use glucose oxidase (GOx)
enzyme for glucose oxidation reaction (GOR), and Pt electrode
serves as the catalyst to generate anodic current from hydrogen
peroxide, a product of GOR [19]. Instead of using Pt, in recent years,
metal phthalocyanines (MPCs) such as cobalt phthalocyanine (CoPc)
have also been considered for use in glucose level sensor electrodes
[20-24]. MPCs have shown high sensitivity, specific response to the
substrates, chemical stability, and reusability, making them suitable
replacements for precious metal-based electrodes [25]. CoPc is one
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of the most widely studied MPCs because of its high catalytic
activity toward substrates, high electron transfer capability; and chem-
ically stable nature [26,27]. However, CoPc moieties tend to detach
from the support material easily, leading to decreased performance
and poor durability. To address this issue, polymeric CoPc has
been introduced to form a stable structure through 7-conjugated
bonding to connect each CoPc moiety in other electrochemical
applications such as oxygen reduction reaction [28-30]. However,
most of the introduced polymeric-CoPc synthesis methods use
complex processes that involve high temperatures [31-33]. This
results in higher production costs, which could be a hurdle for
commercialization. In conclusion, CoPc is a promising material
for use in glucose sensor electrodes. However, further research is
needed to develop more efficient and cost-effective methods for
synthesizing polymeric CoPc.

In this study, we proposed a microwave (MW)-assisted facile
synthesis method for fabricating polymeric CoPc, and its catalytic
performances in glucose sensors were demonstrated. So far, CoPc
and its derivatives have typically been synthesized using hydro-
thermal or solvothermal processes. These methods are both time
and energy-intensive, significantly contributing to the high manu-
facturing costs [34]. Moreover, MW-assisted synthesis reduces the
amount of solvent required compared to traditional methods. This
makes the process more environmentally friendly and economi-
cally viable for large-scale production [35]. In our work, we adapted
the CoPc synthesis procedure to produce two-dimensional poly-
meric CoPc. We also optimized the irradiation conditions to enhance
its performance as a CGMs catalyst. By adopting the MW synthe-
sis method, fabricated polymeric CoPc showed significantly higher
catalytic activity toward hydrogen peroxide oxidation reaction
(HPOR), resulting in better selectivity for glucose sensing than
monomeric CoPc used catalysts. Furthermore, the prepared bio-
electrode also exhibited extended stability and better biocompati-
bility owing to its structural advantage. In glucose sensing tests, the
proposed bioelectrode displayed a linear response in a range of 0.1-
20.0mM, including glucose concentration of human blood and
interstitial fluid in healthy bodies and diabetes patients. It indicates
that the proposed bioelectrode and polymeric CoPc have enough
feasibility to be used for commercial medical sensors in terms of
their inexpensive process cost and adequate performance.

To prove the correlation between its unique chemical structure
and electrochemical behaviors, various characterizations were applied,
including attenuated total internal reflectance Fourier transform
infrared (ATR/FTIR), UV-visible spectrometry (UV-Vis), scanning
electron microscopy (SEM), and energy-dispersive X-ray spectrome-
try (EDS), while electrochemical characterization was also employed,
including cyclic voltammetry (CV) and Chronoamperometry (CA).

EXPERIMENTAL SECTION

1. Materials

Glucose oxidase (GOx, Aspergillus Niger, type X-S, 100,000-
250,000 units g ' solid), cobalt(IT) phthalocyanine (CoPc, B-form,
97%), 1,24,5-tetracyanobenzene (TCNB, 97%), 1,2-dicyanoben-
zene (DCNB, 98%), poly(ethyleneimine) solution (PEIL, ~50% in
H,0), terephtalaldehyde (TPA, 99%), 1,8-diazabicyle[5.4.0Jlundec-

7-ene (DBU, 98%), D-(+)-glucose (=99.5%), Nafion 117 solution
(~5% in a mixture of lower aliphatic alcohols and water), and
phosphate buffer solution (pH 7.4, 1.0 M) was purchased from
Sigma-Aldrich (USA). Trifluoroacetic acid (TFA, 99%), 1-penta-
nol (ACS, 99+%), and cobalt(II) chloride (anhydrous, 99.7%, met-
als basis) were purchased from Alfa Aesar (UK). Multiwall carbon
nanotube (CNT) was purchased from Cheaptube (USA). L-ascor-
bic acid (AA, 99.0%), Uric acid (UA, 98.0%), and Sodium chlo-
ride (NaCl, 99.5%) were purchased from Tokyo chemical industry
Co,, Itd. (Japan). N;N-Dimethylformamide (DME 99.0%), dimethyl
sulfoxide (DMSO, 99.5%), isopropyl alcohol (IPA, 99.5%), and
ethyl alcohol (99.5%) were purchased from Samchun Pure chemi-
cal Co., Ltd. (Korea).

2. Synthesis of Catalysts

For synthesizing poly-CoPc, 20mg of TCNB and 16 mg of
cobalt(IT) chloride were dissolved in 5mL of 1-pentanol [36,37].
Afterward, 17.1 uL of DBU was added as a catalyst for the phtha-
locyanine synthesis reaction, and the mixture was purged with N,
for 10 minutes. Subsequently; the vial was placed in a MW (Mono-
wave 400, Anton Paar, Austria), and MW was irradiated to the
mixture to make the temperature maintain 180 °C for 2 h. After
synthesis, any unreacted materials were removed using a centri-
fuge using ethanol. Once centrifugation was complete, the remain-
ing product was dried in oven at 80 °C for 24 h. For the synthesis
of s-CoPc (synthesis-CoPc), the same procedure as the poly-CoPc
were applied, except 14.2 mg of DCNB was used instead of TCNB.

For the synthesizing [c-CoPc/CNT] (commercial-CoPc/CNT),
2mg mL™ of CNT with 1 mM c-CoPc solution (prepared in TFA :
DMF=1:9) was sonicated for 10 min and stirred gently at room
temperature for 2 h. Afterward, the solution centrifuged, and DMF
was added to the solid to obtain a solution with a concentration of
5mg mL™". The same procedures were followed for fabricating [s-
CoPc/CNT] and [poly-CoPc/CNT].

To prepare GOx-TPA, the procedure in previous studies was
applied [38,39]. Briefly, a cross-linking agent solution with a con-
centration of 0.5 mg mL™' was prepared in PBS, and GOx (40 mg
mL™") was added to the solution, followed by a cross-linking reac-
tion at room temperature for 2 h.

3. Fabrication of Electrodes

For half-cell test, glassy carbon electrodes (GCEs) and rotating
disk electrodes (RDEs) were used (diameter 5 mm). To fabricate
electrodes for H,0, test, 20 UL of catalysts were dropped onto the
electrode surface and dried for 2h. After drying, 10 uL of PEI
(25 mg mL"" in DIW) was stacked and dried for 1 h. Afterward, a
4 uL of 5wt% Nafion solution was coated on the dried catalyst.
This process was repeated to fabricate [c-CoPc/CNT]/PEL [s-CoPc/
CNT]/PEI, and [poly-CoPc/CNT]/PEI electrodes.

For fabricating bioelectrodes for glucose sensing test, 20 puL of
aforementioned catalysts were loaded onto GCE, and dried over
2h. PEI was then stacked, and 10 pL of GOx-TPA enzyme cluster
was stacked and dried for 1h. Finally, a 4 pL of 5wt% Nafion solu-
tion was coated. This process was repeated to fabricate [c-CoPc/
CNT]/PEl/[GOx-TPA], [s-CoPc/CNT]/PEI/[GOx-TPA], and [poly-
CoPc¢/CNT]/PEI/[GOx-TPA] electrodes.

4. Characterizations
To examine the electrochemical properties of the catalysts, cyclic
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voltammetry (CV) and chronoamperometric response were mea-
sured using an SP-240 potentiostat (Bio-logic, USA). A three-elec-
trode system was used, with the prepared electrodes as the working
electrode, Ag/AgCl (sat. in 3.0 M NaCl) as the reference electrode,
and Pt mesh as the counter electrode. The electrolyte solution was
purged with N, and air during the measurements. SEM and EDS
(JSM-7610E, JEOL, Japan) were employed to examine the surface
structure and elemental distribution of the catalysts. UV-Vis spec-
trometry (NEO-5490, NEOGEN, Korea) and ATR-FTIR (Alpha
II, Bruker, germanium crystal) were used to analyze chemical
structure.

RESULTS AND DISCUSSION

1. Chemical and Optical Evaluation

ATR/FTIR and UV-Vis spectrometry were performed to evalu-
ate the chemical structure of synthesized CoPcs. Fig. 1(a) presents
the ATR/FTIR results of c-CoPc, s-CoPc, and poly-CoPc. Both c-
CoPc and s-CoPc exhibited almost the same spectrum, indicating
the proposed method is suitable for synthesizing CoPc facilely and
eco-friendly. Meanwhile, poly-CoPc showed a different spectrum
with significant features of poly-CoPc, as in the previous studies
[40-42]. First, the absorption peak of poly-CoPc was broadened, a
typical characteristic of the FTIR spectrum of polymers due to the
extended molecular structure and intermolecular interaction [43,
44]. The peaks at 1,107 and 1,315cm ™" showed the vibration of
the pyrrole ring and C-C stretching in poly-CoPc structure, while
the substantial absorption peak at around 1,750 cm™', which can
be assigned unreacted C-N ends [45]. Namely, the ATR/FTIR spec-
trum of synthesized poly-CoPc exhibited intrinsic features of poly-
meric CoPc, demonstrating the successful synthesis by MW irra-
diation.

Fig. 1(b) depicts the UV-Vis spectra of three catalysts dispersed
in DMSO. Both CoPcs exhibited two typical absorption peaks, the
Q band at 600-700nm (a;,—>e,(7*) transition), and the Soret
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Fig. 1. (a) ATR/FT-IR and (b) UV-Vis spectrum of c-CoPc/CNT, s-
CoPc/CNT, and poly-CoPc/CNT.

band (B band) at 300-350 nm (a,,(7)—>e,(7*) transition), with
similar shapes [36,40]. In contrast, poly-CoPc showed the red-shift
of the Q band along with an increase in intensity, whereas the B
band was blue-shifted and broadened. These features indicate that
the synthesized poly-CoPc has a two-dimensional structure [46],
which is the expected structure when TCNB is solely used as a

2.5um

Fig. 2. SEM imiges of (a) c-CoPc/CNT, (b) s-CoPc/CNT, and (c) poly-CoPc/CNT and EDS mapping of Co K series of (d) c-CoPc/CNT, (e) s-

CoPc/CNT, and (f) poly-CoPc/CNT.
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precursor.

Fig. 2 and Table S1 shows SEM and its Co element EDS map-
ping images of c-CoPc/CNT, s-CoPc/CNT, and poly-CoPc/CNT
composites. In the EDS results, Co elements were well-dispersed
onto all around CNT surfaces. However, the Co content in poly-
CoPc/CNT (0.59 wt%) was increased compared to monomeric
CoPc used composites (0.50 wt%, c-CoPc/CNT and s-CoPc/CNT).
This result suggests the use of poly-CoPc contributed to the increase
of Co content onto CNT, implying that the polymeric phthalocya-
nine network structure can prevent the leaching-out of CoPc moi-
eties from the surface of CNT. According to the literature, the high
Co content and stronger adhesion of CoPcs lead to better cata-
lytic activity and prolonged catalyst durability, respectively [47-49].
This suggests that poly-CoPc/CNT may have better performance
as a HPOR catalyst in bioelectrodes.

In summary, the suggested synthesis method successfully syn-
thesized CoPc and two-dimensional poly-CoPc in an energy-sav-
ing and facile way. Additionally, the poly-CoPc contributed to the
increase of Co content onto the surface of the CNT supporter, infer-
ring that the poly-CoPc has more robust catalytic activity for HPOR,
leading to higher performance of bioelectrode.

2. Electrochemical Measurements.

To evaluate the catalytic activity of poly-CoPc for the HPOR,
CV traces of [c-CoPc/CNT]/PEL [s-CoPc/CNT]/PEL and [poly-
CoPc/CNT]/PEI in H,0O, solution were obtained (Figs. 3 and S1).
PEI was loaded onto the surface of CoPc/CNTs to enhance elec-
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trochemical performance by inducing amine axial ligand coordi-
nation with the Co core of CoPc. As shown in Figs. 3(a) and 3(b),
anodic currents were observed with an onset potential of around
0.143V (vs. Ag/AgCl), and increased proportionally to H,O, con-
centration when [c-CoPc/CNT]/PEI and [s-CoPc/CNT]/PEI were
used in the range of 1-5 mM H,0,. However, the [poly-CoPc/CNT]/
PEI displayed negatively shifted onset potential (0.136 V), and cur-
rent densities were higher than those of [c-CoPc/CNT]/PEI and
[s-CoPc/CNT]/PEL These results demonstrate that synthesized CoPc
has the same catalytic activity as the commercial one, and using
poly-CoPc leads to decreased overpotential for HPOR.

Figs. 4 and S2 depict the CV curves of the cascade bioelectrodes
for GOR (glucose+0O,+H,0—H,0,+gluconic acid), which con-
sists of the upper GOx enzyme layer and the lower catalyst layer.
TPA was used as a cross-liker for GOx to fabricate the enzyme layer
to prevent leaching-out from the electrodes and enhance the cata-
lytic activity [38,39,50]. As shown in figures, [poly-CoPc/CNT]/
PEI/[GOx-TPA] showed a lower onset potential (0.143 V) than
those of [c-CoPc/CNT]/PEI/[GOx-TPA] (0.162 V) and [s-CoPc/
CNT]/PEI/[GOx-TPA] (0.165 V) biocatalyst, as expected in Fig. 3.
It demonstrates again that the use of poly-CoPc as the catalyst
leads to a lower overpotential, which is beneficial for the perfor-
mance of the bioelectrode.

However, the current densities of [poly-CoPc/CNT]/PEI/[GOx-
TPA] steeply increased with glucose concentration more than the
others. The current density at 0.45V of [poly-CoPc/CNT]/PEI/

o 3-

£ (b)
Q

< 21 5mM
£ 1 1
2 1 omm
N

c

S o-

b

: 4

3 [s-CoPc/CNT)/PEI

0.1 0.0 0.1 0.2 0.3 0.4 0.5 0.6
Potential (V vs. Ag/AgCl)

(d)

N
o
N

-
(4]
1

(=]
(3,
2

m [c-CoPc/CNT]/PEI
@ [s-CoPc/CNT]/PEI
A [poly-CoPc/CNT]/PEI

Current density (mA cm™
o

o
o
2

1 2 3 4 5
Concentration (mM)

o

Fig. 3. CV curves of (a) [c-CoPc/CNT]/PEI, (b) [s-CoPc/CNT]/PEI and (c) [poly-CoPc/CNT]/PEI and d) their linear regression results, when
0, 0.1, 0.2, 0.3, 04, 0.5, 1, 2, 3, 4, and 5 mM of H,O, were injected. For the tests, 0.1 M PBS (pH 7.4) was used as the electrolyte in N,

saturated condition, and the potential scan rate was 20mV s .
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[GOx-TPA] was 0911 mA cm?, which is 1.51 times higher than
those of [c-CoPc/CNT]/PEI/[GOx-TPA] and [s-CoPc/CNT]/PEI/
[GOx-TPA] (around 0.601 mA cm™>), even though the amount of
Co is only 18% higher (Fig. 1) and HPOR current destiny is slightly
higher (Fig. 3). In other words, the lower [poly-CoPc/CNT]/PEI
layer has better biocompatibility with the upper enzyme layer, pro-
ducing a higher concentration of H,O, in the upper layer. This
phenomenon can be explained by the chemical structure of poly-
CoPc and the nature of GOx. According to the literature, GOx has
a hydrophobic site near FAD (flavin adenine dinucleotide), which
is a co-factor of GOx; this site is thus easily connected to or poi-
soned by hydrophobic materials. As discussed in Fig. 1, the loaded
CoPc molecules in [c-CoPc/CNT]/PEI and [s-CoPc/CNT]/PEI
can be easily leached out from the surface of CNT, and then the
free CoPc can be attached to the hydrophobic site of GOx [51].
These CoPc moieties can block the mass transfer of glucose to
FAD or lead to the denaturation of GOx enzymes, resulting in
lowering enzyme activity. In contrast, the polymerized CoPc moi-
eties are attached more tightly due to the hydrophobic interaction
between the poly-CoPc backbone and CNT structure, causing
better biocompatibility with GOx enzyme layer.

Fig. 4(c) demonstrates the linearity of the current densities with
glucose concentrations ranging from 0 to 20 mM. As depicted in
Fig. 4(c), the current densities of all three catalysts increased pro-
portionally to the glucose concentration within that range. Con-

December, 2023

sidering the typical glucose concentration range in human blood
of an average individual (4.4-8.3 mM (80-150 mg dL ")) and dia-
betic patients (hypoglycemia (<4 mM), hyperglycemia (10-20 mM))
[52], the proposed catalytic structures are deemed suitable to use
as glucose sensors, and [poly-CoPc/CNT]/PEI/[GOx-TPA] is the
best catalyst for sensitivity among three catalysts.

Finally, the rate-determining step (RDS) was determined using
the anodic current density values obtained from the cyclic voltam-
metry (CV) analysis, employing scan rates ranging from 10 to 120
mV s ' after glucose injection (Figs. 5 and S3). The anodic peak
current near 0.35V was used to plot the relationship between the
peak current and the scan rate for all electrodes. As a result, the
peak current density of all three electrodes increased proportion-
ally to the scan rate, indicating that the two-step reaction is sur-
face-controlled [53].

In summary, [poly-CoPc/CNT]/PEI/[GOx-TPA] exhibits the best
sensitivity (424 pA mM ' cm ™) compared to catalysts utilizing
monomeric CoPc. Additionally; all three catalysts demonstrated
linear current density responses with the glucose concentration
range of human blood (0.1-20 mM), displaying superior suitabil-
ity for commercial glucose medical sensor electrodes. These results
are attributed to the advantageous characteristics of the poly-CoPc
structure and its resulting high biocompatibility with GOx enzyme
layer.

The detailed synthesis procedure and the electrode catalytic
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Scheme 1. Schematic illustration of (a) Synthesis mechanism of poly-CoPc and (b) fabrication procedure, reaction mechanism of [c-CoPc/
CNT]/PEV/[GOx-TPA] and [poly-CoPc/CNT]/PEI/[GOx-TPA].

structure are illustrated in Scheme 1. Scheme 1(a) represents a MW
synthesis process to fabricate poly-CoPc. DBU serves as a catalyst
in facilitating the binding of C=N bonds to form a poly-phthalo-
cyanine structure under the irradiation of MW. Scheme 1(b) illus-
trates the reaction mechanism of the [c-CoPc/CNT]/PEI/[GOx-
TPA] and [poly-CoPc/CNT]/PEI/[GOx-TPA] electrodes. The reac-
tion steps consist of two cascade steps, which are GOR and HPOR.
First, glucose is oxidized to gluconic acid and H,O, by GOx on
the enzyme layer (Glucose+O,—Gluconic acid+H,0,). The pro-
duced H,0, then diffuses to the catalytic layer, CoPc and poly-
CoPc catalyzes the decomposition of H,O, via the HPOR (H,0,—
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2H,0+2H"+2e") reaction, generating anodic currents.
3. Performance in Amperometric Sensor

To evaluate the feasibility of [poly-CoPc/CNT]/PEI/[GOx-TPA]
for use in CGMs and extracorporeal glucose medical sensors, chro-
noamperometric responses were measured at different glucose con-
centrations and compared, as shown in Fig. 6(a). For the control
sample, [c-CoPc/CNT]/PEI/[GOx-TPA] is used (hereafter denoted
as “[CoPc/CNT]/PEI/[GOx-TPA]”). As anticipated, [poly-CoPc/
CNT]/PEI/[GOx-TPA] showed steeper linear responses to increas-
ing glucose concentrations compared to those of [CoPc/CNT]/
PEI/[GOx-TPA] across the entire measured range (0.1-20.0 mM),
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as shown in Fig. 6(b) and S4. The calculated sensitivity to glucose
of [poly-CoPc/CNT]/PEI/[GOx-TPA] was 50.5pA mM ' cm,
23.1% enhanced from that of [CoPc/CNT]/PEI/[GOx-TPA] (41.0
HA mM ' cm ). In terms of response time, that of [poly-CoPc/
CNT]/PEI/[GOx-TPA] was calculated to 2.4s, whereas that of
[CoPc/CNT]/PE/[GOx-TPA] was 4.1 s. This indicates [poly-CoPc/
CNT]/PEI/[GOx-TPA] facilitates significantly faster catalytic reac-
tion for GOR-HPOR cascade reaction, leading to more reliable
sensing in continuous glucose medical purposes in CGMs. Fig. 6(b)
depicts a plot of glucose concentration versus response, obtained
by measuring the current densities five times to confirm the excel-
lent reproducibility of the catalyst with negligible deviations.

Fig. 6(c) shows the modified Lineweaver-Burk plot of the cata-
lyst to investigate substrate affinity. The calculated maximum velocity
(V,a) and Michaelis-Menten constant (K,,,) for [poly-CoPc/CNT]/
PEI/[GOx-TPA] were determined as 3.60 mA cm™> and 59.9 mM,
respectively, while [CoPc/CNT]/PEI/[GOx-TPA] yielded values of
525mA cm” and 99.8 mM. These results indicate that [CoPc/
CNT]/PEI/[GOx-TPA] has a slower reaction rate and lower sub-
strate affinity for glucose substrate compared to [poly-CoPc/CNT]/
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PEI/[GOx-TPA]. Finally, as shown in Fig. 6(d), the response to
common interfering substances, including AA, UA, and NaCl, was
investigated. Both catalysts showed minimal responses to interfer-
ing substances, highlighting their suitability as glucose sensors from
a selectivity perspective.

Shortly, [poly-CoPc/CNT]/PEI/GOx-TPA exhibits superior per-
formance in sensitivity in the range of glucose concentration in
human blood compared to [CoPc/CNT]/PEI/[GOx-TPA], attributed
to the two-dimensional polymeric characteristic of poly-CoPc, as
shown in Table 1. Furthermore, it demonstrates a shorter response
time, excellent reproducibility, and selectivity as a glucose medical
sensor; demonstrating that it is well-suited for CGMs.

4. Durability and Long-term Stability

Fig. 7(a) presents the result of durability test obtained from the
continuous operation of each sensor to evaluate their practical usabil-
ity in commercial glucose sensors. As observed in the results, two
electrodes maintained approximately 95.6% and 88.6% of their ini-
tial current densities, respectively. These findings demonstrate that
both electrodes can sustain their responses even after 24 h opera-
tion. Fig. S6 also supports the high durability of the fabricated

Table 1. Comparison of linear detection range, sensitivity and limit of detection (LOD) for glucose by calculating from CAs

Linear detection range Sensitivity LOD
f
Catalyst (mM) (R?) (LA mM ' cm™?) (mM) (S/N=3) Re

[CoPc/CNT]/PEI/
[GOX-TPA] 0.1-20 (0.995) 41.0 0.00174
[poly-CoPc/CNT]/PEL/ This work
poly-CoPc i
[GOX-TPA] 0.1-20 (0.997) 50.5 0.00136
GR-CoPc/GOx 0.01-14.8 (0.990) 5.09 0.0016 [54]
RGO/Ag/GOx 0.5-12.5 (0.997) 3.84 0.16 [55]
GOD-NanoCoPc¢/PGE 0.02-18 7.71 0.005 [21]
Nafion-GOx-SWCNHs
modified GCE 0-6 1.06 0.006 (56]
GOD/MCM-41/Nafion/GCE 0.32-15.12 (0.999) 0.18 [57]
Cflrbon CoPc/GOx ink coated Pt 03535 (0.998) 035 (58]
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Fig. 7. (a) Durability test result using continuous amperometric response for 24 h and (b) Long-term stability results for 20 days. For the test,
10 mM glucose in 0.1 M PBS (pH 7.4) was used as the electrolyte in air-saturated condition, and responses measured at 0.45 V.
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electrode. The two catalysts preserve their CV curve shapes of ini-
tial cycle even after 200th cycle CV measurements with or with-
out 10mM glucose. Fig. 7(b) shows the long-term stability test
results measured at 5-day intervals for 20 days. The current mea-
surement responses of [poly-CoPc/CNT]/PEI/[GOx-TPA] and
[CoPc/CNT]/PEI/[GOx-TPA] maintained 81.4% and 71.3% of the
initial current densities, respectively, indicating the relative stability
of the poly-CoPc structure. This enhanced stability can be explained
by the effect of the polymeric structure of poly-CoPc. According
to several studies, polymeric phthalocyanine-based metallorganic
catalysts can maintain their chemical and structural stability better
than monomeric phthalocyanine [59-61].

CONCLUSION

Poly-CoPc was synthesized using an MW-assisted process, and
its catalytic activity on a bioelectrode for the GOR-HPOR cascade
reaction was investigated. Through the proposed synthesis method,
the synthesized CoPc (s-CoPc) exhibited a nearly identical chemi-
cal structure to the commercially available CoPc (c-CoPc), as con-
firmed by ATR/FTIR analysis. In contrast, the poly-CoPc displayed
a distinctive two-dimensional structural feature in both ATR/FTIR
and UV-Vis spectrum. SEM-EDS measurements revealed that the
Co content in the fabricated poly-CoPc/CNT composite was approx-
imately 18% higher than that of the s-CoPc/CNT and c-CoPc/
CNT composites. This enhancement can be attributed to the poly-
meric structure of poly-CoPc, which helps prevent the detach-
ment of CoPc moieties from the supporting material through the
formation of a polymer network and strong hydrophobic interac-
tions with the surface of CNT.

The catalytic activity towards HPOR was investigated through
CV analysis. The current densities of [s-CoPc/CNT]/PEI and [c-
CoPc/CNT]/PEI were found to be similar, while [poly-CoPc/CNT]/
PEI exhibited slightly higher current densities than [s-CoPc/CNT]/
PEI and [c-CoPc/CNT]/PEI with negatively shifted onset poten-
tial. These results suggest that poly-CoPc helped reduce the over-
potential of HPOR, indicating improved performance for glucose
medical sensors. Notably, the effect of poly-CoPc was more pro-
nounced in the bioelectrode. When the prepared bioelectrodes
facilitated the two-step (GOR-HPOR) cascade reaction, [poly-CoPc/
CNT]/PEI/[GOx-TPA] displayed 1.51 times higher current densi-
ties in CV at 0.45V, showing a linear relationship with the glucose
concentration within the range of 0.1-20.0 mM. Taken together,
while the catalytic activity towards HPOR was slightly increased,
the performance of the bioelectrode for glucose sensing was sig-
nificantly enhanced. This phenomenon can be attributed to the
intrinsic characteristics of the polymeric structure of poly-CoPc,
which reduces the blocking effect on the hydrophobic site near the
FAD co-factor of GOx caused by CoPc moieties.

The chronoamperometric response tests were conducted to assess
the feasibility of [poly-CoPc/CNT]/PEI/[GOx-TPA] for CGMs. The
sensitivities of [CoPc/CNT]/PEI/[GOx-TPA] and [poly-CoPc/CNT]/
PEI/[GOx-TPA] were recorded as 41.0 and 50.5 uA mM ' cm™
(0.1-20.0 mM), respectively. Additionally; the response time of those
were 4.1 and 24s. Furthermore, V,,,,. and K,, of [poly-CoPc/CNT]/
PEI/[GOx-TPA] were calculated to as 3.60mA cm™ and 59.9
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mM, which are clearly enhanced compared to [poly-CoPc/CNT]/
PEI/[GOx-TPA]. In terms of durability and long-term stability, the
proposed bioelectrode showed 95.6% maintenance of performance
for 24 h continuous operation and 81.4% stability over a period of
20 days. These practical results provide evidence that [poly-CoPc/
CNT]/PEI/[GOx-TPA] is suitable to use for commercial CGMs,
as it exhibits high performances as glucose-sensing electrodes,
with a linear response within the concentration range of human
blood of an average individual (4.4-8.3 mM (80-150 mg dL™")) and
diabetic patients (hypoglycemia (<4 mM), hyperglycemia (10-20
mM)).
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Fig. S1. CV curves of (a) [c-CoPc/CNT]/PEI, (b) [s-CoPc/CNT]/PEI, (c) [poly-CoPc/CNT]/PEI and (d) their linear regression results based
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Table S1. Weight percentages of Co in catalysts measured by SEM-EDS

Element mass fraction (wt%)

Sample
1 2 3 Average
c-CoPc/CNT 0.47 0.49 0.54 0.50+0.021
s-CoPc/CNT 0.50 0.53 0.47 0.50+0.017

poly-CoPc/CNT 0.62 0.57 0.58 0.59+0.015
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Fig. S3. CV curves of (a) [c-CoPc/CNT]/PEI/[GOx-TPA], (b) [s-CoPc/CNT]/PEI/[GOx-TPA], (c) [poly-CoPc/CNT]/PEI/[GOx-TPA] and (d)
their linear regression results based on the current densities measured at 0.35 V at different scan rates (10-50 mV s™"). For the tests,
10 mM glucose in 0.1 M PBS (pH 7.4) was used as the electrolyte in air saturated condition.
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based on the current densities measured at 0.45V when 0,
0.1,0.2,0.3,04, 0.5, 1, 1.5, 2, 3, 4, 5, 7, 10, 15 and 20 mM of Fig. S5. Chronoamperometric response when 0.4 mM to 0.5 mM of

glucose were injected. For the tests, 0.1 M PBS (pH 7.4) was glucose concentration changed. For the tests, 0.1 M PBS
used as the electrolyte in air saturated condition, and the (pH 7.4) was used as the electrolyte in air-saturated condi-
potential scan rate was 20 mV s . tion, and responses measured at 0.45 V.
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Fig. S6. CV curves of (a) [CoPc/CNT]/PEI/[GOx-TPA] and (b) [poly-CoPc/CNT]/PEI/[GOx-TPA] result when 1st cycle and 200th cycle at
0.1 M PBS (pH 7.4). (c) [CoPc/CNT]/PEI/[GOx-TPA] and (d) [poly-CoPc/CNT]/PEI/[GOx-TPA] result when 1st cycle and 200th
cycle at 10 mM of glucose injected. (e) [CoPc/CNT]/PEI/[GOx-TPA] and (f) [poly-CoPc/CNT]/PEI/[GOx-TPA] result when 200th
cycle for PBS condition and 10 mM of glucose injected. For the tests, 0.1 M PBS (pH 7.4) was used as the electrolyte in air saturated
condition, and the potential scan rate was 100mV s .
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