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A B S T R A C T

As atenolol overdosing can lead to severe health complications, the rapid detection of atenolol intake in point-of- 
care settings is highly desirable. The recent advancement of redox analytical methodologies has facilitated the 
efficacious quantification of these compounds for drug analysis, but their performance still presents challenges in 
practical applications. This study addresses these challenges by controlling the electropolymerization of poly
dopamine (PDA) on highly porous laser-induced graphene (LIG) electrodes with enhanced electrochemical redox 
activity for the detection of drug molecules such as atenolol, with minimized interference with the other active 
substances to induce variation of electrochemical behavior. The enhanced sensitivity of atenolol is attributed to 
the superhydrophilicity and increased number of active surface sites and –NH2 groups in the PDA polymer 
through a controlled polymerization process. Moreover, the simulation results further reveal that highly sensitive 
sensing of atenolol molecules relies on optimal adsorption of the atenolol molecule on dopamine or dop
aminequinone structural units. The resulting sensors with high repeatability and reproducibility can achieve a 
low detection limit of 80 μM and a sensitivity of 0.020 ± 0.04 μA/μM within a linear range from 100 to 800 μM. 
The materials and surface chemistry in the electrode design based on highly porous LIG provide insights into the 
integration and application of future scalable and cost-effective electrochemical sensors for use in point-of-care 
or in-field applications.

1. Introduction

The large-scale production of sensing electrodes holds great impor
tance in various fields, ranging from biomarker/drug detection [1–4] 
and healthcare/environmental monitoring [5–8] to industrial processes 
and consumer electronics [9]. Aside from metal electrodes, graphene 
exhibits high electrical conductivity, theoretical specific capacity, and 
specific surface capacitance, which emerges as a highly promising ma
terial for energy storage and electrochemical sensing electrodes 
[10–14]. However, the current high production costs, stringent re
quirements, and complex processes involved in the fabrication present 
challenges in practical industrial applications. The pursuit of large-scale, 
cost-effective products has brought porous laser-induced graphene (LIG) 

into the spotlight as a material of significant interest [15–20] due to its 
high electrical conductivity and biocompatibility. In drug development 
and point-of-care clinical treatment, the real-time monitoring of the 
concentration and activity of drug molecules is crucial for treatment 
evaluation. It is desirable to modify the LIG with polymers containing 
active functional groups to increase active site areas for enhanced 
sensitivity [21].

Catechol-containing molecules and polymers have been extensively 
applied to coat various materials such as metals, metal oxides, non-metal 
oxides, silica, ceramics, polymers, and nanomaterials to enhance inter
facial interaction [22,23]. Among the catechol-containing coatings, 
polydopamine (PDA), inspired by mussels, provides an adhesive coating 
for cell immobilization or enhanced sensing performance due to the 
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plethora of functional groups [24,25]. Easily synthesized by exposing 
dopamine (3,4-dihydroxyphenylethylamine) to air in basic aqueous 
buffer solutions, a nanometer-thick, highly adhesive PDA coating can be 
produced on virtually any substrate [26]. The abundant catechol func
tionalities in PDA provide enhanced adhesion to both organic and 
inorganic surfaces via hydrogen bonds, coordination bonds, π-π stack
ing, coordination, or Michael addition processes [27]. Moreover, the 
catechol/quinone redox under electrochemical control provides a new 
possibility for sensing applications. For instance, the proton-coupled 
electron transfer reaction of catechol is linked to several biomolecular 
processes, such as the oxidation of NADH [28,29] and thiols [30], and in 
the neural signaling system [31]. While the function of catecholamines 
depends on how and to what extent they are oxidized [32], their 
controlled synthesis presents considerable challenges [33], especially on 
highly porous LIG substrates. Since the composition and changes of the 
structural units affect the performance of analytical electrodes due to the 
easy oxidation of catechol structures, it is of high significance to control 
them during the polymerization process.

As an organic semiconductor, PDA can continuously grow in layer 
thickness beyond the complete coverage of the substrate. Unlike 
autoxidation, electro-polymerization that occurs at the solution/elec
trode interface can achieve controlled and selective deposition of poly
dopamine layers [34]. Besides offering high spatial control and 
selectivity in electro-polymerization, the electro-oxidation of dopamine 
on various electrode materials or under varying conditions can be 
explored to further enhance the control over polymerization. Improved 
dopamine sensing (e.g., a fourfold increase in sensitivity and a fivefold 
decrease in detection limit) is achieved after coating boron-doped car
bon nanowalls with PDA/polyzwitterion due to facilitated dopamine 
transport and oxidation [35]. The combination of PDA with reduced 
graphene oxide in the composites also allows for enhanced sensing of 
uranium [36] and free chlorine [37].

Herein, this study integrates highly porous LIG with physicochemical 
PDA thin films for the detection of non-redox drug molecules. The 
composition of PDA is first fine-tuned and incorporated into the polymer 
chains on the highly porous LIG through a controllable electro
polymerization process. After controlled electropolymerization to opti
mize the properties, the porous LIG-PDA sensing electrodes are exploited 
to detect the atenolol absorbed onto the electrode surface in a proof-of- 
concept demonstration. The PDA-induced superhydrophilicity together 
with enhanced active surface sites from the controlled polymerization 
process contributes to the increased sensitivity of atenolol. Additionally, 
a high –NH2 content in the PDA polymer chain significantly enhances 
the sensitivity of the sensor to detect atenolol molecules with a low limit 
of detection of 80 μM. Computational analysis further confirms that an 
increased presence of DA or DHI units in the PDA structure provides 
optimized adsorption of atenolol molecules on DA/DQ structural units, 
culminating in improved sensing performance. The efficient and cost- 
effective diagnostic approach presented in this work holds promising 
potential for delivering personalized medicine.

2. Materials and methods

2.1. Materials

The polyimide film (005” Kapton) with a thickness of 75 μm was 
purchased from CS Hyde Company (product no. 18-5S-1-36). Dopamine 
hydrochloride (DA, product no. D103111) and atenolol (product no. 
A124776) were obtained from Aladdin. All materials and reagents were 
used without further purification. The phosphate buffer saline (PBS, 0.1 
M, pH of 7.2) was acquired from Sangon Biotech (Shanghai, China). 
Deionized water was provided by a ULUPURE purification system (UPT- 
I-5T, Youpu, Sichuan, China). The adapter from Changsha SINJEEN 
electronic technology Co., Ltd. provided a connection between the 
electrodes and the data acquisition system for in vitro tests.

2.2. Fabrication of LIG electrodes

The CO2 laser (Universal Laser Systems, laser cutter VLS3.50) was 
used to scribe the polyimide thin film to yield the porous LIG electrode 
patterns with a diameter of 2 mm under ambient conditions. The laser 
parameters were optimized for the speed (0–28 cm/s) and the power 
(0–35 W) of the laser while the pulses per inch (PPI) were set to 1000. 
While the pristine LIG was directly used as the counter electrodes, the 
LIG was further modified with Ag/AgCl ink and PDA to serve as the 
reference and working electrodes. The conductive LIG on a glass sub
strate was connected to the adapter, with the excessive area covered by a 
PI tape to avoid interference with analytes (Fig. S1).

2.3. Electro-polymerization of DA on LIG electrodes

Polydopamine with a concentration of 5 mM DA in phosphate buffer 
(1.0 mM, pH 7.2) was polymerized on the LIG electrodes. The poly
merization reaction was initiated by cyclic voltammetry (CV) [38] be
tween −0.5 and + 0.5 V. The samples polymerized for 10, 15, and 20 
cycles were denoted as LIG-PDA-10, LIG-PDA-15, and LIG-PDA-20.

2.4. Characterization

A Raman spectrometer with a blue laser at 532 nm (Labram HR 
Evolution Raman Spectrometer system) and an X-ray diffractometer 
(PANalytical, model Empyrean) was used to characterize the resulting 
LIG electrodes. Scanning electron microscopy (SEM) was performed 
using a JCM 6000 instrument manufactured by JEOL (Hitachi High- 
Technology Co., Ltd., Japan). Attenuated total reflectance fourier 
transform infrared spectroscopy (ATR-FTIR, Thermo Scientific iN10) 
analysis was conducted in the range of 400–4000 cm−1.

2.5. Electrochemical characterization

Cyclic voltammetry (CV) was employed to determine the electro
active surface area of the LIG and PDA-modified LIG electrodes in 5 ×
10−3 M [Fe(CN)6]3-/4- in 0.1 M PBS (pH 7.2) buffer solution. Electro
chemical Impedance Spectroscopy (EIS) was also performed in 0.1 M 
PBS (pH 7.2) to analyze the kinetic process on the electrode interface.

2.6. Electrochemical sensing of atenolol

The standard solution of 1.0 mM atenolol solution was prepared by 
dissolving 0.67 mg of atenolol in the Britton-Robinson (BR, pH = 10) 
and further diluting with the buffer for varying concentrations from 100 
to 800 μM. The in vitro sensing was performed by CV measurements. All 
electrodes were thoroughly rinsed with ethanol and ultra-purified water 
before testing to avoid surface contamination.

2.7. Computational details

The geometries of atenolol, DA, LDC, DHI, DQ, DC, IQ molecules, and 
dimers were first optimized by density functional theory (DFT) at the 
B3LYP-D3(BJ)/6-31G** level. Based on the optimized geometries, the 
binding energies were calculated at the DFT-B3LYP-D3(BJ)/6-311+G** 
level. All the DFT calculations were performed with the Gaussian 16 
package [39]. The electrostatic surface potentials (ESP) were calculated 
using the Multiwfn program [40].

3. Results and discussion

3.1. Synthesis and structure of porous LIG-PDA nanocomposite electrodes

The fabrication of the electrodes based on LIG and its nanocomposite 
starts with a versatile CO2 laser processing step to convert the PI sheet 
into black carbonaceous materials (Fig. 1a). The active working 
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electrode with a diameter of 2.0 mm is configured into a three-electrode 
setup for the electrodeposition of the PDA film. Rich in DA with dangling 
amine groups, PDA can facilitate hydrogen electro-absorption. Several 
reactions involved in the PDA polymerization produce six typical com
pounds, namely: dopamine (DA), dopaminequinone (DQ), leukodopa
minechrome (LDC), dopaminechrome (DC), dihydroxyindole (DHI), and 
indolequinone (IQ) [41]. All of these compounds can potentially be 
incorporated into polymeric PDA via covalent bonds [42].

The electro-polymerization of PDA on the porous LIG electrodes in a 
0.1 M PBS buffer (pH 7.2) containing 5 mM dopamine is revealed by the 
CV curves of the resulting electrodes. As deposition increases from 1 to 
30 cycles during consecutive electropolymerization, two redox couples 
appear in polymerization cycles with noticeable variations in peak 
shifts, and the corresponding current density changes from 114 to 51 μA 
(Fig. 1b, c, d) due to changes in the depositing substrates [43]. The 
current peak at 0.32 V reaches its maximum at 10 cycles, followed by a 
gradual decrease until disappearance, which indicates the completion of 
the redox reaction for the DA electrodeposition and the complete con
sumption of DA in the solution [25,34,37]. Specifically, the oxidation 
peaks at 0.32 V and −0.19 V during the first cycle result from the 
oxidation of DA to DQ and then the DQ oxidation, whereas the two 
reduction peaks at 0.13 V and −0.30 V correspond to the reduction of 
DQ and DC, respectively. The increase in the cycle number also results in 
the increase of the current density in the redox peak utill 15 cycles, 
followed by a diminishment. These results validate the successful elec
tropolymerization of PDA on the porous LIG electrodes.

The morphological changes of the porous LIG nanocomposite elec
trodes reveal that the PDA deposition often begins at the sharp edges 
(insets in Fig. 1b, c, d). The pristine LIG features interconnected micro- 
nano pores (Fig. S2) and sharp edges with 97.73 mol% C and 2.27 mol% 
O atoms (Table S1). The clear deposition of PDA at the sharp edges in 
LIG-PDA-10 expands to gradually reduce the porous LIG structures, as 
deposition increases to 15 and 20 cycles. The increase in the N atoms 
from 1.89 to 3.57 mol% also indicates the increased content of PDA film 
(Fig. S3). Besides nitrogen, a significantly increased content of oxygen 
from 2.27 mol% in LIG to 9.17/6.73/8.91 mol% for LIG-PDA-10/15/20 
is also observed, which indicates the incorporation of catechol. As a 
result, electropolymerization can provide the porous LIG-PDA electrode 

with controllable morphological and chemical constitution changes.
Characterization of the porous LIG-PDA nanocomposite electrodes 

with ATR further reveals the chemical structure. A broad band spanning 
from 3200 to 3700 cm−1, indicative of –OH stretch vibrations adsorbed 
on the LIG surface enhances, suggests successful deposition of the PDA 
layer (Fig. 2a). Peaks emerging in the 2800-3000 cm−1 region are 
ascribed to the C–H bonds present in the polydopamine or dopamine 
units, since the PDA macromolecular chains contain benzene rings, 
phenolic hydroxyl groups, and amido groups [44]. The peaks at 1315 
cm−1 and 1429 cm−1 are attributed to the N–H shearing vibration of the 
amide group and the C–O vibration. The peak at 1653 cm-l is assigned to 
the stretching vibration of the aromatic ring and the bending vibration 
of N–H, whereas the adsorption band at 3338 cm−1 belongs to the 
stretching vibration of phenolic O–H and N–H. These signature bands 
indicate successful anchoring of PDA on the LIG surface.

With a green laser at 532 nm to perform the Raman spectroscopic 
characterization of LIG, two prominent peaks at 1329 and 1583 cm⁻1 are 
distinctly observed in LIG to correspond to the D and G bands, respec
tively (Fig. 2b). The G band is emblematic of graphene structures, 
indicative of sp2 hybridized carbon atoms in a two-dimensional hexag
onal lattice, whereas the D band is attributed to defects or edges within 
the graphene lattice. A lower density of defects in graphene contributes 
to superior electronic properties such as electrical conductivity and 
carrier mobility. Following the DA polymerization, the ID/IG intensity 
ratio of the porous LIG-PDA nanocomposite decreases from 1.09 (LIG) to 
0.97/0.84/0.73 (LIG-PDA-10/15/20), likely resulting from the passiv
ation of the defects [45,46] and a reduction reaction on the LIG [37]. 
The interaction between PDA and LIG influences the π-π interactions 
between the graphene layers, which can also change the electronic 
transport properties of the resulting nanocomposite [25,37,47,48]. 
Furthermore, the water contact angle decreases from 83◦ for pristine LIG 
to 0◦ for PDA-modified LIG electrodes. The resulting superhydrophilicity 
(as demonstrated in Video S1) is attributed to the increased –OH and 
–NH2 polar functional groups (to increase surface energy and thus the 
wettability) in the PDA that binds strongly on the LIG surface via the 
catechol groups within the PDA structure. Superhydrophilicity helps 
consistently and reliably increase the contact between the sample so
lution and sensor surface for enhanced sensitivity and reliability.

Fig. 1. An overview of (a) Schematic showing the fabrication process of the integrated porous laser-induced graphene (LIG) and its nanocomposite with poly
dopamine (PDA) from electro-deposition on the polyimide (PI) film as patterned electrodes for drug sensing and treatment evaluation. The straight conductive line 
was encapsulated with Kapton tape for minimized interference. CV curves at the (a) 10th, (b) 15th and (c) 20th cycles in 5 mM DA PBS solution (0.1 M) at 50 mV s−1. 
The arrows indicates the change in the current peak as the polymerization cycle number increases, with SEM images shown in the insets.
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Compared with the pristine LIG (Fig. 3), the porous LIG-PDA nano
composite electrodes exhibit an obvious increase in the O and N atoms in 
the XPS results (Table S2), indicating an altered electronic environment 
in the LIG from PDA deposition. The highest π-π* shakeup of 289.56 eV 
in PDA modifed LIG significantly enhances the stability of the binding 
between PDA and LIG for long-term stable device performance. The 
polymerization of PDA may involve six different structural units (DA, 
DQ, LDC, DC, DHI, and IQ) incorporated into the molecular chain [34,
48]. The N1s peak of LIG-PDA-15 in the XPS shows 61.54 and 16.73 mol 
% of N in the form of C–N (399.04 eV) and C–NH2 (401.70 eV), 
respectively. The highest C–NH2/C–N ratio of 0.27 indicates the main 
structural units of DA and DQ due to their high C–NH2 content. The 
C–NH2/C–N ratio of 0.19/0.20 in LIG-PDA-10/20 further narrows down 
the main structural units to LDA or DHI due to the amino cyclization. 
The highest C–NH2 content in LIG-PDA-15 suggests the highest content 
of primary amine structures in the PDA polymer [47,48].

3.2. Electrochemical property of the porous LIG-PDA nanocomposite 
electrodes

Cyclic voltammetry at different scan rates in PBS determines the 
kinetic process and electroactive surface area of LIG and LIG-PDA 
electrodes (Fig. 4). Besides [Fe(CN)6]3-/4- redox couples observed at 
0.25 V and 0.17 V in LIG and LIG-PDA electrodes (Fig. 5a–d), the linear 
fit between the log oxidation peak current and the log scan rate gives a 
slope of 0.53 for LIG to indicate a diffusion-controlled redox process [49,
50]. Different from the slopes of 0.55/0.52 for LIG-PDA-10/15 elec
trodes with a diffusion-controlled redox process, the larger slope of 0.60 
for the LIG-PDA-20 indicates the combined diffusion and adsorption at 
the interface [49]. The well-maintained porous structure after PDA 
deposition confirmed by XPS and SEM is beneficial to the 
diffusion-controlled process. The C–OH in PDA contributes more to the 
adsorption process, whereas the C–NH2 favors the diffusion-controlled 
process.

The comparison of CVs in [Fe(CN)6]3-/4− shows that the PDA 
modified LIG has larger redox peaks than the pristine LIG (Fig. 5e). The 
maximum peak in LIG-PDA-15 features a notable faradaic current 
couple of 92.20 μA and −75.78 μA at 100 mV s−1. Similarly, LIG-PDA-15 
also exhibits a significantly increased capacitive current in the BR buffer 
(Fig. 5f), which correlates with improved electrochemical sensing.

The Randles–Sevcik equation [49] describes the electrochemical 
behavior of [Fe(CN)6]3-: 

Ip = 2.69 × 105 × A D1/2 n 3/2 v ½ c,                                              (1)

where Ip is the oxidation peak current (A), A is the electrode real area 
(cm2), D is the diffusion coefficient of the redox molecules in solution 
(7.26 × 10−6 cm2 s−1 for K3[Fe(CN)6]/K4[Fe(CN)6]) [51], n = 1 is the 
number of electrons participating in the reaction, c = 5 × 10−3 M is the 
concentration of the redox molecules, and v is the scan rate (V s−1). 

Therefore, the increased slope for the LIG-PDA over LIG (Table S3) is 
attributed to the increased active electrode surface area. The electro
chemically active surface area of 0.067 and 0.159/0.225/0.134 cm2 for 
LIG and LIG-PDA-10/15/20 reveals that the active surface area of the 
LIG modified with 15 PDA deposition cycles is about 3.4 times that of 
pristine LIG.

After performing electrochemical impedance spectroscopy (EIS) in 5 
× 10−3 M [Fe(CN)6]3-/4− within a 0.1 M PBS buffer solution (pH 7.2), 
the fitting of the Nyquist plots (Fig. 6) gives the solution resistance in the 
range of 113.9–156.8 Ω for pristine LIG and LIG-PDA-10/15/20 
(Table S4). A distinct semicircle in the high-frequency region suggests 
a process governed by both diffusion- and charge transfer-controlled 
electrochemical behavior. The charge transfer resistance decreases 
from 934.9 Ω for the pristine LIG to 775.2 Ω and 848.1 Ω after 10 and 15 
polydopamine deposition cycles, respectively (Table S4). To provide 
insight into the characteristics of the diffusion-controlled processes, the 
Warburg impedance is reduced by factors ranging from 4 to 9 from 
pristine LIG to all PDA modified LIG, substantiating the role of PDA in 
facilitating ion diffusion. Additionally, the constant phase element 
(CPE1) values decrease from 0.93529 for the pristine LIG (which closely 
approximates an ideal capacitor) as the number of the deposition cycle 
increases. The significant decrease in the charge transfer resistance and 
Warburg impedance demonstrates effective charge transfer at LIG-PDA 
surfaces.

3.3. Sensing performance of the porous LIG-PDA nanocomposite sensor 
for atenolol

The absorption of atenolol on and interaction with PDA can influence 
the electrochemical behavior of the electrode for the potentially sensi
tive detection. As the pH value influences the oxidation activity of 
atenolol, the electrochemical behaviors of 400 μM atenolol in the BR 
solution are studied as a function of pH (5, 7.5 and 10) at a scan rate of 
0.05 V s−1 (Fig. S4). Due to the protonation of the amino group in 
atenolol [52], there is no electrochemical response at a pH of 5 and 7. In 
contrast, there is a clear oxidation peak at 0.75 V at pH of 10. The 
sensitivity comparation of these electrodes to 400 μM atenolol shows the 
largest peak current value (29.8 μA) for LIG-PDA-15 over the pristine 
LIG (7.4 μA) and LIG-PDA-10/20 (21.92/12.56 μA) due to the largest 
active sites. The CV scans using LIG-PDA-15 at a scan rate of 0.05 V s−1 

show that the peak current increases from 26.26 to 40.82 μA as the 
atenolol concentration increases from 100 to 800 μM (Fig. 6a). Mean
while, the peak current potential shifts to a higher value, which is 
attributed to the adsorption effect of the atenolol on PDA. The linear fit 
between the current response and the atenolol concentration gives: I 
(μA) = 0.020 C (μM) +23.43 (R2 = 0.970), which gives a sensitivity of 
0.020 ± 0.04 μA/μM that is about three times higher than the pristine 
LIG (0.0069 ± 0.04 μA/μM). However, the sensitivity is reduced to 
0.0120 ± 0.002 μA/μM (Fig. S6) when integrated into the 
three-electrode configuration (Fig. 6b, inset), which is likely attributed 

Fig. 2. (a) Attenuated total reflectance flourier transform infrared spectroscopy (ATR-FTIR) spectra and (b) Raman spectra of the porous LIG and LIG-PDA nano
composite electrodes, with the water contact angle shown in the insets.

X. Ding et al.                                                                                                                                                                                                                                     Talanta 282 (2025) 126990 

4 



to the increased impedance from the connecting LIG line. The limit of 
detection (LOD) is further determined as 80 μM by using LOD = 3σ/ s, 
where s represents the sensitivity and the standard deviation of the 
response (σ = 0.538) is obtained from five repeated measurements with 
the LIG-PDA-15 in BR buffer. Compared with the other sensors previ
ously reported in the literature, the sensor based on the PDA-modified 
porous LIG exhibits high sensitivity, reproducibility, scalability, and 
facile integration (Table S5).

Three repeated CV measurements of 400 μM atenolol with the LIG- 
PDA-15 electrode reveal good repeatability, with the relative standard 
deviation (RSD) of 0.208 (Fig. S7a). Additionally, three LIG-PDA-15 
electrodes manufactured independently also give a negligibly small 

RSD of 1.36 (Fig. S7b), indicating excellent reproducibility. As pro
pranolol and nifedipine are usually found together with atenolol in the 
same medicine, they are chosen as interfering substances in this study. 
While propranolol exhibits a peak current at 1.03 V, there is no obvious 
peak from nifedipine (Fig. S8a). As propranolol (or nifedipine) of 400 
μM is added into the atenolol solution of 0.4 mM (Fig. S8b), the peak 
current at 0.85 V (the peak of atenolol) is decreased from 29.8 μA to 
22.5 μA (or) 17.3 μA by 24.5 % (or 41.9 %). The selectivity of the sensor 
toward atenolol can be further improved with differential pulse vol
tammetry (DPV) and square-wave voltammetry (SWV) [53,54].

Fig. 3. High-resolution XPS spectra of the porous LIG and LIG-PDA nanocomposite electrodes with 10, 15, and 20 deposition cycles in the C, O, and N energy regions.
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3.4. Intermolecular interaction between PDA and atenolol

The interaction between PDA and atenolol molecules can be inves
tigated by calculating the binding energy, with the optimal conforma
tions of molecular structures (Fig. 7). Compared to keto-dopamine, 
hydroxy-dopamine exhibits a more dispersed electron cloud distribu
tion. Although the electronegativity of the oxygen atoms is the same, the 
hydrogen atom in the hydroxy group can offset some of the electro
negativity of the oxygen atom resulting in a weak electron-withdrawing 

group. In contrast, no other atoms in the keto group can balance the 
electronegativity of the oxygen atom, so the substituent almost entirely 
reflects the electronegativity of oxygen and acts as a strong electron- 
withdrawing group. Compared to DA/DQ and LDC/DC, DHI/IQ have 
extended conjugation lengths, leading to more delocalized electrons 
and, thus, a more dispersed electrostatic potential (ESP) distribution. 
For the atenolol molecule, the central aromatic ring and the atoms 
directly connected to the aromatic ring are negatively charged, with the 
side chains on both sides being positively charged.

Fig. 4. CV curves of (a) pristine LIG, (b) LIG-PDA-10, (c) LIG-PDA-15, (d) LIG-PDA-20 at various scan rate (10, 25, 50, 75, and 100 mV s−1) in 5 × 10−3 M [Fe(CN) 
6]3-/4- in PBS buffer solution (pH 7.2), with the log oxidation peak currents versus the log scan rate (ν) shown in the insets. Comparison in the CV curves between LIG 
and LIG modified with PDA in (e) 5 × 10−3 M [Fe(CN)6]3-/4- and (f) Britton-Robinson (BR) solution (pH = 10) at a scan rate of 100 mV s−1.

X. Ding et al.                                                                                                                                                                                                                                     Talanta 282 (2025) 126990 

6 



Molecular pairs formed between areas of opposite electronegativity 
exhibit strong intermolecular forces, so the binding energies in 13 
atenolol-dopamine molecular pairs are calculated and compared. A 
more negative value of the binding energy suggests a stronger interac
tion between the molecules. The six most stable binding modes formed 
between the atenolol and dopamine molecules (Fig. 8) follow the order 
of interaction strength: DHI > DA > IQ > DC > DQ ≥ LDC (Table S6). 
There is a strong π-π* interaction and hydrogen bonding between DHI 
and atenolol molecules, numerous hydrogen bonds between DA and 
atenolol molecules, and a strong π-π interaction between IQ and atenolol 
molecules. In contrast, the other three molecules (DC, DQ, and LDC) 
only form weaker π-π* interactions or hydrogen bonds with atenolol 
molecules. This result indicated that the increased –NH2 content mainly 

from DA and DQ structural units in PDA (highest in LIG-PDA-15) pro
vides enhanced adsorption and electrochemical sensitivity of atenolol 
on the electrode. However, excessively large adsorption due to π-π* in
teractions and hydrogen bonding may lead to reduced sensitivity.

4. Conclusion

In summary, this work reports the design, characterization, and 
application of the porous LIG-PDA nanocomposite electrodes for the 
detection of drugs at trace concentrations. Besides modulating the 
catechol content to improve superhydrophilicity, incorporating more 
DA and/or DQ units could also lead to optimized adsorption of atenolol 
molecules on PDA. With a 3.4 times larger surface active site than 

Fig. 5. (a) EIS plots of LIG and PDA-modified LIG electrodes, with the equivalent circuit model shown in the inset. (b) Enlarged EIS spectra in the high fre
quency region.

Fig. 6. (a) CV of LIG-PDA-15 in various atenolol concentrations from 100 to 800 μM in BR solution (pH 10.0) and (b) the calibration curve of atenolol calculated by 
the peak currrent as a function of atenolol concentration.

Fig. 7. ESP diagrams of the optimized geometric structures of (a–f) DA, LDC, DHI, DQ, DC, IG and (g) atenolol molecules. In these diagrams, white, cyan, blue, and 
red spheres represent H, C, N, and O atoms, respectively. The color gradient from blue to white to red represents the change in values from negative to positive.
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pristine LIG, the 3D porous superhydrophilic LIG-PDA electrodes pro
vide the resulting sensor with a low LOD of 80 μM and a sensitivity of 
0.020 ± 0.04 μA/μM for atenolol detection. The mechanism study of the 
interfacial interaction at the molecular level also reveals the impact of 
surface chemistry on sensor performance. The increased content of –NH2 
in the constitutional units enhances the electrochemical sensing per
formance of LIG-PDA electrodes. Furthermore, the π-π* interactions and 
hydrogen bonding between atenolol and the LIG-PDA electrodes are the 
primary reasons for the variation in sensing signals.
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