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Abstract
Therapeutic drug monitoring is essential for ensuring the efficacy and safety of medications. This study introduces a stream-
lined approach that combines pipette-tip solid-phase extraction (PT-SPE) with matrix-assisted laser desorption/ionization 
mass spectrometry (MALDI-MS), facilitating rapid and high-throughput monitoring of drug concentrations. As a demon-
stration, this method was applied to the extraction and quantification of antidepressants in serum. Utilizing Zip-Tip C18, the 
method enabled the extraction of antidepressants from complex biological matrices in less than 2 min, with the subsequent 
MALDI-MS analysis yielding results in just 1 min. Optimal extraction recoveries were achieved using a sampling solution 
at pH 9.0 and a 10 μL ethanol desorption solution containing 0.1% phosphoric acid. For MALDI analysis, 2,5-dihydroxy-
benzoic acid was identified as the most effective matrix for producing the highest signal intensity. The quantification strat-
egy exhibited robust linearities (R2 ≥ 0.997) and satisfactory limits of quantification, ranging from 0.05 to 0.5 μg/mL for 
a suite of antidepressants. The application for monitoring dynamic concentration changes of antidepressants in rat serum 
emphasized the method’s efficacy. This strategy offers the advantages of high throughput, minimal sample usage, environ-
mental sustainability, and simplicity, providing ideas and a reference basis for the subsequent development of methods for 
therapeutic drug monitoring.

Keywords  Matrix-assisted laser desorption/ionization mass spectrometry · Pipette-tip solid-phase extraction · 
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Introduction

Currently, pharmacotherapy remains the primary approach 
for managing various diseases, leading to the widespread use 
of numerous drugs in clinical settings. However, it is impor-
tant to acknowledge that many drugs have notable adverse 
effects and limited efficacy [1]. Given the narrow therapeutic 
window and potential side effects of certain medications, it 
is crucial to maintain drug concentrations within a thera-
peutic range to minimize toxicity risks [2]. This necessitates 
continuous therapeutic drug monitoring (TDM) to track drug 
concentration fluctuations in the patient’s body, thereby pre-
venting medical non-responsiveness, overdose intoxication, 
complications, or noncompliance to the greatest extent pos-
sible [3].

Recently, numerous methods for detecting drug con-
centrations in biological fluids have been developed [4]. 
Chromatography-based methods have become mainstream 
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due to their sensitivity, selectivity, and ability to simulta-
neously detect multiple substances [5]. Examples include 
high-performance liquid chromatography (HPLC) [6, 7], 
matrix-assisted laser desorption/ionization (MALDI) mass 
spectrometry (MS) [8], gas chromatography-mass spec-
trometry (GC–MS) [9], and liquid chromatography-mass 
spectrometry (LC–MS) [10–13]. However, these methods 
often involve laborious sample preparation, extensive use of 
organic solvents, or lengthy analysis times, rendering them 
impractical for emergency monitoring in clinical settings. 
Therefore, it is essential to refine these methods and develop 
a rapid, convenient, eco-friendly, and point-of-care method 
for TDM.

With the advent of MALDI technologies, their high 
throughput, spectral simplicity, low sample consumption, 
salt tolerance, and ease of operation [14] have led to their 
increased use in analyzing small molecule drugs [15, 16]. 
Yet, the sensitivity of MALDI is generally lower than that of 
LC–MS, which may result in undetected trace drug amounts 
in humans due to complex sample matrices, potentially miss-
ing critical information for clinical diagnosis and treatment.

To capitalize on the strengths and address the limitations 
of MALDI, pipette-tip solid-phase extraction (PT-SPE) was 
combined with MALDI MS to establish a rapid, convenient, 
and sensitive strategy for drug detection in rat serum. As 
a demonstration, the serum concentrations of five antide-
pressants were analyzed using this approach. Zip-Tip C18 
pipette tips were utilized for the extraction of antidepres-
sants and removal of impurities from complex serum matri-
ces through hydrophobic interactions, thereby enriching the 
analytes and significantly enhancing sensitivity. In sum, this 
approach simplified the extraction process to mere aspira-
tion and dispensing with a pipettor, eliminating the need 
for complex sample preparation and thus saving time and 
reducing costs. Moreover, the type and volume of desorption 
solvent, the type of acid in the desorption solvent, and the 
pH of the sampling solution and matrices were optimized. 
The linearity, accuracy, and precision of the method were 
evaluated, and the strategy combining MALDI and PT-SPE 
was successfully applied to rapidly quantify drugs in serum 
from rats treated with antidepressants.

Experimental section

Chemicals and materials

LC–MS grade methanol (MeOH), ethanol (EtOH), isopropyl 
alcohol (IPA), acetonitrile (ACN), acetone (AC), formic acid 
(FA), acetic acid (AA), trifluoroacetic acid (TFA), and phos-
phoric acid (PHA) were purchased from Aladdin Biochem-
ical Technology Co., Ltd. (Shanghai, China). Analytical-
grade sodium phosphate monobasic (NaH2PO4, ≥ 99.0%), 

sodium phosphate dibasic (Na2HPO4, ≥ 99.0%), and fluox-
etine hydrochloride (FLX, ≥ 99%) as well as the internal 
standards fluoxetine-d6 (FLX-d6) and imipramine hydro-
chloride (IMP, ≥ 98%) were obtained from Sigma-Aldrich 
Co., Ltd. (St. Louis, MO, USA). Mirtazapine (MIP, ≥ 98%) 
and amfebutamone hydrochloride (AMF, ≥ 98%) were pur-
chased from Aladdin Biochemical Technology Co., Ltd. 
(Shanghai, China). Venlafaxine hydrochloride (VEN, ≥ 98%) 
was purchased from Rhawn Reagent Co., Ltd. (Shanghai, 
China). Trans-2-[3-(4-tertbutylphenyl)-2-methyl-2-prope-
nylidene] malononitrile (DCTB), 2,5-dihydroxybenzoic 
acid (DHB), 2,3-diaminonaphthalene (DAN), and α-cyano-
4-hydroxycinnamic acid (CHCA) were purchased from TCI 
Chemical Trading Co., Ltd. (Shanghai, China).

Pure water (H2O) was sourced from Wahaha Group Co., 
Ltd. (Zhengzhou, China). Zip-Tip C18 was acquired from 
Merck Millipore Co., Ltd. (Billerica, MA, USA). A pH 
meter was purchased from Mettler Toledo Technology Co., 
Ltd. (Greifensee, Switzerland) and calibrated with buffers at 
pH values of 4.00, 6.86, and 9.18 before use.

A stock solution of each antidepressant was prepared in 
MeOH at a concentration of 1.0 mg/mL. A mixed standard 
solution of antidepressants at 100 μg/mL was prepared in 
MeOH. Working solutions with desired concentrations were 
prepared by stepwise dilution of the mixed standard solution 
(100 μg/mL) with H2O.

Each analyte should use a corresponding isotopic internal 
standard to correct for signal fluctuations, which is a well-
recognized fact in mass spectrometry quantification. How-
ever, isotopic internal standards are known to be expensive 
and have long lead times. Therefore, in this study, a single 
internal standard for method development and validation was 
used to reduce analytical costs. The FLX-d6 internal stand-
ard’s m/z value is free from interference and is not influenced 
by background peaks resulting from the fragmentation and 
cluster signals of the organic matrix. Hence, FLX-d6 was 
used as the isotope-labeled internal standard to normalize 
signal variation.

For the preparation of the MALDI matrix solutions, 
concentrations of 10.0 mg/mL were achieved by dissolving 
the matrices in a solvent composed of 50% ACN with 0.1% 
TFA. To ensure stability and prevent degradation, these 
solutions were stored in an environment shielded from light, 
within a refrigerator maintained at 4 °C. The matrix solu-
tions were freshly prepared on a weekly basis to maintain 
their efficacy and integrity.

Sample collection and pretreatment

Blank blood samples were collected from adult 
Sprague–Dawley (SD) rats. The actual blood samples for 
preparation were obtained from SD rats that had been orally 
administered antidepressant medications: Adult SD rats 
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weighing approximately 200–300 g were randomly assigned 
to the venlafaxine, fluoxetine [17], imipramine [18], mir-
tazapine [19], and amfebutamone [20] groups. The specific 
dosages and solvents used are shown in Table 1. Blood 
samples were drawn at 0.25, 0.5, 1, 2, and 4 h after drug 
administration. The blood samples were collected in non-
anticoagulant tubes. After centrifugation at 4000 rpm for 
10 min at 4 °C, the resulting supernatants, which constitute 
the serum, were carefully extracted and stored at 4 °C for no 
more than 48 h before use. The collection and utilization of 
blood samples were carried out in strict adherence to ethi-
cal guidelines for the care and use of laboratory animals. 
These procedures were approved by the Ethics Committee 
of Zhengzhou University and executed in collaboration with 
the First Affiliated Hospital of Zhengzhou University.

To mitigate the viscosity of the serum and to control its 
pH value, the serum samples underwent a dilution process. 
This was achieved by employing a one-to-one dilution with 
phosphate-buffered saline (PBS, 50 mM, pH 9.0) solu-
tion. The diluted sample solution was then transferred for 
PT-SPE.

Pipette‑tip solid‑phase extraction

The commercially available Zip-Tip C18 was securely 
affixed to a modified 1-mL pipette tip, with approximately 
0.5 cm trimmed from the end to facilitate its attachment to a 
pipettor: 1-mL pipette tip with the tip cut (about 0.5 cm from 
the tip) was tightly inserted into the Zip-Tip C18 according 
to the schematic diagram on the left side of Fig. 1. This 
assembly created a PT-SPE device for efficient sample pro-
cessing. The setup enabled the extraction of up to 1 mL of 
sample solution by using the pipettor’s control button to 
aspirate and dispense the sample solution.

The PT-SPE process was conducted following a five-step 
procedure, as illustrated in Fig. 1, which included activation, 
equilibration, sample loading, washing, and elution: (1) acti-
vating the Zip-Tip C18 with 30 μL of acetonitrile through 
five cycles of aspiration and dispersion; (2) equilibrating the 
Zip-Tip C18 using 30 μL of PBS (50 mM, pH 9.0) in five 
cycles; (3) loading the sample by aspirating and dispensing 

100 μL of a PBS-diluted solution (50 μL rat serum was 
diluted one-to-one by 50 μL PBS) five times, enriching the 
analytes on the C18 material; (4) washing the Zip-Tip C18 
with 30 μL of PBS through five cycles to remove potential 
impurities; (5) eluting the analytes with 10 μL of a desorp-
tion solution in five cycles. The eluate was then prepared for 
mass spectrometry analysis.

LC–MS analysis conditions

The LC–MS analysis was conducted using a Therm Q 
Exactive Orbitrap mass spectrometer. The liquid chromato-
graphic separation was performed on an ACQUITY UPLC 
BEH C18 column (2.1 × 100 mm, 1.7 μm, Waters, USA) 
using a binary gradient system. This system consisted of 
water with 0.1% formic acid (mobile phase A) and 100% 
acetonitrile with 0.1% formic acid (mobile phase B). The 
gradient program was as follows: 0–1 min 95%, 1–9 min 
95–0%, 9–13 min 0%, 13–13.1 min 0–95%, and 13.1–15 min 
95% (% of component A was given). The MS parameters 
used were as follows: capillary temperature, 320 °C; aux 
gas flow rate, 10 Arb; sheath gas flow rate, 40 Arb; spray 
voltage, 3500 V; mass range (m/z), 80–1200; full MS resolu-
tion, 70,000.

MALDI‑TOF MS analysis conditions

A MALDI-TOF MS system (QuanTOF II) with a 355-nm 
Nd:YAG laser (IntelliBio, Qingdao, China) was used. MS 
calibration was performed using DHB matrix ions (m/z 
137.024, 155.034, 154.027, 273.04) and a Peptide Calibra-
tion Standard, Bradykinin Fragment 1–7 (m/z 756.85). Mass 
spectra were acquired in the positive-ion reflector mode with 

Table 1   The dosage and solvent system for the antidepressants used 
in this study

Drugs Solvent system Dosage Reference

VEN Normal saline 20 mg/kg [17]
FLX 10% DMSO in normal 

saline
30 mg/kg [17]

IMP Normal saline 10 mg/kg [18]
MIP Normal saline 30 mg/kg [19]
AMF Normal saline 20 mg/kg [20]

Fig. 1   Schematic diagram of the pipette-tip solid-phase extraction
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a m/z scan range of 50–1000. Mass spectra were collected 
by summing 1000 laser shots, and data processing was per-
formed using ProteoWizard 3.0.4472 software.

For MALDI-TOF MS analysis, the sample eluent was 
deposited on the stainless steel target probe using the dried 
droplet method. 1 μL of sample eluent and 2 μL of DHB 
solution (10 mg/mL, made in 50% ACN) were mixed on the 
target and air-dried before detection.

Results and discussion

Evaluation of PT‑SPE enrichment and MALDI‑MS 
detection feasibility

More recently, Zip-Tip C18 has been used primarily for pro-
tein purification and extraction in proteomics. Accordingly, 
its enrichment and purification effects have been demon-
strated in a series of studies [21, 22]. And the Zip-Tip C18 is 
a commercially available and easily accessible product, mak-
ing the method readily implementable. Hence, Zip-Tip C18 
was used to extract antidepressants from complex biological 
samples in this study. The feasibility and performance of 
the proposed PT-SPE method were verified by applying it 
to extract and detect five antidepressants in serum (10 μg/
mL) by MALDI MS.

Upon direct detection (Fig. 2B), the antidepressant effects 
in spiked serum samples were completely suppressed in 
the presence of large amounts of interfering substances. 
After PT-SPE (Fig. 2C), the interferences in spiked rat 
serum samples were removed, and the antidepressants were 

successfully detected according to the spectrum of the stand-
ard solution (Fig. 2A). This was because Zip-Tip C18 cap-
tured the antidepressants due to hydrophobic interactions, 
while the interference was left in the serum, as expected. 
More importantly, by comparing the spectra, the responses 
of the analytes were amplified many times after PT-SPE, 
enabling the detection of lower concentrations of antidepres-
sants via MALDI.

Optimization of extraction and detection conditions

To establish the optimal extraction conditions, various 
factors that could potentially affect the extraction recov-
ery were meticulously optimized. Specifically, standard 
aqueous solutions containing the five antidepressants at a 
concentration of 50.0 ng/mL were employed to fine-tune 
the extraction parameters, focusing on achieving the high-
est average extraction recoveries. Considering the analysis 
using MALDI, where signal reproducibility can be notably 
poor without internal standard calibration [23], the optimiza-
tion process was predominantly conducted using LC–MS. 
LC–MS is widely recognized for its superior reproducibility, 
making it a more reliable method for this phase of optimiza-
tion. To align with the LC–MS analysis requirements, the 
desorption solvent was diluted to 100 μL with H2O. The con-
centration used for the optimization in LC–MS was 50 ng/
mL. Considering that the detection sensitivity of MALDI 
analysis is much lower than that of LC–MS, we aimed to 
demonstrate that the conditions optimized at 50 ng/mL in 
LC–MS are also applicable to higher concentrations. To sup-
port this, we examined the extraction recovery at 0.5 µg/mL 

Fig. 2   MALDI MS spectra of 
(A) standard solution of five 
antidepressants, (B) serum 
spiked with five antidepressants, 
and (C) serum spiked with five 
antidepressants after pipette-tip 
solid-phase extraction
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and 5 µg/mL and compared them with the extraction recov-
ery obtained at 50 ng/mL under the optimized conditions. 
The results showed comparable extraction recovery rates, 
indicating that the optimized conditions are suitable across 
a range of concentrations (Fig. S1).

This approach allowed for a thorough investigation into 
the most suitable types and volumes of desorption solvents, 
as well as the optimal pH for the sampling solution. Moreo-
ver, the study extended to evaluating the impact of differ-
ent acids added to the desorption solvent and the choice of 
matrix for MALDI. These factors are critical as they can 
influence the desorption/ionization efficiency in MALDI, 
potentially affecting the detection sensitivity and overall 
analytical performance.

pH of the sample solution

Antidepressants are generally basic and hydrophobic com-
pounds with pKa values ranging from 9.4 to 9.8 [6, 24]. 
Thus, the charge of the analytes is influenced by the pH of 
the sample solution, which further impacts the ability of 
Zip-Tip C18 to extract and enrich antidepressants. There-
fore, it is necessary to investigate and select an appro-
priate pH for the sample solution. As shown in Fig. 3A, 
the extraction recoveries of the antidepressants gradually 
increased as the pH of the sample solutions increased from 
3.0 to 9.0, and the curve tended to flatten when the pH of 
the sampling solution continued to increase. The possible 
reasons are as follows: when the pH of the sample solution 
was lower than the pKa of the antidepressant itself, the 

antidepressants mainly existed in a protonated form and 
were more soluble in polar sample solutions. In contrast, 
when the pH was higher than the pKa of the antidepressant 
itself, the antidepressant was not easily dissociated and 
mainly existed in a molecular state; the antidepressant was 
less soluble in polar sample solutions and could be eas-
ily enriched by Zip-Tip C18. When the pH exceeded 9.0, 
the drugs were in a molecular state to the greatest extent, 
which means that antidepressants could be fully enriched 
by Zip-Tip C18. Thus, a pH of 9.0 for the sample solution 
was selected for the subsequent experiments.

Types of desorption solvents

A suitable desorption solvent should be able to maximize 
the elution of analytes and be compatible with subsequent 
MALDI analysis. Considering the convenience and fea-
sibility of the experiment, commonly used and available 
organic solvents, including MeOH, ACN, EtOH, AC, and 
IPA, were evaluated and the extraction recoveries were 
compared. As shown in Fig. 3B, there was no single des-
orption solvent with the greatest effect on any one antide-
pressant. For example, the most suitable desorption sol-
vent was ACN for FLX, while it was EtOH for VEN. In 
addition, there was no significant difference in the extrac-
tion recoveries among these desorption solvents. Consid-
ering that EtOH is environmentally friendly and has lower 
toxicity compared to other solvents, it was selected as the 
final desorption solvent.

Fig. 3   Optimizations of the extraction conditions of the pipette-tip 
solid-phase extraction method and detection conditions of MALDI: 
(A) pH of sampling solution, (B) types of desorption solvent, (C) 

volume of desorption solvent, (D) types of acid in desorption solvent, 
and (E) types of matrices
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Volume of desorption solvents

A smaller volume of desorption solvent is preferred for 
enhanced sensitivity. However, using too little solvent might 
result in incomplete desorption of the analytes. Balancing 
sensitivity with complete desorption requires careful exami-
nation of the solvent volume. Since the desorption solvent 
is used directly in subsequent analyses without further con-
centration or enrichment steps, a higher concentration of 
analytes within the solvent facilitates improved detection 
sensitivity. Therefore, in addition to extraction recoveries, 
the peak areas of the analytes were also compared to deter-
mine the optimal desorption efficiency. The volume of EtOH 
was investigated within the range of 5–25 μL. The findings, 
as illustrated in Fig. 3C, revealed that a volume of 10 μL of 
EtOH yielded optimal results. Based on this evidence, 10 μL 
of EtOH was selected for use in all subsequent experiments.

The types of acid added in desorption solvent

Incorporating acids into the desorption solvent serves a dual 
purpose. On the one hand, it encourages a greater propor-
tion of the analytes to exist in an ionized state, which facili-
tates easier desorption. On the other hand, acid additives 
can enhance the ionization of analytes, leading to improved 
sensitivity in detection. Consequently, the selection of the 
most appropriate acid additive for the MALDI MS analysis 
of antidepressants was determined by evaluating the signal 
intensity of the analytes by MALDI MS when various acid 
additives were used, including 0.1% TFA, 0.1% FA, 0.1% 
AA, and 0.1% PHA [25]. As illustrated in Fig. 3D, the ana-
lyte intensities for VEN, FLX, IMP, and AMF reached their 
peak levels when 0.1% PHA was employed as the additive. 
In the case of MIP, the variation in intensity across different 
acid additives was less pronounced. Based on these observa-
tions, PHA was selected as the preferred acid additive for 
this analytical method.

Selection of matrices

In MALDI MS, the matrix acts as an energy mediator that 
assists in the ionization and desorption of the analyte [25]. 
The critical role of the matrix is widely recognized, and 

selecting an appropriate matrix can enhance detection speci-
ficity and sensitivity [26]. Accordingly, four commonly 
used matrices—CHCA, DHB, DAN, and DCTB—were 
evaluated to determine the optimal matrix for the analysis 
of antidepressants in MALDI. As depicted in Fig. 3E, the 
highest intensity of antidepressants was observed when DHB 
(10 mg/mL) was employed as the matrix, indicating that 
DHB was the most suitable matrix for the five antidepres-
sants studied. Additionally, DHB was characterized by lower 
background signals, which further contributes to improved 
selectivity in the analytical experiments.

Method validation

Utilizing the optimized conditions established earlier, the 
capability of the proposed method to rapidly quantify anti-
depressants in serum was assessed. This evaluation covered 
aspects such as linearity, inter- and intraday precision, and 
recovery. The spiked rat serum samples were prepared fol-
lowing these principles: The stock solutions of antidepres-
sants (1 mg/mL) were diluted with H2O to obtain working 
solutions at various concentrations. Aliquots of these work-
ing solutions were then added to blank rat serum to achieve 
final concentrations covering the desired linearity range. 
Then, the spiked rat serum samples were incubated at 37 °C 
for 20 min before dilutions. It was ensured that the volume of 
the spiking solution did not exceed 10% of the rat serum vol-
ume, and this additional volume was accounted for in subse-
quent dilutions. Calibration curves were generated from the 
mean peak intensity ratios of analytes to FLX-d6 (analyte/
internal standard) across various concentrations in MALDI. 
The data presented in Table 2 demonstrated that the method 
exhibited commendable linearity (R2 ≥ 0.997) in the range of 
0.5–100 μg/mL (AMF), 0.05–10 μg/mL (MIP), 0.1–20 μg/
mL (VEN), 0.25–50 μg/mL (IMP), and 0.5–100 μg/mL 
(FLX). Moreover, the limits of quantification for the method 
were established at 0.5, 0.05, 0.1, 0.25, and 0.5 μg/mL for 
AMF, MIP, VEN, IMP, and FLX, respectively.

The method’s precision was gauged through intraday and 
interday relative standard deviations (RSDs), while its accu-
racy was ascertained by evaluating the relative recoveries. 
Pooled rat serum samples (50.0 μL) spiked with three dis-
tinct concentrations of the antidepressants (AMF: 2.0, 10.0, 

Table 2   Calibration curves 
and LOQ for the determination 
of five antidepressants’ 
concentrations based on the 
MALDI peak signals (Y) 
obtained from spiked rat 
serum samples with known 
antidepressants’ concentrations 
(X)

Analytes Linear range (μg/
mL)

Regression data LOQ (μg/mL)

Linear equation R2 value

AMF 0.5–100 Y = 0.1371X + 0.0126 0.998 0.470
MIP 0.05–10 Y = 0.5621X − 0.0035 0.999 0.045
VEN 0.1–20 Y = 0.5108X + 0.0138 0.997 0.089
IMP 0.25–50 Y = 1.6694X − 0.0452 0.999 0.200
FLX 0.5–100 Y = 0.0339X − 0.0009 0.997 0.450
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and 50.0 μg/mL; VEN: 0.4, 2.0, and 10.0 μg/mL; FLX: 2.0, 
10.0, and 50.0 μg/mL; IMP: 1.0, 5.0, and 25.0 μg/mL; MIP: 
0.2, 1.0, and 5.0 μg/mL) underwent analysis. The intraday 
RSDs were determined by separately analyzing three sam-
ples, while the interday RSDs were obtained from analyses 
conducted over 3 days. The relative recovery rates were then 
calculated by comparing the measured spiked concentrations 
to the actual spiked concentrations. As outlined in Table 3, 
both RSDs and recovery rates ranged from 0.8 to 7.5% and 
92.4 to 111.9%, respectively. These findings suggest that 
the accuracy and precision of the method, which integrates 
MALDI with PT-SPE, are satisfactory.

Application to actual rat serum samples

The efficacy of the established method was assessed through 
the analysis of drug concentrations in serum samples from 
rats treated with antidepressants. Blood samples were 
extracted from the orbital plexus of the rats post-adminis-
tration of the antidepressants. The results, as illustrated in 
the accompanying graph, showed the concentration profiles 
of the antidepressants over time. The concentrations of anti-
depressants were measured at various time points—0.25, 
0.5, 1, 2, and 4 h post-dosing (Table S1). The results showed 
in Fig. 4 clearly revealed that each drug exhibited a dis-
tinct concentration–time curve, aligning with the expected 
metabolic rates of the antidepressants in vivo [27–29]. 
The method successfully quantified the antidepressants, 

highlighting its applicability for pharmacokinetic studies 
and the potential for therapeutic drug monitoring in clinical 
settings.

Evaluation of method’s greenness

Environmental sustainability is becoming increasingly 
pivotal in the field of analytical chemistry. In this context, 
the “greenness” of an analytical method refers to its envi-
ronmental impact, considering factors such as the use of 
chemicals, energy consumption, and waste production. To 
comprehensively assess the environmental footprint of the 
proposed analytical method, six distinguished greenness 
assessment tools were utilized. Each of these tools offers a 
unique perspective on the various aspects of the method’s 
greenness, ranging from the choice of reagents to the effi-
ciency and waste reduction in the analytical process. The 
combined use of these tools provides a holistic evaluation of 
the method’s sustainability and adherence to the principles 
of green analytical chemistry.

The Green Analytical Procedure Index (GAPI) [30] 
evaluates the green character of an entire analytical meth-
odology, encompassing sampling, transport, storage, sam-
ple preparation, and final determination. The GAPI uses a 
pictogram with a color scale to represent the greenness of 
each stage of the analytical process. According to the GAPI 
results illustrated in Fig. 5A, the pictogram contained eight 
green, three yellow, and four red areas, reflecting the meth-
od’s overall excellent greenness.

The Analytical GREEnness (AGREE) calculator is based 
on the 12 principles of green analytical chemistry and allows 
for the weighting of different criteria [31]. The clock-like 
graph produced by the AGREE tool (Fig. 5B) displayed a 
central score of 0.76, surpassing the 0.6 threshold, which 
signified that the method was considered green.

The AGREE metric specifically for sample preparation 
(AGREEprep) emphasizes ten categories impacting sample 

Table 3   Intraday and interday precisions of five antidepressants were 
determined by the proposed strategy of combining MALDI with PT-
SPE

Analyte Added 
(μg/
mL)

Intraday Interday

Recovery 
(%)

RSDs (%) Recovery 
(%)

RSDs (%)

AMF 1 97.1 5.8 97.3 7.5
5 99.3 4.6 107.9 5.2
25 111.9 6.1 96.1 5.4

MIP 0.1 102.4 4.8 96.2 3.1
0.5 92.4 4.2 104.6 3.9
2.5 95.9 4.7 100.7 6.7

VEN 0.2 106.8 6.8 95.9 5.7
1 98.4 4.3 105.6 3.8
5 106.6 6.8 96.5 5.9

IMP 1 94.8 2.7 102.3 1.9
5 100.5 2.3 97.4 4.6
25 103.2 5.6 102.6 3.4

FLX 1 97.8 1.9 98.6 4.3
5 96.8 0.8 102.5 6.1
25 103.9 5.8 94.1 4.7

Fig. 4   Variations in the concentration of antidepressants over time in 
rat serum
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preparation [32]. Figure 5C shows the colorful round picto-
gram representing the AGREEprep assessment of the estab-
lished method. The inner circle was green, and the overall 
score was 0.73, indicating a strong green performance in 
sample preparation.

The Blue Applicability Grade Index (BAGI) comple-
ments existing green metrics by focusing on the practical 
aspects of an analytical method [33]. The asteroid pictogram 
displayed in Fig. 5D, with its color hue scale and the number 
inside the BAGI pictogram, indicated the method’s excellent 
applicability.

As an additional tool, the Sample Preparation Metric of 
Sustainability (SPMS) assesses the greenness of sample 
preparation techniques [34]. The clock diagram in Fig. 5E 
used colors to signify performance levels, ranging from 
green for “successful” to red for “inadequate.” The central 
large square in the diagram indicated that the global numeric 
score for the sample preparation method was 7.47.

Lastly, the Analytical Eco-Scale (AES) [35] assigns pen-
alty points to various stages of the analytical process. The 
AES calculation (Table S2) resulted in a score of 90, which 
was above the 75 benchmark for excellent green analysis.

In summary, the evaluations by these six greenness 
assessment tools collectively indicate that the method 
employed in this study was exceptionally green.

Method comparison

Currently, a multitude of strategies for the quantification of 
antidepressants in rat serum exist. A comparative analysis 
was conducted to assess the efficacy of the method described 
in this study relative to those documented in the literature 
(Table  4). While chromatography-based methods like 

LC-UV or LC–MS have demonstrated advantages in detec-
tion sensitivity, they are not without significant drawbacks. 
The main challenges of these strategies include complex 
sample pretreatment, lengthy chromatographic separation, 
and the consumption of large volumes of organic mobile 
phases, which results in substantial waste.

In response to these challenges, MALDI MS has come to 
the fore. For instance, in 2016, Watanabe et al. [8] utilized 
MALDI MS for the analysis of six tricyclic antidepressants 
in blood and urine samples. However, their methodology 
required multiple preparation steps such as centrifugation, 
liquid–liquid extraction, additional centrifugation, and 
evaporation, extending the sample preparation time to over 
30 min. Moreover, the use of highly toxic 1-chlorobutane 
as the extraction solvent posed environmental and safety 
concerns.

The method introduced in this study leverages commer-
cially available Zip-Tip C18 for PT-SPE combined with 
MALDI MS detection. The entire sample preparation is 
streamlined to a mere aspirating/dispensing action with 
a pipettor, completing in under 2 min. This approach not 
only expedites the preparation but also enhances sensitiv-
ity through sample purification and enrichment. Subsequent 
MALDI MS analysis can process a sample within 1 min, 
facilitating rapid, high-throughput detection. The entire pro-
cedure requires only 30 μL of ACN and 10 μL of EtOH, 
highlighting its green and environmentally friendly nature, 
while also being user-friendly for laboratory personnel. The 
PT-SPE process can be further automated using a liquid han-
dling station with multichannel pipettors or automated liquid 
handling systems, enabling automated and high-throughput 
sample processing. Overall, this method, characterized by 
high analytical throughput, minimal sample consumption, 

Fig. 5   The evaluation of method 
greenness by five greenness 
assessment tools: (A) the Green 
Analytical Procedure Index 
(GAPI), (B) the Analytical 
GREEnness (AGREE), (C) 
Analytical Greenness Met-
ric for Sample Preparation 
(AGREEprep), (D) Blue Appli-
cability Grade Index (BAGI), 
and (E) Sample Preparation 
Metric of Sustainability (SPMS)
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eco-friendly, and simplicity, holds great promise for poten-
tial clinical applications.

Conclusions

This study has developed a rapid, uncomplicated, eco-
friendly, and high-throughput method for the analysis of 
various antidepressants in serum. Using Zip-Tip C18, the 
antidepressants were extracted from complex biologi-
cal matrices with exceptional ease. The entire extraction 
process, consisting merely of aspirating and dispensing 
the solution, was completed in under 2 min. Subsequent 
MALDI MS analysis provided fast and high-throughput 
results within 1 min. The method exhibited excellent lin-
earity (R2 ≥ 0.997) along with satisfactory accuracy (rela-
tive recoveries ranging from 92.4 to 111.9%) and precision 
(RSD ≤ 7.5%). When applied to actual serum samples for 
the detection of antidepressant concentrations, the method 
proved to be efficient. Looking ahead, this study serves 
as a proof of concept by utilizing commercial Zip-Tips 
to achieve rapid sample preparation, which are relatively 
expensive (~ $5–6 each). Future research could explore the 
use of more affordable pipette tips, as there are numerous 
reports in the literature on simple and inexpensive pipette-
tip extraction methods. Additionally, while MALDI-
TOF–MS was employed, which has a high initial cost, 
it is robust and durable, requires minimal consumables, 
and is user-friendly. Apart from the instrument cost, the 

analysis costs are relatively low. Therefore, the method 
developed in this study, with the potential use of low-cost 
pipette-tip extraction tips, shows promise for cost-effective 
analysis. But the method has lower sensitivity, precision, 
and accuracy compared to traditional LC–MS methods, so 
the method presented in this study is not suitable for appli-
cations requiring high sensitivity detection. In sum, the 
strategy outlined requires minimal sample preparation and 
markedly reduces the time needed for analysis. It offers 
high analytical throughput, minimal sample consumption, 
eco-friendliness, and simplicity, providing ideas and a ref-
erence basis for the subsequent development of methods 
for therapeutic drug monitoring. Additionally, given the 
simplicity and rapidity of our method, it is particularly 
advantageous in situations such as acute overdose of anti-
depressants, where quick detection of drug concentration 
is essential.
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Table 4   Comparisons of proposed method with previous reported methods for the determination of antidepressants in rat serum (aIMP; bFLX; 
cVEN; dAMF; eMIP)

CD-IMS, corona discharge ionization-ion mobility spectrometer; DLLME, dispersive liquid–liquid microextraction; FPSE, fabric phase sorptive 
extraction; HF-LPME, hollow fiber liquid-phase microextraction; KF-SLPME, kapok fiber-supported liquid-phase microextraction; LLE, liquid–
liquid extraction; MSPE, magnetic solid-phase extraction; NF-SLME, natural-feather-supported liquid microextraction; PT-SPE, pipette-tip solid-
phase extraction; SLE, supported liquid extraction

Sample Sample vol-
ume (mL)

Sample preparation Detection LOQs (ng/mL) Whole analy-
sis time (min)

Ref

Urine 0.5 In-pipette-tip NF-SLME HPLC–UV 48a, 32b 18 [6]
Urine and plasma 0.1 DLLME HPLC–UV 92a, 68b 17 [36]
Urine 20 MSPE HPLC–DAD 4.82b  > 20 [3]
Cadaveric blood and 

cerebrospinalis 
liquor

0.5 FPSE HPLC–DAD 100b (cerebrospinalis 
liquor), 200b,c (cadaveric 
blood)

 > 40 [37]

Urine 0.5 FPSE HPLC–DAD 500b,c  > 27 [38]
Urine and plasma 2 DLLME CD-IMS 10b  > 60 [39]
Plasma 1 HF-LPME GC–MS 10b  > 30 [40]
Blood 0.5 SLE UPLC-MS/MS 0.003a, 0.0003b  > 6 [41]
Serum 0.1 SPE UPLC-MS/MS 1d  > 30 [42]
Blood and urine 0.02 LLE MALDI 2a, e 20 [8]
Rat serum 0.05 PT-SPE MALDI 250a, 500b,d, 100c, 50e 3 Present work
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