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A B S T R A C T   

The outbreak of pandemics (e.g., severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2 in 2019), 
influenza A viruses (H1N1 in 2009), etc.), and worldwide spike in the aging population have created unprece-
dented urgency for developing new drugs to improve disease treatment. As a result, extensive efforts have been 
made to design novel techniques for efficient drug monitoring and screening, which form the backbone of drug 
development. Compared to traditional techniques, microfluidics-based platforms have emerged as promising 
alternatives for high-throughput drug screening due to their inherent miniaturization characteristics, low sample 
consumption, integration, and compatibility with diverse analytical strategies. Moreover, the microfluidic-based 
models utilizing human cells to produce in-vitro biomimetics of the human body pave new ways to predict more 
accurate drug effects in humans. This review provides a comprehensive summary of different microfluidics-based 
drug sensing and screening strategies and briefly discusses their advantages. Most importantly, an in-depth 
outlook of the commonly used detection techniques integrated with microfluidic chips for highly sensitive 
drug screening is provided. Then, the influence of critical parameters such as sensing materials and microfluidic 
platform geometries on screening performance is summarized. This review also outlines the recent applications 
of microfluidic approaches for screening therapeutic and illicit drugs. Moreover, the current challenges and the 
future perspective of this research field is elaborately highlighted, which we believe will contribute immensely 
towards significant achievements in all aspects of drug development.   

1. Introduction 

Due to the emergence of pandemics (e.g., SARS-CoV-2, H1N1), epi-
demics (e.g., Ebola virus disease (EVD in 2014), Zika virus (ZIKV in 
2016), etc.) (Carroll et al., 2021; Telenti et al., 2021; Wang and Wu, 

2018; Yakob et al., 2022), and rapid growth of new diseases, the demand 
for novel drugs screening have become a topic of high interest. The 
recent paradigm of pharmaceutical invention has rendered drug devel-
opment a prolonged and increasingly expensive process. Several studies 
have reported that it takes more than ten years, on average, to develop 
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and bring a safe and effective new drug to the market. The average 
expenditure for a new medicine to reach the market has doubled every 
decade for the last 40 years (Wang et al., 2018a). Due to this increase in 
financial burden, most of the identified initial compounds with potential 
health advantages are steadily eliminated during the clinical-stage pe-
riods (Harrer et al., 2019a). Furthermore, approximately 20 million 
animal subjects (mouse and rat models) are employed as in vivo models 
to test new pharmaceutical compounds prior to human trials (Driouich 
et al., 2021). In addition, the use of animals in research has been recently 
brought into question by the scientific community due to concerns 
regarding clinical validity, applicability, and ethics (Robinson et al., 
2019). Hence, there is an urgent need to develop new techniques for 
drug screening with improved predictability and clinical outcomes and 
can achieve the goal of sustainable drug development. 

In this regard, microfluidic technology has emerged as a promising 
platform for miniaturized and controlled drug screening, even at the 
cellular level (Ramezankhani et al., 2022). Compared to single-drug 
analysis in conventional petri dish or animal model methods, micro-
fluidic platforms can simultaneously provide high-precision multidrug 
(Jiang et al., 2003; Mitxelena-Iribarren et al., 2019; Zhao et al., 2021) 
and multiconcentration (Humphries et al., 2018; Bavli et al., 2016; Lee 
et al., 2019b; Liu et al., 2019) screening with high sensitivity and faster 
response times. The inherent potential to design microfluidic devices 
with dimensions compatible with single cells has attracted considerable 
attention for studying the biochemical functions of cells, which is 
necessary for new drug development. Moreover, microfluidic systems 
can act as an ideal platform for precise control of the concentration 
gradients of drugs to analyze the cellular phenotypes that react to 
chemical and physical stimuli in the extracellular microenvironment, 
thus allowing real-time monitoring (Berthier and Beebe, 2014; Hu et al., 
2018). In the 1990s, microfluidics-based devices were first introduced to 
enable cell culture and drug analysis in different cell lines for pharma-
ceutical screening. Since then, the field has undergone massive trans-
formation, such as dramatically reducing the sample volume to single 
droplets and extending the platform for the screening a wide variety of 
drug targets. In addition, microfluidic systems have high potential to 
revolutionize drug screening (Valencia et al., 2012), from nanoparticle 
synthesis to clinical trials (Feng et al., 2017) and from single droplet 
(Chowdhury et al., 2019; Eduati et al., 2018; Gérard et al., 2020; Sab-
hachandani et al., 2016) to multiorgan system analysis (Jin et al., 2018; 
Zheng et al., 2021). Furthermore, human organs can be mimicked in 
microfluidic systems to simulate a typical human organ’s microstructure 
and physiological operations (Skardal et al., 2016; Zheng et al., 2016). 
Currently, lung (Jung et al., 2019; Xu et al., 2013; Zhu et al., 2022), liver 
(Delalat et al., 2018; Lee et al., 2019a), heart (Liu et al., 2020; Ren et al., 
2020; F. Zhang et al., 2021), kidney (Lin et al., 2020; Theobald et al., 
2018), blood vessels (Cao et al., 2019; Lee et al., 2021) and even the 
whole body (Chen et al., 2018) can be mimicked on microfluidic de-
vices, which results in more predictable outcomes for drug screening. 
These outstanding characteristics make microfluidic systems an ideal 
choice for highly sensitive drug sensing and screening. (Mullard, 2018). 

To date, the developments and advancements in microfluidics-based 
drug sensing and screening have been reviewed by several research 
groups (Wang et al., 2018; Harrer et al., 2019; Dhiman et al., 2019; 
Harrer et al., 2019b; Liu et al., 2019; Liu et al., 2021; Musile et al., 2021; 
Ramezankhani et al., 2022; Wang et al., 2018b; Zhai et al., 2019; Zhao 
et al., 2020). Wang et al. explored multiorgan integrated platforms with 
total tissue and fluid volumes less than 1/10000 of that of the human 
body (≈6.5 mL) that were capable of drug testing and disease modeling 
(Wang et al., 2018). Moreover, Harrer et al. specifically reviewed how 
current advances in artificial intelligence (AI) can reshape critical stages 
of clinical trial strategies to improve their success rates (Harrer et al., 
2019). Furthermore, cell-based microfluidic technologies for drug 
screening were reviewed and discussed by Zhai and coworkers (Zhai 
et al., 2019). In addition, few of the reported studies were specifically 
dedicated to anticancer drug screening and its influence on cancer 

therapy. For instance, Dhiman et al. primarily reviewed the current 
challenges in microfluidics-based chemotherapy, such as combinatorial 
drug therapy, drug resistance, cancer metastasis, and personalized 
medicine. (Dhiman et al., 2019). In another review, Shi et al. focused on 
current advancements in microfluidic devices for anticancer drug 
screening and inventions in tumor tissue chips with emphasis on the 
choice of materials (especially hydrogels) in designing a microfluidic 
platform to simulate a dedicated tumor microenvironment (Shi et al., 
2021). Furthermore, Zhao and coworkers presented a summary of the 
rational design and fabrication of microfluidic devices based on 
biomedical materials (Zhao et al., 2020). In addition to anticancer drugs 
some groups have emphasized recent advances in screening for other 
drug types, such as illegal drugs. Musile et al. provided a short synopsis 
of the fabrication and detection methods for designing paper-based 
microfluidic devices for the forensic analysis of illegal drugs (Musile 
et al., 2021). Subsequently, Liu et al. presented an overall assessment of 
the revolutionary influences of microfluidics on the whole drug devel-
opment system, i.e., drug synthesis, drug screening, drug delivery, and 
drug evaluation (Liu et al., 2021). In a recent review, Ramezankhani and 
coworkers discussed the potential of microfluidics-based systems for 
studies of SARS CoV-2 and the screening of potential therapeutic drugs 
for coronavirus 2019 (COVID-19) (Ramezankhani et al., 2022). 

Nevertheless, most of the existing literature did not provide an 
extensive and in-depth survey of the overall developments in 
microfluidics-based drug sensing and screening. In this review, for the 
first time, we have highlighted the importance of the detection methods, 
sensing and fabrication materials and properties of microfluidic chan-
nels that significantly influence drug screening performance at the 
microscale. The first section includes a comprehensive overview of the 
detection techniques, particularly optical, electrochemical, and mass- 
spectroscopic-based modalities, which are widely used for microfluidic 
drug sensing and screening. Then, valuable information on the influence 
of the sensing surface materials, fabrication materials, surface 
morphology, and the advantages of different geometrical designs of the 
microfluidic prototypes are also highlighted. This section is intended to 
provide a critical understanding of the structural properties of the 
microchannels and their impact on drug screening sensitivity. Then, 
applications of microfluidic systems for therapeutic and illicit drugs are 
discussed. Lastly, existing challenges, and future prespectives in drug 
screening and sensing applications of microfluidics technology have also 
been underlined. We believe that this review will enhance readers un-
derstanding of the recent innovations in the field of microfluidics-based 
drug sensing and facilitate new advances toward developing more pre-
cise drug screening methodologies. Fig. 1 summarizes different 
microfluidics-assisted drug sensing and screening techniques; the in-
fluence of sensing materials, surface morphology, and geometrical de-
signs of the platforms; and their respective applications in therapeutic 
and illicit drug screening. 

2. Techniques 

2.1. Optical techniques 

Optical sensors have emerged as an innovative and compelling tool 
that has been widely employed in screening drugs for various biomed-
ical, environmental monitoring, food safety, and forensic analysis ap-
plications (Mao et al., 2020; Mitchell et al., 2022; Musile et al., 2021). 
Generally, an optical probe is functionalized onto the microfluidic 
channel, which possesses a specific binding affinity to the drug mole-
cules, resulting in the generation of a signal that varies with the con-
centration of the drug immobilized. Depending on the type of detection, 
optical sensors are primarily classified into fluorescence-based, surfa-
ce-enhanced Raman spectroscopy (SERS)-based, colorimetric-based and 
infrared (IR)-based platforms. 

A. Pal et al.                                                                                                                                                                                                                                      



Biosensors and Bioelectronics 219 (2023) 114783

3

2.1.1. Fluorescence-based platforms 
Overall, fluorescence is the predominantly utilized optical detection 

technique for drug screening in microfluidic devices owing to its high 
sensitivity and selectivity in small-molecule sensing (Liu et al., 2018; 
Mao et al., 2020). For the screening pharmacological compounds, 
different types of fluorophores, such as fluorescent dyes, proteins, and 
autofluorescent drugs, are used to generate fluorescent signals. This 
optical detection method utilizes a fluorophore to characterize the cell 
viability, lysis, and intracellular enzyme reactions in response to the 
drug molecules inside a microfluidic channel for screening applications. 
For instance, different types of cancer cells were cultured in a micro-
fluidic chip in the presence of common autofluorescent anticancer 
drugs, such as doxorubicin (DOX) (Bandaru et al., 2019; Eilenberger 
et al., 2021; Tang et al., 2021), paclitaxel (PTX) (Lin et al., 2020; 
Schuster et al., 2020), cisplatin (CIS) (Eilenberger et al., 2021; Schuster 
et al., 2020), thiostrepton (TST) (Lin et al., 2020), and salinomycin (SAL) 
(Lin et al., 2020), and the half-maximal inhibitory concentrations (IC50 

values) of the drugs were determined to screen the anticancer thera-
peutic agents. The results clearly showed that with increasing drug 
concentration, the viability of the cancer cells decreased, which was 
evidenced by the decrease in the fluorescence intensity of the drugs. 
Furthermore, several studies have reported that parameters such as drug 
flow rate and cell spheroid size strongly influence the fluorescence in-
tensity, hence determining the screening sensitivity (Eilenberger et al., 
2021; Tang et al., 2021). Interestingly, Lin et al., in 2020 also demon-
strated the selectivity of drug screening platforms for anticancer drugs 
based on their fluorescence intensity by designing a single-cell clone 
forming inhibition assay for cancer stem cells (CSCs) (Lin et al., 2020). 
Nonselective drugs such as DOX and PTX showed an immediate effect on 
the viability of CSCs; however, selective drugs such as TST and SAL 
displayed latent effects. In addition to cancer drugs, fluorescence-based 
microfluidic devices with unique characteristic features have also been 
utilized for the screening of newer drug targets, such as nonhormonal 
contraceptives (Li et al., 2019), transient receptor potential (TRP) 

Fig. 1. Schematic representation of microfluidics-assisted drug sensing and screening techniques. The influence of sensing materials; gold nanoparticles, reproduced 
with permission from (Kim et al., 2014), copyright 2014 Wiley-VCH; graphene, reproduced with permission from (Song et al., 2022), copyright 2022 Wiley-VCH, and 
DNA, reproduced with permission from (Nummelin et al., 2018), copyright 2018 Wiley-VCH. The influence of surface morphology, reproduced with permission from 
(He et al., 2019), copyright 2019 Wiley-VCH, and geometrical designs, reproduced with permission from (Zhong et al., 2021), copyright 2021 Wiley-VCH. Drug 
screening and detection techniques; optical, reproduced with permission from (Liang et al., 2019; Yu et al., 2020), copyright 2019, 2020 Wiley-VCH, respectively; 
electrochemical, reproduced with permission from (Xu et al., 2021), copyright 2021 Wiley-VCH, and mass spectroscopy. Applications in therapeutic, reproduced with 
permission from (Wu et al., 2019), copyright 2019 Wiley-VCH, and illicit drug screening. 
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channels (Ai et al., 2020), and protein receptor oligomers (Song and 
Jung , 2019). For instance, in 2020, Ai et al. proposed a single-cell 
trapping-based strategy for the screening TRP channel modulators that 
displayed superior screening performance compared to the conventional 
Flexstation 3 assay, which involved repeated compound administration 
(Fig. 2a) (Ai et al., 2020). The as-developed microfluidic method ex-
hibits a significant decrease in false positives/negatives from 76.2% in 
conventional assays to 4.8% in Ca2+ fluorescence imaging due to the 
inclusion of single-cell heterogeneity during the screening process. In 
2020, Schuster et al. demonstrated a combination drug against 
pancreatic tumor organoids: which were seeded in a microfluidic 

channel, and the drug exposure of the organoids was continuously 
monitored using live-cell imaging with fluorescent dyes to detect 
apoptosis and cell death (Fig. 2b) (Schuster et al., 2020). Moreover, to 
reduce the sample volume and improve throughput, droplet-based 
microfluidic sorters are becoming increasingly popular, and fluores-
cence detection is widely used to obtain signals for drug identification 
and screening (Hu et al., 2020; Paek et al., 2019; Zhong et al., 2021). 

2.1.2. SERS-based platforms 
Surface-enhanced Raman spectroscopy (SERS) is a type of vibra-

tional spectroscopic technique that provides a unique molecular 

Fig. 2. Optical techniques for drug screening in microfluidic devices. (a) A fluorescence-based microfluidic device for the screening of TRPs, reproduced with 
permission from (Ai et al., 2020), copyright 2020 Wiley-VCH. (b) Combinatorial drug screening of anticancer drugs against tumor organoids based on on-chip 
fluorescence detection, reproduced with permission from (Schuster et al., 2020), copyright 2020 Nature Publishing Group. (c) A multifunctional microfluidic 
platform with SERS detection unit for the monitoring of different cytokines, reproduced with permission from (Qian et al., 2020b), copyright 2020 American 
Chemical Society. (d) A capillary-driven microfluidic chip for detection of hCG molecules in urine samples by employing a SERS detector, reproduced with 
permission from (Ahi et al., 2022), copyright 2022 Elsevier. (e) Paper-based microfluidic device with wick-like structure for colorimetric screening of anticancer 
drugs, reproduced with permission from (Fu et al., 2021), copyright 2021 Wiley-VCH. (f) Microfluidic chip integrated with in situ IR spectroscopy for highly sensitive 
screening of single molecules, reproduced with permission from (Kratz et al., 2018), copyright 2018 American Chemical Society. 
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fingerprint of the analyte of interest by relying on inelastic scattering of 
light (Andreou et al., 2013; Yue et al., 2022). Utilizing plasmonic 
nanostructures as substrates, SERS can achieve 8 times higher scattering 
cross-sections than traditional Raman spectroscopy, which allows 
Raman signal enhancement by a factor of 1010–1011, hence mediating 
single-molecule detection (Yue et al., 2022). Generally, plasmonic 
nanostructures and drug analytes are injected into microfluidic devices 
and undergo reaction within the channel, followed by integration of the 
stationary substrates into the chips. The SERS analysis is carried out on 
stationary substrates where the signal changes based on the drug con-
centration, hence enabling drug monitoring. For microfluidics-based 
drug screening, two strategies of SERS detection are usually employed: 
label-free and labeled detection. The label-free strategy relies on the 
direct absorption of drug molecules onto the SERS substrate to provide 
the Raman signal information of the drugs. To date, several plasmonic 
nanostructured substrates, such as gold nanoparticles (AuNPs), silver 
nanoparticles (AgNPs), Au/Ag core-shell nanostructures, and hybrid 
AgNPs, have been utilized as SERS probes for the detection of several 
drugs, such as illicit drugs and anticancer drugs (Koh et al., 2021; Qian 
et al., 2020a; Segawa et al., 2019; Sivashanmugan et al., 2019). Qian 
et al. developed a multifunctional microfluidic platform with a SERS 
detection unit for the detection of the cytokine VEGF by employing 
Au/Ag core-shell nanorods (NRs) labeled with the Raman reporter 5, 
5′-dithiobis-2-nitrobenzoic acid (DTNB) as substrates (Fig. 2c) (Qian 
et al., 2020b). In addition, among all the detection methodologies, the 
SERS technique has shown promising results in the screening of drug 
analytes in real samples such as saliva, blood, urine, and sweat. For 
instance, Ahi et al. fabricated a capillary-driven microfluidics-based 
SERS detection platform for the analysis of human chorionic gonado-
tropin (hCG) protein in urine samples by using an antibody-modified 
magnetic metal-organic framework (MMOF) as the capture probe 
(Fig. 2d) (Ahi et al., 2022). Owing to their direct and noninvasive nature, 
wearable sensors based on SERS technology have recently been designed 
by integrating optically active plasmonic nanostructures onto flexible 
substrates. In 2021, Koh et al. reported a wearable SERS patch for the 
label-free detection of 2-fluoro-methamphetamine (2-FMA) in sweat 
which comprises of silk fibroin film (SFF) for the absorption of drugs 
from the skin surface and modification of the SFF with Ag nanowires 
(NWs) to generate SERS signals for the absorbed molecules under laser 
irradiation through the transparent dermal patch (DP) layer (Koh et al., 
2021). 

2.1.3. Colorimetric-based platforms 
In recent years, colorimetric sensors have attracted tremendous 

attention for the screening of drugs outside clinical environments due to 
their cost-effectiveness, simplicity, and even visualization by the naked 
eye (Musile et al., 2021). Generally, colorimetric screening of drugs is 
carried out in paper-based microfluidic devices that are immobilized 
with specific probes, such as nanomaterials or enzymes, which results in 
a color-changing chemical reaction upon binding with the drugs (Ansari 
et al., 2017). Since the color change can be visible to the naked eye, 
colorimetric-based screening methodologies hold significant potential 
for instrument-free point-of-care testing (POCT). To date, different 
drugs, such as anti-neurological drugs (Liu et al., 2022), anticancer 
drugs (Fu et al., 2021), benzodiazepines (Ansari et al., 2017), and 
glucose (Ilacas et al., 2019), have been detected using colorimetric 
methods. For instance, in 2022, Liu et al. utilized the peroxidase-like 
activity of CeO2–Co(OH)2 nanosheets for the highly sensitive and se-
lective detection of acetylcholinesterase (AChE) with a linear range of 
0.2–20 mU/mL (Liu et al., 2022). The excellent catalytic performance of 
CeO2–Co(OH)2 nanosheets was related to the presence of oxygen va-
cancies. For instance, Ansari et al. designed a portable 
smartphone-integrated paper-based microfluidic device for measuring 
alprazolam (ALP) in vitreous humor and blood based on functionaliza-
tion of AgNPs onto the paper which changed the color to reddish brown 
upon binding with ALP (Ansari et al., 2017). In another study, Fu et al., 

in 2021 fabricated an innovative wick-like paper-based microfluidic 
device for culturing 3D tumor cells to test the activity of anticancer 
drugs (Fig. 2e) (Fu et al., 2021). The results showed that the effect of the 
drugs on the cells was directly related to the color intensity, with lighter 
color intensity appearing on the paper at higher drug concentrations due 
to the lower cell viability. 

2.1.4. Infrared-based platforms 
In contrast to the other optical methods used for drug screening, IR- 

based spectroscopic techniques are label-free approaches that directly 
probe the unique vibrational fingerprint of drug molecules for their 
quantification (Gasper et al., 2009). Moreover, IR spectroscopy-based 
detection can generate the signal without time delay, is independent 
of the charge/polarizability of the sample and does not require 
complicated functionalization steps. For drug analysis, droplets of the 
drug solution in IR absorbing media are generated using the liquid-
–liquid extraction method, which is then transferred to an 
IR-transparent solvent equipped with waveguide IR spectroscopy for 
on-chip drug detection (Baker et al., 2014; Wägli et al., 2013). To 
enhance the sensitivity, microfluidic substrates are often functionalized 
with metal island films for signal enhancement, which is known as 
surface-enhanced IR spectroscopy (SEIR). For instance, in 2018, Kratz 
et al. proposed an optofluidic platform by integrating SEIR with 
microfluidics, which offers potential applications in drug screening by 
detecting the protein responses to particular drugs (Kratz et al., 2018). 
Along with the IR-transparent windows, a single-reflection geometry at 
an incidence angle below the attenuated-total-reflection (ATR) regime is 
employed, which reduces the strong IR absorption of common polymer 
materials and aqueous environments in the IR fingerprint region, 
allowing this configuration to be used for high-throughput drug detec-
tion (Fig. 2f). 

2.2. Electrochemical techniques 

Electrochemical (EC) biosensors have shown advantages such as 
simple instrumentation, high sensitivity, cost-effectiveness, easy inte-
gration, and miniaturization (Silvestrini et al., 2015). Hence, electro-
chemical microfluidic biosensors are frequently used in drug screening 
(Teymourian et al., 2020) and biomolecule detection (Lee et al., 2018; 
Tiwari et al., 2022). Here, we emphasize microfluidics-based drug 
sensing and screening based on electrochemical techniques such as 
electrochemical impedance spectroscopy (EIS), amperometry, cyclic 
voltammetry (CV), and differential pulse voltammetry (DPV). The 
integration of electrochemical techniques and microfluidic devices fa-
cilitates highly sensitive, noninvasive, low-volume, and label-free drug 
sensing and screening platforms. 

EIS is a rapid technique used to study the kinetics of interfaces (Pejcic 
and DeMarco, 2006; Muñoz et al., 2017) in EC biosensors that estimate 
the loadings of immobilized bioreagents on the electrode surface by 
measuring the change in impedance (Sadik et al., 2009). Fig. 3a depicts 
an EC-based microfluidics biosensor for long-term monitoring of human 
organoids during drug toxicity studies. Herein, albumin (a representa-
tive biomarker of healthy liver tissue) and GST-α (a representative 
biomarker of acute liver injury) detection was based on EIS measure-
ments. The amount of antigens captured on the functionalized electrode 
surface with antibodies, proportional to the antigens in the solution, was 
measured by measuring the impedance of the electrodes. The fabricated 
microfluidic sensor was capable of detecting albumin with an LOD of 
0.09 ng mL− 1 and a sensitivity of 1.35 (log (ng mL− 1)) − 1, and the GST-α 
biosensor was found to detect up to 50 ng mL− 1 with an LOD of 0.01 ng 
mL− 1. In this microfluidic platform, the cell secretum from the organoid 
flows automatically to the EC biosensor. Furthermore, this platform 
shows excellent capability for long-term drug toxicity monitoring before 
human trials by measuring the variation in albumin and GST-α (Shin 
et al., 2017). 

Moreover, an EC-based microfluidic device has been used by Chawla 
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et al. to study the mortality of schistosomiasis (a tropical disease caused 
by parasitic worms). Herein, EIS measurements have been employed to 
monitor the variation in impedance of two different groups of elec-
trodes, where one group of electrodes reveals the number and size, and 
the other group of electrodes reveals the precise mortality of worm 
larvae to estimate their viability (Fig. 3b). The multiplexing of the 
analyzed units allowed us to simultaneously record changes in the 
motility of larvae exposed to different drug concentrations in different 
analysis units without disturbing the signal between different units. 
Compared to a trained operator’s phenotypic evaluation of the worm 

larvae using manual microscopy, automated assessment by the micro-
fluidic platform provides an excellent correlation to view scores (Chawla 
et al., 2018). 

Amperometry has been utilized with a microfluidic device by Weltin 
and coworkers to monitor glucose and lactate secretion from cancer 
cells. This platform has been used for long-term and online dynamic 
monitoring of recovery after applying a drug (cytochalasin B) to cancer 
cells. Cytochalasin B (CB) is a commonly used compound that blocks 
glucose and lactate metabolism inside the cell. By applying CB to the 
cultured cells, the direct effect of the change in the extracellular 

Fig. 3. Different electrochemical mechanism sensors integrated with microfluidics. (a) Label-free and regenerative electrochemical microfluidic biosensors for 
continual monitoring of cell secretum, reproduced with permission from (Shin et al., 2017), copyright 2017 Wiley-VCH. (b) Impedance-based microfluidic assay for 
automated antischistosomal drug screening, reproduced with permission from (Chawla et al., 2018), copyright 2018 American Chemical Society. (c) Microfluidic 
electrochemical sensor for cerebrospinal fluid and blood dopamine detection in a mouse model of Parkinson’s disease, reproduced with permission from (Senel et al., 
2020), copyright 2018 American Chemical Society. (d) Application of multiplex microfluidic electrochemical sensors in monitoring hematological tumor biomarkers, 
reproduced with permission from (Zhu et al., 2020), copyright 2018 American Chemical Society. 
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concentration of glucose and lactic acid can be observed by the 
amperometry-based microfluidic platform (Weltin et al., 2014). In 
addition, Senel et al. employed amperometry with a microfluidic plat-
form for dopamine (DA) detection. The developed microfluidic device is 
depicted in Fig. 3c, which shows a linear current response from 0.1 to 
1000 nM for DA concentrations in phosphate buffered saline (PBS) and 
aCSF (artificial cerebrospinal fluid). This integrated platform has shown 
the potential to improve DA detection after treatment with L-3,4-dihy-
droxyphenylalanine (L-dopa) in patients with Parkinson’s disease (Senel 
et al., 2020). Moreover, some groups combined different electro-
chemical techniques with microfluidic platforms for multiple analyte 
detection. Interestingly, Zhu et al., in their system, employed pulsed 
voltammetry to screen methotrexate (MTX), urea, and uric acid (UA). 

Moreover, lactate dehydrogenase (LDH) was detected by cyclic vol-
tammetry. Fig. 3d shows a schematic of the microfluidic platform that 
employed different electrochemical techniques to detect multiple ana-
lytes on a single chip (Zhu et al., 2020). 

2.3. Mass spectrometry 

Mass spectrometry (MS) is a method for measuring charged ions and 
consists of three main components: an ion source, a mass analyzer, and a 
detector. The basic principle of mass spectrometry is that the ion source 
is generated by freeing the sample from the molecular state to the 
charged ion state through high temperature, plasma, and laser irradia-
tion. Then, the charged ions are accelerated by the high pressure and 

Fig. 4. Mass spectrometry techniques for drug screening in microfluidic devices. (a) Integrated microfluidic device coupled to mass spectrometry for the analysis of 
residual quinolones in milk, reproduced with permission from (Zhao et al., 2019), copyright 2019 American Chemical Society. (b) Coupling of Bio-SPME devices with 
MS for the analysis of immunosuppressive drugs, reproduced with permission from (Tascon et al., 2018), copyright 2018 American Chemical Society. (c) An in-
tegrated microfluidic chip coupled to mass spectrometry to probe drug resistance in a tumor-endothelial coculture model, reproduced with permission from (Zheng 
et al., 2020), copyright 2019 Elsevier B.V. on behalf of the Chinese Chemical Society and Institute of Materia Medica, Chinese Academy of Medical Sciences. (d) A 
rapid and flexible droplet–droplet microfluidic microextraction system for metabolite analysis of cell droplets, reproduced with permission from (Sun et al., 2020), 
copyright 2020 American Chemical Society. 
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passed into the mass analyzer of the mass spectrometer. Under the ac-
tion of external physical forces such as electric and magnetic fields, the 
detector can measure the mass-to-charge ratio of different ions, and the 
mass of the analyte can be deduced from the charge. Therefore, mass 
spectrometry can be used for the identification or confirmation of 
molecules (Domon and Aebersold, 2006; Sansa et al., 2020). The inte-
gration of microfluidics with mass spectrometry provides a simple and 
sensitive analytical workflow process (Kazoe et al., 2021; Liu and Lin, 
2016; D. Zhang et al., 2021) with automation capability, reduced sample 
preparation (Liu and Lin, 2016), shorter analysis time (Korzhenko et al., 
2021), good reusability, high throughput (Looby et al., 2019), high 
characterization capability (Shen et al., 2021), and easy integration with 
various isolated instruments (Spencer et al., 2022), thus greatly 
enhancing the analytical capability. Herein, the integration of mass 
spectrometry and microfluidics is ideally suited for highly sensitive drug 
screening. Drug screening covers a wide range of topics, including the 
retention of antibiotics in food (Wu et al., 2016; Zhao et al., 2019), 
monitoring of blood levels of therapeutic drugs for clinical diagnosis 
(Kazoe et al., 2021b; Korzhenko et al., 2021b; Spencer et al., 2022b; 
Tascon et al., 2018), and screening of anticancer drugs (Lin et al., 2016b; 
Sun et al., 2020; Wu et al., 2016b). 

In this regard, Zhao and coworkers have developed an immu-
noaffinity microfluidic chip combined with an electrospray ion-
ization–mass spectrometry (ESI–MS) platform for the qualitative and 
quantitative analysis of antibiotic residues in milk matrices, as shown in 
Fig. 4a. A single isotope internal standard method for the quantitative 
analysis of seven quinolones was proposed. After extraction and 
enrichment with antibody-coupled magnetic beads, the seven quino-
lones were specifically extracted and quantified with a linearity range of 
0.2/0.5–10 ng/mL (R2 > 0.991). The LODs for the seven quinolones 
were in the range of 0.047–0.490 ng/mL (Zhao et al., 2019). 

Furthermore, for therapeutic drug sensing and screening in blood 
samples, Tascon et al. proposed a new method using a microfluidic 
design to facilitate direct coupling of biocompatible solid-phase micro-
extraction (Bio-SPME) devices with MS, as shown in Fig. 4b. The design 
was applied to an ESI-MS/MS system for experimental validation. The 
results showed the rapid determination of selected immunosuppressive 
drugs (e.g., tacrolimus, cyclosporine, sirolimus, and everolimus) from 
100 μL whole blood samples. The limits of quantification for all com-
pounds studied were within the sub-ppb range with excellent sensitivity. 
Good linearity (R2 ≥ 0.99) and excellent precision were obtained with 
and without internal standard correction (Tascon et al., 2018b). Zheng 
et al. designed a microfluidic chip platform to construct a 
three-dimensional tumor-endothelial coculture model to simulate drug 
resistance during tumor treatment, as depicted in Fig. 4c. The anticancer 
drug paclitaxel was selected as the model. The experimental results 
showed that the cells maintained high viability in the 3D dynamic 
microenvironment, confirming the good biocompatibility of the plat-
form. However, on-chip culture enables continuous drug stimulation, 

and significant differences in drug uptake between monoculture and 
coculture models can be clearly observed (Zheng et al., 2020). Fig. 4d 
depicts a droplet-in-droplet microfluidic microextraction platform to 
perform nanoscale microsample pretreatment by combining 
droplet-based microfluidics, robotic liquid handling, and liquid-phase 
microextraction technology. The advantage of the system is that the 
sample volume can be reduced to the nanoliter level, and the extraction 
time can be shortened by 10–20 times. The microextraction system was 
combined with matrix-assisted laser desorption/ionization-time of flight 
(MALDI-TOF) mass spectrometry for the screening of SN- 38, the active 
metabolite of the anticancer drug irinotecan. For this platform, a linear 
relationship in the range of 4–100 ng/mL (R2 = 0.984) was obtained in 
800 nL droplets containing HepG2 cells, with a detection limit of 2.2 
ng/mL and a quantification limit of 4.5 ng/mL for SN-38 (Sun et al., 
2020b). Table 1 provide a comparison of sensing performances based on 
different types of sensing techniques used for drug screening and 
sensing. 

3. Materials 

3.1. Materials for sensing 

Numerous types of materials have been used for screening and 
sensing of illicit drugs, metabolites, pathogens, DNA, and cells in the 
microfluidic devices (Chen et al., 2021; Lin et al., 2016; Sengupta and 
Hussain, 2019). In particular, in the case of microfluidic device-based 
drug sensing, most of the utilized materials are carbon and its de-
rivatives, metal nanoparticles, DNAs, aptamers and hybridized materials 
combined with various techniques. These materials have shown their 
potential for specific and efficient sensing with modification by different 
functional groups (Ansari et al., 2016; Chen et al., 2018a; Dutse and 
Yusof, 2011; Naresh and Lee, 2021). 

3.1.1. Carbon-based materials for sensing 
The carbon-based materials (reduced graphene oxide (rGO), multi-

walled carbon nanotubes (MWCNTs), single-walled carbon nanotubes 
(SWCNTs) and carbon quantum dots (CQDs)) have shown potential for 
microfluidic device-based screening of various types of analytes and 
drugs (Chen et al., 2018b; Materón et al., 2018; Tung et al., 2017; 
Walther et al., 2020; Wee et al., 2019). The potential of these materials 
for biosensing may be attributed to their unique properties, such as the 
excellent optical properties of CQDs, flexibility, the high electron 
mobility and photothermal property of graphene, and the high surface 
area and high electrical conductivity of CNTs (Li et al., 2017; Soldano 
et al., 2010; Wang and Hu, 2014). In a study of cardiac sensing and 
evaluation based on a heart-on-a-chip-based microfluidic device, rGO 
hybridized color film with anisotropic morphology was combined with a 
heart-on-a-chip system (Li et al., 2020). For the construction of the 
anisotropic color film, rGO-modified GelMA hydrogel and polyethylene 

Table 1 
Comparison of sensing performances among different detection techniques for sensing and screening of drugs.  

Detection 
Technique 

Target analyte Linear range LOD Reproducible Refs. 

Optical Formaldehyde 40 μM–266 μM 7 μM Yes Liu et al. (2018) 
Optical DOX 1.8 μM–12.9 μM 1.3 μM Yes  

Tang et al. (2021) 
Optical Cisplatin 

DOX 
1 μM–500 μM 
1 μM–500 μM 

– 
– 

Yes Eilenberger et al. (2021) 

Optical Methamphetamine 67 μM–3.4 mM 67 μM Yes Koh et al. (2021) 
Electrochemical GST-α 

Albumin 
– 
1.5 pM–1.5 nM 

0.2 pM 
0.15 pM 

Yes  
Shin et al. (2017) 

Electrochemical Mefloquine 0.78 μM–25 μM 0.78 μM Yes Chawla et al. (2018) 
Electrochemical Dopamine 0.1 nM–1 μM 0.1 nM Yes Senel et al. (2020) 
Electrochemical Methotrexate 0.1 μM–1000 μM 35 nM Yes Zhu et al. (2020) 
Mass spectroscopy Quinolones 0.6 nM–29.5 nM 0.1 nM Yes Zhao et al. (2019) 
Mass spectroscopy SN-38 10 nM–255 mM 5.6 nM Yes Sun et al. (2020)  
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glycol diacrylate (PEGDA) pregel were used with the microgroove sur-
face morphology of GelMA, as shown in Fig. 5a. When this anisotropic 
hydrogel film was integrated into the microfluidic device and car-
diomyocytes were assembled on the GelMA film, due to their autono-
mous beating, they exhibited contraction and relaxation, which changed 
the structural color of the film. Moreover, this structural color change 
property with the beating action of cardiomyocytes was utilized to study 
the effect of isoproterenol on cardiac contractility. As shown in Fig. 5a, 
with increasing isoproterenol concentration, an increase in structural 
color change was detected. 

A study has been reported based on a novel trimodal system in which 
ketamine was detected with three types of mechanisms with three 
different types of sensing regions, as shown in Fig. 5b (Yehia et al., 
2020). In this work, CQDs were employed as fluorescent sensing mate-
rials in combination with gold nanoparticles (AuNPs). The synthesized 
CQDs had an average particle size of 8 nm and showed intense photo-
luminescence at 453 nm (blue luminescence) and 519 nm (green lumi-
nescence) upon excitation at 350 nm and 400 nm, respectively, as shown 
in Fig. 5b. Moreover, CQDs-based fluorescence sensing showed a keta-
mine concentration-based fluorescence change (blue to purple), and 
further analysis revealed that the intensity of red light of the fluorescent 
signal was linearly related to the concentration of ketamine in the range 
from 2 × 10− 4 – 1 × 10− 3 mol/L. In another study of screening of 
dopamine, sodium dodecyl sulfate (SDS) surfactant-modified graphene 
was used as the sensing surface (Manbohi and Ahmadi, 2019). In this 
study, the microfluidic sensing system was fabricated by using chro-
matography paper and low-cost wax-based stamping to make a hydro-
phobic surface, which was not used as a sensing circular area (Fig. 5c). 
Moreover, the sensing performance of CNT-based sensors, Fe3O4-based 
sensors and SDS surfactant-modified graphene-based sensors for dopa-
mine has been tested, and all of them showed sensitivity toward dopa-
mine. However, in the presence of uric acid and ascorbic acid, the SDS 

surfactant-modified graphene-based sensor showed both sensitive and 
selective detection of dopamine concentration changes with a linear 
range from 0.5 μM to 120 μM and an LOD of 0.01 μM, as shown in 
Fig. 5c. In accordance with the above discussion, it can be said that 
carbon and its derivative-based materials exhibit numerous advantages 
in the fields of biosensing and screening (Singh et al., 2022). 

3.1.2. Nanoparticle-based materials for sensing 
Nanoparticles possess unique physical and chemical properties along 

with their wide range of sizes of 1–100 nm. Moreover, the sizes of 
nanoparticles are comparable to the dimensions of antibodies, metab-
olites, membrane receptors, nucleic acids and proteins. These bio-
mimetic functions, along with their large surface area: volume ratio and 
the potential of tuning their properties, make nanoparticles a unique and 
powerful tool for imaging, screening, and diagnosis (Pison et al., 2006; 
Sanvicens and Marco, 2008; Yezhelyev et al., 2006). In particular, metal 
nanoparticles such as Au, Ag, Ni, Pt and TiO2 nanoparticles have shown 
potential in the field of biosensors such as microfluidics-based bio-
sensors, TENG-based biosensors and electrochemical biosensors (Chat-
terjee et al., 2020; Choi et al., 2016; Pal et al., 2020; Pao et al., 2021; 
Rezvani Jalal et al., 2021; Xie et al., 2017). Especially, AuNPs (<50 nm) 
can be synthesized with various geometries, such as spheres, shells, rods, 
or cages in the nanodomain. These nanoparticles exhibit a localized 
surface plasmon resonant function when irradiated with light. AuNPs 
are excellent labels for biosensing because they are detectable by a 
number of techniques, such as optical absorption, fluorescence, and 
electric conductivity (Huang et al., 2007). Here, we focus on AuNPs as 
drug sensing materials in microfluidic devices. 

In a study of phenol detection, a low-cost and simple microfluidic 
system was integrated with an electrochemical electrode that has a gold 
nanoparticle-multiwalled carbon nanotube (AuNP/MWCNT) composite 
on the surface, modified with tyrosinase (Caetano et al., 2018). 

Fig. 5. Carbon derivatives as sensing materials in microfluidic devices. (a) rGO hybrid anisotropic structural film with multiple colors for cardiac sensing and 
analysis, reproduced with permission from (Li et al., 2019), copyright 2019 Wiley-VCH. (b) A novel trimodal system, where carbon quantum dots are used for 
fluorescent sensing, reproduced with permission from (Yehia et al., 2020), copyright 2020 Elsevier. (c) Microfluidic detection of dopamine through an electro-
chemical method based on graphene, reproduced with permission from (Manbohi and Ahmadi, 2019), copyright 2019 Elsevier. 
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Synthesized AuNPs in this study have a particle size of 7 ± 4 nm, which 
exhibits several sites for enzyme immobilization, and these AuNPs are 
well distributed on MWCNTs, as shown in Fig. 6a. When 
phenol-containing liquid starts to flow from the inlet reservoir to the 
outlet reservoir, the phenol molecule present in solution reacts with 
tyrosinase modified on the AuNP/MWCNT nanocomposite and forms 
o-quinone. Furthermore, this o-quinone undergoes electrochemical 
reduction, which changes the amperometric signals. The fabricated 
low-cost microfluidic device shows a linear range of phenol detection 
from 10 to 200 nmol L− 1 with an LOD of 2.91 nmol L− 1 and a high 
sensitivity of 131 nA μmol L− 1. Thus, the analysis of the proposed device 
shows the realization of phenol detection in simple and fast mode with 
low cost (Fig. 6a). A study has been reported for the detection of illicit 
drugs such as morphine, cocaine, and methamphetamine, where AuNPs 
and silver nanoparticles (AgNPs) are incorporated as SERS media. In this 
study, the materials and sizes of nanoparticles were optimized for the 
detection of the abovementioned illicit drugs based on SERS technology 
(Kline et al., 2016). Moreover, the interfaces of caping agents used for 

nanoparticles have also been studied, and among borate, tannate, and 
citrate, borate showed the best sensing performance. The synthesized 
AuNPs and AgNPs had particle sizes ranging from 20 nm to 80 nm. 
Moreover, these NPs showed size-dependent UV–vis absorption from 
520 nm to 550 nm for AuNPs and from 390 nm to 460 nm, as shown in 
Fig. 6b. The SEM image of borate-capped AuNPs in Fig. 6b shows the 
purity and uniform size distribution of the particles. After optimization 
of the nanoparticle material and size, it was concluded that AuNPs (30 
nm size) showed the best sensing performance, and the LODs measured 
for the methamphetamine, morphine, and cocaine target analytes were 
in the range of (1.5–4.7) × 10− 8 M (4.5–13 ng/mL), as shown in Fig. 6b. 

Nucleic acids modified with hybrid graphene oxide gold nano-
particle (Au@GO NPs) have shown great potential for accurate diagnosis 
and therapeutics. A study has reported a decrease in breast cancer cell 
(MDA-MB-231) viability based on Au@GO NP-induced hyperthermia 
with the combinatorial effects of doxorubicin and BCL2 suppressor 
(Yang et al., 2021). In this report, the hydrophobic interaction of 
iRGD-conjugated lipid ligands with GO and the bonding nature of 

Fig. 6. Microfluidic drug sensing based on metal nanoparticles. (a) Phenol detection based on a combination of a commercial textile thread-based microfluidic device 
with a MWCNT/AuNP-modified electrode, reproduced with permission from (Caetano et al., 2018), copyright 2018 Elsevier. (b) Detection of methamphetamine, 
cocaine and morphine based on borate capped AuNPs in a microfluidic channel with the SERS technique, reproduced with permission from (Kline et al., 2016), 
copyright 2016 American Chemical Society. (c) Imaging of cancer apoptosis based on hybrid graphene-gold nanoparticle-based nucleic acid and doxorubicin, 
reproduced with permission from (Yang et al., 2021), copyright 2021 Wiley-VCH. (d) Synthesis of gold nanoparticles on textile threads for nicotine detection in 
microfluidic devices, reproduced with permission from (Adamo et al., 2020), copyright 2020 Elsevier. 
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iRGD-conjugated lipid ligands with αvβ3 integrins on the surface of 
cancer cells have been utilized for selective cancer cell killing, as shown 
in Fig. 6c. Moreover, Au@GO NPs help to enhance the effect of hyper-
thermia, increase the anticancer toxicity of DOX and inhibit the over-
expressed BCL2 gene. Most importantly, Au@GO NP-BCL2-NAC 
combined with NIR hyperthermia induced a significantly higher per-
centage of cell killing (approximately 31%) than the control groups of 
the ASON only with a 10 μg mL− 1 loading concentration of DOX 
(Fig. 6c). Measurement of cancer cell viability also shows a decrease 
with increasing DOX concentration, as shown in Fig. 6c. In another 
study, nicotine detection was realized with a low-cost and rapid 
microfluidic device constructed by using cotton threads (Adamo et al., 
2020). In this regard, gold nanoparticles were synthesized with the use 
of cotton thread and reagents (HAuCl4 and Na3C6H5O7). The synthesized 
AuNPs have a diameter ranging from 20 nm to 40 nm, as shown in 
Fig. 6d. These synthesized AuNPs on cotton threads showed high 
sensitivity to a nicotine-containing solution with the SERS technique. 
Moreover, this AuNP-based system showed a linear sensing response for 
a concentration range of 2–6 mg L− 1 with an LOD of 0.18 mg L− 1, as 
shown in Fig. 6d. From the above discussion, gold nanoparticles are 
proven to be ideal candidates for drug sensing in microfluidic devices 
due to the novel properties of this material. 

3.1.3. DNA and aptamer-based materials for sensing 
Deoxyribonucleic acid (DNA) sequences are specific for sensing and 

play a significant role in clinical diagnostics, food safety analysis, bio-
sensing and biodefense applications (Das et al., 2012; Wu et al., 2014). 
DNA molecules exhibit unique self-recognition functions, offering 

higher flexibility and accessibility to exquisite nanostructures built 
‘‘bottom-up’’ with ultrahigh controllability and precision. Moreover, 
DNA has natural conjugation properties with antibodies (Pei et al., 
2011). 

Detection of bisphenol A (BPA) has been performed in graphene field 
effect transistor integrated microfluidic devices where a graphene sub-
strate is functionalized with double strained complementary DNA 
(dsDNA) (Liu et al., 2018). In this report, a solution-gated graphene 
transistor (SGGT) is constructed on a glass substrate covered with a 
PDMS channel. The graphene channel was functionalized with AuNPs 
with an average size of 30 nm, as shown in the TEM image of single-layer 
graphene in Fig. 7a. Moreover, this AuNP-modified graphene channel 
was modified with probe dsDNA molecules immobilized on the AuNPs, 
as shown in Fig. 7a. With the application of BPA solution, the transfer 
characteristics of SGGT changed, and these changes were consistent 
with the change in the concentration of BPA, with a linear response in 
the range of 10 to 5 × 104 ng/mL. In another study, DNA tetrahedron 
and aptamer-based aggregation induced the emission of luminescence, 
and these aggregated molecules were further modified with the anti-
cancer drug DOX. Moreover, these modified molecules were attached to 
the surface of the graphene oxide layer, and the resulting sensing plat-
form possessed higher selectivity for liver cancer cells (Ma et al., 2021). 
As shown in Fig. 7b, four ssDNAs were initially assembled by themselves 
to produce a DNA-tetra structure and further modified with hairpin 
switch aptamers followed by loading of the anticancer drug DOX on the 
DNA-tetra skeleton, as shown in Fig. 7b. Doxorubicin showed green 
fluorescence when it was added to the DNA-tetra skeleton, and to 
enhance this fluorescence, DASI, which is a fluorescent probe molecule 

Fig. 7. DNA-based drug sensing with microfluidic devices. (a) Screening of bisphenol A based on DNA functionalized graphene with microfluidic device, reproduced 
with permission from (Liu et al., 2018), copyright 2018 American Chemical Society. (b) DNA-modified graphene oxide-based microfluidic for the diagnosis and 
treatment of liver cancer cells, reproduced with permission from (Ma et al., 2021), copyright 2021 Wiley-VCH. (c) Detection of serum cocaine based on 
aptamer-modified microfluidic system, reproduced with permission from (Oueslati et al., 2018), copyright 2018 Elsevier. 
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with aggregation-induced emission (AIE), was also loaded on the DNA 
structure, followed by the FRET process to produce bright red fluores-
cence, as shown in Fig. 7b. Moreover, the loading capacity of DOX, DASI 
and GO was optimized, and as shown in Fig. 7b, cell viability decreased 
with increasing DOX concentration. A comparative in vivo study was 
also performed to prove the efficiency of the fabricated DNA 
nanomaterials. 

Cocaine is a highly intensive stimulant widely abused as a drug. A 
microfluidic device has been developed for screening cocaine in serum 
based on aptamers as probe molecules (Oueslati et al., 2018). In this 
work, the change in capacitance of the sensing surface in response to 
selective binding of cocaine on probe aptamer molecules was measured, 
as shown in Fig. 7c. Moreover, an alternative current was applied to 
induce rapid transportation of target molecules and prevent the influ-
ence of the matrix. The fabricated microfluidic device possesses prop-
erties such as low cost, rapid, and high selectivity. Moreover, in standard 
buffer solution, it shows a linear response in the range of 14.5 fM to 14.5 
pM with a 7.8 fM LOD and a 30 s sample-to-result time. Moreover, in 
serum samples, this sensing platform show a 13.4 fM LOD, as shown in 
Fig. 7c. It can be concluded that materials based on carbon and its de-
rivatives, metal nanoparticles and DNA-based nanomaterials exhibit 
numerous novel properties that have great potential for biosensing in 
microfluidic devices. Table 2 shows effect of different type of sensing 
materials on sensing properties of microfluidic sensors. 

3.2. Materials for microfluidic platform fabrication 

The surface properties of fabrication materials dominant signifi-
cantly when it comes to microscale and these surface properties can 
either own to realization of unique properties or lead to problems. To 
realize individual functions, special attention is required for the selec-
tion of proper fabrication material, since it will decide the inherent 
properties of microfluidic device. In the past three decades, several types 
of materials have been employed in microfluidics. Initially, silica and 
glass were used in the fabrication of microfluidic devices. However, 
silica and glasses are hard which hinder their broad applications, 
expensive in fabrication, requirement of high-level protection, diffi-
culties in bonding of chips and difficulties in creation of effective valves. 
Hence, by considering these problems, researchers have been used 
elastomers (like: PDMS) in abundance. This abundant use of PDMS 
owing to its properties like stretchability, compressibility, easy and low- 
cost fabrication, low curing temperature (40-70 ◦C), and ability of 
casting in nanometer resolution owing to its low surface tension. 
Moreover, PDMS allow integration of valves with high density, gas 
permeable, and biocompatible (Ren et al., 2013). 

Other materials, like hydrogels are also good candidate for 
biomedical research and biomimicking, like study of cell culture in 
tissue-level and delivery of cell and solutions. Hydrogels are highly 
aqueous (water >90%), similar to extracellular matrix, highly biocom-
patible, and highly porous with controllable pore size. On other hand, 
paper-based devices have shown their potential towards microfluidics as 
these devices don’t need to be sealed. Moreover, high porosity of paper 
(consist of cellulose), low-cost and very simple device fabrication, ease 
of storage, large surface-to-volume ratio, good capacity of wicking 

liquids, and ease of multilayer device fabrication are the properties 
which makes them suitable for drug sensing and screening (Derda et al., 
2011). 

4. Geometries and morphologies of microfluidic platforms 

4.1. Geometries of microfluidic platforms 

During the last decade, microfabrication technologies have led to the 
development of microfluidic channels with increasingly advanced 
geometrical designs. The development of different geometrical struc-
tures of the microfluidic channels enhances the sensing capability of 
these systems for drug screening. In addition, the significant advantage 
of microfluidics-based drug screening is the high-throughput or high- 
content analysis capability. The primary task in developing micro-
fluidic systems for drug screening is to fabricate microfluidic devices 
based on the target’s function (Regnault et al., 2018). For example, to 
inspect bimolecular gradients by guiding biological processes within 
dynamic circumstances and high-throughput chemical gradients (toxic 
substances or drugs), a microfluidic concentration gradient generator 
(MCG) is needed to obtain a platform with high stability for drug 
screening and chemotaxis for microorganisms or cells (Ahmed et al., 
2010). The ‘Christmas tree’ is the classical geometrical design (Jeon 
et al., 2000) of MCG, in which the diffusion mixing principle of laminar 
flow comes to play. Furthermore, the design of the gradient generator 
should be compatible with other microfluidic functional components to 
provide adequate performance. For instance, Huanhuan et al., in 2019 
designed an innovative MSG system capable of accumulating highly 
linear concentrations regardless of the flow rate. It was achieved by 
introducing a serpentine mixing channel to the MSG to initiate the 
mixing of the laminar flow in a much shorter length, as depicted in 
Fig. 8a (Shi et al., 2019). In addition, different geometrical designs 
facilitate the mimicking of human organs for drug screening in micro-
fluidic systems. These can be engineered so that the cells can be 
adequately close (100–200 μm) to the supplied nutrients and oxygen to 
assure cell viability (Laschke et al., 2006), which can help to achieve 
appropriate physiological conditions for drug screening, tissue engi-
neering (Choi et al., 2007), and vascularization (Jain et al., 2005). 
Several studies have suggested that hydrogel-based microfluidic fabri-
cation techniques play an essential role in achieving a 3D cell culture 
environment for drug screening. In this case, branched, serpentine, 
spiral, and 3D interconnected structures can be constructed with the 
advantage of vascular function in pathological and physiological situa-
tions (Fig. 8b) (Nie et al., 2018). Moreover, Fig. 8c depicts the 
hydrogel-based complex helical microfibers and cell-laden helical 
microfibers, which can be designed into several geometries, including 
multilayer helical and superhelical hollow microfluidic structures with 
winding channels to mimic the structural characteristics and swirl blood 
flow in the blood vessels (Jia et al., 2019). These geometrical designs of 
microfluidic channels are potentially used to screen drugs for cardio-
vascular diseases such as atherosclerosis (Li et al., 2019). 

Furthermore, bloodstream infections, such as sepsis, are life threat-
ening worldwide (Hsieh and Huang, 2022). Their timely detection and 
treatment by applying antibiotics at a suitable concentration can 

Table 2 
Comparison for effect of different sensing materials on sensing properties of microfluidic sensors.  

Type of sensing materials Sensing materials Target analyte Linear range LOD Refs. 

Carbon-based materials rGO Isoproterenol 1 nM–10 μM – Li et al. (2019) 
CDQs Ketamine 200 μM–1000 μM 200 μM Yehia et al. (2020) 
Graphene Dopamine 0.5 μM–120 μM 0.01 μM Manbohi and Ahmadi (2019) 

Nanoparticle-based materials AuNPs Phenol 10 nM–200 nM 2.91 nM Caetano et al. (2018) 
AuNPs Methamphetamine 50 nM–0.1 μM 30 nM Kline et al. (2016) 
AuNPs Nicotine 12 μM–37 μM 11 μM Adamo et al. (2020) 

DNA and aptamer-based 
Materials 

dsDNA BPA 43.8 nM–219 μM 43.8 nM Liu et al. (2018) 
Aptamer Cocaine 14.5 fM – 14.5 pM 7.8 fM Oueslati et al. (2018)  
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determine the patient’s survival. The olive-shaped microfluidic system 
depicted in Fig. 8d was proposed to simplify and standardize the con-
ventional SERS-antimicrobial susceptibility testing (AST) protocol, 
which can perform rapid bacterial eradication with the aid of antibi-
otics. In the SERS-AST protocol, bubble generation during air isolation is 
a critical problem that can hamper the detection process. Herein, the 
olive-like geometry plays the most critical role in eliminating bobble 
generation (Liao et al., 2021). Hence, directly or indirectly, the geom-
etry of the microfluidic system is one of the most critical factors in drug 
screening applications. Before fabricating the microfluidic platform, the 
structure of the microcavity and microchannel can be a computed to 
optimize its geometry because any undesirable flow will affect the 

transport of species to the cells and high-throughput drug screening. 
Fig. 8e shows the simulated flow of the fluids in the microfluidic system 
and the use of COMSOL Multiphysics to determine the system re-
quirements for cellular and multiorgan level assessment and new drug 
screening (Kohl et al., 2021). Recent advances have also enabled the 
utilization of microfluidics-based platforms for single-droplet-based 
drug screening. The single-phase focused transducer (SPFT) droplet 
sorting device shows a great response in biocompatible drug screening at 
the droplet level. The SPFT sorter device depicted in Fig. 8f was used to 
screen the cytotoxicity of doxorubicin on cancer and noncancer cells. It 
can achieve a high throughput of over 1182 events per second, whereas 
the power consumption is less (16 Vpp), and the cell viability rate can be 

Fig. 8. Representative examples of diverse geometries of different microfluidic platforms. (a) A concentration gradient generator-based microfluidic device and a 
wide range of flow rates, reproduced with permission from (Shi et al., 2019), copyright 2019 Elsevier. (b) Schematic of branched, spiral, serpentine, and 3D-inter-
connected forms of microfluidic channels for developing vascularized tissue or organ models, reproduced with permission from (Nie et al., 2018), copyright 2018 
Wiley-VCH. (c) Illustration of the hydrogel-based helical hollow microfibers to mimic the structural characteristics and swirl blood flow in the blood vessels, 
reproduced with permission from (Li et al., 2019), copyright 2019 Wiley-VCH. (d) An olive-shaped microfluidic microwell device to encounter the bobble generation 
in SERS-AST protocol, reproduced with permission from (Liao et al., 2021), copyright 2021 Elsevier. (e) A 3D advection-diffusion model of the microfluidic cavity 
using computational fluid dynamics (CFD), reproduced with permission from (Kohl et al., 2021), copyright 2021 Wiley-VCH. (f) Schematic of a single-phase focused 
transducer-based droplet sorter for biocompatible drug screening, reproduced with permission from (Zhong et al., 2021), copyright 2021 Wiley-VCH. (g) A fish 
capsule-based high-throughput drug screening system, reproduced with permission from (Tang et al., 2022), copyright 2022 Wiley-VCH. 
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maintained at 93.5% in the post shorting condition. Herein, the 
geometrical designs and dimensions of the single-phase focused trans-
ducer play a significant role in the high efficiency of acoustic energy 
transmission to achieve sorting purity up to 99.2%. Meanwhile, the 
acoustofluidics-based design ensures the unidirectional propagation of 
acoustic waves focused on the sorting region (Zhong et al., 2021). 
Meanwhile, multiorgan drug scanning can be achieved by a novel fish 
capsule microfluidic system, as shown in Fig. 8g, which combines 
microencapsulating technology with machine learning algorithms. This 
transparent geometrical structure enables multiorgan, multifunctional, 
high-throughput, large-scale screening with multiorgan imaging and 
functional analysis of specific organs. The other advantage of this system 
is combinational drug screening. It requires only limited amounts of 
samples and resources to accelerate the identification of novel thera-
peutics for precision medicines (Tang et al., 2022). 

In addition, multiorgan microfluidic models have also been used to 
mimic a liver-on-a-chip to study drug metabolism, which is vital for 
detoxification and homeostasis in the human body. Herein, micro-
physiological systems (MPSs) have emerged as the most influential 
culture system for drug screening and disease modeling in liver-based 
microorgan models. In the ‘PREDICT-96 platform’, devised in 2019, 
the PREDICT-96 array is integrated with a micropumping system 
(PREDICT-96 pump) capable of recirculating medium at ultralow vol-
umes. The unique geometry and low volume footprint of the platform in 
the MPS enable the observation of hepatitis response, including secre-
tion feedback to any drug or stimuli. Thus, current limitations associated 
with drug screening via MSPs can be addressed by the PREDICT-96 
platform (Tan et al., 2019). However, this kind of complex organ 
cultivation model under proper physiological conditions also faces 
challenges in maintaining its functions over time (Alépée et al., 2014). 

4.2. Different morphologies on the surface of the microfluidic sensing 
platform 

The manipulation of the surface of the microfluidic system with nano 
or microstructures can enhance the practical functions of the micro-
fluidic systems. Nano/microstructures with different morphologies have 
been proposed for the modification of microchannels, which is crucial 
for improving the sensitivity of drug screening. Raman spectroscopy 
combined with the nanogap structure is predominantly utilized for 
level-free chemical sensing (Lin et al., 2017). Interestingly, in 2020, Lao 
et al. fabricated a SERS microfluidic device with a self-assembled metal 
nanogap structure. These nanogap plasmonic structures on the surface 
of microfluidic systems were designed using the switchable 
self-assembly method. In this study, nanopillars are fabricated by a laser 
printing method, and then the combined effect of supercritical drying 
and capillary-force driven self-assembly (CFSA) is utilized by the au-
thors. The authors suggested that the as-formed nanogap morphologies 
enhanced the electromagnetic fields, which in turn improved the SERS 
signals by factors of up to ≈8 × 107 (Fig. 8a), thus facilitating localized 
and level-free sensing of anticancer drugs such as DOX (Lao et al., 2020). 
Furthermore, Dies et al. designed a unique dendritic architecture onto 
the SERS substrate for the screening of certain illicit drugs, such as 
oxycodone, cocaine, and heroin, in body fluids, such as saliva. These 
substrates are designed on a reusable microelectrode platform by elec-
trokinetically gathering colloidal silver nanoparticles. The utilization of 
the dendritic nanostructures provided highly dense SERS hotspots to 
enhance the system’s detection capability up to 100% accuracy for illicit 
drug screening (Dies et al., 2018). Thus, the inclusion of surface mor-
phologies shows promising results in SERS-based detection modules for 
drug sensing and screening. 

For approximately ten years, circulating tumor cell (CTC) detection 
technology has been recognized as one of the most promising tools for 
the diagnosis of cancer in the early stage (Poudineh et al., 2018). Various 
3D micro/nanostructures are used to capture the CTC to observe the 
high-throughput drug screening on these cells and understand the 

cellular behavior upon drug injection in the microfluidic system. Fig. 8b 
shows a hierarchical spiky microstraw array (HS-MSA) integrated with a 
microfluidic device to demonstrate the dual functions of capturing 
cancer cells and the in situ chemical manipulations of those cells. The 
incorporation of these 3D micro/nanostructures of the HS-MSA enabled 
the capture of cancer cells with high efficiency (≈84%) and strong 
specificity. Thus, the 3D micro/nanostructure-based microfluidic system 
is not only a promising candidate for CTC detection but also promises 
new opportunities for the high-throughput screening of drugs against 
CTCs (He et al., 2019). To achieve high-throughput assays, the me-
chanical and chemical gradient generation ability of the microfluidic 
system is essential. Typically, the Christmas tree-like microfluidic 
structure is considered a standard structure for chemical gradient gen-
eration at the outlet (Wolfram et al., 2016). Fig. 9c depicts two designs of 
the gradient-generating microfluidic circuit combined with the micro-
chambers, which enables cell culture as well as mechanical and chemical 
gradient generation on these cultured cells. In the first microchamber, 
there is no microstructure. However, in the second, micropillar struc-
tures are embedded in the chamber, which generates the gradient within 
the chamber. Thus, changing the microchamber morphology helps to 
achieve a chemical gradient within the chamber, which facilitates the 
effect of different drug concentrations and shear stresses. Furthermore, 
this design facilitates the coculture of different cell types at controlled 
ratios. In addition, the simulation results using COMSOL software show 
the local gradient generation of the micropillar-embedded chamber and 
plain chamber. Thus, the microfluidic channel morphology and struc-
ture enable the analysis of different flow rate conditions on the same 
device, which makes high-throughput drug screening more efficient 
(Jaberi et al., 2020). Moreover, the multiparametric screening of drugs 
is essential to reduce the financial burden, lengthy clinical trials, and 
high failure rate. The microfluidic multisized spheroid array can be an 
effective model to address these problems. This spheroid array can 
optimize cell culture conditions with different seeding densities and 
culture cell ratios. As shown in Fig. 9d, five different geometries of the 
microwell structures or different microfluidic channels were fabricated 
for developing blood–brain barrier (BBB) spheroids for multiparametric 
drug screening. The different shapes included spheres, flat-bottom wells, 
elliptic paraboloids, spherical caps, and hemispheres, which had specific 
effects on the drug penetration ability. The smaller BBB spheroids show 
80% higher compound penetration capability than larger BBB spheroids. 
Hence, this microfluidic system’s design and shape improve the poten-
tial drug screening outcomes (Eilenberger et al., 2021). Thus, the 
importance of surface morphology in microfluidic drug screening is 
discussed. 

5. Applications of microfluidic drug sensing and screening 

5.1. Therapeutic drug screening 

Currently, the growth of the aging population and of antibiotic 
resistance are rapidly increasing to dangerous levels, and the recently 
produced therapeutic agents are becoming ineffectual exponentially 
faster than in previous years. Therefore, the screening and sensing of 
therapeutic drugs are greatly needed. Therapeutic drug screening, also 
known as therapeutic drug monitoring (TDM), is a drug therapy that can 
measure the concentration of drugs in blood, saliva, tears, sweat, urine, 
and ISF (Johnston and Holt, 1999; Kang and Lee, 2009; Raymundo--
Pereira et al., 2022). Moreover, it assures accurate and precise dosage 
for each patient with minimal side effects for increased therapeutic ef-
ficiency. Currently, the commercials and traditional techniques used for 
drug monitoring suffer from issues such as high time consumption, high 
cost, and limited resources. In this regard, microfluidics-based bio-
sensors for therapeutic drug sensing have emerged as a promising format 
for point-of-care testing. 

Three-electrode systems in microfluidic chips play an important role 
in therapeutic drug sensing. However, most electrodes are planar with a 
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limited effective area that generates only a nanoampere-level current 
signal (Chikkaveeraiah et al., 2011). Environmental factors can easily 
influence these signals and are unfavorable for highly sensitive sensing. 
Considering this issue, a simple and low-cost microfluidic device was 
fabricated for sensing three therapeutic drugs, warfarin sodium (WFS), 
cyclophosphamide, and carbamazepine, based on Pt wire as both a 
counter and a reference electrode and an Au–Ag alloy microwire 
(NPAMW) modified with 3D nanoporous and molecularly imprinted 
polymer as a working electrode. WFS was measured based on the gate 
effect with a linear response from 2 × 10− 11 to 4 × 10− 9 M with an LOD 
of 8 × 10− 12 M, which can satisfy clinical assays (Fig. 10a) (Liu et al., 
2017). For monitoring biological drugs such as adalimumab (ADM), for 

which true point-of-care (POC) testing remains lacking, an ADM 
biosensor has been developed for the first time by demonstrating the 
fiber optic surface plasmon resonance (FO-SPR) technique with a 
self-powered microfluidic device, which shows an LOD of 0.35 μg/mL. 
In comparison with existing POC biosensors for ADM quantification, this 
innovative biosensor requires only 1 μL of plasma, which is satisfactory. 
For the quantification of ADM, an in-house-developed FO-SPR platform 
was established with a short TTR for 20-fold diluted plasma, which 
shows comparable LOD to that of commercial FO-SPR (Fig. 10b) (Qu 
et al., 2022). 

Following this, a novel “whole blood in-result out” self-powered 
microfluidic chip is demonstrated, which detects ADM within 30 min. 

Fig. 9. Representative examples of different morphologies on the surface of microfluidic platforms. (a) A 3D nanogap plasmonic structure-embedded microfluidic 
device to enhance the SERS signal, reproduced with permission from (Lao et al., 2020), copyright 2020 Wiley-VCH. (b) A schematic illustration of the microfluidic 
device with hierarchical spiky microstraw structures captures CTCs, reproduced with permission from (He et al., 2019), copyright 2019 Wiley-VCH. (c) Designs of a 
micropillar-embedded microfluidic device for gradient generation within the microchamber, reproduced with permission from (Jaberi et al., 2020), copyright 2020 
American Chemical Society. (d) A multisize and differently shaped microcavity array to control the spheroid size and growth dynamics, reproduced with permission 
from (Eilenberger et al., 2021), copyright 2021 Wiley-VCH. 
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This chip is activated by a single finger pressing and consists of two 
units, plasmapheresis for the rapid separation of plasma from whole 
blood within 5 min and an ELISA reagent handling unit, which detects 
ADM by an optimized POC-compatible sandwich ELISA protocol, where 
immobilization of capture antibody at the detection zone in the channel 
takes place. In Fig. 10c, sharp peaks of ADM in a concentration range of 
0–16 μg/mL were obtained by shortening the sample conjugation and 

incubation time from 16 to 2 h to 2 min each. Moreover, to demon-
stration low-volume compatibility in POC conditions, an additional 
reduction from 100-200 μL to 25–50 μL showed an undisturbed signal. 
Hence, this chip provides a solution for therapeutic drug sensing of 
therapeutic antibodies at the patient’s bedside or doctor’s office 
(Ordutowski et al., 2022). On the other hand, breath can be used as a 
potential alternative candidate to bypass issues related to blood 

Fig. 10. Illustration of microfluidic devices for therapeutic drug sensing. (a) Illustration of the structure of the chip and sensing responses of the MIP/NIP-decorated 
NPAMR to WFS, reproduced with permission from (Liu et al., 2017), copyright 2017 Elsevier. (b) A 3D view of the cartridge design with the integrated FO probe and 
one-step FO-SPR bioassay for ADM detection, reproduced with permission from (Qu et al., 2022), copyright 2022 Elsevier. (c) Schematic depiction of self-powered 
ADM detection chip and all its components with ADM ELISA optimization, reproduced with permission from (Ordutowski et al., 2022), copyright 2022 Elsevier. (d) 
3D rendering of the stacked multiplexed biosensor (Biosensor X) and time-dependent analysis of two different ß-lactams in plasma samples of animals given normal 
dosages of piperacillin/tazobactam and meropenem, reproduced with permission from (Ates et al., 2022), copyright 2022 Wiley-VCH. 
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transportation in microfluidic channels. Therefore, a versatile, dispos-
able, and polymer-based microfluidic sensor was employed for the first 
time to sense piperacillin/tazobactam in exhaled breath condensate 
(EBC) to study the relation between plasma and EBC drug levels. 
Fig. 10d shows a proposed low-cost, rapid, sample-independent, and 
multiplexed onsite drug sensing device that can shift toward a “one-si-
ze-fits-all” strategy by tracking highly sensitive β-lactam concentrations 
in untreated blood samples of Landrace pigs treated with low, normal, 
and excessive dosages of piperacillin/tazobactam (Ates et al., 2022). 
Compared to a typical electrochemical sensor, which requires pre-
cautions such as a protective coating to minimize the deterioration 
caused by complex biofluids, the immobilization zone and electro-
chemical cell with a hydrophobic barrier are separated to bypass fouling 
issues, enabling the measurement of complex biofluids and the simul-
taneous measurement of different analytes on the same chip. Further-
more, therapeutic drug screening by microfluidics can be employed in 
health care units in the future for ease of use, miniature size, and its 
highly accurate selection of patient dosage in real time. 

5.2. Illicit drug screening 

In recent years, illicit drug abuse and addiction have become severe 
problems worldwide (Peacock et al., 2018). In addition to the growing 
number of new illicit drugs, the age group who use illicit drugs is also 
becoming younger yearly (Yin et al., 2019). Even a low dose of these 
drugs may result in physical and psychological damage and even death. 
Hence, illicit drug control has become an essential issue. To control the 
abuse of illicit drugs, detection and analysis methods are crucial (Mao 
et al., 2020; Musile et al., 2021; Noviana et al., 2020). The analysis of 
illicit drugs usually needs to overcome several problems. First, a low 
target analyte concentration must be detectible (Hilton et al., 2011; Jang 
et al., 2012; Kong et al., 2018; Paul et al., 2021). Second, the matrix 
present in real samples may influence the analysis and detection accu-
racy. It is necessary to have precise and accurate analytical measure-
ments of the target drug in the complex background of real samples 
(Abdelshafi et al., 2019; Kim et al., 2020; Wägli et al., 2013; Zhang et al., 
2014). Furthermore, the detection of illegal drugs sometimes requires 
immediate and accurate results. In this regard, microfluidics-based de-
vices for drug sensing and screening show promising results. 

The long-term and high-dose intake of methamphetamine (MA) may 

Fig. 11. Illustrations of the sensing and screening of different illicit drugs by microfluidic platforms. (a) An online mirrorlike PCM device to detect methamphet-
amine, reproduced with permission from (Su et al., 2019), copyright 2019 American Chemical Society. (b) Schematic of one-stop microfluidic brain organoid as-
sembly to screen for the effect of cannabis exposure, reproduced with permission from (Ao et al., 2020), copyright 2020 American Chemical Society. (c) Schematic of 
a smartphone-based alcohol detection system in a whole blood sample, reproduced with permission from (Aymerich et al., 2018), copyright 2018 Elsevier. (d) A 
paper-based microfluidic tongue for alkaloid drug sensing and screening, reproduced with permission from (Dias et al., 2021), copyright 2021 Elsevier. 
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lead to psychotic symptoms, depression, anxiety, and fatigue. Consid-
ering this issue, Su et al., in 2019 devised a mirrorlike plasmonic capsule 
microfluidic (PCM) platform, as shown in Fig. 11a. This system com-
bined citrate capped AuNP arrays with the SERS technique utilized to 
achieve efficient trace detection and quantitative measurement of MA. 
Moreover, the microfluidic device uses an oil/water (O/W) two-liquid 
interface to separate each analyte and a SERS system to detect MA in 
non-pretreated human saliva and urine (Su et al., 2019). In some cases, 
abusive drugs kill human brain cells. In that case, a culture medium of 
human cerebral organoids can provide a means to study the effect of 
these illicit drugs (e.g., cannabis). Accordingly, a one-stop microfluidic 
platform to culture human embryonic stem cells was developed by Ao 
and coworkers. This system can deliver quantitative analyses of the ef-
fects of the psychoactive cannabinoid Δ-9-tetrahydrocannabinol (THC) 
on targets from stem cells to a single organoid (Fig. 11b) (Ao et al., 
2020). Alcohol concentration detection in whole-blood samples and 
saliva can be essential in law enforcement and medical emergencies. 
Therefore, Aymerich et al. developed a smartphone-based microfluidic 
system with potentiostatic amperometric measurement to measure 
alcohol concentration with a linear response in the range of 0–1.25 g L− 1 

and high sensitivity of 54 nA/g L− 1. Furthermore, a novel readout 
technique was used for the on-site, rapid, and cost-effective determi-
nation of the alcohol in blood on a standard Android smartphone 
(Fig. 11c) (Aymerich et al., 2018). In a similar vein, Dias et al. fabricated 
a paper-based microfluidic optoelectronic tongue to screen and sense 
eight different alkaloid drugs (i.e., atropine, scopolamine, morphine, 
cocaine, ephedrine, dipyrone, caffeine, and alprazolam). In this system, 
six well-known μOPTO (microfluidic paper-based optoelectronic)-based 
indicators were utilized to perform rapid on-scene identification via 
chemical reaction, which results in a color change. The six circular spots 
and the interconnected sample injection circle of the analytical micro-
fluidic device were fabricated by employing the wax printing method 
(Fig. 11d) (Dias et al., 2021). 

6. Conclusions and future perspectives 

Recent global pandemics and acceleration in human health issues in 
the past few decades have indicated a great need for the early-stage 
detection of diseases, screening for bioanalytes and drug metabolites 
and drug abuse is also in high demand to provide continuous health 
monitoring. Hence, a comprehensive review highlighting the recent 
advances in microfluidic drug sensing and screening has been proposed. 
In this review, important factors such as sensing techniques, sensing and 
fabrication materials, the morphology and structure of microfluidic 
channels, and applications of drug sensing have been explored in detail. 
Till now, many of the microfluidic devices have been commercialized by 
many of the companies like, Roche Diagnostics, Dolomite, Droplet Ge-
nomics, PreciGenome, Agilent Technologies, i-STAT corp. (Abbott Lab-
oratories), etc. based on integration of microfluidic chips with 
electrochemical and optical detection techniques. These commercialized 
devices are being used in POC diagnosis, cell analysis, food safety, drug 
analysis and delivery, and biomarker analysis. Nevertheless, there are 
still many multidisciplinary and tremendous endeavors in both science 
and engineering to accelerate the development of microfluidic devices. 
However, there are still some challenges in microfluidic devices like, 
creation of valves in hard substrates like glass and silicon, large number 
of steps in fabrication and operation, high level lab safety requirements, 
etc. Moreover, drug screening with microfluidic devices still faces some 
challenges, such as the interaction of nonspecific molecules with the 
sensing surface and the complete integration of the drug analysis system 
as a single device. However, few researchers have employed alternative 
currents to prevent the influence of the matrix, which is an approach 
that can be used in future work to resolve the influence of nonspecific 
molecules. In addition, some researchers have developed thread-based 
microfluidic devices for drug screening that can be good candidates 
for rapid and low-cost screening in the future. After reviewing the 

factors involved in microfluidic drug sensing mentioned above, it can be 
concluded that there are many drugs for which microfluidic sensing 
platforms can be developed using specific properties of materials, such 
as the optical properties of DNA, as well as metal nanoparticles (AuNPs, 
AgNPs) and organoids on chips. 

Author statement 

Arnab Pal and Kuldeep Kaswan worked on conceptualization, 
methodology, and writing. Snigdha Roy Barman and Manish Kumar 
Sharma worked on the writing and discussion of the manuscript. Yu-Zih 
Lin, Jun-Hsuan Chung, Kuei-Lin Liu, Bo-Huan Chen, and Chih-Cheng Wu 
worked on writing and editing. Sangmin Lee, Dongwhi Choi, and Zong- 
Hong Lin worked on conceptualization and supervision for this manu-
script. Zong-Hong Lin took the lead in writing the manuscript, providing 
critical feedback, and helping to shape the manuscript. 

Declaration of competing interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Data availability 

No data was used for the research described in the article. 

Acknowledgments 

This work was financially supported from the Young Scholar 
Fellowship Program by the Ministry of Science and Technology of 
Taiwan (111-2636-E-007-022), the National Tsing Hua University 
Research Grant, and the Chung-Ang University Research Grant in 2022. 

References 

Abdelshafi, N.A., Bell, J., Rurack, K., Schneider, R.J., 2019. Drug Test. Anal. 11 (3), 
492–500. 

Adamo, C.B., Junger, A.S., Bressan, L.P., da Silva, J.A.F., Poppi, R.J., de Jesus, D.P., 
2020. Microchem. J. 156, 104985. 

Ahi, E.E., Torul, H., Zengin, A., Sucularlı, F., Yıldırım, E., Selbes, Y., Suludere, Z., 
Tamer, U., 2022. Biosens. Bioelectron. 195, 113660. 

Ahmed, T., Shimizu, T.S., Stocker, R., 2010. Nano Lett. 10 (9), 3379–3385. 
Ai, X., Wu, Y., Lu, W., Zhang, X., Zhao, L., Tu, P., Wang, K.W., Jiang, Y., 2020. Adv. Sci. 7 

(11), 2000111. 
Alépée, N., Bahinski, A., Daneshian, M., de Wever, B., Fritsche, E., Goldberg, A., 

Hansmann, J., Hartung, T., Haycock, J., Hogberg, H.T., Hoelting, L., Kelm, J.M., 
Kadereit, S., Mcvey, E., Landsiedel, R., Leist, M., Lübberstedt, M., Noor, F., 
Pellevoisin, C., Zurich, M.-G., 2014. ALTEX 31 (4), 441–477. 

Andreou, C., Hoonejani, M.R., Barmi, M.R., Moskovits, M., Meinhart, C.D., 2013. ACS 
Nano 7 (8), 7157–7164. 

Ansari, N., Lodha, A., Pandya, A., Menon, S.K., 2017. Anal. Methods 9 (38), 5632–5639. 
Ansari, M.I.H., Hassan, S., Qurashi, A., Khanday, F.A., 2016. Biosens. Bioelectron. 85, 

247–260. 
Ao, Z., Cai, H., Havert, D.J., Wu, Z., Gong, Z., Beggs, J.M., Mackie, K., Guo, F., 2020. 

Anal. Chem. 92 (6), 4630–4638. 
Ates, H.C., Mohsenin, H., Wenzel, C., Glatz, R.T., Wagner, H.J., Bruch, R., Hoefflin, N., 

Spassov, S., Streicher, L., Lozano-Zahonero, S., Flamm, B., Trittler, R., Hug, M.J., 
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