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Abstract

Drug toxicity assays using conventional two-dimensional static cultures and animal studies have 

limitations preventing the translation of potential drugs to the clinic. The recent development 

of organs-on-a-chip platforms provides promising alternatives for drug toxicity/screening assays. 

However, most studies conducted with these platforms only utilize single endpoint results, which 

do not provide real-time/ near real-time information. Here, we present a versatile technology 

that integrates a three-dimensional liver-on-a-chip with a label-free photonic crystal-total internal 

reflection (PC-TIR) biosensor for rapid and continuous monitoring of the status of cells. This 

technology can detect drug-induced liver toxicity by continuously monitoring the secretion rates 

and levels of albumin (for assessing liver function) and glutathione S-transferase α (GST-α) (for 

assessing injury) of a 3D liver on-a-chip model treated with Doxorubicin, a chemotherapeutic 

drug. The PC-TIR biosensor is based on a one-step antibody functionalization with high 
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specificity and a detection range of 21.68 ng/mL to 7834.30 ng/mL for albumin and 2.198 ng/mL 

to 794.33 ng/mL for GST-α. This approach provides critical advantages for the early detection 

of drug toxicity and improved temporal resolution to capture transient drug effects. The proposed 

proof-of-concept study introduces a scalable and efficient plug-in solution for organ-on-a-chip 

technologies, advancing drug development and in vitro testing methods by enabling timely and 

accurate toxicity assessments.

Graphical Abstract

This study presents a liver-on-a-chip platform integrated with an optical sensor for rapid and 

continuous monitoring of drug-induced toxicity. It accurately detects albumin and GST-α levels, 

providing ongoing data on liver function and injury. This technology advances drug development 

by enabling timely and precise toxicity assessments.
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1. Introduction

Organ-on-a-chip (OoC) technology is emerging as a powerful platform for drug screening, 

toxicity, and many other studies potentially replacing animal testing in the long run 

[1]. This technology provides an analog of human tissue functions in vitro [2], opening 

new doors for many studies, including drug screening [3, 4], cancer metastasis [5, 6], 

pharmacokinetics, and pharmacodynamics [7, 8]. These OoC models could reproduce 

important human physiological functions and show significant potential in preclinical testing 

[9, 10]. A recently developed liver-on-a-chip model demonstrated 87% sensitivity and 100% 

specificity in drug toxicity testing, effectively identifying drugs that passed preclinical 

toxicology tests in animals but induced liver toxicity in clinical trials [11]. However, current 

studies using OoC technology mainly rely on single endpoint measurements to evaluate 

the outcome of experiments, including the status of cells and physiological markers [12], 

yet none have a real-time/ near real-time understanding of the status of the cells. It is 

noted in recently published studies that rapid and continuous monitoring is crucial for 

capturing dynamic processes like drug-induced liver injury, which cannot be accurately 

characterized using only endpoint measurements [13]. Therefore, having a microfluidics 

amenable monitoring system integrated with an OoC model that supports rapid and 

continuous monitoring would provide unprecedented insights into understanding transient 

drug responses and cumulative toxicity effects to improve drug development and streamline 

preclinical pharmacological evaluation [14].
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Integrating in-line biosensors with OoC enables in situ and rapid, continuous monitoring 

of tissue characteristics and functions. This advancement represents a paradigm shift 

by offering significant advantages over conventional endpoint fluorescent imaging/probes 

and molecular biology analysis techniques. In particular, in-line biosensors are minimally 

invasive and allow for the continual monitoring of OoC. State-of-the-art sensors that 

measure parameters such as temperature, O2/CO2 levels, pH, and transepithelial electrical 

resistance have been utilized in various OoC platforms [15]. These in situ monitoring 

strategies provide critical information about the microenvironment, biological properties, 

and status of cells and tissues within the OoC. While there have been advances in 

detecting specific cell-secreted biomarkers, including lactate, IL-6, and GST-α, most of 

these analytical methods rely primarily on electrochemical (EC) biosensors [15]. Current 

EC biosensors typically measure specific biomarkers at intervals of several minutes to 

hours, preventing proper real-time dynamic monitoring. Since many drug-induced cellular 

responses are dynamic, there is a strong need for biosensing technologies with increased 

temporal resolution to capture and study transient drug-induced toxicity effectively.

Optical biosensors based on surface plasmon resonance (SPR) provide a label-free bioassay 

platform for the real-time quantitative detection of various biomolecules, such as antibodies, 

proteins, enzymes, and nucleic acids [16–18]. SPR biosensors are a label-free technology 

that provides time-dependent direct detection of specific analyte association/dissociation 

kinetics. The measurement principle of SPR biosensors is based on monitoring changes in 

the refractive index of the biosensor surface induced by binding events. These changes 

in the refractive index indicate molecular interactions and are measured in real time 

without the need for labels, providing a direct correlation to the mass concentration of 

the target analyte present in the sample. However, few SPR platforms have been successful 

in cell culture monitoring, primarily due to the complexity of the culture medium and 

the associated mass transfer issues [19]. These challenges can lead to signal interference 

and inaccurate measurements [20]. Moreover, using labeled detection methods, such 

as fluorescent or luminescent tags, introduces complexities and potential interferences, 

including photobleaching, quenching, and nonspecific binding. These methods often have 

limited detection ranges and can interfere with the biological processes being studied. 

Additionally, labeled methods require more time for preparation and processing, which can 

delay the acquisition of results and reduce the efficiency of rapid and continuous monitoring 

[21, 22].

Photonic crystal-total internal reflection (PC-TIR) biosensors have been used to detect 

biomarkers in a label-free manner. The sensor is based on a unique open optical microcavity 

formed between a piece of 1-dimensional (1D) PC structure and a TIR interface. The 

1D PC structure consists of multilayers of dielectric coatings, which can be easily and 

cost-effectively fabricated using well-established vacuum deposition techniques. Compared 

to EC sensors, optical sensors do not require wires or electrical connections, simplifying 

the detection process. The unique open optical microcavity of the PC-TIR sensor offers a 

smooth biosensing surface for easy access to analyte molecules. It has a sharp resonance 

spectral width (~1–2 nm) for sensitive and accurate bioassays and a robust sensing surface 

composed of dielectric materials for potentially long-term and continuous monitoring of cell 

secretome.
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Here, we present the first integration of an organ-on-a-chip system with a PC-TIR biosensor 

(Figure 1). This integration allows for continuous, label-free monitoring of secreted 

biomarkers directly from a functional liver model, providing rapid and continuous insights 

into cellular responses and liver function. This capability is particularly critical for studying 

dynamic processes such as drug-induced liver injury, where timely and continuous data are 

essential for accurate characterization and intervention. The 3D liver on-a-chip consisted of 

liver cells encapsulated in a collagen-based extracellular matrix (ECM) and cultured in a 

dynamic environment mimicking the perfusion flow within physiological liver tissues. The 

PC-TIR biosensor device, consisting of a multichannel microfluidic chip bonded on the 

biosensor surface, was connected to a 3D liver on-a-chip model. This technology provided 

rapid, continuous, label-free, sensitive, and selective monitoring of liver-secreted biomarkers 

reflecting liver cells’ function (albumin) and injury (GST-α). Lastly, we used the fully 

integrated system to monitor the dynamic response of doxorubicin (DOX)-induced liver 

toxicity and capture transient drug effects rapidly and continuously.

2. Results and Discussion

2.1 Establishment of the 3D liver on-a-chip model

Compared to other organs, the liver has a unique circulatory system characterized by a 

dual blood supply from the portal vein and the hepatic artery draining into the central vein 

and eventually into the hepatic vein [23]. Inspired by the microarchitecture of this vascular 

system, the design of our 3D liver on-a-chip model recapitulated the circulatory structure of 

the periportal zone of the liver lobule [24]. The central cell culture chamber, inoculated with 

HepG2-laden collagen hydrogel, was separated from the microfluidic channels by partial 

walls with a 300 μm gap that allowed the diffusion of the culture medium in the cell culture 

chamber (Figure 2a). In our 3D liver on-a-chip model, we used collagen hydrogel to mimic 

the ECM of the liver, as collagen is one of its major components [25]. The fibrous nature 

of collagen and its ability to form a gel-like structure significantly contribute to creating 

a biomimetic microenvironment for HepG2 cells that closely resemble native liver tissues 

[26]. In the tissue engineering field, collagen hydrogels are widely used to generate 3D 

models of the liver because they offer a supportive scaffold that facilitates cell attachment, 

growth, and function [27, 28]. The percentage of collagen used can vary depending on 

the desired tissue characteristics and the model’s complexity. Typically, concentrations of 

collagen ranging from 1.5 mg/mL to 3 mg/mL are employed to replicate the liver’s ECM 

and provide optimal conditions for hepatocyte function and liver tissue formation [29, 

30]. The higher concentrations are often used to create stiffer scaffolds that better mimic 

the dense ECM of liver tissue, whereas lower concentrations are preferred for studies 

focusing on cell migration [29]. In our study, we employed a 3 mg/mL concentration of 

type I collagen to create the scaffold for our liver tissue models. The porosity of collagen 

gels affects the diffusion behavior of small molecules within the hydrogel matrix [31]. 

The interconnected porous structure allows for the efficient transport of small molecules, 

facilitating their movement and interaction within the tissue-engineered environment. This 

characteristic is essential for simulating physiological conditions, enabling the study of 

drug diffusion and metabolic processes in liver-on-chip models and other tissue engineering 

applications [32].
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Before inoculating HepG2 cells into the cell culture chamber, we confirmed the diffusion of 

small molecules throughout the collagen-loaded cell culture chamber while the microfluidic 

chip was perfused with cell culture media containing 10 kDA FITC-dextran. Within the 

first hour of perfusion, FITC-dextran was detectable throughout the collagen hydrogel, and 

the relative fluorescence intensity of FITC steadily increased from 18.9% to 29.2% during 

the first 8 hours of perfusion and reached saturation thereafter (Figure 2b–c). Although 

the concentration of FITC-dextran diffusing through the hydrogel was not optimized to 

represent the liver tissue microenvironment comprehensively, these results confirmed that 

our 3D liver on-a-chip model loaded with a collagen hydrogel would allow the diffusion 

and homogeneous distribution of nutrients and drugs from the culture media to support the 

dynamic culture and treatment of HepG2 cells.

After inoculating HepG2 cells into the cell culture chamber, we assessed their viability, 

proliferation, and function (albumin secretion) in our 3D liver-on-a-chip model cultured 

under dynamic conditions for 5 days. The HepG2 cells remained viable, with a 91.5 ± 

1.3% viability on day 1 and 96.8 ± 1.2% on day 5 (Figures 2d and 2e). In addition, 

Cytochrome P450 (CYP) immunostaining was performed to assess the presence and activity 

of this enzyme before DOX introduction (Figure 2f). The proliferation of HepG2 cells was 

confirmed by the increased fluorescence of the F-actin staining from day 1 to day 5 of 

culture, where the growth of cell clusters is evident (Figure 2g). Furthermore, the function of 

HepG2 cells was maintained throughout the culture period under perfusion. Indeed, HepG2 

cells continuously secreted increasing amounts of albumin, from 9.7 ± 1.3 μg/day after 1 

day to 115.6 ± 20.3 μg/day after 5 days (Figure 2h). We also demonstrated that HepG2 

cells cultured in a dynamic environment secreted significantly higher levels of albumin than 

HepG2 cells cultured in static conditions on-chip (p<0.005) or in a 96-well culture plate 

(p<0.0001) (Figure 2h), confirming that dynamic perfusion culture conditions enhance the 

secretion of albumin by HepG2 cells, which is one of the most important functions of 

hepatocytes [27, 33] and a marker of hepatocyte function in vitro [27, 33, 34]. These results 

established that our 3D liver-on-a-chip model remained viable, proliferative, and functional 

after 5 days of dynamic culture recapitulating the circulatory structure of the periportal zone 

of the liver lobule. Therefore, we confirmed that our 3D liver-on-a-chip model demonstrated 

an acceptable baseline functional status to evaluate drug-induced liver toxicity by detecting 

HepG2-secreted biomarkers in the perfused cell culture medium.

2.2 Fabrication and validation of the microfluidics-integrated PC-TIR biosensor

Assessing the integrity and functionality of OoC models is a costly, time-consuming, 

labor-intensive process requiring endpoint, invasive, and destructive procedures, which may 

disrupt the physiological environment and compromise the integrity of the cultured cells 

[35]. The destructive nature of these methods often provides limited spatial and temporal 

resolution, which challenges the accuracy of data obtained and compromises the ability to 

observe real-time and long-term responses and subtle changes at the cellular or molecular 

level within OoC models [36]. Advancing non-invasive, label-free, and high-resolution 

monitoring techniques is imperative to provide more accurate and comprehensive data for 

research, drug development, and personalized medicine applications using OoC models. 

Therefore, we integrated the PC-TIR biosensor with a microfluidic-based system to enable 
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streamlined sample routing from the 3D liver on-a-chip model to the biosensor for in-line, 

label-free, multiplexed, rapid and continuous monitoring of liver cell-secreted biomarkers 

(Figure 3a).

Although the bonding of polydimethylsiloxane (PDMS) onto the PC-TIR biosensor surface, 

using O2 plasma to create hydroxyl groups and facilitate the formation of Si-O-Si covalent 

bonds, is easy and straightforward, this method does not stop the physical adsorption 

properties of the PDMS, where small protein molecules would be adsorbed, resulting in 

reduced biosensing performance [37]. PDMS is known to adsorb proteins [38], trapping 

small amounts of protein biomarkers before they interact with the biosensor’s detection 

elements. This adsorption effect can increase the response time for detecting a specific 

biomarker with low concentrations and lower the biosensor’s accuracy by detecting lower 

protein concentrations than actual concentrations in circulation. These inherent properties of 

PDMS can affect the reliability and precision of biosensors [39].

To address these limitations, we used a silanization modification approach to treat the 

surfaces of the PDMS and the PC-TIR biosensor to enable the formation of an amine-epoxy 

bond between them (Figure 3a). The PDMS was treated with (3-aminopropyl)triethoxysilane 

(APTES) to create the amine functional groups on the surface, while the PC-TIR biosensor 

was treated with (3-glycidyloxypropyl)trimethoxysilane (GLYMO) to create the epoxy 

functional groups on the surface [40]. Surface modifications were confirmed using FTIR 

spectrophotometry on the treated surfaces to observe the presence of the surface functional 

groups. For the APTES-treated PDMS, the I.R. characteristics 1560–1640 cm−1 and 3100–

3500 cm−1 were observed, corresponding to the bending and stretching of the amine 

N-H (Figure 3b). The I.R. characteristics of the GLYMO-modified PC-TIR biosensor 

were observed at 1000–1100 cm−1 and 3620–3700 cm−1, corresponding to the epoxy 

C-O and O-H stretching (Figure 3b). These observations confirmed that the amine and 

epoxy functional groups were grafted adequately onto the PDMS and PC-TIR biosensor 

surfaces, respectively. These surface modifications allowed the formation of a covalent bond 

between the PDMS chip and PC-TIR biosensor, creating a solid seal that prevented leaks 

and the possibility of cross-contamination between the microchannels on the biosensor, 

allowing the multiplex detection of biomarkers with one PC-TIR biosensor. Lastly, these 

surface modifications offered advantages in subsequent antibody functionalization and 

blocking steps by allowing (1) the direct covalent conjugation between the amine groups 

on the antibodies and the epoxy functional groups on the PC-TIR biosensor surface and 

(2) the blocking of the remaining epoxy functional groups by the amine groups found 

on Bovine serum albumin (BSA). Therefore, the chemistry scheme used to generate the 

microfluidics-integrated PC-TIR biosensor will not have a negative impact on biomarker 

detection performances.

To achieve the multiplex detection of biomarkers using the PC-TIR biosensor, we designed 

a microfluidic channel splitter chip routing the cell culture media from the liver chip to 

different biosensing microchannels on the PC-TIR biosensor, thus allowing the detection 

of different liver-secreted biomarkers, namely albumin or GST-α (Figure 3c). We chose 

albumin as one of the biomarkers for several reasons. Albumin is a major protein 

synthesized and secreted by the liver, serving as a key indicator of liver function and health. 
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Its continuous secretion is essential for maintaining osmotic pressure and transporting 

various substances in the blood. The level of albumin in the culture medium reflects the 

synthetic capacity of hepatocytes, making it a reliable marker of liver function [41]. In 

addition, we chose GST-α as a biomarker for liver function and injury over traditional 

markers such as ALT, AST, and alkaline phosphatase based on several critical factors. GST-

α is considered a highly sensitive marker of liver injury, capable of detecting hepatocellular 

damage even when traditional markers like ALT and AST are within normal ranges. This 

sensitivity allows for the early identification of liver injury, which is crucial for timely 

intervention [42]. Additionally, GST-α has been detected in both acute and chronic liver 

damage, showing a positive correlation with the severity of liver injury [43]. There is 

also a strong correlation between GST-α levels and liver histopathological endpoints, 

with GST-α levels rapidly decreasing to baseline after cessation of the drug causing 

liver injury [44]. These properties make GST-α particularly valuable for monitoring drug-

induced liver injury. Through its built-in Y-shaped and straight microchannels, this channel 

splitter chip distributed the cell culture media equally to the different microchannels of the 

biosensor chip. Previous studies highlighted the critical role of fluid routing in simulating 

physiological conditions within organ-on-a-chip models [36, 45, 46]. In the context of liver 

physiology, the fluid flow within the microfluidic system mimics the circulatory structure of 

the liver lobule, which is essential for maintaining tissue function and replicating processes 

like nutrient delivery and waste removal [47–49].

Furthermore, meticulous fluid volume control and dead volume minimization are critical 

design parameters in developing OoC models. We achieved the integration of the PC-TIR 

biosensor with a microfluidic system that enabled the controlled routing of cell culture 

media from the 3D liver on-a-chip model to the PC-TIR biosensor without leaks, bubbles, 

and disturbance in fluid flow. Using this microfluidic system, avoiding air bubbles in the 

microfluidic channels was essential, as they can disrupt the sensor’s readings. To prevent 

bubbles from forming, the tubing connections to the chip must be tight and leak-free, and 

the tubing must be filled with cell culture media before connecting them to the microfluidic 

chips.

This microfluidics-integrated PC-TIR biosensor platform is capable of rapid, continuous, 

in-line, and multiplexed detection of biomarkers secreted by cells cultured in OoC models, 

but it is limited to detecting four different biomarkers simultaneously. The scalability of 

this platform for high-throughput screening is a critical consideration for its application in 

drug toxicity profiling. Potential modifications include increasing the number of parallel 

microfluidic channels and integrating automated imaging systems for simultaneous real-

time monitoring. Such enhancements would enable high-throughput screening capabilities, 

making the platform more versatile for large-scale applications. To expand the detection 

capabilities, adjustments such as reducing the size of the microchannels and enhancing 

the resolution of the complementary metal oxide semiconductor (CMOS) sensor could be 

investigated. These modifications have the potential to increase the number of biomarkers 

that can be detected using a single PC-TIR chip. Additionally, smaller microchannels can 

lead to more efficient use of sample volumes, minimizing the required amount of cell 

culture media and reagents, which is particularly beneficial for analyzing scarce or valuable 

biological samples.
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2.3 Functionalization and validation of the PC-TIR biosensor

The PC-TIR biosensing device utilized a diode laser as a probe beam to monitor the sensor’s 

resonant angle shift caused by molecules binding to the biosensor’s surface (Figure 4a). By 

utilizing a photonic crystal structure in a total internal reflection configuration, the PC-TIR 

biosensor provided an open sensing surface with a unique label-free detection mechanism 

that allows rapid and continuous monitoring of antibody-antigen binding. Conventionally, 

a sharp resonant condition can be achieved with a high-Q optical microcavity with a 

cavity layer sandwiched by two pieces of highly reflecting PC structures. However, such 

a conventional microcavity with a closed configuration is not suitable for biosensing 

because it is difficult for analyte molecules to reach the sensing layer (cavity layer). In 

contrast, the PC-TIR sensor utilizes only one piece of the PC structure to form an optical 

microcavity between the high-reflectivity PC structure and the TIR interface [50]. This 

unique configuration allows a PC-TIR sensor to have a unique open microcavity as the 

sensing surface, which permits the immobilization of monoclonal antibodies (mAbs) on the 

surface and direct exposure of the functionalized sensor surface to analyte molecules for 

real-time bioassays [51–53]. Also, most commercially available SPR sensors have a typical 

bandwidth of ~40 nm [54, 55], whereas a much sharper resonant spectral width (~1–2 nm) 

can be achieved with a PC-TIR biosensor [50].

PC-TIR sensors can be utilized for a broad range of applications. We demonstrated the 

applicability of a PC-TIR biosensor for the detection of cardiac troponin I (cTnI) by 

functionalizing the sensor with anti-cTnI antibody [56] or cTnI-specific aptamers. Our 

recent study also showed that a PC-TIR sensor can be utilized to monitor conformational 

changes of a thermo-responsive polymer grafted on the sensor surface [57]. In addition, Nah 

et al. recently reported the usage of a PC-TIR sensor for rapid and sensitive detection of 

fentanyl to address the issues of drug misuse and overdose [58]. In our study reported here, 

we generated PC-TIR biosensors for the detection of albumin and GST-α secreted from 

a liver-on-a-chip model by utilizing a mAb functionalization process (Figure 4b), where 

the mAbs were covalently bonded onto a PC-TIR sensor [59]. Since the PC-TIR biosensor 

surface was pretreated to introduce epoxy functional groups for bonding to the microfluidic 

chip, the amine groups of the mAbs injected into the microchannel covalently conjugated 

to the epoxy functional groups of the biosensor surface. Similarly, the amine groups of the 

BSA used during the blocking step saturated the remaining epoxy functional groups on both 

the biosensor and PDMS surfaces, thus minimizing the non-specific adsorption of target 

molecules during biosensing. The blocking step, saturating epoxy functional groups and 

non-specific binding sites, is crucial for enhancing the detection specificity of biosensors, 

where the detected signals are solely due to the specific binding of the biomarkers onto the 

immobilized mAbs [56]. The mAb functionalization and BSA block steps were confirmed 

by the observation of a significant increase in the shift in the resonant angle of the sensor 

after deposition of the mAb and BSA layers onto the PC-TIR biosensor surface (data not 

shown).

We assessed the performance of the PC-TIR biosensors to detect albumin and GST-α 
simultaneously and in a rapid and continuous manner. The binding of albumin or GST-

α to their corresponding antibodies was monitored using the shift in the resonant line 
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(corresponding to the resonant angle) of the open cavity of the PC-TIR biosensor. The shift 

was recorded in the unit of pixel number from the image of the reflected probe beam on the 

CMOS camera. For the rapid and continuous detection of albumin (from 1 to 1,000 ng/mL), 

we observed an average response time of 277.2 ± 28.2 seconds for all concentrations (Figure 

4b), and for the rapid and continuous detection of GST-α (from 1 to 1,000 ng/mL), we 

observed an average response time of 209.4 ± 70.2 seconds (Figure 4d). Previously reported 

EC biosensors used for monitoring OoC models typically employed dynamic sampling over 

hours, where the low temporal resolution could lead to the averaging of instantaneous effects 

[60]. For example, in a previous study involving the integration of an OoC with an EC 

biosensor module to detect albumin and GST-α, the measurement could only be made at 

a sampling rate of >3 hours despite efficient biosensing regeneration capabilities [45]. In 

contrast, our biosensor can detect and monitor the secretion of several biomarkers at a 

sampling rate of 3 seconds.

After 20 minutes of continuous detection, the curves of the resonant angle shift did not 

significantly increase, and sufficient data was acquired to generate an exponential one-phase 

association model fit to extrapolate the equilibrium signal position, or Plateau, that was 

normalized and used to generate standard curves (Figure S2). We confirmed the reliability 

of the fitting process, as the average R2 value of all fittings was >0.95 (Figure S2). The 

calibration curves indicated a significant correlation between the resonance shift and the 

concentrations of albumin (R2= 0.99) and GST-α (R2= 0.96) in cell culture media (Figure 

4 d–f). The calculated detection range for albumin was from 21.68 ng/mL- the limit of 

detection (LOD)- to 7834.30 ng/mL. For GST-α, the calculated detection range was from 

2.198 ng/mL (LOD) to 794.33 ng/mL. The difference in biosensorś performances between 

the detection of albumin and GST-α is related to the affinity and avidity of the mAbs to 

their specific antigens. Usually, biosensors using mAbs with high affinity and avidity to their 

cognate antigen have lower LODs than biosensors using mAbs with low affinity and avidity 

to their cognate antigen.

Although different running buffers can affect the detection performance of optical biosensors 

[61–63], our PC-TIR biosensor was optimized and validated using cell culture media as 

the running buffer. The avidity and affinity of the mAbs used in this study ensure that the 

antigen-antibody interactions on the biosensor surface generate a signal intensity markedly 

greater than any noise the running buffer introduces. The selective and high-affinity binding 

capabilities of the mAbs enhance the detection reliability of our biosensor, even in complex 

solutions such as cell culture media. Overall, we confirmed that the microfluidics-integrated 

PC-TIR biosensor could simultaneously detect albumin and GST-α, two liver-secreted 

biomarkers of function and injury with a response time <5 minutes. These performances are 

essential for real-time/ near real-time monitoring of drug-induced toxicity in OoC models.

2.4 Rapid and continuous detection of drug-induced liver toxicity using the 3D liver on-a-
chip model integrated with a PC-TIR biosensor

The integrated microfluidic system consisted of an in-line sequential connection between 

a cell culture media reservoir, the 3D liver-on-a-chip model, the splitter chip, the PC-TIR 

biosensor, and a syringe pump (Figure 1). The syringe pump ensured a steady perfusion 
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culture by drawing cell culture media from the reservoir through the 3D liver-on-a-chip 

model, the splitter chip, and the PC-TIR biosensor. This plug-in microfluidic system was 

user-friendly and required only quick plug-in steps to assemble the entire setup, thus 

minimizing operator handling. Traditionally, the assembly of integrated OoC platforms is 

a labor-intensive process with many steps requiring precise manipulations and intricate 

connections between microfluidic chips [45]. This process could be prone to operator-related 

variations that can lead to variations in results and outcomes, whereas we demonstrated 

the seamless integration of an OoC model with a PC-TIR biosensor, providing rapid and 

continuous monitoring capabilities.

As a proof-of-concept for monitoring liver toxicity, we used DOX, a well-known 

chemotherapy drug for liver cancer [64], to validate the rapid and continuous detection of 

drug-induced hepatotoxicity responses using our 3D liver on-a-chip model that used HepG2 

cells, a well-established human liver cancer cell line [65]. As a baseline measurement 

of DOX-induced toxicity, the viability of the 3D liver on-a-chip after 24 hours of DOX 

exposure was 84.8 ± 4.0% and 76.4 ± 4.6% at concentrations of 5 μM and 20 μM, 

respectively, whereas without DOX, the viability of the 3D liver on-a-chip was 97.6 ± 

0.54% (Figure 5a and b). The viability of HepG2 cells was significantly lower when treated 

with 5 μM (p<0.001) and 20 μM (p<0.001) compared to untreated cells. Moreover, the level 

of albumin secreted by the 3D liver on-a-chip after 24 hours of DOX treatment did not 

significantly change (p=0.10) (Figure 5c), consistent with previous findings in the literature 

[66, 67]. In contrast, the secretion of GST-α significantly increased when the 3D liver on-a-

chip was treated with 20 μM DOX than without DOX (4.54 ng/mL vs. 1.59 ng/mL, p<0.001) 

(Figure 5d). Although the levels of GST-α were not significantly higher (p=0.29) when the 

3D liver on-a-chip was treated with 5 μM DOX compared to that without DOX treatments, 

a slight increase was observed from 0.76 ± 0.24 to 1.59 ± 0.63 ng/mL. GST-α is an enzyme 

secreted by hepatocytes during hepatotoxicity, and elevated levels of GST-α are associated 

with liver injury [68]. Also, GST-α has been suggested as a viable biomarker of impaired 

liver function and drug-induced liver hepatotoxicity [69, 70]. Therefore, monitoring the 

secretion of GST-α is an appropriate approach to detecting drug-induced liver toxicity in 

the 3D liver on-a-chip. More specifically, we confirmed that, with respect to DOX treatment 

for 24 hours, there was a significant correlation between the viability of HepG2 cells and 

the levels of GST-α detected by ELISA (p=0.04), whereas no significant correlation was 

observed between the viability of HepG2 cells and the levels of albumin (p=0.19) (Table 

S1). As a result, we confirmed that, in our 3D liver on-a-chip model, the secreted GST-α 
levels could indicate HepG2 cell healthy state and viability.

We used our microfluidics-integrated PC-TIR biosensor to rapidly and continuously monitor 

the DOX-induced hepatotoxicity responses in our 3D liver on-a-chip model. The PC-TIR 

biosensor detected HepG2-secreted albumin after 40.05 ± 0.16 minutes. After 6 hours 

of DOX treatment, significant differences in albumin levels between DOX-treated and 

untreated 3D liver on-a-chip were observed (Figure 5d). Specifically, a significant increase 

in albumin secretion was observed when the 3D liver on-a-chip was treated with 20 μM 

DOX compared to the control group (0 μM DOX) (p<0.002). This significant increase in 

albumin was observed after 60 minutes of DOX treatment and remained significant for 

6 hours (Table S2). In contrast, albumin levels were not significantly different between 
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the group treated with 5-μM DOX and the control group (p<0.85). Moreover, the PC-TIR 

biosensor detected HepG2-secreted GST-α after 90.68 ± 0.72 minutes. We observed a 

significant increase in HepG2-secreted GST-α when treated with 20 μM of DOX for 6 hours 

compared to untreated (p<0.001) or 5 μM DOX-treated (p<0.005) 3D liver on-a-chip (Figure 

5d). This significant increase in GST-α was observed after 160 minutes of DOX treatment 

and remained significant for 6 hours (Table S3). However, the secretion of GST-α was not 

significantly different between the group treated with 5 μM DOX and the control group 

(p<0.39).

Interestingly, albumin secretion was detected after 40 minutes, whereas GST-α secretion 

was detected 2 hours after 20 μM DOX treatment (Figure 5d). Since albumin is continuously 

secreted by HepG2 cells, we anticipated that albumin would be detected rapidly and before 

GST-α. However, we observed a 40-minute delay in detection that could be caused by 

several factors, including cell acclimatization, perfusion velocity, and diffusion through the 

collagen matrix. The latter could act as a physical barrier that significantly delays the 

detection of cell-secreted biomarkers, as well as the diffusion dynamics of DOX in the cell 

culture chamber, which could also influence the 2-hour response observed with GST-α. 

Indeed, collagen hydrogels slow down the penetration of DOX into the liver tissue constructs 

(as observed in our FITC-dextran diffusion experiments in Figure 2b–c), leading to a 

potentially delayed cellular uptake and response (i.e., GST-α secretion). These observations 

highlight the importance of considering the physical constraints imposed by the 3D liver on-

a-chip model, and such diffusion-related challenges must be acknowledged for an accurate 

assessment of drug-response dynamics.

In addition, despite the promising results, our study has several limitations. One major 

challenge is the diffusion rates of molecules within the collagen matrix, which can delay the 

detection of cell-secreted biomarkers. This delay can affect the rapid monitoring capability 

of our system. Also, the distance between the culture and monitoring units poses another 

challenge. The physical distance between the culture chamber and the biosensor can lead 

to deviations in the detected biomarker concentrations compared to their actual levels in 

the culture chamber. Future improvements will aim to reduce these physical separations 

and optimize the diffusion dynamics within the system to enhance the accuracy and 

responsiveness of the platform. However, compared to the viability measurements after 

24 hours of DOX treatment using fluorescent imaging and traditional endpoint assays, our 

integrated microfluidic system demonstrated the ability for fast, and continuous in situ 
monitoring of liver-secreted biomarkers in response to drug treatment.

Overall, our 3D liver on-a-chip model integrated with a PC-TIR biosensor exhibits many 

advantages for biomedical research, including mechanistic insights into disease biology, 

reduced experimental variability, and temporal dynamics analysis for disease modeling, drug 

discovery, and personalized medicine applications.

3. CONCLUSIONS

We developed a plug-in solution concept that integrates a PC-TIR optical biosensor with a 

liver-on-a-chip model for label-free, rapid and continuous monitoring of secreted biomarkers 
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due to drug toxicity. This PC-TIR biosensing system achieved continuous and in situ 
monitoring, thereby enabling the rapid detection of DOX-induced liver toxicity responses. 

In summary, we provide a novel approach for in-line sensing applications in organ-on-a-

chip using an advanced optical PC-TIR biosensor for label-free, rapid and continuous 

monitoring. It has been demonstrated that this sensing platform could be compatible with 

other existing organ-on-a-chip models and dynamically track their biochemical parameters 

for drug screening by providing rapid, continuous, in situ microenvironment monitoring.

4. Experimental Section/Methods

Design and fabrication of the microfluidic devices:

Design of the liver chip device: The liver chip design was inspired by the 

microarchitecture of the liver sinusoid, where two input microchannels (hepatic artery 

and portal vein) converge to a single output (central vein) having a liver cell culture 

microchamber between the input channels. The microchannels were 800 μm high and 1 mm 

wide, and the microchamber was 800 μm high and 500 μm wide. The microchannels and 

microchamber were separated by partial walls (500 μm high and 750 μm wide), allowing 

the transfer of gel solutions or cell culture media in the different compartments of the 

microfluidic device.

Design of the microchannel splitter chip and the biosensing chip: The 

biosensing chip comprised 5 microchannels, of which one microchannel was used as the 

control channel for internal calibration of the PC-TIR biosensor, two microchannels were 

used for the detection of one biomarker (i.e., albumin), and the last two microchannels for 

the detection of another biomarker (i.e., GST-α). The microchannels of the biosensing chip 

were 200 μm high, 1.8 mm wide, and 10 mm long, with a spacing of 1.4 mm between them. 

The microchannel splitter chip consisted of one straight microchannel and two Y-shaped 

microchannels. The straight microchannel was used to route the control solution to the 

control microchannel of the biosensing chip. The Y-shaped microchannels were used to 

route the cell culture media from the liver chip to the biosensing microchannels to detect the 

first and second biomarkers, namely albumin and GST-α. The microchannels of the splitter 

chip were 200 μm high, 1.8 mm wide, and 10 mm long, with a spacing of 2 mm between 

them. (3) Fabrication of the PDMS-based microfluidic chips:

The 3D model of a master negative mold for each microfluidic device was generated 

using a computer-aided design modeling software (SolidWorks 2021). The 3D models were 

exported to a liquid crystal display (LCD) 3D printer (Halot-Mage Pro, Creality), and the 

master molds were printed with fast ultraviolet curable resin (Creality) with a printing 

resolution of 8K (7680 × 4320). Once printed, both surfaces of the molds were exposed to 

UV light with a power of 9.9 J (13-245-221, Fisher Scientific) for 1 hour, then thermally 

treated at 60°C overnight to prevent the adhesion of PDMS to the resin and allow the 

reuse of the master mold. After curing the molds, a 10:1 ratio mixture of PDMS base and 

curing agent (Sylgard 184, Dow Corning) was poured into the molds. The PDMS-filled 

molds were degassed in a desiccator to remove air bubbles and cured in an oven at 60°C 

overnight. The cured PDMS chips were carefully removed from the molds, and 1.5 mm 
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holes were punched at the end of each microchannel for all microfluidic devices. Next, 

the PDMS chips were cleaned with ethanol and deionized water in an ultrasonic bath 

for 10 minutes and then dried with nitrogen gas. The liver chip and the microchannel 

splitter chip were bonded to clean 75 mm × 25 mm and 25 mm × 25 mm glass slides, 

respectively, using a 3-minute O2 plasma treatment (PE-25, Plasma Etch). The microchannel 

device was covalently bonded to the PC-TIR biosensor using an amine-epoxy reaction. 

Briefly, the PC-TIR biosensor surface was activated with O2 plasma for 5 minutes and then 

immersed in a 2% (3-glycidyloxypropyl)trimethoxysilane (GLYMO) solution in toluene at 

60°C for 6 hours for epoxy functional group modification. The surface of the microchannel 

device was activated with O2 plasma for 5 minutes and then immersed in a 2% APTES 

solution in ethanol for 1 hour at 60°C for amine functional group modification. After surface 

modification, the PC-TIR biosensor and the PDMS microchannel device were thoroughly 

rinsed with ethanol and water and then dried with nitrogen gas. Finally, they were attached 

and cured in an oven at 60°C for 3 hours. The surface modifications were characterized and 

confirmed using an FTIR spectrometer (ALPHA II, Bruker), with spectral analysis ranging 

from 5000 cm−1 to 400 cm−1 with a resolution of 4 cm−1. Lastly, the device was sterilized 

with 70% ethanol, rinsed with 1X DPBS, and exposed to UV light for 1 hour before usage or 

storage in a humidity-controlled environment until use.

Establishment of the 3D liver-on-a-chip model: HepG2 liver cells (HB-8065, 

ATCC) were cultured in Dulbecco’s modified Eagle’s medium (DMEM, 10569–010, Gibco) 

supplemented with 10% fetal bovine serum (FBS) (Gibco) and 1% penicillin-streptomycin 

(15140–122, Gibco). The cells were cultured at 37°C and 5% CO2 in a humidified 

incubator, with media replacement every 2–3 days. In all the experiments, HepG2 cells 

between passages 16–25 were used. Upon reaching 80% confluence, the cells were detached 

using 0.05% trypsin-EDTA (25200–056, Gibco). Then, HepG2 cells were resuspended in 

a 3 mg/mL type I collagen (ALX-522-435-0100, Enzo) solution at a concentration of 

1×106 cells/mL. The cell-loaded collagen solution (60 μL) was gently injected into the 

microchamber of a sterile liver chip device and allowed to polymerize at 37°C for 30 

minutes. The injection port was then sealed with parafilm to prevent evaporation, and culture 

media was added to the microchannels. The liver chip was connected with sterile Tygon 

tubing (06419, Masterflex™) to a syringe pump and a sterile media reservoir, perfused at 

a flow rate of 1.5 μL/min, and cultured at 37°C with 5% CO2 for 5 days (Figure S1). 

Cell viability was assessed using the LIVE/DEAD® Viability/Cytotoxicity Kit (L3224, 

Invitrogen) and nuclear staining with Hoechst 33342 (H3570, Invitrogen) with working 

concentrations of 2 μM, 4 μM, and 5 μg/mL, respectively. The 3D liver-on-a-chip was rinsed 

with 1X DPBS and stained for 45 minutes. After staining, the chips were washed three 

times with 1X DPBS before imaging. Fluorescent images were captured using a confocal 

microscope (Axio Observer LSM 710, Carl Zeiss) and analyzed using FIJI (version 1.54f, 

ImageJ) image analysis software. Cell viability was calculated by measuring the EthD-1 

signal (dead cells) relative to the total number of cells identified by Hoechst staining. To 

visualize the cytoskeleton, the chips were stained for F-actin using rhodamine-phalloidin. 

Briefly, the chips were fixed overnight at 4°C using a 4% paraformaldehyde solution. Then, 

the chips were washed 3 times for 30 minutes with 1X DPBS and incubated with a 1:200 

dilution of phalloidin-Alexa 647 (A22287, Invitrogen) and Hoechst 33342 overnight at 4°C. 
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The chips were washed with DPBS and stored in the dark at 4°C before confocal imaging. 

Lastly, 2.16 mL of cell culture medium was collected from the outlet of the chips daily for 

5 days to evaluate the functionality of the 3D liver on-a-chip model. To assess the impact 

of dynamic culture conditions on the functionality of HepG2 cells, we cultured the 3D 

liver on-a-chip under static conditions where the chip was cultured in 90 μL of cell culture 

media with the entire volume being collected and refreshed daily for 5 days. Similarly, we 

performed static culture experiments in 96-well plates where 60 μL of HepG2 cell-loaded 

collagen solution was carefully pipetted into each well and cultured with 90 μL of cell 

culture media that was collected and refreshed daily for 5 days. Albumin secretion levels 

were quantified using a human albumin ELISA kit (DY1455, R&D Systems) according to 

the manufacturer’s protocol. Absorbance readings at 450 nm, with a 570 nm reference, were 

obtained using a microplate reader (Varioskan LUX, Thermo Fisher).

Cytochrome P450 (CYP) immunostaining was performed to assess the presence and activity 

of liver-detoxifying enzymes in the 3D liver-on-a-chip model. HepG2 cell-loaded collagen 

was fixed with 4% paraformaldehyde for 15 minutes, followed by permeabilization with 

0.1% Triton X-100 (HFH10, Thermo Fisher) for 10 minutes. After blocking with 1% BSA 

for 1 hour at room temperature, the cells were incubated overnight at 4°C with primary 

antibodies against CYP (JM44–23, Thermo Fisher) diluted in blocking solution (1% BSA). 

The following day, the cells were washed three times with PBS and incubated with Alexa 

Fluor-conjugated secondary antibodies (ab150075, Abcam) for 1 hour at room temperature. 

Nuclei were counterstained with Hoechst. Fluorescence images were captured using a 

confocal microscope to confirm the expression of the CYP enzyme.

Evaluation of small molecule diffusion through the collagen matrix of the 3D 
liver on-a-chip model: To evaluate the diffusion of small molecules through the collagen-

based 3D liver on-a-chip model, 10-kDa FITC-dextran solution (FD10S, Sigma-Aldrich) 

was perfused through the chip. The microchamber of the 3D liver on-a-chip was loaded with 

60 μL of type I collagen solution (3 mg/mL) and incubated at 37°C for 30 minutes to allow 

the polymerization of the collagen-based hydrogel matrix. Before starting the diffusion 

experiments, the channels of the chip were prefilled with 1X DPBS and equilibrated for 1 

hour at room temperature to saturate the collagen hydrogel matrix. Next, a 0.5 mg/mL FITC-

dextran solution was perfused through the chip at a controlled flow rate of 1.5 μL/min using 

a syringe pump (NE-1200, New Era Pump Systems). The diffusion process was observed 

with time-lapse fluorescence imaging using a fluorescence microscope (ECHO Revolve, 

ECHO). The acquired fluorescence intensity data were quantified using FIJI (version 1.54f, 

ImageJ) image analysis software.

PC-TIR Biosensor chip and its optical monitoring system: The fabrication of 

PC-TIR biosensors has been described in detail in previous studies [56, 71, 72]. Briefly, the 

PC-TIR biosensor chip consists of a thin-film structure with 5 layers of dielectric coatings 

with alternating layers between 90.6-nm titanium dioxide (TiO2) and 308.8-nm silicon 

dioxide (SiO2), deposited using electron beam physical vapor deposition on a BK7 glass 

substrate. A 3-nm silicon layer and a 377.1-nm SiO2 layer were further coated on top of 

the alternating layers to create a unique optical microcavity for a probe beam at 650 nm 
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with an incident angle of 64 degrees (above the critical angle for TIR). The formed optical 

microcavity has a unique open structure due to TIR (without substrate or materials coated 

on top of the cavity layer), thus allowing the PC-TIR sensor chip to easily integrate with 

microfluidic-based chips and detect specific analytes [73, 74]. An optical imaging system 

was developed to monitor the changes in the PC-TIR sensor’s resonant angle due to binding 

events on the sensor surface. The system utilized a compact diode laser with an output 

wavelength of 650 nm as a probe beam for the biosensor. The beam was first expanded to 

20 mm wide and then focused with a cylindrical lens into a line on the sensor chip coupled 

with a BK7 equilateral prism. A CMOS camera was then used to capture the reflected light 

from the sensor chip. A resonant angle was observed, and its peak location was precisely 

determined using a Lorentzian function to fit the intensity profile of the reflected probe 

beam recorded by the CMOS camera. Quantification of antibody-antigen interactions can be 

obtained by analyzing the pixel shift of the resonant line on the recorded images. Before 

placing the biosensing chip onto the prism, the surface of the biosensing chip was cleaned 

with a lens cleaner liquid (no. 1 for coated optics, Lens Clen). A drop of index-matching 

liquid (IML 150, Norland) was then applied to the prism to couple the biosensor chip. The 

biosensor chip was also integrated with a microfluidic system linked with Tygon tubing 

to flow the cell culture media from the 3D liver on-a-chip to the biosensor chip via the 

microchannel splitter chip using a syringe pump.

Functionalization of the PC-TIR Biosensor: First, 1X DPBS solution was perfused 

through the microchannels for 5 minutes at a 20 μL/min flow rate to clean and stabilize 

the PC-TIR biosensor surface. Monoclonal antibodies (mAbs) were then covalently 

immobilized onto the surface of the PC-TIR biosensor using click reactions between epoxy-

activated surface and amino groups of antibodies. Briefly, 10 μL of 100 μg/mL anti-albumin 

(MA5–29022, Invitrogen) or anti-GSTA1 (H00002938-M01, Abnova) mAbs were added 

to the microchannels of the PC-TIR biosensor chip and incubated overnight at 4°C. The 

microchannels were washed three times with 1X DPBS to remove unbound antibodies, and 

then they were blocked with a 1% BSA solution for 1 hour to prevent non-specific protein 

adsorption. After the blocking step, the microchannels were washed with 1X DPBS and 

used immediately or stored at 4°C for use the next day. The changes in the response signal 

of the PC-TIR biosensor before and after functionalization and blocking were measured 

with a sampling rate of 3 seconds. The immobilization of mAbs on the sensor surface was 

confirmed by the resonant angle shift via recording the corresponding resonant line shift (in 

the unit of pixel numbers) on the images, while a control microchannel was used to establish 

the baseline resonant shift and normalize the results from other microchannels.

Validation of the dynamic, rapid, and continuous detection of albumin and 
GST-α: The detection of albumin and GST-α using the PC-TIR biosensor was performed 

under dynamic flow conditions. First, the microchannels of the biosensor were perfused 

with cell culture media at a flow rate of 5 μL/min to stabilize the PC-TIR biosensor surface 

and the resonant shift signal for each channel. One of the microchannels was assigned as 

the control channel, with a continuous flow of cell culture media applied throughout the 

experiment for calibration and to compensate for any baseline offset. The other channels 

were perfused with cell culture media spiked with different concentrations (1, 10, 100, and 
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1000 ng/mL) of human albumin (A9611, Sigma-Aldrich) and GST-α recombinant proteins 

(HY-P75153A, MedChem Express) for 20 minutes. Although the culture medium used 

in our experiments contained bovine serum albumin, in albumin detection, the antibody 

used for functionalizing the sensor had specificity to human serum albumin. Nevertheless, 

the resonant shift of the control channel, which contains the same medium used in the 

experimental channel, was subtracted from the resonant shift of each experimental channel, 

effectively normalizing the data. This normalization step ensured that the detected signals 

accurately reflected the albumin secreted by the HepG2 cells.

We applied an exponential one-phase association model to fit the normalized 

and time-dependent resonant shift data. The fitting process was run automatically 

using GraphPad Prism to determine the variation in antibody-antigen binding 

at different concentrations. The equation used for fitting is as follows: 

IF X < X0, Y 0, Y 0 + Plateau−Y 0 × 1 − exp −K × X − X0 . Here, X0 is the initial time of 

binding, Y0 is the baseline signal position, Plateau is the equilibrium signal position, and K 

is the rate constant to reach this equilibrium. The difference between Plateau and Y0 was 

used to represent the analyte’s concentration. Since optical biosensors generate signals that 

fit the sigmoidal curve [75], we generated standard curves for the detection of albumin and 

GST-α using dose-response curves models generated in GraphPad Prism using the following 

equation: Y = Bottom + Top − Bottom / 1 + 10^ LogEC50 − X . Here, Top and Bottom are 

plateaus in the units of the Y axis (response shift in pixels), EC50 is the concentration of 

analyte that gives a response halfway between Bottom and Top, and X is the logarithm 

of DOX concentrations. To determine the detection range of the PC-TIR biosensor, we 

calculated the lower limit DOX concentration corresponding to a response shift in pixels 

that is 5% of the Span (=Top-Bottom) above the Bottom value and the upper limit DOX 

concentration corresponding to a response shift in pixels that is 95% of the Span above the 

Bottom value.

Drug Treatment and rapid and continuous detection of liver toxicity: To evaluate 

drug toxicity, the 3D liver on-a-chip model was treated with DOX (Sigma-Aldrich), and the 

in-line PC-TIR biosensor was used for in situ and rapid and continuous measurements of 

liver-secreted biomarkers, namely albumin (as a measure of liver function) and GST-α (as a 

measure of liver injury). Briefly, the 3D liver on-a-chip was perfused for 2 days to establish 

a stable microenvironment before drug exposure. DOX was then perfused at concentrations 

of 0 (control), 5, and 20 μM for 24 hours. During this time, the PC-TIR biosensor was 

utilized to continuously monitor the levels of albumin and GST-α secreted by the liver cells 

in response to DOX. Following the DOX treatment, cell viability was assessed using the 

LIVE/DEAD® Viability/Cytotoxicity Kit, while albumin and GST-α secretion levels were 

measured using ELISA kits. The results were compared with the data obtained with the 

PC-TIR biosensor.

Statistical analysis: All statistical analyses were performed using the GraphPad Prism 9 

software. Results are expressed as mean ± standard deviation from triplicate experiments. 

All data was tested for normality using the Shapiro-Wilk and Shapiro-Francia tests. When 

applicable, analyses for significance were performed using a parametric or non-parametric 

Yang et al. Page 16

Small. Author manuscript; available in PMC 2025 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



analysis of variance (ANOVA) test, followed by Tukey’s test for multiple comparisons. We 

used a pairwise correlation analysis to examine the correlation between HepG2 viability, 

albumin levels, and GST-α levels when treated with DOX. The area under the curve was 

calculated using the area under the curve analysis (AUC) in Prism 9 software, where 

response shift (pixel) was plotted in function of time, and the resulting function was used 

to calculate the AUC. Statistical significance was defined by p<0.05 for two-sided p-values. 

Significance levels were as follows: * for p < 0.05, ** for p < 0.01, and *** for p < 0.001.
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Figure 1. Integration of a 3D liver on-a-chip with a PC-TIR optical biosensor for rapid, 
continuous, and multiplexed monitoring of liver-secreted biomarkers.
The integrated microfluidic-based system comprises a 3D liver on-a-chip model connected 

to a microchannel splitter chip and a PC-TIR biosensor that detects protein biomarkers in 

solution. This configuration allows the rapid and continuous monitoring of liver-secreted 

biomarkers to detect drug-induced toxicity in organ on-a-chip models rapidly. Figure created 

with BioRender.com.
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Figure 2. Validation of the 3D liver on-a-chip model.
(a) Schematic of the collagen-based 3D liver on-a-chip platform: (i) The HepG2-laden 

collagen hydrogel is loaded into the central cell culture chamber of the liver chip and 

perfused by withdrawing cell culture media from the outlet port using a syringe pump; 

(ii) Picture of an actual chip with food die in its side channels; and (iii) top and cross-

sectional views of the 3D liver on-a-chip model. Figure created with BioRender.com. (b) 
Fluorescence images of FITC-Dextran diffusion in the collagen-loaded cell culture chamber 

from 0 to 8 hours. (c) Relative FITC intensity distribution within the collagen-loaded cell 

culture chamber of the 3D liver on-a-chip from 0 to 8 hours. (d) Fluorescent staining of 

live (green), dead (red), and nucleus (blue) showing the viability of HepG2 cells after 1, 

3, and 5 days of dynamic culture on-chip. (e) Fluorescent staining of the cytoskeleton 

(red) and nucleus (blue) showing cell growth and clustering in the collagen hydrogel. (f) 
Immunofluorescence staining of CYP (purple) with nuclear counterstain by Hoechst (blue). 

(g) Cell viability of HepG2 cells after 1, 3, and 5 days of dynamic culture on-chip. (h) 
Daily albumin secretion from HepG2 cells cultured on-chip under dynamic flow and static 

conditions and off-chip (96-well plate) for 5 days.
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Figure 3. Fabrication of the compact portable microfluidics-integrated PC-TIR biosensor.
(a) Assembly protocol of the multiplexed PC-TIR biosensor using an epoxy-amine reaction 

to bond a PDMS microchannel layer to the PC-TIR biosensor. Figure created with 

BioRender.com. (b) FTIR spectroscopy analysis of the epoxy-modified PC-TIR biosensor 

and the amine-modified PDMS. (c) Photograph of the assembled PC-TIR biosensor 

connected to a channel splitter to control liquid routing.
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Figure 4. Performance evaluation of PC-TIR biosensors for biomarker detection.
(a) Schematic of the PC-TIR device comprising a PC-TIR biosensor, a microfluidic PDMS 

layer, and a portable optical setup that includes a diode laser, lens assembly, a CMOS 

camera, and custom software. Inset: Photograph of the assembled PC-TIR device. (b) 

Schematic showing the functionalization process of the PC-TIR biosensor for biomarker 

detection. (c) Kinetic response curves showing antibody-antigen binding at different 

concentrations of human albumin and (d) its calibration curve according to the equilibrium 

shift of exponential nonlinear regression. (e) Kinetic response curves showing antibody-

antigen binding at different concentrations of human GST-α and (f) its calibration curve 

according to the equilibrium shift of exponential nonlinear regression. (a and b) was created 

with BioRender.com.
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Figure 5. Real-time detection of DOX-induced toxicity using the integrated system of a liver-on-
a-chip with a PC-TIR biosensor.
(a) Live/dead staining of the HepG2 cells in the 3D liver on-a-chip model after treatment 

with 0, 5, and 20 μM DOX for 24 h. (b) Cell viability of the HepG2 cells in the 3D 

liver on-a-chip model after treatment with 0, 5, and 20 μM DOX for 2.5 h and 24 h. (c) 

Secretion level of albumin from the 3D liver-on-a-chip after 24 h treatment. (d) Secretion 

level of GST-α from the 3D liver on-a-chip after 24 h treatment. (e) In-line rapid and 

continuous measurements of albumin secreted from the 3D liver on-a-chip. (f) In-line rapid 

and continuous measurements of GST-α secreted from the 3D liver on-a-chip.
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