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Summary
This protocol integrates LC-MS/MS and bioluminescence imaging to quantitatively and visually link intracellular gemcitabine pharmacokinetics with functional pharmacodynamic responses across in vitro and in vivo pancreatic cancer models.

Abstract
Gemcitabine is a first-line chemotherapeutic agent for pancreatic cancer, but its efficacy is frequently limited by rapid intracellular metabolism, insufficient retention, and transporter-mediated efflux. Although intracellular drug concentrations and antitumor responses can be evaluated separately, a visualized and quantitative strategy to dynamically relate intracellular drug exposure to functional responses across in vitro and in vivo models remains lacking.
Here, an integrated workflow is described that combines established quantitative liquid chromatography-tandem mass spectrometry (LC-MS/MS) and bioluminescence imaging (BLI) approaches to characterize intracellular gemcitabine exposure and treatment responses in pancreatic cancer models. LC-MS/MS is used to quantify intracellular gemcitabine and its inactive metabolite 2’,2’-difluorodeoxyuridine (dFdU), enabling direct assessment of cellular drug exposure, metabolism, and retention. In parallel, luciferase-based BLI provides a noninvasive functional readout of viable tumor burden and treatment response in both cultured cells and xenograft models.
By extracting PK parameters from LC-MS/MS measurements and PD-like parameters from time-resolved BLI signals, the workflow provides an operational framework for quantitatively linking intracellular drug exposure with imaging-derived responses. A two-step translational mapping strategy further connects intracellular exposure with in vitro BLI behavior and subsequently with in vivo BLI outcomes and tumor growth inhibition, thereby extending the analysis beyond parallel measurement of pharmacokinetics and pharmacodynamics.  Using this workflow, Coix seed extract (CSE) is shown to prolong intracellular gemcitabine retention and enhance antitumor efficacy.
The methodological contribution of this protocol lies in the integration of established LC-MS/MS and BLI measurements into a unified workflow and the implementation of cross-system translational mapping, rather than in the development of either analytical technology itself. The integrated workflow provides a visualized and quantitative approach for relating intracellular drug exposure to functional imaging responses and whole-animal treatment outcomes. The workflow may provide a practical framework for evaluating chemosensitizers, transporter modulators, and anticancer agents in translational pharmacology and cancer drug development.

Introduction 
Gemcitabine (GEM) remains a cornerstone chemotherapeutic agent for pancreatic cancer, yet its therapeutic efficacy is frequently limited by insufficient intracellular accumulation, rapid metabolic inactivation, and transporter-mediated drug efflux. Multidrug resistance transporters such as MRP5 have been shown to directly regulate intracellular gemcitabine availability and sensitivity in pancreatic cancer cells1. After entering tumor cells via nucleoside transporters, gemcitabine is rapidly phosphorylated into active metabolites but can also be efficiently deaminated by cytidine deaminase to form the inactive metabolite 2’,2’-difluorodeoxyuridine (dFdU)2. Consequently, intracellular transport and metabolic conversion play central roles in determining therapeutic response. Increasing evidence indicates that intracellular drug exposure, rather than administered dose alone, governs antitumor activity and resistance development. In addition, alterations in intracellular metabolic and signaling pathways further modulate gemcitabine sensitivity in pancreatic ductal adenocarcinoma, highlighting the importance of intracellular exposure–response relationships3.
Bioluminescence imaging (BLI) has emerged as a sensitive and noninvasive technique for real-time monitoring of tumor burden and therapeutic response in preclinical cancer models. Because bioluminescent signals can be quantitatively associated with viable luciferase-expressing cells under appropriate experimental conditions, BLI enables longitudinal assessment of treatment responses in both in vitro and in vivo cancer models4.In parallel, liquid chromatography-tandem mass spectrometry (LC-MS/MS) provides highly specific and sensitive quantification of small-molecule drugs and their metabolites within biological matrices5. Despite the widespread use of these technologies, intracellular drug measurements and imaging-based response assessments are typically performed independently, leaving a gap between analytical drug exposure and functional tumor response.
Here, an integrated workflow is described that combines established LC-MS/MS-based intracellular drug exposure measurements with time-resolved BLI-derived functional response readouts to examine exposure–response relationships across different experimental levels. Rather than introducing a new LC-MS/MS or BLI technology, the workflow focuses on the operational integration of these established analytical approaches across cellular and animal models. A two-step translational mapping strategy is further incorporated to explore the quantitative relationships between intracellular drug exposure, in vitro BLI responses, in vivo BLI outcomes, and tumor growth inhibition. These analyses are intended to characterize potential cross-system associations rather than to establish a classical mechanistic or fully validated PK/PD model.  This workflow enables integrated characterization of intracellular drug uptake, retention, and functional antitumor activity across cellular and animal models. The approach is particularly useful for studying agents that modulate intracellular drug disposition. For example, Coix seed extract (CSE) has been reported to exert antitumor activity and regulate tumor cell death pathways such as ferroptosis6, suggesting that modulation of intracellular pharmacokinetics may contribute to its chemosensitizing effects.
This protocol is particularly suitable for studies in which intracellular drug disposition plays a central role in therapeutic response, including investigations of chemosensitizers, transporter modulators, metabolic regulators, and combination therapies. It is especially applicable to luciferase-labeled tumor models and small-molecule drugs amenable to quantitative intracellular analysis. The resulting workflow provides a practical framework for exploratory cross-system exposure–response assessment rather than a classical or fully validated PK/PD modeling approach and does not replace the underlying LC-MS/MS or BLI technologies.

Protocol
Ethics Statement
Perform all animal procedures in accordance with the guidelines of the Institutional Animal Care and Use Committee of Zhejiang Chinese Medical University under approved protocol number (Pro#2014-03-018, 6 Mar 2014; animal use license: SYXK(H)2012-0002). House mice under specific-pathogen-free conditions with a 12 h light/dark cycle and ad libitum access to sterilized food and water. Monitor the clinical condition and body weight of each mouse throughout the study. Establish humane endpoints to minimize animal suffering. Euthanize animals by CO2 inhalation followed by cervical dislocation when any predefined endpoint is reached, including tumor diameter exceeding 15 mm (or tumor volume >1,500 mm³), body weight loss greater than 20% from baseline, tumor ulceration or necrosis, or severe clinical signs such as hunched posture, lethargy, or labored breathing.
1. Establish the in vitro intracellular pharmacokinetic model
1.1 Cell Culture
1.1.1 Obtain BxPC-3 human pancreatic cancer cells from a certified cell bank and maintain the cells in RPMI-1640 medium supplemented with 10% fetal bovine serum and 1% penicillin-streptomycin.
1.1.2 Generate firefly luciferase-expressing BxPC-3 cells by stable transfection and select positive clones with puromycin at 2 µg/mL.
1.1.3 Incubate the cells at 37 °C in 5% CO2 and passage them at 70% – 80% confluence. Use cells between passage numbers 5–20.
NOTE: Avoid over-confluent cultures because they reduce the reproducibility of gemcitabine uptake.
1.2 Seed cells and apply treatment
1.2.1 Seed 2 × 105 BxPC-3 cells per well in 6-well plates in 2 mL complete medium and incubate the plates for 12 – 16 h.
1.2.2 Prepare treatment media containing vehicle, gemcitabine alone, CSE alone, or gemcitabine plus CSE. Use final concentrations of gemcitabine at 6.5 µM and CSE at 666.78 µg/mL. Keep the final dimethyl sulfoxide concentration below 0.1% (v/v).
1.2.3 Replace the medium with 2 mL of the corresponding treatment medium and incubate the cells for 24, 48, and 72 h according to the experimental design.
CRITICAL STEP: The selected concentration was based on its ability to produce a significant pharmacodynamic effect and was therefore used for subsequent PK/PD analysis.
1.3 Quench intracellular metabolism and extract analytes
1.3.1 Immediately collect the cells at each sampling time point by trypsinization and centrifuge the cell suspension at 900 rpm for 5 min. Store the cell pellets at −20 °C until sample preparation.
1.3.2 Lyse each cell pellet with 100 µL ultrapure water and subject the lysate to seven freeze–thaw cycles using liquid nitrogen for freezing and room temperature for thawing. Centrifuge the lysate at 14,000 rpm for 10 min at 4 °C and collect the supernatant.
1.3.3 Add 10 volumes of acetonitrile to the supernatant to precipitate proteins, and evaporate the extract to near dryness under nitrogen at 30 °C.
1.3.4 Standardize intracellular drug measurements: Report intracellular gemcitabine and dFdU concentrations as ng/mL of cell lysate based on the corresponding matrix-matched calibration curves.
NOTE: Use a consistent cell-seeding density, lysis volume, and sample-processing procedure across all experimental groups. No additional normalization to cell number or total protein content is applied to the LC-MS/MS-derived intracellular drug concentrations.
1.4 Configure and validate the in vitro LC-MS/MS assay
1.4.1 Install an Ultimate XB-C18 column (2.1 mm × 100 mm, 1.8 µm particle size) and maintain the column at 30 °C. Use acetonitrile as mobile phase A and 1 mM ammonium acetate (pH 6.8) as mobile phase B. Set the flow rate to 0.3 mL/min and the injection volume to 1 µL.
1.4.2 Apply the following gradient program: 0–1.2 min, 4% A; 1.2–1.6 min, increase to 5% A; 1.6–3.2 min, maintain 5% A; 3.2–4.0 min, return to 4% A; and 4.0–5.0 min, maintain 4% A for re-equilibration.
1.4.3 Operate the mass spectrometer in positive electrospray ionization mode and acquire data in multiple reaction monitoring mode.
1.4.4 Use the following transitions and source settings: gemcitabine, m/z 264.1 → 112.1, CE 20 eV; dFdU, m/z 247.1 → 111.0, CE 18 eV; internal standard (2’-deoxy-2’,2’-difluorouridine, dFUR), m/z 247.1 → 127.0, CE 18 eV. Set ion spray voltage to 5500 V, source temperature to 550 °C, curtain gas to 40 psi, nebulizer gas to 55 psi, and auxiliary gas to 55 psi.
1.4.5 Prepare matrix-matched calibration standards by spiking control cell lysates with gemcitabine at 100, 200, 500, 2,000, 2,500, 5,000, 10,000, 15,000, and 20,000 ng/mL and with dFdU at 200, 500, 1,000, 2,000, 2,500, 5,000, 10,000, 15,000, and 20,000 ng/mL. Add dFUR at a final concentration of 50 µg/mL. Analyze each calibration standard in duplicate and construct calibration curves using the peak-area ratio of each analyte to the internal standard with 1/x²-weighted linear regression.
1.4.6 Evaluate the analytical performance of the cell-lysate LC-MS/MS assay with respect to selectivity, linearity, recovery, accuracy, precision, stability, and matrix effect before routine sample analysis. Use quality-control samples at 200, 500, and 1,000 ng/mL for gemcitabine and dFdU for recovery and accuracy/precision assessments, and assess stability at 500 ng/mL over 0 – 24 h at room temperature.
1.4.7 For matrix-effect assessment, compare processed drug-free cell lysates reconstituted with gemcitabine and dFdU at 200 ng/mL and dFUR at 5 µg/mL with standard solutions containing the same concentrations without matrix components.
2. Establish the in vitro BLI pharmacodynamic model
2.1 Seed luciferase-labeled cells
2.1.1 Seed 5 × 103 BxPC-3-luc cells per well in black 96-well plates with 100 µL complete medium.
2.1.2 Incubate the plate overnight at 37 °C in 5% CO2.
2.2 Treat cells and acquire BLI images
2.2.1 Replace the medium with 100 µL treatment medium containing vehicle, gemcitabine, CSE, or gemcitabine plus CSE.
2.2.2 Incubate the cells for the planned treatment duration.
2.2.3 Add luciferin to each well to a final concentration of 150 µg/mL.
2.2.4 Incubate the plate for 10 min at 37 °C.
2.2.5 Place the plate into the imaging chamber and acquire images using fixed acquisition settings (exposure time 1 s, medium binning, f/stop 1, and field of view 12.5 cm), ensuring that identical settings are applied to all groups within the same experiment.
CRITICAL STEP: Keep all acquisition settings identical across groups within the same experiment.
2.3 Export and normalize BLI data
2.3.1 Open the imaging software and select the ROI tool.
2.3.2 Draw one identical circular ROI over each well and one background ROI over a blank well.
2.3.3 Export total photon flux as photons/s after background subtraction.
2.3.4 Measure total protein content in each well using a standard protein quantification assay.
2.3.5 Normalize the photon flux to total protein content to account for variations in cell density. Calculate the normalized BLI signal using the following formula:

where FBC represents the background-corrected total photon flux and Pwell represents the protein amount per well.
NOTE: Use cell number normalization instead of protein normalization only when the same counting method is applied consistently to all samples.
3. Perform in vitro PK/PD coupling analysis
3.1 Data Integration: 
3.1.1 Export intracellular gemcitabine concentrations (measured by LC-MS/MS) and the normalized BLI time-course data into GraphPad Prism.
3.2 Calculate intracellular exposure
3.2.1 Use the LC-MS/MS-derived intracellular gemcitabine concentration–time profile to calculate the intracellular AUC using DAS 4.0.
NOTE: Intracellular AUC refers to the area under the intracellular gemcitabine concentration–time curve derived from the LC-MS/MS measurements.
3.3 Calculate BLI-derived exposure parameters
3.3.1 Calculate AUCluc, Kluc, and MRTluc from the normalized BLI signal-time profiles using DAS 4.0 according to a non-compartmental model. 
NOTE: AUCluc is defined as the area under the normalized BLI signal–time curve. For consistency, AUCluc calculated from the in vitro BLI dataset is denoted as AUCvitro, whereas AUCluc calculated from the in vivo BLI dataset is denoted as AUCvivo.
3.4 Perform correlation analysis
3.4.1 Export the intracellular exposure metrics and BLI-derived parameters obtained in Steps 3.2 and 3.3 into the statistical analysis software.
3.4.2 Perform linear regression analysis between intracellular exposure and the specified BLI-derived parameters for the analyses presented in Figure 6A.
3.4.3 Report the regression slope, intercept, coefficient of determination (R²), and raw and BH-adjusted p-values (padj) for each regression analysis.
3.5 Statistical Analysis: For longitudinal data with repeated observations from the same experimental unit, analyze treatment and time effects using a mixed-effects model to account for within-subject correlation. For paired comparisons between two treatment groups at a predefined time point, perform an appropriate paired statistical test without multiple-comparison adjustment. For endpoint quantities involving more than two independent groups, perform one-way ANOVA followed by an appropriate multiple-comparisons procedure. Statistical significance is determined using p < 0.05, with p < 0.01 considered highly significant, unless otherwise specified for analyses involving multiplicity adjustment.
4. Establish the in vivo PK/PD model
4.1 Generate xenografts
4.1.1 Use 4-week-old female BALB/c nude mice (16–18 g) obtained from Shanghai SLAC Laboratory Animal Co., Ltd.
4.1.2 Resuspend BxPC-3-luc cells at 1 × 106 cells in 100 µL phosphate-buffered saline.
4.1.3 Inject the cell suspension subcutaneously into the right flank of each mouse.
4.1.4 Monitor tumor growth until tumors reach approximately 100 mm3.
4.1.5 Randomize the mice into vehicle, gemcitabine, CSE, and gemcitabine plus CSE groups (n = 6 per group) using a computer-generated randomization sequence.
NOTE: A group size of six animals was used based on the conventional experimental design for preclinical evaluation of antitumor efficacy and pharmacokinetic characteristics. The subsequent correlation and translational mapping analyses were considered exploratory.
4.1.6 Assign each mouse a study identification code that does not reveal its treatment group.
4.1.7 Perform tumor volume measurements and BLI image quantification using the blinded identification codes, with the investigator performing these measurements unaware of treatment allocation.
4.1.8 Unblind the treatment allocation only after completion of the primary tumor measurements, BLI quantification, and data recording.
NOTE: Maintain treatment allocation concealment throughout tumor volume measurement and BLI image quantification to minimize potential observer bias.
4.2 Administer drugs and acquire in vivo BLI
4.2.1 Administer gemcitabine and CSE according to the experimental treatment schedule.
CRITICAL STEP: The selected dose was based on its ability to produce a significant pharmacodynamic effect and was therefore used for subsequent PK/PD analysis.
4.2.2 At days 7, 14, and 25 after the first treatment administration, weigh the mice and induce anesthesia with 3% isoflurane. Maintain anesthesia at 1.5% isoflurane throughout BLI acquisition.
4.2.3 Administer D-luciferin intravenously at 75 mg/kg and immediately place the anesthetized mice in the IVIS imaging system.
4.2.4 Acquire bioluminescence images every 2 min for 140 min following D-luciferin administration.
4.2.5 Quantify the bioluminescence signal within the tumor region of interest and normalize the signal to tumor volume to obtain the relative bioluminescence signal (BLIrel).
4.3 Evaluate tumor growth inhibition
4.3.1 Measure tumor length (L) and width (W) with digital calipers twice per week.
4.3.2 Calculate tumor volume (V) using the following formula:

4.3.3 Calculate the Relative Tumor Growth Rate (T/C %) to evaluate treatment response (as shown in Figure 5A):

NOTE: represents the change in tumor volume from the start of treatment.
4.3.4 Calculate the Tumor Growth Inhibition (TGI %) for subsequent correlation analysis:

4.3.5 Record body weight and clinical conditions throughout the study period.
4.4 Recalculate source-derived systemic pharmacokinetic parameters
4.4.1 Use the plasma gemcitabine concentration–time data reported in the corresponding source study as the basis for systemic pharmacokinetic analysis. No new animals are used and no additional plasma or tissue samples are collected for this analysis.
4.4.2 Extract the reported plasma concentration–time data and organize the concentration values according to the sampling time points reported in the source study.
4.4.3 Recalculate the area under the plasma concentration–time curve from time zero to the last measurable concentration (AUC0–t), maximum observed plasma concentration (Cmax), and elimination half-life (T1/2) using the reported concentration– time data.
4.4.4 Report the recalculated AUC0– t, Cmax, and T1/2 as source-derived systemic PK parameters and distinguish them from the intracellular GEM/dFdU concentrations quantified by the LC-MS/MS assay described in Sections 1.3 – 1.4.
5. Integrate the in vitro and in vivo datasets
5.1 Integrate source-derived systemic PK and in vivo BLI data
5.1.1 Use the source-derived systemic PK parameters, including AUC0–t, Cmax, and T1/2, together with the longitudinal in vivo BLI-derived parameters for integrated analysis.
NOTE: AUC0–t represents systemic plasma exposure recalculated from the source-study plasma concentration–time data, whereas AUCvivo represents the area under the in vivo BLI signal–time curve.
5.2 Exploratory translational association analysis
5.2.1 Perform linear regression analysis between the in vitro IC50 and the corresponding in vitro BLI-derived exposure metric, AUCvitro (BLIrel × min), for Figure 6A.
5.2.2 Perform linear regression analysis between the in vivo BLI-derived exposure metric, AUCvivo, and the corresponding TGI (%) values for Figure 6B.
5.2.3 Perform linear regression analysis between the in vitro AUCluc and the corresponding in vivo AUCluc values for Figure 6C.
5.3 Perform the two-step translational mapping analysis (Figure 6D)
5.3.1 Perform linear regression using the natural logarithms of the potency and efficacy metrics according to the following equation:

where TGI represents tumor growth inhibition, IC50 represents the half-maximal inhibitory concentration, a represents the regression slope, and b represents the regression intercept. 
5.3.2 Perform Step 1 of the translational mapping analysis by relating intracellular LC-MS/MS exposure to the in vitro BLI response.
5.3.3 Perform Step 2 of the translational mapping analysis by relating the in vitro BLI response to the in vivo BLI response and tumor inhibition.
5.4 Statistical Analysis
5.4.1 Software: Perform pharmacokinetic parameter calculations (e.g., AUCluc, Kluc, and MRTluc) using DAS 4.0 software (Mathematical Pharmacology Professional Committee of China). Use GraphPad Prism for all other statistical evaluations and data visualization.
5.4.2 Group Comparisons: For longitudinal data with repeated observations from the same experimental unit, treatment and time effects were analyzed using a mixed-effects model to account for within-subject correlation. For prespecified comparisons of treatment groups with the solvent control in longitudinal analyses, Dunnett’s multiple-comparisons correction was applied to the estimated group differences, and the resulting adjusted p-values (padj) were reported. For paired comparisons between two treatment groups at a predefined time point, an appropriate paired statistical test was performed without multiple-comparison adjustment, and the resulting unadjusted p-values (p) were reported. For derived or endpoint quantities involving more than two independent groups, one-way ANOVA followed by an appropriate multiple-comparisons procedure was used, where applicable. Statistical significance was defined as p < 0.05, with p < 0.01 considered highly significant.
5.4.3 Correlation Analysis: Evaluate the relationships between intracellular exposure, bioluminescent parameters, and anti-tumor efficacy using Pearson correlation analysis and linear regression, as appropriate. Report the coefficient of determination (R²) and the corresponding p-values. For multiple regression comparisons within predefined analysis families, apply the Benjamini–Hochberg procedure to control the false discovery rate and report the resulting adjusted p-values (padj).
Data Presentation: Present all experimental results as the mean ± standard deviation (SD) from at least n = 6 independent biological replicates. 

Representative Results
The integration of intracellular pharmacokinetics (PK) and longitudinal pharmacodynamics (PD) was implemented using a structured workflow (Figure 1). This framework ensures that each analytical module–from LC-MS/MS quantification to in vivo bioluminescence imaging (BLI)–contributes to the final two-step translational mapping. The following results illustrate the successful application of this integrated approach.

1. Analytical performance of the LC-MS/MS module
The LC-MS/MS assay produced baseline-resolved peaks for gemcitabine, dFdU, and the internal standard in matrix-matched cell lysate extracts. Blank cell lysate showed no interfering peaks at the retention times of the analytes and internal standard. The retention times were 1.01 min for gemcitabine, 3.20 min for dFdU, and 4.82 min for dFUR, respectively, demonstrating good assay specificity.
The calibration curves covered the range of 100–20,000 ng/mL for gemcitabine and 200–20,000 ng/mL for dFdU, with correlation coefficients (r²) exceeding 0.99. The lower limits of quantification (LLOQs) were 10 ng/mL for gemcitabine and 70 ng/mL for dFdU. The corresponding calibration equations were Y = 0.001087X - 0.03504 for gemcitabine and Y = 0.01002X - 0.2146 for dFdU.
Extraction recovery for gemcitabine was 85.16%, 85.82%, and 80.88% at 200, 500, and 1,000 ng/mL, respectively, whereas the corresponding recovery values for dFdU were 88.78%, 86.38%, and 88.88%. Inter-day precision showed RSD values below 2% across the tested concentrations.
At room temperature, gemcitabine and dFdU remained stable for up to 24 h, with RSD values of 2.60% and 0.58%, respectively. The average matrix-effect responses were 103.68% for gemcitabine and 102.98% for dFdU. The optimized mass spectrometry parameters, including multiple reaction monitoring (MRM) transitions and collision energies, together with the chromatographic conditions used to achieve this performance, are summarized in Table 1. In successful runs, quality control samples remained within predefined acceptance limits for accuracy and precision. In contrast, suboptimal runs may exhibit broadened peaks, retention-time drift, or reduced signal intensity, which typically indicates incomplete protein precipitation, column instability, or ion source contamination.

2. Intracellular gemcitabine and CSE combination exposure profiles in BxPC-3 cells
Intracellular gemcitabine concentrations decreased over time following gemcitabine monotherapy, whereas pretreatment or co-treatment with Coix seed extract (CSE) increased intracellular gemcitabine exposure. As shown in Figure 2, successful quantification of intracellular gemcitabine at 24, 48, and 72 h reveals a clear time-dependent accumulation profile.
Specifically, Figure 2B shows that co-treatment with CSE for 24 h or 48 h significantly increases intracellular gemcitabine levels compared with gemcitabine alone, providing a representative example of enhanced intracellular drug accumulation. In successful experiments, biological replicates exhibit smooth concentration-time profiles with minimal inter-replicate variability. In contrast, substantial divergence among replicates may indicate inconsistent cell density, incomplete metabolic quenching, or variability in sample extraction.

3.BLI response after gemcitabine and CSE combination exposure in BxPC-3 cells in vitro 
Time-resolved bioluminescence imaging (BLI) provided a dynamic readout of treatment response in BxPC-3-luc cells. As shown in Figure 3A–C, the normalized BLI signal (BLIrel) exhibited distinct kinetic profiles across 24, 48, and 72 h. The GEM group generally showed lower BLIrel values than the solvent control, whereas the CSE-only group maintained relatively higher BLIrel values. The GEM+CSE combination also showed a lower BLIrel profile than GEM monotherapy.
Intracellular gemcitabine concentrations were further quantified by LC-MS/MS (Figure 3D). The GEM+CSE group showed significantly increased intracellular gemcitabine accumulation compared with the GEM group at 24 h (**p < 0.01), 48 h (##p < 0.01), and 72 h (&&p < 0.01). Paired comparisons were performed separately at each predefined time point without multiple-comparison adjustment.
Quantitative characterization of the BLI decay kinetics is summarized by the derived parameters shown in Figure 4. AUCluc represents the area under the normalized BLI signal–time curve, whereas Kluc and MRTluc represent the BLI signal elimination rate constant and mean residence time of the BLI signal, respectively.
For comparisons between the Solvent and GEM groups across time points, a mixed-effects model with Dunnett’s multiple-comparisons adjustment was used. For comparisons between the GEM and GEM+CSE groups at individual time points, paired tests without adjustment for multiple comparisons were used.
As shown in Figure 4A, AUCluc was significantly lower in the GEM group than in the Solvent group at 24, 48, and 72 h (Dunnett-adjusted p < 0.05 for all comparisons). No significant differences were observed between the GEM and GEM+CSE groups at any of the three time points (unadjusted p > 0.05).
For Kluc (Figure 4B), the GEM group differed significantly from the Solvent group at 24 h (Dunnett-adjusted p < 0.05) and showed more pronounced differences at 48 and 72 h (Dunnett-adjusted p < 0.01). No significant differences were observed between the GEM and GEM+CSE groups at any time point (unadjusted p > 0.05).
For MRTluc (Figure 4C), no significant difference was observed between the GEM and Solvent groups at 24 h (Dunnett-adjusted p > 0.05), whereas significant differences were observed at 48 h (Dunnett-adjusted p < 0.05) and 72 h (Dunnett-adjusted p < 0.01). Comparisons between the GEM and GEM+CSE groups were not statistically significant at any time point (unadjusted p > 0.05).
4. Correlation prediction analysis of gemcitabine exposure-anti-pancreatic cancer efficacy models in vivo and in vitro 
In the xenograft mouse model, treatment responses were evaluated based on tumor growth inhibition and pharmacokinetic parameters (Figure 5).
As shown in Figure 5A, the GEM group exhibited a significant reduction in relative tumor growth rate compared with the solvent control (**padj < 0.01), as determined using a mixed-effects model with Dunnett’s multiple-comparisons correction. The CSE group showed a moderate decrease in tumor growth relative to the solvent group. The GEM+CSE combination further reduced tumor growth compared with GEM monotherapy (#p < 0.05) and showed the lowest relative tumor growth rate among all groups (**padj < 0.01 vs. solvent). The systemic pharmacokinetic parameters shown in Figure 5B–D were recalculated from the reported plasma concentration–time data. The GEM+CSE group exhibited significantly higher systemic exposure than GEM alone, as reflected by an increased AUC0–t (Figure 5B, **padj < 0.01). Consistently, the maximum plasma concentration (Cmax) was also elevated in the GEM+CSE group compared with GEM monotherapy (Figure 5C, **padj < 0.01). In addition, the elimination half-life (T1/2) was prolonged in the GEM+CSE group relative to the GEM group (Figure 5D, *padj < 0.05). These parameters were presented as source-derived systemic PK parameters and were distinguished from the intracellular GEM and dFdU concentrations quantified by the LC-MS/MS assay described in the in vitro workflow.
The two-step mapping analysis was used to examine the relationships among intracellular drug exposure, BLI-derived response metrics, and antitumor efficacy.
A strong positive correlation was observed between in vitro IC50 values and AUCvitro (Figure 6A), with padj < 0.01 in all three treatment groups. In Figure 6B, AUCvivo showed significant associations with TGI in the GEM and CSE groups (padj < 0.05), whereas the association in the GEM+CSE group did not reach statistical significance (padj > 0.05). In addition, significant correlations were observed between in vitro and in vivo AUCluc (Figure 6C), with padj < 0.05 in the GEM group and padj < 0.01 in the CSE and GEM+CSE groups. Significant relationships were also identified between ln(IC₅₀) and ln(TGI) in all three treatment groups (Figure 6D; padj < 0.01). Together, these results describe exploratory exposure–response associations linking intracellular drug exposure, imaging-derived pharmacodynamic signals, and antitumor efficacy.

5. Interpretation of successful and suboptimal outcomes of the integrated LC-MS/MS-BLI analysis model
Successful execution of the protocol can be recognized by several key features: clean chromatograms, acceptable assay validation metrics, reproducible intracellular concentration–time profiles, consistent BLI acquisition settings across treatment groups, and coherent exposure–response relationships across both in vitro and in vivo datasets.
Suboptimal outcomes may present as noisy chromatograms, inconsistent ROI placement, signal saturation, implausible treatment-group ordering, or poor regression fits in exposure–response analyses. To facilitate method adoption, these representative patterns should be illustrated in the revised figure set or supplementary materials, allowing new users to distinguish genuine biological uncoupling from technical artifacts.
A detailed troubleshooting guide addressing common analytical and imaging issues is provided in Table 2.

[bookmark: OLE_LINK1]Discussion
Several experimental steps are critical for the successful implementation of the integrated LC-MS/MS-BLI workflow. First, rapid quenching of intracellular metabolism during sample collection is essential for accurate quantification of intracellular gemcitabine. As specified in the protocol, washing the cells with ice-cold phosphate-buffered saline must be completed within 30 s to minimize post-sampling drug efflux and metabolic degradation. Delays at this step may lead to substantial underestimation of intracellular drug exposure. Second, consistent normalization of BLI signals is required to ensure comparability across experimental groups. Because photon flux is directly proportional to the number of viable luciferase-expressing cells, bioluminescence imaging provides a sensitive indicator of tumor cell viability and treatment response, making proper normalization essential for accurate comparisons between experimental groups7. Gemcitabine and CSE treatment may alter cellular ATP levels and thereby influence ATP-dependent luciferase activity. Because ATP levels may themselves be affected by the treatments under investigation, ATP-based normalization could introduce treatment-related bias into the normalization process. Therefore, total protein content was used for BLI normalization in the present workflow to facilitate comparison of treatment effects across the tumor-cell population while avoiding the use of treatment-sensitive ATP levels as the normalization denominator. Consistent with previous findings, CSE alone produced a distinct BLI response in pancreatic cancer cells, supporting its inclusion as an independent treatment group for distinguishing CSE-associated effects from the combined effects of CSE and gemcitabine8. Third, maintaining identical imaging parameters during BLI acquisition-including exposure time, binning, field of view, and f-stop-is essential to avoid artificial differences between treatment groups. Under consistent experimental conditions, these factors are expected to affect the overall luciferase-expressing tumor-cell populations in a broadly comparable manner across groups, supporting the use of normalized BLI signals as a functional readout for comparative assessment of treatment response. Finally, matrix-matched calibration and consistent internal standard usage in LC-MS/MS analysis are crucial to ensure analytical accuracy and reproducibility when quantifying intracellular gemcitabine and its metabolite dFdU. The analytical targets were selected according to the primary objective of characterizing intracellular gemcitabine disposition. Rather than comprehensively profiling all intracellular metabolites, the workflow simultaneously quantifies parent gemcitabine and its major inactive metabolite dFdU to characterize intracellular parent-drug retention and conversion toward the inactive metabolic pathway. This focused approach allows changes in intracellular gemcitabine exposure to be evaluated together with its metabolic conversion to dFdU, thereby providing a practical analytical basis for subsequent pharmacodynamic interpretation. Together, strict control of these critical steps ensures reliable coupling between intracellular pharmacokinetics and imaging-derived pharmacodynamic responses.
The integrated LC-MS/MS-BLI workflow provides a structured approach for combining complementary measurements across different experimental levels.  Traditional LC-MS/MS assays typically quantify drug concentrations in plasma or tissue homogenates but do not directly reflect functional tumor responses. Conversely, cell viability assays such as MTS or ATP-based assays measure cytotoxic effects but provide limited information about intracellular drug exposure and metabolism. Tumor volume measurements in xenograft models offer a straightforward indicator of treatment efficacy but are relatively insensitive to early therapeutic responses and cannot capture dynamic changes in tumor cell viability. Increasing evidence indicates that intracellular drug concentrations are more closely associated with pharmacological activity than plasma levels in many therapeutic contexts9. By integrating intracellular LC-MS/MS quantification with longitudinal BLI measurements, the present workflow provides a framework for examining drug exposure and functional response across cellular and whole-animal experimental levels. For longitudinal measurements, the use of a mixed-effects model accounts for within-subject correlation and provides an appropriate framework for evaluating treatment-related effects across repeated observations. Molecular imaging approaches have been increasingly recognized as valuable tools for linking pharmacokinetic measurements with pharmacodynamic responses during drug discovery and development10. Furthermore, the LC-MS/MS component is highly modular, allowing for the quantification of additional therapeutic agents or metabolic byproducts through the refinement of chromatographic gradients and mass transitions. The contribution of the present workflow therefore lies primarily in the integration of established analytical and imaging approaches and their application within a common cross-system analytical framework, rather than in the development of either LC-MS/MS or BLI technology itself.  The approach is particularly suitable for evaluating chemosensitizers, transporter modulators, metabolic regulators, and combination therapies that alter intracellular drug exposure, including emerging molecular targets that influence chemotherapy resistance in pancreatic cancer11. For example, 20(S)-ginsenoside Rh2 has been reported to overcome gemcitabine resistance by inhibiting ABC transporter-mediated drug efflux, thereby enhancing intracellular drug retention12. This finding supports the utility of the present workflow in evaluating agents that modulate intracellular pharmacokinetics. In the present study, the enhanced antitumor activity of the GEM+CSE combination was accompanied by increased intracellular GEM accumulation compared with GEM monotherapy. This finding suggests that CSE may enhance GEM sensitivity, at least in part, by increasing intracellular GEM retention and exposure, thereby increasing the availability of GEM within tumor cells for its pharmacological action. The increased intracellular exposure provides a potential explanation for the enhanced treatment response observed with the combination. However, the specific molecular targets or signaling pathways responsible for the altered intracellular GEM disposition were not directly investigated in the present study. Therefore, the proposed mechanism should be interpreted as a potential exposure-related explanation rather than a definitively established molecular mechanism. The two-step translational mapping component further extends the workflow beyond independent or parallel measurement of drug exposure and treatment response. Previous work established that BLI can be used to dynamically characterize the intracellular pharmacokinetic behavior of D-luciferin in luciferase-expressing pancreatic cancer cells, with the bioluminescent photon signal showing a positive relationship with intracellular luciferin levels and enabling calculation of kinetic parameters such as AUCluc, Kluc, and MRTluc. This shared luciferase-luciferin readout provides a biological basis for exploratory comparison of BLI-derived kinetic responses between in vitro and in vivo tumor models, assuming that the effects of the external intervention on the reporter system are broadly comparable across the two settings13. The cross-system analyses were designed to describe exposure–response associations across the different experimental levels of the integrated workflow. Intracellular LC-MS/MS measurements provide an analytical measure of drug exposure, whereas BLI provides a functional imaging readout at the cellular and xenograft levels. The sequential analyses allow relationships among intracellular exposure, in vitro BLI responses, in vivo BLI responses, and tumor growth inhibition to be examined within a common analytical framework. For exploratory regression analyses involving multiple comparisons within predefined analysis families, statistical significance was assessed using Benjamini–Hochberg-adjusted p-values (padj) to control the false discovery rate. These analyses do not constitute a fully validated mechanistic PK/PD model and were not intended to establish direct mechanistic equivalence among the corresponding parameters. Accordingly, the two-step mapping should be interpreted as an exploratory translational framework for connecting measurements obtained at different biological levels, rather than as a formal PK/PD model requiring mechanistic model assumptions, comprehensive goodness-of-fit diagnostics, or independent model validation.
During implementation, several common technical challenges may impact data quality. For instance, unstable chromatographic peaks or drifting retention times often signal incomplete protein precipitation or ion source contamination, necessitating enhanced sample cleanup or routine instrument maintenance. In the BLI module, potential pitfalls such as signal saturation or inconsistent region-of-interest (ROI) definition can be mitigated by optimizing exposure settings and applying standardized ROI templates across all replicates. Addressing these technical variables is essential for minimizing inter-replicate variability, particularly when subtle differences in intracellular drug disposition are being evaluated.
Despite its advantages, the integrated LC-MS/MS-BLI strategy has several limitations. First, bioluminescence imaging measures viable cell activity rather than direct tumor mass, meaning that metabolic changes affecting luciferase activity may influence signal intensity independent of actual cell number. Second, intracellular drug concentrations measured by LC-MS/MS represent average levels within bulk cell populations and therefore do not capture potential intratumoral heterogeneity. Future studies incorporating mechanistic PK/PD modeling, spatial imaging, or single-cell measurements may further refine the characterization and validation of exposure–response relationships.
Taken together, the integrated workflow provides a practical framework for examining intracellular pharmacokinetics together with imaging-derived pharmacodynamic responses across in vitro and in vivo systems.  Such approaches may be particularly valuable for evaluating emerging therapeutic strategies designed to improve gemcitabine delivery or intracellular drug exposure in pancreatic cancer models14. Consistent with this concept, clinical studies have reported that intracellular levels of gemcitabine metabolites correlate with chemotherapy efficacy, underscoring the importance of characterizing drug exposure at the cellular level15. Furthermore, recent studies have shown that natural compounds can synergize with gemcitabine to enhance antitumor efficacy. For instance, chlorophyllin has been reported to exert a synergistic effect with gemcitabine in pancreatic cancer models, supporting the rationale for combination strategies16. Collectively, these findings highlight the potential of approaches that modulate intracellular drug exposure to improve therapeutic outcomes. More broadly, this strategy may facilitate the discovery of agents that enhance intracellular drug retention and improve chemotherapeutic sensitivity, thereby supporting the application of this integrated workflow in the development of more effective combination therapeutic strategies.
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Figure and Table Legends
Figure 1. Workflow for integrated LC-MS/MS-BLI pharmacokinetic-pharmacodynamic analysis.
Schematic overview of the experimental workflow linking intracellular gemcitabine pharmacokinetics (PK) with functional pharmacodynamic (PD) responses in pancreatic cancer models. The workflow includes intracellular drug quantification by LC-MS/MS, in vitro bioluminescence imaging (BLI) to monitor treatment-induced changes in viable cell burden, and longitudinal in vivo BLI to evaluate tumor response in mouse models. Data obtained from LC-MS/MS and BLI measurements are integrated through normalization, parameter extraction, and two-step translational mapping to establish relationships between intracellular drug exposure and tumor growth inhibition.

Figure 2. Effect of CSE on intracellular gemcitabine accumulation.
(A) Time-dependent intracellular accumulation of gemcitabine (GEM) following GEM monotherapy at 24, 48, and 72 h.(B) Intracellular GEM accumulation in cells pretreated with Coix seed extract (CSE) for 24 or 48 h prior to exposure to GEM for 24 h.

Figure 3. In vitro bioluminescence imaging (BLI) response and intracellular gemcitabine (GEM) accumulation in pancreatic cancer cells.
(A–C) Time-dependent bioluminescence imaging (BLI) signals in BxPC-3-luc pancreatic cancer cells treated with solvent control, GEM, Coix seed extract (CSE), or the combination of GEM + CSE for 24, 48, and 72 h. Photon flux values (BLIrel) were normalized to total protein content to correct for variation in cell number. (D) Intracellular GEM concentrations measured by LC-MS/MS at 24, 48, and 72 h in GEM and GEM+CSE treatment groups.
Data are presented as mean ± SD (n = 6 independent experiments). Paired comparisons between the GEM and GEM+CSE groups were performed separately at each predefined time point without multiple-comparison adjustment. Statistical significance is indicated as follows: **p < 0.01 vs. GEM at 24 h; ##p < 0.01 vs. GEM at 48 h; &&p < 0.01 vs. GEM at 72 h.
Abbreviations: BLI, bioluminescence imaging; GEM, gemcitabine; CSE, Coix seed extract.

Figure 4. Quantitative pharmacokinetic parameters of in vitro bioluminescence imaging (BLI) decay. 
[bookmark: OLE_LINK2]The bioluminescent decay profiles from BxPC-3-luc cells were analyzed using a non-compartmental model (DAS 4.0 software) at 24, 48, and 72 h. (A) Area under the curve (AUCluc), representing total bioluminescent exposure. (B) Elimination rate constant (Kluc), indicating the rate of signal decay. (C) Mean residence time (MRTluc), reflecting the average duration of the bioluminescent signal. Data are presented as mean ± SD. For comparisons between the Solvent and GEM groups across time points, a mixed-effects model with Dunnett’s multiple-comparisons adjustment was used, and the resulting adjusted p-values (padj) are reported. Comparisons between the GEM and GEM+CSE groups at each time point were performed using paired tests without adjustment for multiple comparisons, and the corresponding unadjusted p-values (p) are reported. Statistical significance is indicated as follows: *padj < 0.05 and **padj < 0.01 for comparisons between the GEM and Solvent groups; ns, not significant.
Abbreviations: AUCluc, area under the normalized bioluminescence signal–time curve; Kluc, BLI signal elimination rate constant; MRTluc, mean residence time of the BLI signal; GEM, gemcitabine; CSE, Coix seed extract.

Figure 5. In vivo anti-tumor efficacy and pharmacokinetic profiles of gemcitabine and Coix seed extract. 
Relative tumor growth rate (T/C, %) in BxPC-3-luc xenograft models following treatment with solvent control, GEM, CSE, or GEM+CSE. (B) Area under the plasma concentration–time curve (AUC0–t). (C) Maximum plasma concentration (Cmax). (D) Elimination half-life (T1/2). The PK parameters shown in (B–D) were recalculated from the plasma concentration–time data reported in the corresponding source study and are presented as source-derived systemic PK parameters. Data are presented as mean ± SD. For panel A, longitudinal treatment effects were analyzed using a mixed-effects model, with Dunnett’s multiple-comparisons correction for comparisons with the solvent group. The prespecified GEM versus GEM+CSE comparison was analyzed using a paired test without multiple-comparison adjustment. Statistical significance is indicated as follows: **padj < 0.01 versus the solvent group; #p < 0.05 versus the GEM group. For panels B–C, **padj < 0.01 versus the GEM group; for panel D, *padj < 0.05 versus the GEM group.
Abbreviations: GEM, gemcitabine; CSE, Coix seed extract; T/C, treatment/control ratio; AUC0-t, area under the plasma concentration–time curve; Cmax, maximum plasma concentration; T1/2, elimination half-life.

Figure 6. Associations between BLI-derived exposure parameters and pharmacodynamic endpoints. 
(A) Relationship between in vitro IC₅₀ (μM) and AUCvitro, where AUCvitro denotes AUCluc calculated from the in vitro BLI signal–time profile. (B) Relationship between in vivo TGI and AUCvivo, where AUCvivo denotes AUCluc calculated from the in vivo BLI signal–time profile. (C) Relationship between AUCvitro and AUCvivo. (D) Relationship between ln(IC₅₀) and ln(TGI) in the GEM, CSE, and GEM+CSE groups. Linear regression analyses were performed separately for each treatment group. The coefficients of determination (R²) and BH-adjusted p-values (padj) are shown for each regression analysis. In Figure 6B, the associations between AUCvivo and TGI were statistically significant in the GEM and CSE groups (padj < 0.05) but did not reach statistical significance in the GEM+CSE group (padj > 0.05). These analyses represent exploratory associations between in vitro drug sensitivity, BLI-derived exposure, and in vivo antitumor efficacy and do not establish predictive validity or a causal relationship. 

Table 1. MRM transitions, source parameters, chromatographic conditions, and assay validation metrics for intracellular gemcitabine and dFdU quantification.
Include analytes, precursor/product ions, collision parameters, retention times, calibration ranges, weighting models, LOD, LLOQ, recovery, matrix effect, and precision/accuracy acceptance criteria.

Table 2. Common problems, likely causes, and troubleshooting strategies for the integrated LC-MS/MS-BLI workflow.
Examples should include poor chromatographic peak shape, inconsistent intracellular concentrations, signal saturation during imaging, mismatched group ordering, unstable ROIs, and poor regression fits.
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