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ABSTRACT 

IN VITRO AND IN VIVO IDENTIFICATION AND QUANTIFICATION OF CARMOFUR AND 5-
FLUOROURACIL USING TANDEM MASS SPECTROMETRY 

by 

Mohammad Mohiminul Islam 

 

The University of Wisconsin-Milwaukee, 2022 
Under the Supervision of Professor Shama P. Mirza 

 

Glioblastoma is the most aggressive solid tumor of the brain. Prior studies from our lab found 

that carmofur, also known as 1-hexylcarbanoyl 5-fluorouracil (HCFU) is a promising candidate in 

suppressing and killing tumor cell lines compared to the FDA-approved drug temozolomide. 

Originally developed as pro-drug of 5-fluorouracil (5-FU), carmofur has been in use in clinic for 

the treatment of colorectal cancer for over four decades in Japan. Having it used in clinics, it has 

a high probability of repurposing for diseases with no cure such as glioblastoma. Carmofur has 

also been found effective against other cancers such as head and neck, breast, cervical, 

pancreatic, gastrointestinal, ovarian, bladder, gastric, and solid tumors of the brain. Several 

recent studies also found carmofur efficacious against Krabbe disease, lipopolysaccharide-

induced acute lung injury and as a potential lead inhibitor of the main protease (MPRO) of SARS-

CoV-2 etc. However, there is no efficient analytical method for the qualitative and quantitative 

bioanalysis of carmofur to support further pre-clinical and clinical studies.  

First, we have described the development of a liquid-liquid extraction technique to extract 

carmofur from mouse plasma. We have also developed a sensitive and accurate LC-MS/MS 

method to quantify carmofur in mouse plasma with an application to a pharmacokinetic study. 

The Cmax, Tmax, and T1/2 was found 10.28±1.53 µg.mL-1, 5 min, and 9.6 min respectively.  

Second, we performed a LC-MS/MS based parallel artificial membrane permeability assay 

(PAMPA) to understand the membrane and blood-brain-barrier (BBB) permeability of two 

compounds, carmofur and ARN14988-M, a potential metabolite of ARN14988, another promising 

acid ceramidase inhibitor. Our study indicates that both analytes are likely to cross BBB through 

passive diffusion which is an important consideration to drugs targeting glioblastoma.  

Third, we have developed an analyte extraction technique to simultaneously extract carmofur 

and 5-FU. We also validated a LC-MS/MS method to quantify carmofur and 5-FU in mouse brain, 

liver, and kidney tissues after intraperitoneal injection of carmofur solution. Carmofur was found 

to cross the BBB which confirms our observations from in vitro study described in chapter 3. 
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Carmofur also immediately distributes among the tissues with a Tmax of 5 min. Tmax for 5-FU was 

found 20 min in mouse plasma, brain, kidney, and 40 min for liver.  

Lastly, we used imaging mass spectrometry (MALDI-TOF-MS) to understand the spatial 

distribution of carmofur/5-FU in mouse brain. We found that carmofur distributes itself 

throughout the brain tissue which is important for glioblastoma drug development given that the 

tumor can grow any location of the brain. 
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Chapter 1-Introduction and Background 

1.1. Introduction to Glioblastoma  

Glioblastoma is the most aggressive and the most common malignant primary tumor of the 

brain1. According to 2016 CNS WHO, there are three general forms of the disease, and they are 

i) glioblastoma, IDH (isocitrate dehydrogenase-wildtype) ii) glioblastoma, IDH mutant and iii) 

glioblastoma, not otherwise specified (NOS). IDH-wildtype glioblastoma involve majority (almost 

90%) of the cases and are considered as primary glioblastoma, affecting preferentially the older 

population. The IDH-mutant form of the disease is known as secondary glioblastoma and entails 

about 10% of the cases. Unlike primary glioblastoma, the secondary glioblastoma are tumors that 

develop from a lower-grade glioma and affects predominantly younger population. The World 

Health Organization (WHO) also categorized all forms of glioblastoma as grade IV glioma which 

designates it as the most advanced and most deleterious form of all the solid brain tumors 

originating from the glial or astrocytic cell lineage2.  

Every year over 10,000 new cases are reported in the United States, accounting for about 54% of 

all malignant central nervous system (CNS) tumors in adults3-4. The incidence of glioblastoma can 

occur at any age. However, it is observed at a higher rate in elderly, males, and non-Hispanic 

white population4.  Despite being the deadliest CNS tumor, the treatment options are limited, 

and the disease remains incurable even with multidisciplinary therapy. Patients diagnosed with 

glioblastoma are treated with a combination of surgery, radiotherapy, chemotherapy and in 

some cases with tumor treating field. Yet, the median survival is just about 14.6 months, and 5-
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year survival are observed in only about 5 percent of the patients. Almost all patients develop 

recurrence of the tumor3, 5-6.  

Currently, three chemotherapeutic agents (temozolomide, bevacizumab, and carmustine) are 

available to patients with glioblastoma7-8. Results from randomized clinical study in 573 patients 

demonstrate that addition of temozolomide to radiotherapy significantly increases overall 

survival (OS) (27.2% vs 10.9% in radiotherapy alone at 2 years). The same study found that O6-

methylguanine-DNA methyl-transferase (MGMT) gene methylation is a positive prognostic 

indicator for temozolomide chemotherapy for newly diagnosed patients9. On the other hand, 

bevacizumab is an anti-VEGF (anti-vascular endothelial growth factor) monoclonal antibody that 

has been approved by the FDA for the treatment of recurrent glioblastoma. It has been clinically 

observed that bevacizumab has anti-glioma activity with improvement in progression-free 

survival (PFS); however, it has no significant activity in terms of OS10. A clinical trial on newly 

diagnosed glioblastoma patients with bevacizumab has shown no significant improvement in 

terms of OS but has shown longer PFS compared to placebo group (10.7 months vs 7.3 months)11. 

Previously, carmustine, a nitrosourea compound, which is used in the treatment of the disease, 

is now avoided for clear demonstration of severe bone marrow, liver and kidney toxicity5. 

However, local delivery of carmustine in the form of implant in the resection cavity followed by 

surgery can reduce systemic adverse events and can improve median survival of the patients 

both in recurrent and newly diagnosed glioblastoma12.  

Currently, significant effort is ongoing to introduce better therapeutic drug against glioblastoma. 

Between January 2017 and December 2019, the data of 62 clinical trials of major drugs and 

biologicals were published, revealing both somewhat encouraging and not-so-encouraging 
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outcomes. In March 2020, we listed a total of 286 ongoing clinical trials as registered on 

www.clinicaltrials.gov3. Among the drug targets IDH mutation, Notch pathway, VEGF signaling 

pathway, Platelet-derived Growth Factor (PDGF) signaling, Epidermal Growth Factor Receptor 

(EGFR) Pathway, PI3K/AKT/mTOR Pathway, Phosphate and Tensin Homolog (PTEN) Signaling, 

Sonic Hedgehog (SHH) signaling are some of the extensively studied3. Given the extremely 

heterogeneous nature of the tumor, it is imperative to search for new therapeutic targets and 

their inhibitors.  

1.2. Introduction to Acid Ceramidase  

One key concept in cancer research is molecular target-based development of chemotherapeutic 

agents. Targeting a specific component of molecular signaling pathways can lead to effective drug 

discovery. The Mirza lab has previously performed comprehensive characterization of 

glioblastoma tumor tissues for biomarker identification using mass spectrometry based 

quantitative proteomics13-14.  Studies found that patient derived glioblastoma tumors and 

irradiated cell cultures express significantly higher level of acid ceramidase (ASAH1) and lower 

level of its substrate, ceramides15-16. Comprehensive proteomic analysis has also revealed that 

expression of ASAH1 is associated with poor patient survival. Additionally, acid ceramidase 

inhibitors were able to kill the tumor cell lines in vitro more efficiently than the currently available 

standard drug, temozolomide15, 17. 

ASAH1 is a lysosomal hydrolase enzyme that regulates the sphingolipid pathway in the cells. It 

metabolizes ceramides and breaks them down into sphingosine which further phosphorylates 

into sphingosine-1-phosphate (S1P) by sphingosine kinase 1 or 2. The relative level of ceramides 
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and S1P determines the fate of the cell, whether it will undergo apoptotic cell death or survival 

and proliferation. Accumulation of ceramides leads to cell death while accumulation of S1P leads 

to survival and proliferation of the cancer cells15. Higher expression of acid ceramidase has been 

observed in a number of cancer diseases such as prostate, head and neck, breast, ovarian, colon, 

liver, melanoma, acute myeloid leukemia and solid brain tumors18-19. Nevertheless, acid 

ceramidase is also accountable to other diseases such as Niemann-Pick disease, Farber disease, 

Alzheimer’s disease and insulin resistance19.   

1.3. Previous studies with carmofur  

1.3.1. Acid ceramidase inhibition in brain diseases 

Our group became interested in carmofur (figure 1-1) because of its acid ceramidase inhibition 

activity. Systemic administration of carmofur in mice produced ASAH1 inhibition in a dose-

dependent manner20. Thus, it became a drug of choice in brain tumor study. Carmofur was found 

effective with low IC50 (13-104 µM) at targeting brain tumor cell lines15, 17. Additionally, it was 

also found to be more sensitive in killing the tumor cells compared to the food and drug 

administration (FDA) approved drug temozolomide which is the standard chemotherapeutic 

agent for the treatment of glioblastoma. Annexin-V-Alexa-488 staining and mass spectrometric 

analysis suggested that tumor cell undergo apoptosis and higher intracellular accumulation of 

ceramides upon carmofur treatment15. Carmofur in combination with humanized monoclonal 

antibody was also found effective in suppressing glioblastoma cell growth both in newly 

diagnosed and recurrent diseases16. The cell lines that were tested with carmofur include 

glioblastoma cells (SJGBM2, SJGBM2-10gy, CHLA200, U87, U87-10gy, GSC 22, GSC 33, GSC 44), 
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medulloblastoma cells (CHLA259), and atypical teratoid rhabdoid tumor cells (CHLA266)21. 

Another acid ceramidase inhibitor, ARN14988 (figure 1-2) was also found effective for inhibiting 

the glioblastoma tumor cell lines17.  

 

 

 

 

 

 

Figure 1-1. Structure of carmofur. 

 

Figure 1-2. Structure of ARN14988. 
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More studies found that elevation of ceramide level by carmofur therapy could be a potential 

therapy in Parkinson’s disease and dementia with lewy bodies where synucleinopathies linked to 

GBA1 (acid beta-glucosidase) mutations is a drug target22. Since acid ceramidase is overexpressed 

in a number of cancers, it is likely that carmofur would be beneficial in treating those cancers as 

well.  

Dementiev et al. studied the molecular mechanism of inhibition of acid ceramidase by 

carmofur23. Initially it was perceived that the active metabolite of carmofur which is 5-FU is 

responsible for the anticancer properties of the molecule. They solved the crystal structure of 

the active human acid ceramidase in complex with carmofur. The detailed mechanism of acid 

ceramidase inhibition by carmofur resolved the unexplained 5-FU-independent antitumor 

activity. They found that the catalytic cysteine 143 (Cys143) of ASAH1 attacks the carbonyl group 

of carmofur and therefore, releases 5-fluorouracil forming a covalent interaction between the 

Cys143 residue and the hexylcarbamate group of carmofur. The fatty acid tail of carmofur 

occupies a hydrophobic cavity close to the enzyme active site after catalytic cleavage of the 

compound. The other electrostatic interactions observed were hydrogen bonds between 

Asp162, Glu225 and Asn320 with the carbonyl and amide groups of the free fatty acid tail. An 

extended conformation also found the fatty acid moiety sandwiched between the side chains of 

Phe136, Phe163, Met161, Leu211, and Leu22323.   

1.3.2. Breast cancer 

Earlier results of objective response in breast cancer inspired Morimoto et al. to study the 

postoperative adjuvant use of carmofur in early breast cancer patients24-25. They observed an 
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overall survival rate of 90% among the patients (N=100) receiving carmofur compared to 88% in 

the patients (N=50) receiving standard carboquone. Although a slightly higher degree of second 

malignancy observed, no neurotoxicity, liver dysfunction or change in transaminase level were 

observed; making carmofur an apparent beneficial treatment in adjuvant therapy24. Another 

study from 2004 investigated the efficiacy of carmofur + cyclophosphamide + tamoxifen (HCT 

group) vs. CMF + tamoxifen (CMFT group) as adjuvant therapy in early breast cancer cases with 

3 or lower metastatic lymph nodes. They found no significant differences in the 5-year overall 

survival and the 5-year disease-free survival between the two groups. Although the total number 

of adverse events in two groups were not significantly different, the 3-months quality of life 

declined significantly in the CMFT group suggesting HCT therapy as a possible replacement to 

CMFT therapy in early breast cancer26.  

1.3.3. Cervical cancer 

Carmofur was studied for its recurrence prevention efficacy in cervical adenocarcinoma patients 

in a multicenter control study where patients received 300 mg/day of the drug postoperatively 

for a period of two years. Patients who received carmofur showed a better cumulative survival 

rate and disease-free survival rate compared to control group that received no adjuvant 

chemotherapy27. Later on, Liu et al. studied the efficacy of carmofur against immortalized (HeLa 

and Caski) and patient-derived cervical cancer cell lines. They noticed anti-growth and anti-

metastasis potential of carmofur both in time (0-48 hours) and dose-dependent (0-1 µg/mL) 

manner. Carmofur treatment of the cell lines also demonstrated a down-regulation of 

intranuclear β-catenin, c-Myc, and TCF-1, but no impact on intracytophasmic β-catenin 
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expression which explains that carmofur perhaps blocks the Wnt/β-catenin pathway in order to 

suppress the cervical cancer in vitro28. 

1.3.4. Covid-19 

Very recently carmofur has come into attention as a lead compound for the novel coronavirus 

disease 2019 (COVID-19) because of its inhibitory activity against the novel coronavirus SARS-

CoV-2 through in silico and in vitro studies29-32. Anti-viral and cytotoxicity assay revealed that 

carmofur shows inhibitory effect against SARS-CoV-2 infection on Vero E6 cells with a selectivity 

index of 5.36. However, it also implies the need for a safer and more effective analog. X-ray 

crystallographic structure revealed that carmofur binds to the main protease (MPRO) of SARS-CoV-

2 where the carbonyl group is covalently bound to catalytic Cys145 and the fatty acid tail occupies 

the hydrophobic S2 subsite of the virus. Further studies indicated that carmofur is a non-specific 

inhibitor of SARS-CoV-2 MPRO33. Given that, main protease is a common structural characteristic 

of all coronaviruses, it is likely that carmofur and/or it’s analogs would divulge effective against 

other coronaviruses as well31. 

1.3.5. Colorectal cancer  

The majority of carmofur studies both in vitro and in vivo were carried out on colorectal cancer. 

Carmofur is in use for the treatment of colorectal cancer in Japan since 198115. Randomized trial 

in Dukes’ B and C colon cancer with adjuvant carmofur therapy showed significant disease-free 

survival compared to the control group that received no adjuvant chemotherapy34. Retrospective 

meta-analysis also showed that carmofur adjuvant therapy significantly improved both overall 

and disease-free survival in patients with curatively resected color cancers35-36. A 10-year follow-
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up study evaluated the carmofur and mitomycin C combination adjuvant therapy against 

mitomycin C alone. The results indicated that the combination therapy had statistically significant 

increase in survival compared to the mitomycin C treatment alone with no severe side effects37. 

Moreover, the 5-year disease free survival was also significantly higher with carmofur adjuvant 

therapy compared to the control group38. Another follow-up study reported that carmofur is 

effective in preventing the distant metastasis of colorectal cancer, explaining the increase in 

overall survival and disease free survival with carmofur therapy39. The utility of carmofur in early 

stage, advanced, and metastatic colorectal cancer is also confirmed by other studies40-43.  

Acid ceramidase inhibition property of carmofur is also useful in colon cancer chemotherapy. 

Investigations found that carmofur sensitizes human colon cancer cells to oxaliplatin and 

therefore, is a promising option for combination chemotherapy44.  

1.3.6. Lung diseases 

A case study published in 1990 showed that chemoimmunotherapy including carmofur regressed 

lung adenocarcinoma and significantly prolonged the survival of the patient45. Very recently, 

Çömlekçi et al. studied solid lipid nanoparticles loaded with carmofur (SLN-carmofur) against 

human lung adenocarcinoma cell lines A549 and fond that carmofur induces apoptosis and kills 

the cancer lines in a dose-dependent manner46. Taken together, the clinical and in vitro studies 

into consideration, carmofur could be further studied for the treatment of lung cancer.  

Based on the hypothesis that carmofur contains a urea group and it’s inhibitor acid ceramidase 

shares a significant fraction of amino acid similarity with N-acylethanolamine acid amidase 

(NAAA), Wu et al. studied carmofur against chemically induced acute lung injury in a mouse 
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model. It is important to mention that NAAA and fatty acid amide hydrolase (FAAH) are two 

possible therapeutical targets for diseases that exhibit with inflammatory response such as acute 

lung injury. Their study found that carmofur is a dual inhibitor of NAAA and FAAH47.   

1.3.7. Krabbe disease 

Krabbe disease, also known as globoid cell leukodystrophy (GLD) is a neurological disorder in 

infants. It is characterized by demyelination of nerves cells in the central and peripheral nervous 

system as a result of =deficiency in the lysosomal enzyme, galactosylceramidase (GALC)48-49. 

Treatment of the disease has traditionally been palliative with no cure50. Studies by Li Y et al. 

recognized that acid ceramidase is a therapeutic target for Krabbe disease. They have shown that 

genetic loss of acid ceramidase activity in the GALC-deficient mouse cures the disease. Further 

studies investigated the use of carmofur and observed that it decreases the cytotoxic glycolipid 

psychosine accumulation in the cells and prolongs the life span of a mouse model of the disease49.  

1.3.8. Other diseases  

Kajanti MJ and Pyrhonen SO studied the efficacy of carmofur in pancreatic carcinoma. They 

carried out phase II clinical trial with 31 patients. The drug was given orally in 6-weeks cycle with 

an interval of 2-weeks between the cycles. No patients refused to continue the chemotherapy 

and reports of toxicity were moderate. The authors discussed another ongoing clinical trial to 

understand the effect of carmofur on survival but the results were not published51.   

A prospective phase II clinical trial evaluated the efficacy and tolerability of carmofur as part of a 

combination chemotherapy in therapy-resistant epithelial ovarian cancer. It has been observed 

that the overall survival has improved in about half of the patients (N=27) under study52.  
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Adjuvant chemotherapy with carmofur increases cumulative survival and recurrence-free 

survival in patients with hepatocellular carcinoma53-54, although the trial suspended for 12 of 67 

patients because of side-effects. Therefore, the efficacy of carmofur therapy should be assessed 

based on its benefits on tumor recurrence, especially in patients with mild liver dysfunction53. 

Another group studied the correlation of carmofur metabolism to liver dysfunction in patients 

with hepatocellular carcinoma. Based on the blood level of carmofur and its major metabolites, 

they observed an accumulation of carmofur in cirrhotic patients which is related to the side-

affects observed. Therefore, a low dose carmofur is recommended for cirrhotic patients with 

hepatocellular carcinoma54.  

In a study on gastric cancer, a clinical trial with carmofur monotherapy observed 19.4% response 

rate55. It is no surprise that acid ceramidase inhibitor activity of carmofur is found useful for the 

treatment of melanoma56, and rectal cancer57. Carmofur was tried in combination with 

hyperthermia on Ehrlich Ascites tumor in vivo and Nakahara-Fukuoka sarcoma cells in vitro. 

Carmofur showed greater cytotoxicity compared to the control that did not receive hyperthermia 

in both in vitro and in vivo studies, and showed higher 5-FU concentrations when combined with 

hyperthermia58.   

It is also important to mention that carmofur has also been found effective against a lot of 

different ailments (figure 1-3) in recent years such as childhood ependymoma59, anti-metastatic 

activity from gastric cancer xenograft60, antifungal activity61, therapeutic agent in photo-chemo 

therapy62, and antimicrobial activity against Staphylococcus aureus63 etc.  
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Figure 1-3. Diseases studied that are found effective upon treatment with carmofur.  

1.4. Introduction to chemistry and biotransformation of carmofur  

Carmofur is freely soluble in numerous organic solvents such as chloroform, acetone, dimethyl 

sulfoxide (DMSO) but practically insoluble in water64. The melting point of carmofur is 283°C65 

and the pKa (strongest acidic) is 7.88 and the pKa (strongest basic) is -8.3066. Carmofur is stable at 

acidic pH; however, it decomposes into 5-FU (figure 1-4) in neutral and alkaline pH (>pH 5). In 

phosphate buffered saline (PBS) solution, it has a half-life of just 13.1 min following first order 

kinetics. Domracheva et al. studied the stability of carmofur in PBS and found that the addition 

of 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC) increases its stability and thereby 

becomes less affected by pH67. Kikuchi et al. worked on improving the aqueous solubility of 

carmofur and thereby improving the oral and rectal bioavailability by methylated β-cyclodextrin 

complexation68. However, degradation of solid state carmofur increased due to the hygroscopic 
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nature of β-cyclodextrin. The authors improved its stability by the addition of organic acids such 

as citric, tartaric, and malic acids; thereby providing an acidic environment around the complex69-

70. Although in vitro plasma stability study by Pizzirani et al. reported very limited stability of 

carmofur, Wu et al. studied biological stability in the lung tissue of mice47, 71. They found 

detectable concentration of carmofur in the lung even 8 hours after oral administration of the 

drug with a half-life of 45 min suggesting carmofur a suitable drug for systemic administration47. 

Carmofur is more lipophilic than it’s active counterpart 5-FU and has a lipophilic index of 41.90 

which is 92 times higher than tegafur, another commonly used 5-FU derivative72.  

 

Figure 1-4. Structure of 5-FU. 

1.4.1. Synthesis 

Two principal routes of synthesis of carmofur are available in the literature. In both methods, 5-

FU is used as the starting material. Method 1 was developed by Ozaki et al. who is also the 

inventor of the drug. In this method, hexyl isocyanate and 5-FU (0.15 mol to 0.10 mol ratio) is 

heated in 40 mL of pyridine at 90°C for an hour, followed by cooling down to room temperature. 

After evaporation of 30 mL of pyridine (50°C and reduced pressure), 50 mL of ethanol is added 
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to the resulting residue at 55°C which is kept at 0-5°C overnight and crystalline carmofur is 

obtained73-74. Method 2 involves N-formylation of 5-FU in presence of aqueous formaldehyde, 

which follows oxidation by potassium bromate and condensation with hexyl-amine to form 

carmofur75-76. The details of two routes are shown in figure 1-5. 

 

Figure 1-5. Synthesis of carmofur75-76. 

1.4.2. Pharmacokinetics and metabolism 

Pharmacokinetics of carmofur is species specific and can differ to some extent in their rate of 

absorption and excretion based on the model under study77. However, a study using 14C 

radioactive carmofur and 5-FU demonstrated that carmofur was found rapidly absorbed and 

reached highest tissue concentration within 1-3 hour of oral administration, whereas it was only 

0.5 hour for 5-FU in rats. Equimolar administration of the 14C-carmofur and 14C-5-FU indicated 

that the pyrimidine ring in carmofur degrades slowly and therefore, unchanged 5-FU was 

detected for a longer period of time (>5 hr) for carmofur than it is for 14C-5-FU78. Ooi et al. studied 
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the plasma level of 5-FU after oral administration of carmofur in mice. They measured the highest 

plasma level of 5-FU at 30 min after treatment and then disappeared rapidly from plasma79. 

Distribution of carmofur has been observed among all the major body organs and tissues 

including kidney, lung, liver, intestines, pancreas, spleen, gastro-intestinal wall, urinary bladder, 

and bone marrow etc. Carmofur has also been observed to cross the blood-brain barrier and 

distribute itself in brain compartment which can be attributed to the lipophilic aliphatic tail of 

the compound however, to what extent is not well understood80.  

About 90% of the drug was found to be excreted through urine within 48 hours of administration, 

some into the air, and a very low amount in the feces78, 81. The peaks for carmofur were observed 

between 1-2 hours in human and a half-life about 2 hours. In addition, the peak concentration 

for the metabolite 5-FU appeared at the same time82.  

A total of 14 metabolites (table 1-1) of carmofur has been identified from human and other 

animals by radiolabeling the compound. The metabolic pathway involves oxidation and scission 

of the side chain and the consecutive degradation of the active metabolite 5-FU. The two main 

routes to oxidation reported are ω-oxidation and ω-1-oxidation. The details of the major 

metabolites are available in table 1. Among the metabolites, 5-FU is a well-known anticancer 

drug. Hoshi et al. observed the antitumor and inhibitory activity of CPEFU, CPRFU, HHCFU, OHCFU 

against L1210 leukemia in vivo and L5178Y lymphoma in vitro83. Although they have anticancer 

activity, at the same time CPEFU and CPRFU are the principal suspect for adverse events 

associated with carmofur therapy84. 
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Entry Metabolite Name Abbre-

viated 

Syno-

nym 

Biological 

specimen 

Experimental 

model 

Reference 

1 5-Flurouracil 5-FU Plasma, serum, 

tumor, urine, 

liver, kidney 

Dog, mouse, 

Human, rat, 

rabbit 

77-78, 81, 85-88 

2 1-(5'-

oxohexylcarbamoyl)-5-

fluorouracil 

OHCFU Serum, plasma, 

urine, liver, 

kidney 

Human, rat, 

rabbit, dog, 

mouse 

77, 87, 89 

3 1-(5'-

hydroxyhexylcarbamoyl)-

5-fluorouracil 

HHCFU Plasma, serum, 

urine, liver, lung, 

kidney 

Human, rat, 

rabbit, dog, 

mouse 

77, 87-89 

4 1-

(carboxypentylcarbamoyl

)-5-fluorouracil 

CPEFU Plasma, serum, 

tumor, urine, 

liver, kidney 

Human, rat, 

rabbit, dog, 

mouse 

77-78, 85, 87, 

90 

5 1-

(carboxypropylcarbamoyl

)-5-fluorouracil 

CPRFU Plasma, serum, 

tumor, urine, 

liver, kidney 

Human, rat, 

rabbit, dog, 

mouse 

77-78, 85, 87-

88, 90 

6 1-

(carboxymethylcarbamoy

l)-5-fluorouracil 

CMEFU Plasma, urine Human, 

mouse 

81, 90 
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7 5,6-dihydro-5-

fluorouracil 

DHFU Urine, plasma, 

liver, lung, 

kidney 

Mouse 81, 87-88 

8 α-fluoro-β-alanine FBAL Urine, plasma, 

liver, lung, 

kidney, small 

intestine 

Mouse, rat, 

rabbit, dog 

77-78, 81, 87-88 

9 α-fluoro-β-

ureidopropionic acid 

FUPA Liver, lung, 

kidney, plasma 

Mouse, rat 78, 87 

10 α-fluoro-β-

guanidopropionic acid 

FGPA Plasma Mouse, rat 78, 87 

11 5-fluorouridine FUrd Small intestine Mouse 87 

12 5-fluoro-2'-deoxyuridine FUDR - Mouse 87 

13 5-fluorouridine-5'-

monophosphate 

5'-

FUMP 

Liver Mouse 87 

14 5-fluoro-2'-deoxyuridine-

5'-monophosphate 

F-

dUMP 

Liver Mouse 87 

Table 1-1. Metabolites of carmofur. 
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1.5. Introduction to analytical techniques  

This thesis utilizes chromatographic and mass spectrometry-based techniques because of their 

high sensitivity and selectivity for identifying and quantifying analytes in complex matrices. We 

used hyphenated technique such as liquid chromatography and mass spectrometry (LC-MS) 

wherein Shimadzu Nexera X2 ultra-performance liquid chromatography (UPLC) interfaced with a 

Shimadzu 8040 triple quadrupole mass spectrometer for quantifying in vitro and in vivo samples. 

The coupling of liquid chromatography with a mass spectrometric detector has become a gold 

standard technique for bioanalysis. We also used a Shimadzu 7090 MALDI-TOF-TOF-MS 

instrument to understand the spatial distribution of carmofur.  

1.5.1. Liquid chromatography-mass spectrometry  

The history of chromatography goes back to early twentieth century when Russian botanist 

Mikhail Tswett first separated plant pigments on a calcium carbonate column by passing 

petroleum ether through it. He first coined the term ‘chromatography’ (Greek for ‘color’) in 

190691-92. Chromatography separates analytes from one another, aids to their qualification and 

quantification. There are two principal components in an ideal chromatographic technique: the 

stationary phase and the mobile phase. The stationary phase consists of static particles fixed 

inside a chromatography column while the mobile phase (either gas or liquid) passes through the 

column and separates the analytes from one another. Based on the interaction of the analyte 

molecules with the stationary phase, the chromatographic techniques are classified in different 

types such as adsorption chromatography, partition chromatography, affinity chromatography 
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etc93. Liquid chromatography is a type of adsorption chromatography named after the physical 

state of the mobile phase used.  

A reversed phase liquid chromatography is a technique that utilizes a less polar stationary phase 

compared to the mobile phase. A chemically bonded phase such as octadecyl silyl (C18), octyl 

(C8) etc. are linked to the porous silica packing material to form the reserved-phase column. The 

type of bonded phase used is based on the selectivity and retention desired. In our study, we 

used a C18 column, because of the long hydrophobic carbon chain, with greater retention.  

There are considerable number of mobile phase solvents that are available to use in liquid 

chromatography. However, the choice of mobile phase is limited when the liquid 

chromatographic system is coupled with mass spectrometry. Only mass spectrometry compatible 

volatile mobile phase reagents and mobile phase modifiers are used.   

Typically, liquid chromatography starts with the pumps that continuously delivers the mobile 

phase at a fixed flow rate. Our instrument consists of a binary system and can deliver two 

different solvents at a time. The solvents pass through a degassing unit and then gets mixed. An 

autosampler injector is used to introduce the sample to the mobile phase flow without 

interrupting it. The analytes are then introduced to the column as a thin band. The column is kept 

inside an oven. Based on the interaction between the analytes and the column stationary phase, 

the analytes get separated. The analyte that has a greater preference for the stationary phase is 

retained longer and hence, elutes out slowly from the column. The eluent then goes through the 

detector, in our case the mass spectrometer. Herein, it is necessary to mention that our liquid 
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chromatographic system is equipped with Shimadzu LC-30AD pumps, Shimadzu DGU-20A 5R 

degassing units, Shimadzu SIL-30AC MP autosampler and Shimadzu CTO20A column oven.  

Likewise, the history of mass spectrometry goes back to early twentieth century with the 

characterization of positive rays by J. J. Thompson. Since then, there has been a substantial 

advancement made both in terms of instrumentation and applications94. Mass spectrometers 

work on gaseous state and can only detect ions based on their mass over charge (m/z) ratio. The 

mass spectrometer has three basic components: i) ionization source ii) mass analyzer iii) 

detector95.  

The samples that are coming from the liquid chromatography needs to be brought into gas-phase 

ions first. The Shimadzu 8040 instrument has two different ionization sources, the electrospray 

ionization (ESI) and the atmospheric pressure chemical ionization (APCI). Both ionization 

techniques ionize analytes at atmospheric pressure.  

ESI is a soft ionization technique. The advancement of ESI has revolutionized the world of mass 

spectrometry-based analysis. It uses the least amount of energy needed to ionize the analyte and 

is applicable toward a wide range of polar molecules such as small drug molecules to big 

biomolecules. The liquid sample is passed through a charged capillary and is sprayed into a 

charged aerosol. A nebulizing gas, N2 is used to assist the process. The capillary is charged in 

either positive or negative mode based on the type of ions desired and to exclude the opposite 

charged ions. The charged droplets become desolvated with the help of a drying gas (usually 

heated nitrogen) and eventually get disintegrated into charged analytes in their gas phase which 

finds its way towards the mass analyzer95.  
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Comparably, atmospheric pressure chemical ionization (APCI) is also a soft ionization technique 

but slightly stronger than ESI and occurs at atmospheric pressure outside the vacuum. Similar to 

ESI, the eluent from LC is passed through a capillary, although, it is not charged. The sample is 

vaporized using a N2 nebulizing gas and by applying heat. A corona discharge needle is used to 

aid the ionization. Voltage is applied to the needle to produce corona discharge. Electrons coming 

out of the discharge ionizes the reagent gases such as N2 or solvent molecules. Ionization of the 

reagent gases generates a series of reactions and eventually ionizes the analyte molecules. The 

ions produced are usually protonated ([M + H]+) or deprotonated ([M - H]-) ions in positive and 

negative mode, respectively. However, other ions such as [M]+ and [M]- can also form in APCI94-

95. One advantage of using Shimadzu LCMS 8040 instrument is that it has dual ionization mode 

where ESI and APCI can be executed simultaneously.  

Upon ionization, the ions are separated based on their m/z (mass-to-charge ratio) in a mass 

analyzer which is the second component of the mass spectrometer. Traditionally, mass analyzers 

are divided into two groups: the beam analyzer and the trapping analyzer. The choice of mass 

analyzer depends on the resolution, mass accuracy, sensitivity, and the desired range of scanning. 

Our work utilized quadrupole mass analyzer. It’s small size, low cost, and the ability to use in 

tandem makes it very useful in laboratory setting; however, it suffers from low resolution. 

Quadrupole mass analyzers consist of four rods in parallel to each other. Radio frequency (Rf) 

and direct current (DC) voltages are applied to each rod. Ions are scanned by changing the 

intensity of the Rf and DC voltages so that the ions of different m/z can sequentially reach to the 

detector95.  
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Now-a-days, multiple mass analyzers are used in tandem to have broader applications and use. 

The LCMS 8040 instrument is a triple quadrupole (QqQ) instrument which means there are three 

quadrupoles in series to scan the analytes (figure 1-6 and 1-7)). In a typical QqQ instrument, the 

first quadrupole acts as a precursor ion scanner while the second quadrupole acts as a collusion 

chamber and the third quadrupole is used to scan the product ions. A neutral gas such as argon 

(Ar) is used as the collusion-induced dissociation (CID) gas. The advantage of having a triple 

quadrupole mass spectrometer is it’s ability to develop a selected reaction monitoring (SRM) or 

multiple reaction monitoring (MRM) method with greater selectivity when multiple compounds 

generate ions with similar m/z96. Now-a-days they hybrid hyphenated techniques such as LC-ESI-

QqQ-MS has a core instrument in small molecule, peptide and proteomics research94

 

Figure 1-6. A triple quadrupole mass spectrometer in selected/multiple reaction monitoring 

mode. 

The separated ions are detected with a photo-multiplier or electron-multiplier detector. In our 

case, we used an electron-multiplier detector. The detected ions generate an intensity vs. m/z 

spectrum with is translated in a computer system. We used LabSolutions software for operating 

the instrument such as data acquisition as well for post-run data analysis.  
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Figure 1-7. Basic components of the instruments used in this thesis.  

1.5.2. Matrix-assisted laser desorption/-ionization (MALDI) mass spectrometry 

The other type of mass spectrometric technique that is made use of in this thesis is matrix 

assisted laser desorption/-ionization (MALDI) mass spectrometry. The advantage of MALDI is that 

it requires minimal sample clean-up and can withstand the presence of certain buffers and salts 

not possible by other techniques97. The analyte is co-crystallized with a matrix substance in a 

stainless-steel plate which is inserted inside the vacuum for analysis. The matrix-substances are 

small organic molecules with high ultra-violet absorptivity at the wavelength of the laser. 

Depending on the matrix substance, MALDI can ionize small drug substances, metabolites, lipids, 

peptides, proteins etc98.  

The steps in ionization can be divided into three steps: i) irradiation of the analyte-matrix solid 

with laser ii) desorption of analyte-matrix iii) desolvation and ionization. Being a soft ionization 

technique, MALDI usually generates protonated or deprotonated molecular ion peaks, making 

their use in intact protein analysis94, 99.  

Having the pulsed nature of the MALDI, the appropriate mass analyzer is Time of Flight (TOF). 

Ions are accelerated by applying the same acceleration voltage and their flight time in a drift tube 
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is measured. The time of flight of the ions from the beginning of the mass analyzer to the detector 

is a function of it’s m/z and therefore, the ions with low m/z travels faster and arrives the detector 

first. A wide range of ion masses can be scanned using TOF at a high resolution. Nevertheless, it 

has poor precursor ion selectivity94-95.   

There are two modes for data acquisition in MALDI-TOF 7090 instrument: i) linear and ii) 

reflectron. In linear mode, the ions travel a straight path towards the detector. On the contrary, 

ion mirrors are used in reflectron mode to increase the flight distance and therefore, to increase 

the resolution94. 

Besides proteomics, MALDI-TOF-MS is gaining increased popularity in drug development 

research for it’s ability to perform mass spectrometry imaging (MSI). Conventional LC-MS/MS 

based techniques provides accurate quantification of drug and metabolites in plasma and tissues. 

However, no information on their distribution inside a tissue is obtained. On the contrary, MALDI-

TOF-MS based techniques gives a clear visualization of the spatial distribution of analytes in a 

target organ. Therefore, MALDI MSI has earned a lot of interest in drug development research 

for it’s label free biomarker identification and ability to demonstrate tissue localization of drugs 

without compromising the structure and organization of the tissue sections100.  
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Chapter-2 

The Development and validation of an LC-MS/MS method for 

quantitative bioanalysis of carmofur in mouse plasma and its 

application to pharmacokinetic study 

2.1. Introduction  

Pharmacokinetic evaluation of drug molecules in rodents is one of the preclinical assessments 

during the process of drug development. Understanding the pharmacokinetic behavior provides 

a good insight into how the body behaves with respect to a drug molecule which includes 

absorption, distribution, metabolism, and excretion in vivo1. Pharmacokinetics also help towards 

optimization of a lead and design a dosage regimen for a further clinical study.  

During the process of pre-clinical pharmacokinetic study, a drug molecule is administered in a 

healthy rodent model (mouse, rat, dog, monkey, etc.) and the plasma/blood concentration is 

measured at different intervals over a period of time. The pharmacokinetic evaluation could be 

performed via the enteral (such as oral) or parenteral (such as intramuscular, intravenous, 

intraperitoneal, etc.) route of administration of the drug. The pharmacokinetic study helps to 

determine the minimum therapeutic concentration and the minimum toxic concentration of the 

drug molecule in vivo. It also helps to understand the bioavailability of the drug and its kinetics 

inside the body.  
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Furthermore, the pharmacokinetic study is also performed further than the pre-clinical 

evaluation and during the phase I clinical trial in human volunteers to understand the tolerance, 

toxicity, and bioavailability of the drug substance.  

Among the in vivo pharmacokinetic characteristics that are studied are the tmax (time to reach 

maximum plasma concentration after administration), Cmax (the maximum plasma drug 

concentration), Vd (the apparent volume of distribution), f (bioavailability/fraction of the drug 

administered available systemically), AUC (area-under-the concentration-time curve), and t1/2 

(elimination half-life), etc. The information obtained from a pharmacokinetic study helps to 

determine the formulation of the drug product, identify the most effective route of 

administration and the dosage regimen of the drug product.  

Currently, liquid chromatography-tandem mass spectrometry (LC-MS/MS) based techniques are 

the most widely used and considered as the gold standard technique for analyzing 

pharmacokinetic samples1-2. LC-MS/MS techniques use the separation capability of 

chromatography and the greater specificity, sensitivity, and resolution of the mass spectrometer 

instrument. Coupled together, LC-MS/MS-based systems have the advantages of greater 

accuracy, selectivity, and reduced interferences with a proper sample preparation technique3.  

To the best of our knowledge, there is no LC-MS/MS-based method reported for analyzing 

carmofur (figure 2-1) in vivo. In the past, carmofur has been analyzed using a number of 

bioanalytical methods as described in the previous literatures4-9. Previous methods relied on 

techniques such as high-performance liquid chromatography (HPLC), thin-layer chromatography 

(TLC), and the measurement of total radioactivity. They either suffered from low sensitivity, high 
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retention time or the need for a large amount of plasma samples. Beyond that, none of the 

methods have been considerably validated in the present-day regulatory guidelines. Herein, we 

report for the first time an LC-MS/MS method for quantitative bioanalysis of carmofur in mouse 

plasma. We have also shown the applicability of our method in a pharmacokinetic study in mice. 

 

Figure 2-1. Structure of carmofur and 5-chlorouracil (IS).  

2.2. Materials and methods  

2.2.1. Chemicals and reagents  

Carmofur (CAS No. 61422-45-5) was obtained from Tokyo Chemical Co. Ltd (Portland, OR, USA). 

5-chlorouracil (5-CU) (CAS No. 1820-81-1) (Figure 2-1) was obtained from Millipore-Sigma (St. 

Louis, MO, USA). All solvents and buffers were used in mobile phase were of analytical grade. LC-

MS grade water, acetonitrile, 2-propanol, and ammonium acetate used in this work were 

obtained from Fisher Chemical (USA). Glacial acetic acid was purchased from Merck KGaA 

(Germany). Ethyl acetate was procured from BeanTown Chemical (NH, USA). Dimethyl sulfoxide 

(DMSO) was obtained from Honeywell International Inc. (MI, USA). PBS at pH 7.4 buffer was 

obtained from Corning (VA, USA). PEG E 400 was procured from Millipore-Sigma (St. Louis, Mo, 
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USA). Tween 80 was obtained from MP Biomedicals (Illkirch, France).  1 mL tuberculin syringe 

with 25 G × 5/8” needles/syringes was purchased from Covidien (Dublin, Ireland).   

2.2.2. Animal handling  

All animal experimentation was approved by the University of Wisconsin-Milwaukee’s (UWM) 

Institutional Animal Care and Use Committee (IACUC) (protocol reference no. 20-21#53). Six-

eight weeks old female Swiss Webster mice were supplied by Charles River Laboratories (MA, 

USA). The animals were housed for at least seven days in the Lapham Animal Resource Center 

(ARC) of UWM before performing the experiment. While housed, they were provided with free 

access to food and water and maintained on a 12 h light (7:00 to 19:00) and dark cycle (19:00 to 

07:00) at a temperature of 22±2°C and 60±5% humidity. 

2.2.3. Instruments and conditions  

For the sample preparation, we used the following: Orbital Shaker M60 (Labnet, NJ, USA), 

Centrifuge 5430R (Eppendorf, Germany), TurboVap Evaporator (Biotage, Sweden) and Pressure 

+ 48 Positive pressure Manifold (Biotage, Sweden). Costar® Spin-X® Centrifuge Tube Filters, 0.22 

µm were purchased from Corning (Corning, NY).  

Liquid chromatography was performed on a Shimadzu Nexera X2 UPLC system that consisting of 

binary pumps (Shimadzu LC-30AD), degasser units (Shimadzu DGU-20A 5R), autosampler 

(Shimadzu SIL-30AC MP) and column oven (Shimadzu CTO20A). The UPLC system was interfaced 

with a Shimadzu 8040 triple quadrupole mass spectrometer. The 8040 instrument is equipped 

with dual ionization source (Electrospray + Atmospheric Pressure Chemical Ionization). For 

supplying nitrogen gas to the mass spectrometer, we used an in-house nitrogen generator 
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(NM32LA) purchased from Peak Scientific (Glasgow, UK). The CID gas Argon (Ar) was purchased 

from Airgas (PA, USA). 

The analytes were retained, and chromatographic separation was achieved on a XBridge BEH C18 

XP column (100 mm X 3 mm, 2.5 µm, Waters Corporation, MA, USA). The data acquisition and 

post-run analysis were performed using LabSolutions (Shimadzu Corporation, Japan) and 

Microsoft Excel (Microsoft, USA) software packages.  

Mass spectrometric ionization was taken place in negative electrospray ionization technique and 

the quantification was carried out in multiple reaction monitoring (MRM) mode. The desolvation 

line and ion source temperature were kept at 275°C and 420°C, respectively. The drying gas and 

nebulizing gas flow rate were 16 L.min-1 and 2.5 L.min-1, respectively. The dwell time of analysis 

for all analytes was 100 msec. 

10 mM ammonium acetate in water at pH 6.8 was used as mobile phase A and acetonitrile was 

used as mobile phase B. The injection volume was 5 µL. The total runtime was 8 min with the 

gradient elution program as follows: 60% of B from 0-0.50 min, a linear gradient from 60% B to 

95% B from 0.50 - 1.00 min, 95% of B from 1.00 - 5.00 min, a linear gradient of 95% B to 60% B 

from 5.00 - 5.50 min and 60% B from 5.50 to 8 min. The column oven was kept at 32°C.  
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2.2.4. Preparation of calibration and quality control standards 

An appropriate amount of carmofur is weighed using weighing by difference technique and 

dissolved in dimethyl sulfoxide (DMSO) to prepare the stock solution at 5 mg.mL-1 concentration. 

The stock solution was further diluted with acetonitrile to prepare the working stock solutions. 

Each of the working stock solutions were further diluted in blank plasma to prepare the 

calibration standards at concentrations 5, 25, 100, 200, 500, 1000 ng.mL-1. Three quality control 

(QC) samples: low QC (LQC), medium QC (MQC) and high QC (HQC) were prepared at 

concentrations 5, 100, and 1000 ng.mL-1 respectively to cover the entire range of calibration 

curve. The QC working stock solutions were subjected to spiking in plasma in a similar way as the 

standards. Thereafter, standards and QC samples underwent liquid-liquid extraction (LLE) before 

analyzing by mass spectrometry as described in section 2.2.5.  

2.2.5. Sample preparation 

On the assay day, 10 µL of 5-CU internal standard (IS) (50 µg.mL-1) was added to 100 µL plasma 

sample. The sample is then acidified by adding 10 µL of glacial acetic acid. 1 mL of extraction 

solvent (ethyl acetate and 2-propanol at a ratio of 85:15) was added and vortexed for 5 min. The 

sample tubes were then centrifuged at 18,000 × g at 4ºC for 15 min. 800 µL of the supernatant 

was transferred into another tube and dried under compressed air flow at room temperature. 

The dried residue is then reconstituted in 100 µL of acetonitrile, filtered through 0.22 µm Spin-X 

filers, and 5 µL of the prepared sample was injected for LC-MS/MS analysis.  
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2.2.6. LC-MS/MS method validation  

The developed method was validated in terms of specificity, sensitivity, accuracy, precision, 

recovery, matrix effect, dilution integrity and stability according to the United States Food and 

Drug Administration’s (FDA) guideline for bioanalytical method validation10.  

2.2.6.1. Specificity and carryover 

Blank plasma samples, blank plasma spiked with carmofur and IS, and plasma sample collected 

from the mouse after intraperitoneal injection of carmofur were treated according to extraction 

procedure described in section 2.2.5. before analyzing with LC-MS/MS. Specificity was evaluated 

by comparing the presence or absence of mass chromatograms for carmofur and IS in their 

respective peak regions. Carryover was evaluated by injecting a blank sample after the injection 

of HQC sample. Peak area below 20% of LQC for carmofur and below 5% for IS was considered 

acceptable in the blank sample.  

2.2.6.2. Linearity and sensitivity  

A series of diluted solutions of the standards were prepared to identify the lower limit of 

detection (LOD) and the lower limit of quantification (LOQ). A minimum signal to noise (S/N) ratio 

of 3 was considered for the LOD and a minimum S/N ratio of 10 was considered for LOQ. Six 

calibration standards (5, 25, 100, 200, 500, 1000 ng/mL) within the range of 5-1000 ng.mL-1 

including both upper and lower limit of quantification were used for generating the calibration 

curve. Each calibration standard was spiked with the IS at 5 µg.mL-1 concentration. The calibration 

curves were constructed by plotting the peak area ratio (y) against the concentration ratio (x) of 

the analyte and IS. The curves were fitted for weighted least square linear regression analysis 
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with a weighing factor of 1/x2 and the linearity was considered acceptable with a correlation 

coefficient (r2) of 0.99 or greater.   

2.2.6.3. Matrix effect and recovery efficiency  

The effect of the presence of endogenous compounds in the ionization of the analyte is 

considered matrix effect. Concurrent extraction of plasma components can either increase or 

decrease the ionization of the target analyte. Matrix effect was investigated for three QC samples 

(low, medium, and high) and calculated based on the ratio of peaks areas of the post-extracted 

spiked sample to the peak areas of neat standard samples11.  

Matrix effect (%) =  

A matrix effect of less than 100% indicates ion suppression and a matrix effect of greater than 

100% indicates ion enhancement.  

Recovery efficiency of the analyte was evaluated at the three QC (LQC, MQC, HQC) samples by 

comparing the peaks areas of the spiked sample in blank matrix and extracted with the extraction 

solvent (ethyl acetate-2-propanol) with those peak areas of the post extracted spiked sample11.  

Recovery efficiency (%) =  

The recovery doesn’t necessarily have to be 100% but a reproducible and robust recovery is 

desired12.  
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2.2.6.4. Accuracy and precision 

Three QC samples for carmofur LQC (5 ng.mL-1), MQC (100 ng.mL-1) and HQC (1000 ng.mL-1) were 

prepared separately in six replicates and analyzed for accuracy and precision for three 

consecutive days.  

The data obtained from intra-day accuracy and precision were reanalyzed for inter-day accuracy 

and precision at all three QC sample concentration.  

The precision was expressed as the percent coefficient of variance (%CV) and the accuracy was 

expressed as the percent mean accuracy. It was considered acceptable if the %CV is <15% and 

%mean accuracy is within ±15% respectively.  

%CV =   

2.2.6.5. Stability  

The stability of carmofur both in mouse plasma and the final reconstituted solvent was evaluated 

at different stability conditions. Long term stability was assessed by the accuracy of the measured 

carmofur concentration at three QC (LQC, MQC, HQC) concentration after storing for 15 days at 

-80°C. In process stability was studied after three cycles of freeze-thaw from -80°C to room 

temperature. Post-operative stability was studied with the final reconstituted sample at three 

QC concentration by storing at room temperature for 8 hours and at the autosampler (15°C) for 

24 hours. Carmofur was considered stable with an accuracy of ±15% of the desired concentration.  
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2.2.6.6. Dilution Integrity  

Two dilution integrity QC samples (2 µg.mL-1 and 10 µg.mL-1) were diluted 10 and 20 times in 

order to assess the impact of dilution on samples that are above the range of calibration curve. 

Dilution integrity was performed in six replicate analyses and was considered acceptable if the 

measured concentration is within ±20% of the target concentration.   

2.2.6.7. Pharmacokinetic study in mice  

Finally, we tested the applicability of our validated method in a rodent model. A total of 21 female 

Swiss Webster mice were selected for doing the pharmacokinetic study. Carmofur was injected 

at a dose of 10 mg.kg-1 intraperitoneally13. Carmofur was formulated in 2% DMSO, 5% Tween 80, 

5% PEG E 400 and 88% PBS. Blood samples were collected via cardiac puncture at the following 

time points: immediate after administration (5 min), 20 min, 40 min, 60 min, 120 min, 180 min, 

and 240 min. Collected blood samples were immediately centrifuged at 18,000 × g for 10 min. 

Separated plasma was collected in microcentrifuge tubes and stored at -80°C until analysis. Based 

on the concentration of carmofur in plasma at different time points, concentration-time 

pharmacokinetic curve was prepared in GraphPad Prism 9 by fitting to non-linear regression. The 

other pharmacokinetic parameters, including Cmax, Tmax, T1/2, Ke etc. were calculated by one-

compartmental model.   
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2.3. Results and Discussion 

2.3.1. Optimization of chromatographic and mass spectrometric conditions  

A schematic of chromatographic and mass spectrometric method development is shown in figure 

2-2.  

Figure 2-2. Schematic of LC-MS/MS method development.  

At first, we did a Q3 scan (Figure 2-3) in dual ionization (DUIS) mode to identify the precursor ion 

peak of carmofur. Carmofur ionizes in negative mode as [M-H]- with a peak at m/z 256.20.  

 

Figure 2-3. Negative mode Q3 scan of carmofur solution at a concentration of 100 µg.mL-1. 

Once the precursor ion is identified, we ran a product ion scan (figure 2-4) to identify the product 

ions of carmofur and utilized the built in ‘optimization for method’ tool in the LabSolutions 

software to optimize the voltages (table 2-1) for the MRM transitions. We identified three 
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predominant transitions m/z 256.25 to m/z 129.00 (used for quantification), m/z 256.25 to m/z 

86.0 and m/z 256.25 to m/z 42.0.  

 

Figure 2-4. Product ion scan of carmofur.  

Analyte Precursor ion Product ion Q1 pre-bias 

(V) 

CE (V) Q3 pre-bias 

(V) 

Carmofur 256.25 129.00 16.00 8.00 23.00 

Carmofur 256.25 86.00 28.0 40.0 28.0 

Carmofur 256.25 42.00 27.0 31.0 16.0 

5-CU  145.10 42.00 25.00 16.00 16.00 

Table 2-1. Optimized mass spectrometric parameters of carmofur and internal standard.  

We also investigated the ionization efficiency in electrospray (ESI) vs. atmospheric pressure 

chemical ionization (APCI) (Figure 2-5) to understand the ionization efficiency in each mode and 

to select the right mode for analysis. We found that carmofur ionization predominantly in 

negative electrospray ionization technique.  
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Figure 2-5. Carmofur (100 µg.mL-1) ionization at different ionization techniques.  

The other mass spectrometry parameters such as desolvation line (DL) temperature, ion source 

temperature, drying gas flow rate, nebulizing gas flow rate, dwell time for analysis, DL to ESI 

probe distance were optimized manually and the optimized parameters are 275°C, 420°C, 16 

L.min-1, 2.5 L.min-1, 100 msec, and 1.5 (Appendix A1-A6).  
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After MS parameters are optimized, we evaluated several mass spectrometry friendly mobile 

phase solvents and their combinations (Appendix A7) as well as different gradients to find out 

the ideal mobile phases and their gradient that would improve the sensitivity, peak shape, and 

peak resolution for the analytes. After several trials, we selected 10 mM ammonium acetate in 

water at pH 6.8 as mobile phase A and acetonitrile as mobile phase B with the gradient described 

in section 2.2.3. With this combination, maximum sensitivity was achieved, and no carryover was 

observed from run to run.  

The internal standard 5-chlorouracil (5-CU) had the precursor to product ion transition of m/z 

145.53 to m/z 42.0 (figure 2-6 and 2-7) in compliance with what was reported in the past for this 

compound14-15. We chose 5-CU as internal standard because of its structural similarity with 

carmofur, similarity in ionization mode, significant and reproducible recovery with the extraction 

solvent. On top of that, 5-CU has also been used in the past as an internal standard for other 5-

FU derivatives14-15.  

 

 

Figure 2-6. Negative mode Q3 scan of 5-CU solution at a concentration of 100 µg.mL-1. 
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Figure 2-7. Product ion scan of 5-CU. 

2.3.2. Optimization of sample preparation 

We utilized different conventional sample pre-treatment techniques such as protein 

precipitation and liquid-liquid extraction (LLE) to find out a robust and reproducible sample 

preparation technique that can extract carmofur and remove the interfering endogenous 

substances from the mouse plasma16-17.   

Initially, we assessed protein precipitation using methanol and acetonitrile because of the 

simplicity of the technique. Protein precipitation using an organic solvent can remove more than 

90% of the total proteins from mouse, rat, dog, and human plasma if an adequate precipitant to 

plasma ratio is used. A minimum organic to aqueous ratio of 1.5 for acetonitrile and 2.5 for 

methanol is recommended to denature the major proteins and precipitate them out of the 

solution18.  

During the trial in protein precipitation technique, we spiked carmofur solution in adequate into 

100 µL of plasma to make a carmofur concentration of 100 ng.mL-1 in plasma. It was followed by 

the acidification of the plasma by addition of 10 µL of glacial acetic acid to stabilize the carmofur 
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in basic plasma pH. Thereafter, we added 1000 L of chilled organic solvent (acetonitrile or 

methanol) and vortexed for 1 min. The resulting sample was centrifuged at 18000 rpm for 10 min 

and 600 µL supernatant was transferred into another microcentrifuge tube. The supernatant was 

dried out under compressed air flow and reconstituted with 100 µL of acetonitrile, filtered and 5 

µL of the sample was injected into LC-MS/MS for analysis. The results of protein precipitation are 

shown in table 2-2 and figure 2-8.  

Next, we examined the feasibility of numerous organic solvents such as hexane, 2-propanol, ethyl 

acetate etc. as LLE solvent. The protocol for LLE was similar to protein precipitation; LLE solvent 

was added instead of protein precipitation solvent. The summary of extraction efficiency and 

matrix effect are summarized in table 2-2 and figure 2-8.  

Based on the initial results, we decided to choose ethyl acetate/2-propanol (85/15) as our 

extraction solvent because of optimal recovery and least matrix interferences. In the final sample 

preparation procedure, 800 µL of supernatant was subjected to drying and reconstitution to 

achieve greater sensitivity. The optimized sample preparation technique is described in section 

2.2.5.  
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Extraction solvent Matrix effect Recovery efficiency 

Acetonitrile 72.76% 71.36% 

Methanol 50.69% 75.45% 

Hexane*  - 0% 

2-Propanol 105.56% 74.16% 

Ethyl acetate 191.69% 106.30% 

Ethyl acetate/2-propanol 

(85/15) 

102.40% 92.19% 

Table 2-2. matrix effect and recovery efficiency with different extraction solvent at 100 ng.mL-1. 

Results are expressed as average of triplicate analysis. *Extraction of pre-extracted sample with 

hexane resulted in no extraction of carmofur.  

 

Figure 2-8. Recovery (%) and matrix effect (%) of carmofur with different solvents.  
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2.3.3. Method validation 

2.3.3.1. Specificity and carryover 

Specificity was evaluated by examining the mass chromatograms for blank mouse plasma, mouse 

plasma spiked with carmofur and internal standard, and mouse plasma collected after 

intraperitoneal injection of carmofur (figure 2-9). No endogenous components of the mouse 

plasma were found to interfere with the peak of carmofur at its retention time of carmofur 

indicating the specificity and selectivity of the method.  

 

Figure 2-9. Representative chromatograms of a) extracted blank plasma b) blank plasma spiked 

with carmofur and IS c) plasma collected after i.p. administration of carmofur.  
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Carryover was evaluated by checking the blank mass chromatogram after running HQC (1000 

ng.mL-1) samples (figure 2-10). No significant carryover was observed. Although, running samples 

with concentrations that are over HQC showed considerable carryover, our observation found 

that increasing the post-run rinsing time for the autosampler needle decreases the carryover 

substantially. 

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 5.5 6.0 6.5 7.0 7.5 min

0.25

0.50
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1:TIC(-)

 

Figure 2-10. Representative mass chromatogram of a blank after running a HQC sample indicates 

the absence of carryover  

2.3.3.2. Linearity and sensitivity  

We found the LOD and LOQ to be 2 ng.mL-1 (appendix figure A-8)and 5 ng.mL-1 (appendix figure 

A-9), respectively. The LOQ could be lowered down with the injection of higher volume of 

samples. Nevertheless, we decided to keep the injection volume to 5 µL of samples to maintain 

optimum column performance. Acceptable linearity was achieved between the range of 5-1000 

ng/mL with a correlation coefficient of 0.9948±0.003 for six replicate analyses. The regression 

equation was y = (78.1076±7.137)x - (0.0117±0.005)  and a representative calibration curve is 

shown in figure 2-11.  
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Figure 2-11. Calibration curve of carmofur in mouse plasma. 

2.3.3.3. Matrix effect and recovery efficiency  

Both matrix effect and recovery efficiency (figure 2-12) were evaluated for three QC samples: 

LQC (5 ng.mL-1), MQC (100 ng.mL-1), HQC (1000 ng.mL-1). The matrix effect for the three QC 

samples were 111.87%, 113.21% and 112.48% respectively which indicates about 11-13% ion 

enhancement of carmofur by the matrix. The recovery was found between 81.64%-88.70% for 

the three QC samples. Regulatory guidelines require recovery to be consistent and precise and 

recovery that is greater than 70% is generally accepted12. Low percent relative standard deviation 

and reproducible recovery of carmofur in replicate analyses suggests a satisfactory recovery of 

carmofur employing the liquid-liquid extraction technique.  
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Figure 2-12. Matrix effect and recovery efficiency of carmofur (n=6). 
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2.3.3.4. Accuracy and precision 

The three quality control samples (HQC, MQC, LQC) in six replicates were tested for intra- and 

inter-day accuracy and precision from the runs on three consecutive days (figure 2-13 and figure 

2-14). The accuracy was between 102.40-110.24%, 98.72-107.20%, and 93.30-105.07% for day 1, 

2 and 3, respectively. The precision (%CV) was between 1.75-3.55, 1.64-4.15, and 1.79-4.24 for 

day 1, 2, and 3, respectively. The data for three consecutive days were combined and the 

accuracy for the QC samples were 104.83% (LQC), 104.45% (MQC), and 98.14% (HQC). The inter-

day precision (%CV) was 5.60, 3.37, and 4.24 for the LQC, MQC and HQC samples. Given that both 

intra- and inter-day accuracy are within ±15% of the desired concentration and the intra- and 

inter-day precision (%CV) is less than 15%, it indicates satisfactory quality assurance for accuracy 

and precision.  
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Figure 2-13. Intra- (n=6) and inter-day (n=18) accuracy of carmofur for three QC samples.  

 

Figure 2-14. Intra-day (n=6) and inter-day (n=18) precision of carmofur for three QC samples.  
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2.3.3.5. Dilution Integrity  

The dilution integrity quality control samples were diluted tenfold and twenty-fold in six 

replicates and analyzed. The accuracy of the test results were 97.48%, 94.66%, 86.95% and 

110.32% for 2 µg.mL-1 (10X dilution), 2 µg.mL-1 (20X dilution), 10 µg.mL-1 (10X dilution), and 10 

µg.mL-1 (20X dilution), respectively which indicates that the method is suitable and is not affected 

over dilution.  

2.3.3.6. Stability  

The stability of carmofur in mouse plasma is summarized in figure 2-15. We examined four 

experimental stability conditions at the three quality control concentrations. The mean accuracy 

(within ±15%) of the QC samples at different conditions such as long-term stability, freeze-thaw 

stability, autosampler stability, room temperature stability indicates that the method is 

appropriate and acceptable as a bioanalytical method.  



56 
 

 

Figure 2-15. Stability of carmofur in mouse plasma (n=6). 

2.3.4. Pharmacokinetic study  

The developed and validated LC-MS/MS method was tested successfully for an in-vivo 

pharmacokinetic study. A total of 21 Swiss-Webster mice were injected intraperitoneally with 

carmofur at a dose of 10 mg.kg-1. The plasma samples were collected immediately after drug 

administration and up to 4 hours. The samples were prepared using the protocol described in 

section 2.2.5. and the level of carmofur was quantified using the LC-MS/MS method. The time-

plasma concentration data (figure 2-16) was imported in GraphPad Prism 9 software. The plasma 

concentration-time curve was generated by non-linear regression and the pharmacokinetic 

parameters were calculated by one-compartmental analysis. The peak plasma concentration 

(10279 ng.ml-1) of carmofur reaches immediately after injection (Tmax = 5 min) and elimination 
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half-life (T1/2) was about 9.6 min. The areas under the curve (AUC) was 204795 min ng.mL-1. The 

elimination rate constant (Ke) was 0.072 min-1. 

 

Figure 2-16. Mean plasma concentration-time plot of carmofur after intraperitoneal 

administration in mouse (n=3 each time point) 

2.5. Conclusion   

In this work, we have established an LC-MS/MS method for the quantitative bioanalysis of 

carmofur in mouse plasma. Our liquid-liquid extraction technique required only 100 µL of plasma 

whereas the past method used about 500 µL of it9. Moreover, the extraction technique was able 

to extract the analyte with least interferences. We have successfully constructed a calibration 

curve within the range of 5-1000 ng.mL-1. We have also validated our method in terms of 
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specificity, sensitivity, accuracy, precision, recovery, matrix effect, carryover, dilution integrity 

and stability. Finally, we have analyzed carmofur concentration in mouse plasma for a 

pharmacokinetic study. We believe, our report on an LC/MS-MS method, the first one to our 

knowledge, for carmofur analysis will greatly help towards possible applicability in future 

preclinical and clinical setting.  
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Chapter-3 

Development and Validation of LC-MS/MS method with application to 

parallel artificial membrane permeability assay (PAMPA) and 

permeability assessment of acid ceramidase inhibitors 

3.1. Introduction  

Parallel artificial membrane permeability assay (PAMPA) is a technique that has been developed 

to mimic passive and transcellular transmission in vitro1. The PAMPA was coined by Kansy et al. 

in 1998 using artificial egg lecithin/dodecane membrane to simulate gastrointestinal 

permeability2. Later on many variations of PAMPA were developed such as PAMPA-skin (skin 

penetration)3, BBB-PAMPA (blood-brain-barrier penetration)4 etc. The various forms of PAMPA 

were developed based on the nature/composition of the membrane substance, pH of PAMPA 

matrix (donor/acceptor wells) and the incubation time etc5. Since inception, PAMPA has been 

established as a better technique in terms of permeation predictability and high-throughput 

analysis.  

Assessing BBB permeability is one of the most important considerations at early-stage drug 

discovery especially for disorders of the central nervous system (CNS) such as glioblastoma6. It is 

also important for drugs targeting peripheral organs. A limited CNS penetration would limit the 

exhibition of side effects associated with the drug exposure.  
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The-blood-brain barrier is a physiological barrier that separates the interstitial fluid of the brain 

from the blood. It is composed of tight junctions between the endothelial cells resulting in a 

superior barrier compared to what is found in peripheral endothelium. In addition to that, the 

presence of several enzymes such as glutamyl transpeptidase, alkaline phosphatase and aromatic 

acid decarboxylase makes the formation of a metabolic barrier. Due to this unique and selective 

morphology, the penetration of the BBB is primarily transcellular7-8.   

Efficacy of glioblastoma chemotherapy can also be limited by the BBB permeability of the 

therapeutic agents. Therefore, assessing the selectivity of BBB penetration is the foremost 

evaluation before doing further studies. It is known that carmofur, an acid ceramidase inhibitor 

can cross the blood brain barrier; however, to what extent is not well known9-10. No information 

for another potential acid ceramidase inhibitor ARN14988 for BBB permeability is found in the 

literature.  

Assessing the in vivo BBB permeability at an early stage drug discovery is expensive and can 

become infeasible for a wide array of compounds under screening. Particularly, the introduction 

of combinatorial chemistry has enabled the synthesis of hundreds of potential drug candidates 

in a short period of time8.    

In contrast to cell-based assays, PAMPA is cheap, provides high-throughput accurate analysis, 

avoids the complexity of active transport and ranks the test compounds based on permeability 

property alone11. Although cell-based assays such as Caco-2 permeability have some advantages 

such as active transport predictability, but they take longer to perform, less throughput and are 

expensive8.  
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PAMPA kit is composed of two parts, a donor plate and an acceptor plate (figure 3-1), and 

estimates the permeability from donor to acceptor plate over an incubation period12. An artificial 

membrane, aligned with the donor plate, usually composed of lecithin, phosphatidylcholine, 

hexadecane or porcine brain lipid extract, represents the passive diffusion which is the principle 

mechanism of small molecule transfusion through BBB13-14. An important consideration while 

doing PAMPA is to use multiple controls ranging from low to high BBB permeability in order to 

evaluate the membrane integrity and validation of study results15.  

 

Figure 3-1. Schematic of Parallel artificial membrane permeability assay (PAMPA)14. 
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PAMPA samples from acceptor and donor wells are analyzed using either UV-vis 

spectrophotometry, high-performance liquid chromatography or liquid chromatography-mass 

spectrometric technique. The disadvantage of using UV-vis spectrophotometric technique is that 

it can falsely report a result if multiple compounds in the solution absorbs at the same 

wavelength. This particularly becomes a problem when the test compounds are unstable. 

Therefore, we developed liquid chromatography-tandem mass spectrometry methods to 

determine three controls (verapamil, ranitidine, and naproxen) and test compounds (carmofur, 

ARN14988-M) (figure 3-2) in PAMPA matrix. Furthermore, we validated the methods in terms of 

selectivity, linearity, accuracy, precision, and stability. Finally, we evaluated the PAMPA-BBB 

permeability of the test compounds using the LC-MS/MS methods we developed.   

 

Figure 3-2. Structures of the compounds used in this work.  
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3.2. Experimental  

3.2.1. Chemicals and reagents  

Carmofur and ARN14988 are the two acid ceramidase inhibitors that were used as test 

compounds. Carmofur was obtained from Tokyo Chemical Co. Ltd (Portland, OR, USA). ARN-

14988 (CAS No. 1502027-70-4) was synthesized in-house  by Vilashini Rajaratnam (Mirza lab) with 

the assistance of Cook group at the University of Wisconsin-Milwaukee according to the 

procedure described16.  Antipyrine (CAS No. 60-80-0) was used as an internal standard and was 

obtained from Millipore-Sigma (St. Louis, MO, USA). Ranitidine, verapamil and naproxen were 

used as positive controls representing different degrees of BBB permeability. Ranitidine (CAS No. 

66357-59-3), verapamil (CAS No. 152-11-4), and naproxen (CAS No. 22204-53-1) were purchased 

from Millipore-Sigma (St. Louis, MO, USA).  

All solvents and buffers used were of analytical grade. PBS solution at pH 7.4 and n-hexadecane 

were procured from Thermo-Fisher Scientific (MA, USA). Dimethyl sulfoxide (DMSO) and n-

hexane were purchased from Millipore-Sigma (St. Louis, MO, USA).  LC-MS grade mobile phase 

solvents (water, acetonitrile, methanol, formic acid) were purchased from Fisher chemical (USA).  

Donor plate (MAIPNTR10) and acceptor plates (MATRNPS50) for the PAMPA assay were 

purchased from Millipore-Sigma (St. Louis, MO, USA).  
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3.2.2. Instrumentation 

Liquid chromatography was performed on a Shimadzu Nexera X2 UPLC system consisting of 

binary pumps (Shimadzu LC-30AD), degasser units (Shimadzu DGU-20A 5R), autosampler 

(Shimadzu SIL-30AC MP) and column oven (Shimadzu CTO20A). The UPLC system was interfaced 

with a Shimadzu 8040 triple quadrupole mass spectrometer. The LCMS 8040 instrument is 

equipped with dual ionization source (Electrospray + Atmospheric Pressure Chemical Ionization). 

For supplying nitrogen gas to the mass spectrometer, we used an in-house nitrogen generator 

(NM32LA) purchased from Peak Scientific (Glasgow, UK). The CID gas Argon (Ar) was purchased 

from Airgas (PA, USA). 

The analytes were retained, and chromatographic separation was achieved on a XBridge BEH C18 

XP column (100 mm X 3 mm, 2.5 µm, Waters Corporation, MA, USA). 10 mM ammonium acetate 

in water was used as mobile phase A and methanol was used as mobile phase B for the analysis 

of carmofur, ARN14988, ranitidine and naproxen while 0.1% formic acid in water was used as 

mobile phase A and 0.1% formic acid in acetonitrile was used as mobile phase B for the analysis 

of verapamil. The total runtime was 9 min with the gradient elution program as follows: 45% of 

B from 0-0.50 min, a linear gradient from 45% B to 95% B from 0.50 - 3.00 min, 95% B to 100% B 

from 3.00-3.50 min, 100% of B from 3.50 -6.00 min, a linear gradient of 100% B to 45% B from 

6.00 - 6.50 min and 45% B from 6.50 to 9 min. The column oven was kept at 40°C.  

All analytes were ionized by electrospray ionization (ESI) technique and the quantification was 

achieved in multiple reaction monitoring (MRM) mode. The desolvation line and ion source 

temperature were kept at 250°C and 400°C, respectively. The drying gas and nebulizing gas flow 
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rate were 15 L/min and 2 L/min, respectively. The dwell time of analysis for all analytes was 100 

msec. Data were acquired and post-acquisition data processing were performed in LabSolutions 

software (Shimadzu Corporation, Japan) and Microsoft Excel (Microsoft, USA) software packages.  

3.2.3. Preparation of standard solutions and quality control samples   

Stock solutions for each compound were prepared in DMSO. Standard solutions were prepared 

by matrix matching with the prepared samples. Quality control (QC) samples were prepared at 

three different concentrations (low QC, LQC; medium QC, MQC; high QC, HQC). The 

LQC/MQC/HQC concentrations were verapamil (0.1 µM/1.2 µM/4.0 µM), naproxen (0.9 µM/4.5 

µM/18 µM), ranitidine (0.225 µM/1.8 µM/4.5 µM), ARN14988 (0.9 µM/4.5 µM/9 µM). Each of 

the samples had a final composition of 5% DMSO in PBS at pH 7.4 except for verapamil which 

was diluted further 2.5 times with acetonitrile. Antipyrine was used as an internal standard at 1 

µM level for carmofur, ARN14988, ranitidine and naproxen analysis and at 1.2 µM level for 

verapamil analysis.  

3.2.4. Sample preparation  

Stock solution was diluted with PBS and DMSO as needed to prepare the donor well 

concentration. The assay was performed following the procedure as described in section 3.2.6. 

For LC-MS/MS analysis, IS solution was added before analysis.  
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3.2.5. LC-MS/MS Method validation  

The developed method was evaluated to validate for selectivity, linearity, accuracy, precision, 

and stability in accordance with Analytical Procedures and Methods Validation for Drugs and 

Biologics guideline and ICH Q2(R1)17-18.   

3.2.5.1. Selectivity/Specificity  

Selectivity was examined to evaluate the ability of the method to differentiate and quantify the 

analytes and internal standards in presence of other components in the sample (ICH Q2(R1)). 

Selectivity was determined by comparing blank matrix and standard solutions- spiked with the 

analytes and pooled PAMPA samples. 

3.2.5.2. Carryover 

Carryover was evaluated by injecting a blank sample after the injection of HQC sample for each 

analyte.  

3.2.5.3. Sensitivity and linearity  

Instrument sensitivity was assessed at the lower limit of quantification (LOQ). LOQ was evaluated 

at the lowest point in the calibration with a minimum signal to noise (S/N) ratio of 10. A series of 

calibration standards were prepared including the LOQ in order to determine the linearity. The 

calibration curves were prepared by weighted least square linear regression analysis with a 

weighing factor of 1/concentration2 and the linearity was considered acceptable with a 

correlation coefficient (R2) of 0.99 or greater.  
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3.2.5.4. Intra- and inter-day accuracy and precision  

The samples at three different concentrations (LQC, MQC, HQC) were prepared separately in six 

replicates for three consecutive days and analyzed for intra-day accuracy and precision. The data 

obtained from intra-day accuracy and precision were re-analyzed to determine inter-day 

accuracy and precision. The precision was expressed as the percent coefficient of variance (%CV) 

and the accuracy was expressed as the percent mean accuracy. It was considered acceptable if 

the %CV is <15% and % mean accuracy is within ±20% respectively.  

3.2.5.5. Stability 

The stability of the analytes at the three QC concentrations (LQC, MQC, and HQC) were assessed 

over a period of 24 hours. 

3.2.6. PAMPA assay  

The PAMPA assay was performed according to the methodology published in literature11, 14, 19. In 

brief, 15 µL of 5% (v/v) n-hexadecane in n-hexane was added to the donor plate well and allowed 

to evaporate to form an artificial BBB membrane. 300 µL of 5% (v/v) DMSO in PBS solution (pH 

7.4) was added into the acceptor well followed by 150 µL of analyte solution in 5% (v/v) DMSO 

in PBS solution into the donor well. The donor well plate was then placed on top of the acceptor 

well plate and incubated on a reciprocal shaker for 2-18 hours with agitation at 100 rpm. After 

incubation, 100 µL of acceptor well solution and 100 µL of donor well solution was transferred 

for analysis. The assay was performed in triplicate. The apparent permeability, Papp, for the 

analytes was calculated using the following equation:  
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and, 

  

 

where, Drugacceptor and Drugequilibrium is the concentration of the analyte from the acceptor well 

and equilibrium solution (if the donor and acceptor wells were combined) respectively, VA and 

VD are the volumes in acceptor well and donor well respectively, t is the incubation time 

(seconds), and A is the active surface area (0.283 cm2) of the membrane.  
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3.3. Results and discussion  

3.3.1. Method development  

Herein, we aimed at developing accurate and sensitive LC-MS/MS method with little to no sample 

pre-treatment. In addition to our test compounds, it is also essential to select multiple controls 

of varying Biopharmaceutical Classification System (BCS) category. Addition of controls to PAMPA 

evaluate the membrane integrity and validate the study results15. In order to represent the entire 

spectrum of BBB permeability, we selected three compounds based on their different degree of 

permeability (verapamil, high permeability; naproxen, medium-high permeability; ranitidine, low 

permeability). Verapamil and naproxen are BCS class II drugs - indicating high solubility and high 

permeability. Ranitidine is BCS class III drug-indicating good solubility but poor permeability.  

The differences in their permeability come from the differences in their chemical structure, 

presence of functional groups and their relevant physio-chemical properties. During method 

development, highest ionization efficiency and linearity was prioritized with reasonable 

resolution and peak shape of the compounds. Mass spectrometry conditions were optimized by 

both manual tuning and optimization tool built in with the LabSolutions software. Initially Q3 

scans were performed for all compounds to identify the precursor ions. MRM transitions were 

optimized from product ion scans. Compounds were ionized in both polarities. Furthermore, 

other mass spectrometric conditions like collision energy (CE), needle position, desolvation line 

temperature, ion source temperature, dwell time, and drying gas flow rate were optimized 

manually for maximum sensitivity. 1 µL of sample injection gave good results without salt 

deposition in ESI chamber. Optimized mass spectrometric parameters are listed in table 3-1.  
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Compound  Precursor ion 

(m/z) 

Product ion 

(m/z) 

Q1 Pre-Bias 

(V) 

CE (V) Q3 Pre-Bias 

(V) 

Carmofur 256.25 129.05 11 9 23 

ARN14988 264.10 147.10 -24 -11 -14 

Ranitidine 315.15 176.10 -14 -18 -17 

Verapamil 455.30 165.10  -12 -29 -28 

Naproxen 229.25 169.05 10 28 30 

Antipyrine (IS) 189.05 56.10 -12 -34 -21 

Table 3-1. Optimized mass spectrometric conditions used for the analytes in PAMPA study.   

Among the compounds, carmofur decomposes to 5-FU in presence of physiologic basic pH in a 

time-dependent manner20. Because of the instability of carmofur in physiologic pH (figure 3-3), 

it has not been pursued for intra-day and inter-day accuracy, precision, and stability in method 

validation. However, the compound was linear within the range of quantification in six replicate 

analyses with freshly prepared standards.   
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Figure 3-3. Degradation of carmofur over time in 5% DMSO in PBS solution (n=3). 

On the other hand, Q3 scan in +ve mode (figure 3-4) of ARN14988 in neat solvent yields two 

peaks (m/z 391 and m/z 264). We hypothesize that m/z 391 is the ammonium adduct of 

ARN14988 and m/z 264 is the ammonium adduct of the remaining moiety after the loss of 1-

hexylcarbamoyl group.  

 

Figure 3-4. Q3 (+ve mode) scan of ARN14988. 

We investigated the MRM transition for both m/z 391 and m/z 264. We found that both of these 

ions produces m/z 147 as the fragment fragment or product ion (figure 3-5).   
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Figure 3-5. Probable structure of the fragment m/z 147.  

Thereafter, we investigated the stability of m/z 391 and m/z 264 in presence of PBS in 5% DMSO. 

We found that, ARN14988 (m/z 391) is not stable in PBS and readily decomposes in the moiety 

that ionizes as m/z 264 (figure 3-6). The instability of ARN14988 appears to be greater than it is 

for carmofur in PBS solution.  

0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0 9.0 10.0 11.0 min

0

25000

50000

75000

100000
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Figure 3-6. Absence of m/z 391 to m/z 147 transition (pink) in ARN14988 solution in PBS with 5% 

DMSO at time 15 min.  

We also studied the stability of m/z 264 over a period of 24 hours before performing further 

studies. The stability study indicates that m/z 264 is fairly stable over the period of 24 hours.  
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Figure 3-7. Stability of m/z 264 to m/z 147 transition over a period of 24 hours (n=1). 

It is important to mention that ARN14988 is found very cytotoxic in melanoma and glioblastoma 

cell lines16, 21. ARN14988 inhibits adult glioblastoma cell line U87MG more efficiently than FDA 

approved drug temozolomide over a period of 24 hours. Given the instability of AR14988 in basic 

pH, the cytotoxic activity of ARN14988 could be due to the activity of the moiety that corresponds 

to m/z 264. Although the cytotoxicity of m/z 264 is yet to be tested, we decided to study the in 

vitro BBB permeability of m/z 264 (referred as ARN14988-M from hereon) by PAMPA.  

During the method development, we also observed significant carryover (figure B1) and lack of 

linearity (figure B2) with verapamil analysis.  

We tested the effect of diluent and mobile phase on verapamil ionization and carryover. Presence 

of acetonitrile as diluent in verapamil solution provides higher peak area compared to verapamil 

solution prepared in PBS which indicates the effect of diluent in verapamil ionization (figure 3-8). 

Investigation around the two sets of mobile phases reveals that 0.1% formic acid in methanol 
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and 10 mM ammonium acetate in water gives better peak area and hence, better ionization of 

verapamil. However, 0.1% formic acid in water and 0.1% formic acid in acetonitrile provides less 

peak area but solves the carryover issue. Therefore, we decided to use 0.1% formic acid in water 

as mobile phase A and 0.1% formic acid in acetonitrile as mobile phase B for verapamil analysis.  

 

Figure 3-8. Effect of diluent and mobile phase on ionization of verapamil (n=1). 

Our investigation on diluent continued and we tested different ratios of PBS and acetonitrile 

(ACN) and their impact on linearity. Presence of acetonitrile in the PAMPA matrix resolves the 

issue of lack of linearity and we decided to use PBS: ACN (40:60) ratio for analyzing the verapamil 

samples (figure 3-9). In order to do so, the collected pooled PAMPA samples for verapamil were 

diluted 2.5 times with 5% DMSO in acetonitrile before MS analysis.  
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Figure 3-9. Effect of diluent on linearity of verapamil (n=1). 

It was also observed that the sensitivity of naproxen significantly gets diminished in presence of 

formic acid in mobile phase. Therefore, we opted to use two different sets of mobile phases as 

mentioned in section 3.2.2.  

We also divided the data acquisition into segments to increase the sensitivity of the analysis. 

Antipyrine, ranitidine, ARN14988-M, naproxen, and carmofur were monitored between 0-2, 0-4, 

2-4, 2-4, and 4-7 min respectively. 
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The retention time was 5.35 min for carmofur, 1.4 min for antipyrine, 1.1 min for ranitidine, 2.4 

min for ARN14988-M, 2.88 min for naproxen and 2.35 min for verapamil. Figure 3-10 shows some 

representative chromatograms for the analytes.  

 

Figure 3-10. Representative chromatograms for the analytes under study. 
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3.3.2. Method validation  

3.3.2.1. Selectivity  

The selectivity was evaluated by examining the chromatograms of blank matrix, standard 

solution spiked with the analytes and IS, and pooled PAMPA sample spiked with IS. No interfering 

peaks were detected, suggesting that the method was selective.  

3.3.2.2. Carryover 

Carryover was evaluated based on the presence or absence of analyte peak in blank after running 

the HQC samples. Figure 3-11 shows that our method shows no carryover.  
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Figure 3-11. Absence of carryover in blanks after running the HQC samples.  
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3.3.2.3. Linearity  

According to our literature search, there were no reported LOQ for the compounds under study 

in PAMPA matrix. In this work, a stock solution of the analytes was serially diluted in order to 

determine the LOQ. In addition to high sensitivity, the developed method also showed good 

linearity for all compounds over the quantification range. We also studied six replicates for the 

calibration curves which also indicated the good reproducibility of our method. The calibration 

standards for verapamil were prepared at 0.1 µM, 0.3 µM, 0.6 µM, 1.2 µM, 2.4 µM, and 4.0 µM 

concentrations. The calibration standards for carmofur were prepared at 0.45 µM, 1.8 µM, 9.0 

µM, 18.0 µM, 45.0 µM, and 90.0 µM concentrations. The calibration standards for ARN14988-M 

were prepared at 0.45 µM, 0.90 µM, 1.80 µM, 4.50 µM, 7.20 µM, and 9.0 µM concentrations. 

The calibration standards for naproxen were prepared at 0.45 µM, 0.90 µM, 1.80 µM, 4.50 µM, 

9.0 µM, and 18.0 µM concentrations. The calibration standards for ranitidine were prepared at 

0.045 µM, 0.090 µM, 0.225 µM, 0.450 µM, 0.900 µM, 1.800, and 4.500 µM concentrations. 

The LOQ, linear range of quantification, linear fit equation, and their corresponding correlation 

co-efficient are reported in table 3-2. Representative calibration curves are shown in figure 3-12.  
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Compound  Linearity  Linear fit equation Correlation co-

efficient (R2) 

Carmofur 0.45 µM - 90 µM y = (0.1732±0.0127)x 

+ 0.0062±0.0056  

0.9933±0.0021 

ARN14988-M 0.45 µM - 9 µM y = (0.0899±0.0008)x 

- 0.0009±0.0024 

0.9986±0.0008 

Ranitidine  0.045 µM - 4.5 µM y = (4.1111±0.7038)x 

+ 0.0177±0.0149 

0.9965±0.0017 

Verapamil 0.1 µM - 4.0 µM y = (3.8444±0.1772)x 

- 0.0776±0.0120 

0.9967±0.0013 

Naproxen 0.45 µM - 18 µM y = (0.0466±0.0028)x 

- 0.0024±0.0020 

0.9953±0.0010 

Table 3-2. Linearity, and calibration curve data (n=6) for the five analytes.  
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Figure 3-12. Calibration curves of carmofur, ARN14988-M, ranitidine, naproxen, and verapamil.   

3.3.2.4. Intra- and inter-day accuracy and precision  

Three QC samples for each compound were tested for their intra-day and inter-day accuracy and 

precision. All analytes at these concentrations showed excellent intra-day and inter-day accuracy 

and precision. The resulting data are summarized in figure 3-13 and figure 3-14 respectively. The 
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results of intra-day and inter-day accuracy and precision were within the range defined for 

accuracy and precision under section 3.2.5.4. 

 

 

Figure 3-13. Summary of intra- (n=6) and inter-day (n=18) accuracy study. 

 

Figure 3-14. Summary of intra- (n=6) and inter- (n=18) day precision study. 
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3.3.2.5. Stability  

Stability of the analytes of interest in test solution over the course of analysis is important to get 

reliable and reproducible results. We determined the stability of the compounds at room 

temperature for 24 hours at different time points, given that PAMPA samples are expected to 

analyze immediately without any storage. The stability data are summarized in figure 3-15, 

indicating the stability of the compounds; therefore, making the method suitable for application 

to PAMPA assay.  

 

Figure 3-15. Summary of the stability (n=3) study over a period of 24 hours. 

 

 

 

 



86 
 

3.3.3. Application to PAMPA assay  

Finally, we determined the applicability of the method by analyzing the PAMPA samples. The 

PAMPA assay was performed in triplicate. After the incubation period, the samples from acceptor 

well and the donor well were analyzed by LC-MS/MS. The results were summarized in table 3-3. 

Based on the measured Log Papp, it is noticeable that the Log Papp for carmofur and ARN14988-M 

is in between the Log Papp for ranitidine and verapamil which is a strong indication that both of 

this two test compounds are likely to cross the blood brain barrier  

Compound Log P
app

 

 
Experimental Literature22 

Verapamil ‐4.92 -3.80 

Naproxen ‐7.02 -5.04 

Ranitidine ‐6.98 -6.88 

Carmofur ‐6.11 ‐ 

ARN14988‐M ‐6.50 ‐ 

Table 3-3. Summary of the PAMPA study for the test compounds.  
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3.4. Conclusion 

This study presents simple, quick and sensitive liquid chromatography and mass spectrometric 

method for the determination of two acid ceramidase inhibitors and three controls in PAMPA 

matrix. The method was also successfully applied for the analysis of PAMPA samples. To the best 

of our knowledge, this is the first report of BBB permeability for carmofur, ARN14988-M in terms 

of transcellular passive diffusion assay using a high-throughput technique. The results from this 

analysis will pave the way towards further in vivo study for carmofur and ARN14988-M. It is also 

important to mention that this study reports validated LC-MS/MS method for the analysis of 

controls which will aid drug discovery researchers for permeability assays in choosing appropriate 

control compounds and with the ease of method development.  
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Chapter-4 

Simultaneous quantitative bioanalysis of carmofur and 5-fluorouracil 

by LC-MS/MS with an application to drug distribution study in mouse 

4.1. Introduction  

As mentioned in previous chapters, carmofur, also known as 1-hexylcarbamoyl-5-fluorouracil 

(HCFU) is a pyrimidine-analog anticancer compound. It was first synthesized by Ozaki et al. as a 

pro-drug of 5-fluorouracil (5-FU) with better gastrointestinal stability for oral delivery and the 

activity was evaluated by Hoshi, Kuretani and co-workers at the National Cancer Center Research 

Institute, Japan in 19761-3. Carmofur has a higher LD50 (median lethal dose) value in different 

animals than it is for 5-FU. Initial studies on experimental murine tumor models of leukemia L-

1210 and C-1498, Nakahara-Fukuoka sarcoma, adenocarcinoma 755, ascites sarcoma 180, and 

Ehrlich ascites carcinoma confirmed the antitumor activity of carmofur after oral administration1, 

4. Following that, a multicenter phase I clinical study was initiated by National Cancer Center 

Hospital in Japan in 1977 targeting a spectrum of cancers such as stomach, colorectal, breast, 

liver, lung, uterus, pancreas, esophagus, larynx, brain, and neuroblast etc2.  The Phase II clinical 

trial began in 19782. Of all the cancers tested, a high-response rate (39.4%) of carmofur therapy 

was found in colorectal cancer5.  Eventually in 1981, carmofur was approved in Japan for the 

treatment of colorectal cancer. Later on, carmofur was approved in China, Korea and Finland as 

well6. 
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Studies demonstrated that carmofur is stable in acidic environment, specifically at pH lower than 

5. However, it degrades over time to 5-FU in neutral and alkaline environment. In phosphate 

buffer, carmofur (di-keto form) converts into 2- and 4-hydroxy tautomers with the increase in pH 

and then it hydrolyzes into 5-FU (Figure 4-1)7.  

 

Figure 4-1. Conversion of carmofur into 5-fluorouracil in Phosphate buffer7.  

Carmofur shows both 5-FU dependent and 5-FU independent anticancer activity. The inhibition 

of carmofur by acid ceramidase and subsequent release of 5-FU is shown in figure 4-28. In 

biological system, carmofur is directly metabolized into 5-FU or carmofur converts into HHCFU, 

OHCFU, CPEFU, CPRFU which eventually converts into 5-FU. 5-FU can be excreted in the urine or 

converts into the inactive form FBAL and excretes out from the body (Figure 4-3)9-14.  
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Figure 4-2. Inhibition of acid ceramidase by carmofur and release of 5-fluorouracil8.  

 

Figure 4-3. Metabolism of carmofur into 5-fluorouracil9-10.  
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5-FU is an uracil derivative and one of the oldest anticancer drug that is still in use15. The injection 

and topical formulations of 5-FU are approved for the treatment of a number of diseases such as 

breast cancer, colorectal cancer, gastric (stomach) cancer, pancreatic cancer, skin cancer and 

actinic keratosis. A few pro-drugs of 5-FU were developed to have greater in-vivo stability against 

degradation, better cytotoxic effect and to facilitate oral administration16. Among the pro-drugs, 

the most studied are capecitabine17, doxifluridine18, ftorafur19, carmofur20 etc. with anti-cancer 

efficacy. The therapeutic uses of carmofur have been described in chapter 1. 

There are two major ways 5-FU acts as cytotoxic agent and exerts it’s effect as an anticancer 

agent. 5-FU is an inhibitor of thymidylate synthase (TS). It is rapidly taken up by the cells and 

converts into several active metabolites such as fluorodeoxyuridine monophosphate, 

fluorodeoxyuridine triphosphate and fluorouridine triphosphates. The presence of these active 

metabolites incorporates into RNA and disrupts the transcription process. They also interrupt the 

action of TS and disrupts the intracellular deoxynucleotide pools required for DNA replication21-

22.  

Being an active metabolite of carmofur, it is important to monitor the level of 5-FU after carmofur 

administration. Previously 5-FU was determined in biological specimen after oral administration 

of carmofur using less selective and sensitive bioanalytical techniques such as radio-

chromatography14, high performance liquid chromatography13, 23, and gas chromatography-mass 

spectrometry24.  
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To the best of our knowledge, there is no LC-MS/MS based method for quantifying carmofur in 

biological tissues such as liver, kidney, and brain. According to our literature review, there is also 

no LC-MS/MS method to quantify 5-FU in the biological tissue specimens after the administration 

of carmofur. We also did not find any method that can simultaneously quantify carmofur and 5-

fluorouracil in a single run in vivo.  

In chapter 2, quantification of carmofur in mouse plasma has been described. Herein, we 

performed LC-MS/MS-based quantification of 5-FU in mouse plasma after the administration of 

carmofur. We also report LC-MS/MS method to simultaneously quantify carmofur and 5-FU in 

mouse brain, liver, and kidney. Finally, we showed the applicability of our method by analyzing 

carmofur and 5-FU in a biodistribution study in mouse model.  
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4.2. Materials and methods  

4.2.1. Chemicals and reagents  

Carmofur was obtained from Tokyo Chemical Co. Ltd (Portland, OR, USA). 5-FU (CAS No.  51-21-

8) and 5-CU were obtained from Millipore-Sigma (St. Louis, MO, USA). All solvents and buffers 

used in mobile phase were of analytical grades. LC-MS grade water, acetonitrile, and ammonium 

acetate used in this work were obtained from Fisher Chemical (USA). Glacial acetic acid was 

purchased from Merck KGaA (Germany). Ethyl acetate was procured from BeanTown Chemical 

(NH, USA). DMSO was obtained from Honeywell International Inc. (MI, USA). PBS at pH 7.4 buffer 

was obtained from Corning (VA, USA). PEG E 400 was procured from Millipore-Sigma (St. Louis, 

Mo, USA). Tween 80 was obtained from MP Biomedicals (Illkirch, France).  1 mL tuberculin syringe 

with 25 G × 5/8” needles/syringes were purchased from Covidien (Dublin, Ireland).   

4.2.2. Animal handling  

All animal experimentation performed in this work was approved by the University of Wisconsin 

Milwaukee’s (UWM) Institutional Animal Care and Use Committee (IACUC) (protocol reference 

no. 20-21#53). Six-eight weeks old female Swiss Webster mice were purchased from Charles 

River Laboratories (MA, USA). The animals were housed for at least seven days in the Lapham 

Animal Resource Center (ARC) of UWM before performing the experiment. While housed, they 

were provided with free access to food and water and maintained on a 12 h light (7:00 to 19:00) 

and dark cycle (19:00 to 07:00) at a temperature of 22±2°C and 60±5% humidity. 
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4.2.3. Instruments and conditions  

For the sample preparation, we used the following: Orbital Shaker M60 (Labnet, NJ, USA), 

Centrifuge 5430R (Eppendorf, Germany), TurboVap Evaporator (Biotage, Sweden) and Pressure 

+ 48 Positive pressure Manifold (Biotage, Sweden). For tissue homogenization, we used 

BeadBugTM 3 position Bead Homogenizer (Benchmark Scientific, Sayreville, NJ, USA).  

Liquid chromatography was performed on a Shimadzu Nexera X2 UPLC system that consisting of 

binary pumps (Shimadzu LC-30AD), degasser units (Shimadzu DGU-20A 5R), autosampler 

(Shimadzu SIL-30AC MP) and column oven (Shimadzu CTO20A). The UPLC system was interfaced 

with a Shimadzu LCMS 8040 triple quadrupole mass spectrometer. The LCMS 8040 instrument is 

equipped with dual ionization source (Electrospray + Atmospheric Pressure Chemical Ionization). 

For supplying nitrogen gas to the mass spectrometer, we used an in-house nitrogen generator 

(NM32LA) purchased from Peak Scientific (Glasgow, UK). The CID gas Argon (Ar) was purchased 

from Airgas (PA, USA). 

The analytes were retained, and chromatographic separation was achieved on a XBridge BEH C18 

XP column (100 mm X 3 mm, 2.5 µm, Waters Corporation, MA, USA). The data acquisition and 

post-run analysis were performed using LabSolutions (Shimadzu, Japan) and Microsoft Excel 

(Microsoft, USA) software packages.  

Mass spectrometric ionization carried out in negative electrospray ionization technique and the 

quantification in multiple reaction monitoring (MRM) mode. The desolvation line and ion source 

temperature were kept at 275°C and 420°C, respectively. The drying gas and nebulizing gas flow 
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rate were 16 L.min-1 and 2.5 L.min-1, respectively. The dwell time of analysis for all analytes was 

100 msec. 

10 mM ammonium acetate in water at pH 6.8 was used as mobile phase A and acetonitrile was 

used as mobile phase B. The injection volume was 5 µL. The total runtime was 9 min with the 

gradient elution program as follows: 50% of B from 0-0.50 min, a linear gradient from 50% B to 

95% B from 0.50 - 3.50 min, 95% of B from 3.50 - 5.50 min, a linear gradient of 95% B to 50% B 

from 5.50 - 6.00 min and 50% B from 6.00 to 9 min. The column oven was kept at 32°C.  

4.2.4. Preparation of calibration and quality control standards 

Appropriate amount of carmofur and 5-FU were weighed using weighing by difference technique 

and dissolved in DMSO to prepare the stock solutions at 5000 µg.mL-1 concentration. The stock 

solutions were further diluted with acetonitrile to prepare the working stock solutions. Each of 

the working stock solutions were further diluted in blank plasma or tissue homogenates to 

prepare the calibration standards. The calibration standards for carmofur were prepared at 

concentrations 5, 25, 50, 100, 200, 500, and 1000 ng.mL-1. The calibration standards for 5-FU 

were prepared at concentrations 200, 500, 1000, 2000, 5000, and 10,000 ng.mL-1.  Three quality 

control (QC) samples: low QC (LQC), medium QC (MQC) and high QC (HQC) were prepared at 

concentrations 5, 200, and 1000 ng.mL-1 respectively for carmofur and 200, 2000, and 10,000  

ng.mL-1 respectively for 5-FU. The QC working stock solutions were subjected to spiking in plasma 

or tissue homogenate in a similar way as the standards. Thereafter, standards and QC samples 

underwent liquid-liquid extraction before analyzing by mass spectrometry as described in section 

4.2.5.   



98 
 

4.2.5. Sample preparation 

Tissue samples were homogenized using stainless steel beads in BeadBug homogenizer. About 

1000 µL water is added to 40 mg of tissue sample and bead beaten at high speed for about 30-

60 seconds. Upon homogenization, they were centrifuged at high speed (18,000 × g at 4°C) for 5 

min for clarification before performing liquid-liquid extraction. Collected blood samples were 

centrifuged for 10 min at 18,000 × g to separate the plasma. 

On the assay day, 10 µL of 5-chlorouracil internal standard (IS) (50 µg.mL-1) was added to 100 µL 

plasma/tissue homogenate sample. The sample is then acidified by adding 10 µL of glacial acetic 

acid. 1 mL of extraction solvent (ethyl acetate) was added and vortexed for 5 min. The sample 

tubes were then centrifuged at 18,000 × g at 4°C for 15 min. 800 µL of the supernatant was 

transferred into another tube and dried under compressed air flow at room temperature. The 

dried residue is then reconstituted in 100 µL of acetonitrile and 5 µL of the prepared sample was 

injected for LC-MS/MS analysis.  

4.2.6. LC-MS/MS method validation  

The developed LC-MS/MS was validated in terms of specificity, carryover, linearity, intra- and 

inter-day accuracy and precision, matrix effect, recovery efficiency and stability according to the 

United States Food and Drug Administration’s (FDA) guideline for bioanalytical method 

validation25.  
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4.2.6.1. Specificity and carryover 

i) Blank plasma and blank tissue homogenates, ii) blank plasma and tissue homogenate spiked 

with carmofur, 5-FU and IS, and iii) plasma and tissue homogenate collected from the mice after 

intraperitoneal injection of carmofur were treated according to the extraction procedure 

described in section 4.2.5. before analyzing with LC-MS/MS. Specificity was evaluated by 

comparing the presence or absence of mass chromatograms for carmofur, 5-FU, and IS in their 

respective peak regions.  

Carryover was evaluated by injecting a blank sample after the injection of HQC samples. Peak 

area below 20% of LQC for carmofur and 5-FU and below 5% for IS was considered acceptable in 

the blank sample.  

4.2.6.2. Linearity and sensitivity  

A series of diluted solutions of the standards were prepared to identify the lower limit of 

detection (LOD) and the lower limit of quantification (LOQ). A minimum signal to noise (S/N) ratio 

of 3 was considered for the LOD and a minimum S/N ratio of 10 was considered for LOQ. Seven 

calibration standards (5, 25, 50, 100, 200, 500, 1000 ng/mL) within the range of 5-1000 ng.mL-1 

including both upper and lower limit of quantification were used for generating the calibration 

curve for carmofur. Calibration curve for 5-FU was prepared within the range of 200-10,000 

ng.mL-1 with six calibration standards (200, 500, 1000, 2000, 5000, 10000 ng.mL-1). Each 

calibration standard was spiked with the IS at 5 µg.mL-1 concentration. The calibration curves 

were constructed by plotting the peak area ratio (y) against the concentration ratio (x) of the 

analyte and IS. The curves were fitted for weighted least square linear regression analysis with a 
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weighing factor of 1/x2 and the linearity was considered acceptable with a correlation coefficient 

(r2) of 0.99 or greater.   

4.2.6.3. Matrix effect and recovery efficiency  

Matrix effect was investigated both for carmofur and 5-FU for three QC samples (low, medium, 

and high) and calculated based on the ratio of peaks areas of the post-extracted spiked sample 

to the peak areas of neat standard samples26.  

Matrix effect (%) =  

A matrix effect of 100% indicates no contribution of extracted matrix substances on the ionization 

of the analytes while less 100% indicates ion suppression and greater than 100% indicates ion 

enhancement.  

Recovery efficiency of the analytes was also evaluated at the three QC (LQC, MQC, HQC) samples 

by comparing the peaks areas of the spiked sample in blank matrix and extracted with the 

extraction solvent (ethyl acetate) with those peak areas of the post extracted spiked sample26.  

Recovery efficiency (%) =  

4.2.6.4. Accuracy and precision 

Accuracy implies the ability of the method to measure close to the true value. And precision 

indicates the agreement between subsequent measurements.  

Three QC samples for carmofur and 5-FU were prepared in three replicates and analyzed for 

intra-day accuracy and precision for three consecutive days. The data obtained from intra-day 
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accuracy and precision were reanalyzed for inter-day accuracy and precision at all three QC 

sample concentrations.  

The accuracy was expressed as the percent mean accuracy. The precision was expressed as the 

percent coefficient of variance (%CV). Mean accuracy in considered acceptable if it is within ±15% 

and the %CV should be less than 15%.  

%CV =   

4.2.6.5. Stability  

The stability of carmofur and 5-FU was evaluated in mouse plasma/tissue homogenate and in the 

final reconstituted solvent at different stability conditions. Long term stability was assessed by 

the accuracy of the measured carmofur and 5-FU concentration at three QC (LQC, MQC, HQC) 

concentration after storing for 15 days at -80°C. In process stability was studied after three cycles 

of freeze-thaw from -80°C to room temperature. Post-operative stability was studied with the 

final reconstituted sample at three QC concentration by storing at room temperature for 8 hours 

and at the autosampler (15°C) for 24 hours. Carmofur and 5-FU were considered stable with an 

accuracy of ±15% of the desired concentration.  

4.2.7. Tissue distribution study of carmofur and 5-FU  

Finally, we tested the applicability of our validated method in a rodent model. A total of 21 female 

Swiss Webster mice were selected for doing the pharmacokinetic study. Carmofur was injected 

at a dose of 10 mg.kg-1 intraperitoneally27. Blood, brain, liver, kidney samples were collected at 

the following time points: immediate after administration (5 min), 20 min, 40 min, 60 min, 120 
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min, 180 min, and 240 min. Collected blood samples were immediately centrifuged at 18,000 × g 

for 10 min. Separated plasma and the tissue organs was collected in microcentrifuge tubes and 

stored at -80°C until analysis. The concentration-time curve for carmofur and 5-FU was prepared 

using GraphPad Prism 9. The pharmacokinetic parameters such as Cmax, Tmax, T1/2, AUC, Ke were 

calculated by one-compartmental model.  

4.3. Results and Discussion 

4.3.1. Development of the LC-MS/MS method  

The mass spectrometer parameters for carmofur and IS was developed and optimized in chapter 

2. Herein, we incorporated the conditions for 5-FU analysis. The optimized MS parameters used 

in this method are listed in table 4-1. At first, we did a Q3 scan (figure 4-4) of 5-FU to identify the 

precursor ion peak. 5-FU ionized in negative mode with a m/z of 129 [M-H]-. After we have 

identified the precursor ion, we did a product ion scan (figure 4-5) to identify the product ions of 

5-FU utilizing the built in ‘optimization for method’ tool in the LabSolutions software to optimize 

the voltages for the MRM transitions. We identified one transition m/z 129 → m/z 42 which 

similar to what reported in the literature17-18, 28.  

 

Figure 4-4. Negative mode Q3 scan of 5-FU solution at a concentration of 100 µg.mL-1. 
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Figure 4-5. Product ion scan of 5-FU. 

Analyte Precursor ion Product ion Q1 pre-bias 

(V) 

CE (V) Q3 pre-bias 

(V) 

Carmofur 256.25 129.00 16.00 8.00 23.00 

Carmofur 256.25 86.00 28.00 40.00 28.00 

Carmofur 256.25 42.00 27.00 31.00 16.00 

5-FU 129.10 42.00 17.00 17.00 16.00 

5-CU  145.10 42.00 25.00 16.00 16.00 

Table 4-1. Optimized MS parameters used in this method.  

During the liquid chromatography separation two peaks (figure 4-6) that corresponds to the m/z 

129 → m/z 42 transition were observed. The first one co-eluting with 5-CU peak is the 5-FU peak. 

The second m/z 129 → m/z 42 transition peak co-elutes with the carmofur peak. This is due to 

the breakdown of carmofur during the ionization. While there are two m/z 129 → m/z 42 

transition peaks in the mass chromatogram, we used a slower gradient in the mobile phase to 
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separate these two peaks completely. The optimized gradient elution program is described in 

section 4.2.3.  

 

Figure 4-6. A representative mass chromatogram. 5-FU and 5-CU co-elutes because of only slight 

difference in their polarity.   

4.3.2. Development of the sample preparation technique  

In chapter 2, we utilized a combination of ethyl acetate and 2-propanol at the 85/15 ratio.  In 

literature, 5-FU was extracted from plasma using 100% ethyl acetate26. Therefore, we decided to 

do a trial in duplicate of extraction efficiency at three ratio of ethyl acetate and 2-propanol 

(100/0, 85/15, 50/50) to find out the proper extraction solvent for extracting carmofur and 5-FU 

in a single analysis. The results of the trial are summarized in table 4-2. This is no surprising that 

carmofur has the better extraction using ethyl acetate/2-propanol (85/15) as described in 

chapter 2. However, 5-FU shows greater ion suppression using ethyl acetate/2-propanol (85/15) 

in the extraction solvent. Ion suppression is least observed using 100% ethyl acetate as the 
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extraction solvent. Therefore, we decided to use 100% ethyl acetate as our extraction solvent for 

plasma and the tissue sample analysis.  

Analyte Ethyl acetate/2-

propanol (100/0) 

Ethyl acetate/2-

propanol (85/15) 

Ethyl acetate/2-

propanol (50/50) 

 Matrix 

effect (%) 

Recovery 

efficiency 

(%) 

Matrix 

effect (%) 

Recovery 

efficiency 

(%) 

Matrix 

effect (%) 

Recovery 

efficiency 

(%) 

Carmofur 

(100 

ng.mL-1) 

112.53 64.73 99.44 87.00 100.56 52.21 

5-FU  

(1 µg.mL-1) 

70.65 61.13 42.27 74.78 10.04 53.26 

Table 4-2. Recovery and matrix effect of carmofur and 5-FU at different extraction solvent ratio 

in plasma.  
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4.3.3. Method validation  

We have validated our method in terms of selectivity, carryover, linearity, matrix effect, recovery 

efficiency, intra-and inter-day accuracy and precision and stability. The results of the method 

validation are described in this section.  

4.3.3.1. Specificity and carryover 

Specificity was evaluated by examining the mass chromatograms for blank mouse plasma and 

tissue homogenate, mouse plasma and tissue homogenate spiked with carmofur, 5-FU and IS, 

and mouse plasma and tissue homogenate collected after intraperitoneal injection of carmofur 

(figure C1-C4). No endogenous components of the mouse plasma were found to interfere with 

the peak of 5-FU at the retention time of 5-FU. No endogenous components of the tissue 

homogenate were also found to interfere with the peak of carmofur and 5-FU at their respective 

retention time indicating the specificity and selectivity of the method.  

Carryover was evaluated by checking the blank mass chromatogram after running HQC (1000 

ng.mL-1 for carmofur and 10,000 ng.mL-1 for 5-FU) samples (figure C5-C6). No significant 

carryover was observed.  

4.3.3.2. Linearity  

We found the LOD and LOQ to be 2 ng.mL-1 and 5 ng.mL-1 respectively for carmofur. The LOD and 

LOQ was 50 ng.mL-1 and 200 ng.mL-1 respectively for 5-FU. Acceptable linearity was achieved for 

carmofur between the range of 5-1000 ng.mL-1 with a correlation coefficient of 0.9941±0.0028, 

0.9935±0.0016, and 0.9915±0.0017 in brain, liver and kidney tissue homogenate respectively for 
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three replicate analyses. The regression equation was y = (32.7382±6.1777)x + (0.0014±0.0063) 

(brain), y = (32.6676±4.3489)x + (0.0010±0.0054) (liver), and y = (26.7814±10.9393)x + 

(0.0058±0.0117) (kidney) and representative calibration curves are shown in figure 4-7. The 

acceptable linearity was 200-10,000 ng.mL-1 for 5-FU in three replicate analyses with a correlation 

coefficient of 0.9944±0.0012 (plasma), 0.9955±0.0016 (brain), 0.9975±0.0013 (liver), and 

0.9935±0.0040 (kidney). The regression equation was y = (1.0928±0.1878)x + (0.0046±0.0088) 

(plasma), y = (0.7512±0.0918)x + (0.0059±0.0065) (brain), y = (0.6986±0.1096)x + 

(0.0038±0.0084) (liver), and y = (0.5399±0.2616)x + (0.0025±0.0036) (kidney).  Representative 

calibration curves are shown in figure 4-8. 

 

Figure 4-7. Representative calibration curves for carmofur in different tissue homogenates.  
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Figure 4-8. Representative calibration curves for 5-FU in mouse plasma and other tissues.  

4.3.3.3. Matrix effect and recovery efficiency  

Matric effect and recovery efficiency were evaluated for three QC samples: LQC (5 ng.mL-1), MQC 

(100 ng.mL-1), HQC (1000 ng.mL-1) for carmofur and LQC (200 ng.mL-1), MQC (2000 ng.mL-1), HQC 

(10,000 ng.mL-1) for 5-FU. The matrix effect was between 103.36% to 124.70%, 105.78% to 

121.51%, 107.25% to 126.34% in brain, liver, and kidney homogenates for carmofur. The average 

matrix effect was found between 68.89% to 85.15%, 67.05% to 79.20%, 51.77% to 64.75%, and 

63.73% to 77.45% in plasma, brain, liver and kidney homogenates for 5-FU. Recovery was found 

between 98.09% to 100.80%, 84.39% to 87.41%, and 93.24% to 102.63% in brain, liver and kidney 

homogenates for carmofur. The recovery for 5-FU was found between 68.17% to 78.43%, 53.52% 

to 71.59%, 65.95% to 73.41%, and 64.11% to 76.39% in plasma, brain, liver and kidney tissue 
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homogenates. The summary of matrix effect and recovery efficiency is shown in figures 4-9 and 

4-10.  

 

Figure 4-9. Matrix effect and recovery efficiency of carmofur (n=3) in mouse tissues. 
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Figure 4-10. Matrix effect and recovery efficiency of 5-FU (n=3) in mouse plasma and other 

tissues.  

4.3.3.4. Intra-day and Inter-day accuracy and precision 

The three quality control samples for carmofur and 5-FU (HQC, MQC, LQC) were tested in three 

replicates for intra- day accuracy and precision for three consecutive days. The data obtained 

were combined and recalculated for inter-day accuracy and precision. The mean accuracy was 

found to be within ±15% and the precision (%CV) was found to be <15% for all three quality 

samples in all sample types which indicates the accuracy and precision of our developed method. 

The summary of the intra- and inter-day accuracy and precision are summarized in figures 4-11 

and 4-12.   
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Figure 4-11. Intra- and inter-day accuracy and precision for carmofur in mouse tissues.  

 

Figure 4-12. Intra- and inter-day accuracy and precision for 5-FU in mouse plasma and other 

tissues.  

4.3.3.5. Stability  

The stability of carmofur in mouse brain, liver, and kidney tissue homogenate and the stability of 

5-FU in mouse plasma, brain, liver, and kidney tissue homogenate is summarized in figure 4-13. 

We examined four experimental stability conditions at the three quality control (LQC, MQC, HQC) 

concentrations. The mean accuracy (within ±15%) of the QC samples at different conditions such 

as long-term stability (15 days at -80°C), freeze-thaw stability (3 cycles), autosampler stability (24 
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hours), room temperature stability (8 hours) indicates that the method is appropriate and 

acceptable as a bioanalytical method for a tissue drug distribution study.  

 

Figure 4-13. Stability of carmofur and 5-FU in terms of accuracy at different test conditions in 

mouse tissues.  

4.3.4. Biodistribution study of carmofur and 5-FU in mouse model  

The developed and validated LC-MS/MS method was tested successfully for an in vivo drug 

biodistribution study. A total of 21 Swiss-Webster mice were injected intraperitoneally with 

carmofur at a dose of 10 mg.kg-1. The blood, brain, liver and kidney samples were collected at 

the following time points: immediate, (5 min), 20 min, 40 min, 60 min, 120 min, 180 min, and 240 

min. The samples were prepared using the procedure described in section 4.2.5. The prepared 

samples were quantified against freshly prepared calibration curves using the LC-MS/MS 

method. The time-concentration data was imported into GraphPad Prism 9 to prepare the 

pharmacokinetic plots (figure 4-14 to figure 4-20). The tissue pharmacokinetic parameters for 

carmofur and 5-FU were calculated by one-compartmental analysis.  
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Figure 4-14. Concentration-time curve of carmofur in mouse brain after i.p. injection of carmofur 

(10 mg.kg-1). 

 

Figure 4-15. Concentration-time curve of carmofur in mouse liver after i.p. injection of carmofur 

(10 mg.kg-1). 
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Figure 4-16. Concentration-time curve of carmofur in mouse kidney after i.p. injection of 

carmofur (10 mg.kg-1). 

 

Figure 4-17. Concentration-time curve of 5-FU in mouse plasma after i.p. injection of carmofur 

(10 mg.kg-1). 
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Figure 4-18. Concentration-time curve of 5-FU in mouse brain after i.p. injection of carmofur (10 

mg.kg-1). 

 

Figure 4-19. Concentration-time curve of 5-FU in mouse liver after i.p. injection of carmofur (10 

mg.kg-1). 
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Figure 4-20. Concentration-time curve of 5-FU in mouse kidney after i.p. injection of carmofur 

(10 mg.kg-1). 

4.4.  Conclusion  

In this chapter, we have developed a liquid-liquid extraction technique which only require 100 µL 

of plasma or tissue homogenate to simultaneously extract carmofur and 5-FU. We have also 

developed a sensitive and accurate LC-MS/MS method to quantify carmofur and 5-FU in 

biological samples. Thereafter, we have validated our method in terms of specificity, sensitivity, 

accuracy, precision, and stability in a variety of mouse tissues. Finally, we have shown the 

applicability for a drug biodistribution study in mouse plasma, brain, liver, and kidney.  

To the best of our knowledge, this is the first report of carmofur quantification in mouse brain, 

liver, and kidney tissues using an LC-MS/MS method. Herein we also first report to quantify 5-FU 

after the administration of carmofur using an LC-MS/MS method. This is also the first report to 

simultaneously quantify carmofur and 5-FU after the administration of carmofur using a single 

LC-MS/MS run.  



117 
 

We believe our method will help researchers in the field who are interested to perform further 

in vitro and in vivo studies with carmofur using LC-MS/MS method. This chapter will also assist in 

analyte extraction technique development and LC-MS/MS analysis for further pre-clinical and 

clinical studies with carmofur. Researchers who are interested to monitor carmofur and 5-FU in 

biological specimens can also get valuable insights from our study.  
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Chapter-5 

Development of an imaging mass spectrometry (IMS) method for 

bioanalysis of carmofur/5-fluorouracil in mouse brain 

5.1. Introduction  

Matrix assisted laser desorption ionization (MALDI) is a soft ionization technique widely known 

for its ability to ionize intact biomolecules such as proteins which is unlikely with conventional 

mass spectrometry ionization techniques1. The inception of MALDI has enabled to perform label-

free bioanalysis to visualize the spatial distribution of biomolecules, pharmaceuticals, and other 

xenobiotics in tissue sections2. MALDI-MS was first introduced in late 1980s but the first 

successful imaging was performed by the Caprioli group in 19973. Over the next decades, MALDI 

technology has improved in terms of sensitivity, application, spatial resolution, reproducibility, 

and speed4-5. Now-a-days, MALDI-IMS is applicable in organ or biopsy tissue section analysis to 

whole-body imaging4, 6-9.   

The analysis of biodistribution of drugs in different organs and tissues is an important 

consideration during the pre-clinical and clinical development of drugs. Traditional techniques 

such as whole-body autoradiography (WBA) or microautoradiography (MARG) and liquid 

chromatography-mass spectrometry (LC-MS/MS) provides quantitative information about the 

presence of a drug in an organ. Nevertheless, WBA/MARG though very sensitive it suffers from 

the lack of selectivity. LC-MS/MS overcomes the issue of selectivity. However, due to tissue 

homogenization and extraction, no substantial information is achieved in terms of the 
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localization and spatial distribution of the drugs in a tissue sample4, 10. Another technique, 

positron emission tomography (PET) also uses radiolabeling drug compounds prior to 

administration. It provides real-time in vivo imaging. Again, specificity is a concern due to its 

inability to distinguish between the parent drug compound and the metabolites10-11. MALDI-IMS 

provides complementary data that overcomes the lack of selectivity of WBA/MARG/PET and the 

loss of tissue construct by homogenization during LC-MS/MS analysis and hence, very useful in 

screening potential drug analogs during the early stages of drug development.  

Although, there are a few different ionization methods that have been employed in imaging mass 

spectrometric techniques such as secondary ion mass spectrometry (SIMS)12, desorption 

electrospray ionization (DESI)13, laser ablation electrospray ionization (LAESI)14, laser desorption 

ionization (LDI)15, nanostructure initiator mass spectrometry (NIMS)16 etc., MALDI-IMS is 

primarily the most widely used because of it’s enhanced sensitivity over other techniques10. In a 

typical MALDI-IMS experiment, a matrix-substance is spray-coated on the surface of thin (5-

20µm) tissue sections. Matrix substances are small organic compounds such as organic acids or 

bases with high UV-absorptivity. Sinapinic acid (SA), α-cyano-4-hydroxycinnamic acid (CHCA), 9-

aminoacridine (9-AA), and 2,5-dihydroxybenzoic acid (DHB) are some of the commonly used 

MALDI matrices used in the laboratory1, 17. SA is typically used for ionizing high molecular weight 

biomolecules such as proteins, CHCA is used for low-molecular weight proteins or peptides, and 

DHB is used for small molecular weight compounds such as lipids, carbohydrates, and drug 

molecules. 9-AA is used for negative mode ionization18-19. Recently, nanoparticles such as gold 

nanoparticle and silver nanoparticles have been reported as MALDI matrices with low 

background interferences20. The selection of a MALDI matrix is dependent on the type of analyte, 
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the mode of ionization desired, wavelength of the UV laser, and lastly by trial and error. 

Sometimes addition of additives (e.g. acids such as trifluoroacetic acid or inorganic salts) can also 

aid the ionization of the target analytes. The matrix can be applied using automated coating 

instrument such as iMLayer (Shimadzu, Japan) and HTX TM-Sprayer (HTX, USA) or manually using 

a thin-layer chromatography (TLC) sprayer. Application of matrix in solution with organic solvent 

allows extraction of the analytes from the tissue section in the organic solvent and then, the 

analytes and the matrix co-crystallize upon evaporation of the solvent.  

Sample preparation is followed by ionization of the analytes and ion detection. IMS is performed 

by rastering an beam throughout the surface of the tissue section. The irradiated ions are 

separated using a high-resolution mass analyzer or multiple analyzers in tandem (QqTOF or TOF-

TOF etc.). The separated ions are recorded in collected mass spectra at defined x, y coordinates. 

A separate imaging software is used to generate an image or ion map from the dataset of mass 

spectrum wherein each pixel consists of a spectrum10. Images can be generated for any particular 

m/z from either MS1 or MS/MS transition.  

In this work, we used Shimadzu 7090 MALDI-TOF-TOF-MS instrument to understand the spatial 

distribution of carmofur/5-FU in mouse brain. In our previous chapters, we have described LC-

MS/MS based methods to understand the quantitative distribution of carmofur and 5-FU in 

different tissues including the brain. Given our interest in glioblastoma, we are interested to 

understand the tissue localization of carmofur and 5-FU inside the brain in a mouse model. To 

the best of our knowledge, there is no reported MALDI-TOF-MS based method for carmofur and 

5-FU. So herein, we report for the first time a MALDI-TOF-MS based method to understand the 

spatial distribution of carmofur and 5-FU in brain tissue.  
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5.2. Materials and methods  

5.2.1. Chemicals and reagents  

Carmofur was obtained from Tokyo Chemical Co. Ltd (Portland, OR, USA). 5-FU was purchased 

from Millipore Sigma (St. Louis, USA). Different matrix substances such as DHB, CHCA, SA, 9-AA, 

2′,6′-dihydroxyacetophenone (DHAP), 2,4,6- trihydroxyacetophenone (THAP), 2-picolinic acid (2-

PA), 3-hydroxycoumarin (3-HC) and universal MALDI matrix were purchased from Millipore-

Sigma (St. Louis, MO, USA). Standard calibration standard TOF mix kit was obtained from 

Shimadzu Corporation (Kyoto, Japan). All solvents and buffers used were of analytical grades. LC-

MS grade water, acetonitrile, ethanol, and methanol used in this work were obtained from Fisher 

Chemical (MA, USA). Trifluoroacetic acid was procured from Millipore-Sigma (St. Louis, USA). 

Dimethyl sulfoxide (DMSO) was purchased from Millipore Sigma (St. Louis, USA).   PEG E 400 was 

procured from Millipore-Sigma (St. Louis, Mo, USA). Tween 80 was obtained from MP 

Biomedicals (Illkirch, France). Tissue freezing medium (TFM) was purchased from General Data 

Healthcare (OH, US). Phosphate buffered saline (PBS) at pH 7.4 was obtained from Thermo-Fisher 

Scientific (MA, USA).  
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5.2.2. Animal handling  

All animal experimentation was approved by the University of Wisconsin Milwaukee’s (UWM) 

Institutional Animal Care and Use Committee (IACUC) (protocol reference no. 20-21#53). Six-

eight weeks old female Swiss Webster mice was purchased from Charles River Laboratories (MA, 

USA). The animals were housed for at least 3-4 weeks in the Lapham Animal Resource Center 

(ARC) of UWM before performing the experiment. While housed, they were provided with free 

access to food and water and maintained on a 12 h light (7:00 to 19:00) and dark cycle (19:00 to 

07:00) at a temperature of 22±2°C and 60±5% humidity. 

5.2.3. Instruments and conditions  

The collected brain tissue was cryo-sectioned horizontally into 12 µm sections using a Leica C3050 

S Research cryostat (Leica Biosystems, Germany). During the cryosectioning of the tissues the 

cryochamber was set to -20°C and the specimen temperature was kept at between -14°C to -

17°C. The tissue sections were collected into FlexiMass-SRO#TO-432R00 stainless steel MALDI-

MS slides (Shimadzu corporation, Japan) for matrix application and analysis. A 10 mL TLC sprayer 

(Millipore-Sigma, St. Louis, USA) was used for matrix deposition.  

Imaging spectra were collected in reflectron negative mode with a laser power of 90. Acquired 

spectra were converted into cube files and analyzed for images using IonView software 

(Shimadzu corporation, Japan). Images were generated by normalizing to the total matrix ion 

current (m/z 193.38) 

 



125 
 

 For the method development, spot analysis was performed by spotting the drug-matrix solution 

on FlexiMass-SR48 #TO-431R00 stainless steel MALDI-MS slides (Shimadzu corporation, Japan). 

The mass spectrometry data acquisition was performed using Shimadzu 7090 MALDI-TOF/TOF 

instrument (Shimadzu corporation, Japan) equipped with 2 KHz solid-state ultraviolet (UV) laser 

at 355 nm wavelength. The laser diameter was 100 μm and the laser power was scanned between 

40 to 90. The collusion induced gas (CID) used for MS/MS analysis was helium.  

5.2.4. Preparation of tissue samples  

On the assay day, carmofur was administered intraperitoneally at 50 mg/kg (20% DMSO, 10% 

PEG E 400, 5% Tween 80, 65% PBS) concentration. The mouse was euthanized immediately using 

carbon dioxide (CO2) and spinal cord dislocation. The brain tissue was harvested in dry ice and 

brought into cryo-sectioning facility without delay. The tissue was allowed to equilibrate with the 

chamber temperature of the cryo-sectioning instrument before starting cryosectioning. The 

sections were cut into 12 µm thickness and mounted into the MALDI slides using thaw-mount 

technique. The matrix solution (15 mg/mL 9-aminoacridine at 80% v/v in ethanol and water, 10-

15 mL/plate) was sprayed into the tissue sections using a TLC sprayer before analyzing by the 

IMS.  
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5.3. Results and discussions  

5.3.1. Selection of a MALDI matrix  

Selection of an appropriate MALDI matrix is crucial in MALDI IMS to obtain high quality images 

with high spatial resolution21. Initially we tried all the available matrix substances in our 

laboratory to find the right matrix with highest ionization for carmofur. We prepared matrix 

solutions for DHB, CHCA, SA, DHAP, THAP, 2-PA, 3-HC and universal MALDI matrix at a 

concentration of 50 mg/mL in 70% acetonitrile in water with 0.1% TFA. 9-AA matrix solution was 

prepared without TFA and in 70% ethanol solution in water. Saturated solutions with undissolved 

matrix components were centrifuged at 18000 rpm for 5 min and the clear top layer was used 

for matrix application. The carmofur stock solution was prepared at 5000 µg.mL-1 in DMSO which 

was further diluted in acetonitrile to 100 µg.mL-1 for spot analysis. The carmofur and the matrix 

solutions were pre-mixed at 1:1 (v/v) ratio and 1 µL of it was spotted on the MALDI plate. It was 

then allowed to air-dry for matrix-analyte co-crystal formation before MS analysis. Given the low 

molecular weight of our analyte, we chose reflectron mode and scanned between the range m/z 

30-600. Both the positive and negative mode ionization was assessed. Sample MS spectra was 

compared to the matrix MS spectra in search for the analyte peak (Appendix D, Figure D1-D8). 

We found only 9-AA was able to ionize carmofur in negative mode and two distinct peaks at m/z 

256 and m/z 129 were identified for carmofur. MS spectra for carmofur in 9-AA is shown in figure 

5-1. Peak m/z 256 is observed due to the loss of a proton [M-H]-. Peak m/z 129 was found to be 

the dominant peak and that could be attributed to the breakdown of the compound upon laser 

irradiation and releasing the fluorouracil group.  
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Figure 5-1. Mass spectra of carmofur in 9-AA in negative reflectron mode.  

The peak m/z 129 coincides with the 5-FU peak in negative mode analysis (figure 5-2). 5-FU is 

also ionized using 9-AA as the matrix substance.  

 

Figure 5-2. Mass spectra of 5-FU in 9-AA in negative reflectron mode.  

5.3.2. Optimization of instrument parameters 

A successful MALDI method also needs to be optimized for other sample preparation and 

instrument parameters. We have optimized for matrix concentration, laser power, laser 

diameter, spacing between the raster points, mass analyzer modes. 
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5.3.2.1. Matrix concentration  

Typically, MALDI matrix is used at a concentration between 10-50 mg/mL. We looked into the 

optimal matrix concentration that we can use. Previous report from our group used at 15 mg/mL 

of 9-AA in ethanol/water (70/30, v/v) and the solution was needed to be centrifuged at 14,000 

rpm for 5 min to remove the undissolved solids22. Therefore, we initially prepared the matrix 

solution at 10 mg/mL concentration to avoid wasting matrix material due to improper 

dissolution. Later on, we found that the matrix solution can be prepared at 15 mg/mL without 

the need of centrifugation step. To prevent having undissolved solids, the matrix substance needs 

to be dissolved in 100% ethanol first. Upon dissolution, an appropriate amount of water can be 

added to make the final solution with the desired ethanol/water ratio. 20 mg/mL concentration 

can be prepared but then the matrix component precipitates out of the solution over time. 

Therefore, we decided to use 15 mg/mL as the matrix concentration; however, we increased the 

ethanol/water ratio to 80/20 while spraying the tissue section for faster drying and co-

crystallization.  

5.3.2.2. Mass analyzer mode  

During the method development, we explored and evaluated the feasibility of two mass analyzer 

modes ‘reflectron negative’ and ‘refelctron negative MSMS’ to understand the MS and MSMS 

scan of the analytes. While MS analysis for carmofur and 5-FU produces identical m/z 129 peak, 

a successful MSMS analysis can differentiate them. Therefore, during the MSMS scan, we 

selected both m/z 256 & m/z 129 peaks for fragmentation. We identified a m/z 256 to m/z 129 

transition (figure 5-3); however, we could not see the fragment peak during MSMS analysis of 



129 
 

the tissue section analysis. This is due to the low signal intensity of the m/z 256 peak and potential 

fragmentation to m/z 129 upon laser irradiation before entering the fragmentation chamber. 

MSMS analysis of m/z 129 parent ions did not produce any fragment peak for imaging (figure 5-

4). Finally, we decided to use the MS scan for the m/z 129 for imaging purposes due to its 

consistent high intensity among samples and the lack of reproducible signal and low intensity of 

m/z 256.  

 

Figure 5-3. MSMS scan for m/z 256.    

 

Figure 5-4. MSMS scan for m/z 129.  
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5.3.2.3. Laser power  

We investigated the impact of laser power on the ionization of the m/z 129. We explored laser 

power between 40 to 90 with an increment of 10. Intensity of the analyte signal increases with 

the increase of the laser power. It also increases the presence of the background noise level. We 

found laser power 90 works best for ionizing m/z 129 for carmofur spot analysis (figure 5-5) and 

laser power 50 works best for ionizing m/z 129 in 5-FU spot analysis (figure 5-6). Spot analysis is 

performed in the absence of complex mixture of analytes; however, tissue sections are attended 

by lots of endogenous and interfering substances. Therefore, we further optimized laser power 

for tissue analysis. Laser power as low as 50 for tissue section analysis is not enough for good 

signal intensity of compound of interest (carmofur), hence, we investigated laser power 70, 80, 

and 90 for their impact on tissue section analysis (figure 5-7). Finally, we optimized the laser 

power to 90 for rastering the tissue sections. This adjustment in laser power was made due to 

the influence of the tissue components on the ionization of the analyte.  

 

Figure 5-5. Impact of laser power on carmofur (m/z 129) spot analysis.  
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Figure 5-6. Impact of laser power on 5-FU (m/z 129) spot analysis.  

 

Figure 5-7. Impact of laser power on tissue section analysis. The same tissue section is irradiated 

at laser power 70, 80 and 90 where laser power 90 provides greater ionization and hence, better 

images for m/z 129 (red). Blue represents the 9-AA matrix (m/z 193.38).  
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5.3.2.4. Laser diameter and spacing between the raster points  

We used laser diameter of 100 µm for our analysis. We also defined the spacing (X = 100 µm, Y = 

100 µm) between the raster points. Decreasing the laser diameter and the distances between 

the raster points considerably increases the number of points for laser irradiation in the tissue 

section, and hence, it takes substantial long time for data acquisition and post-acquisition data 

analysis. Although it increases the spatial resolution of the images, it comes at a huge cost for 

running the instrument for a long period of time and not feasible when there are a lot of tissue 

sections for analysis. Besides, the set parameters of our method were able to identify and 

generate images during the tissue analysis.  

5.3.3. System suitability check  

We checked the system suitability in terms of selectivity and sensitivity of our proposed method.  

5.3.3.1. Selectivity and sensitivity 

Selectivity is an important consideration of bioanalytical methods because of the presence of 

other endogenous substances. It is important that there are no interfering peaks in the target 

tissue. In order to check the selectivity, we compared i) brain tissue harvested from mouse that 

received no carmofur ii) brain tissue harvested from mouse that received no carmofur-but 

underwent carmofur spiking after cryosectioning, and iii) brain tissue harvested from mouse after 

carmofur administration. The absence of ion m/z 129 in the blank tissues indicates the selectivity 

of our developed method (figure 5-8). 
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Figure 5-8. (a) brain tissue section from mouse after carmofur administration (b) brain tissue 

section that received no carmofur (c) Blank brain tissue spiked with carmofur. m/z 129.17 is in 

red. m/z 193.38 (blue) represents the 9-AA matrix.  

Sensitivity of the method was evaluated by spiking carmofur solution on top of the 12 µm 

sections of the blank brain tissue. We spiked at different concentrations of carmofur to 

understand the instrument sensitivity with regard to concentration gradient (figure 5-9). Given 

that it is a qualitative method, we did not aim at finding the limit of detection.  
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Figure 5-9. Sensitivity of m/z 129 (red) over concentration gradient spiked on tissue section. m/z 

193.38 (blue) represents the 9-AA matrix.  

5.3.4. Analysis of the brain tissue  

Finally, we showed the applicability of our method in analyzing the spatial distribution of 

carmofur/5-FU in mouse brain. Carmofur was administered in three mice intraperitoneally at a 

concentration of 50 mg/kg. The animals were sacrificed immediately after the administration 

because the highest concentration of carmofur was previously observed from LC-MS/MS analysis 

(chapter 4) at this time point. Figure 5-10 represents the distribution of m/z 129 throughout the 

brain. 
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Figure 5-10. Representative sections of mouse brains imaged for m/z 129.17 (red). m/z 193.38 

(blue) represents the 9-AA matrix.  
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Agreement between the LC-MS/MS and MALDI-TOF-MS data confirms and validates the previous 

LC-MS/MS analysis that carmofur can cross the blood-brain barrier (BBB). The ability of carmofur 

to cross the BBB can be very effective in therapeutic development for diseases of the central 

nervous system such as glioblastoma. It is also observed that m/z 129 delocalizes and distributes 

throughout the brain. It is significant for targeting glioblastoma since it can originate from any 

part of the brain such as frontal, temporal, parietal and occipital lobes as well as in the deeper 

structures23.    

Although, analyzing the spatial distribution of carmofur based on m/z 129 cannot differentiate 

whether the analyte is carmofur or it’s active metabolite, 5-FU, it is a valuable indication that 

carmofur or 5-FU is reaching and distributing throughout the brain. Both carmofur and 5-FU have 

independent anticancer properties which can now be established in the future in glioblastoma 

tumor xenograft.  

5.4. Conclusion  

To the best of our knowledge, this is the first report of MALDI-TOF-MS method for bioanalysis of 

carmofur or 5-FU. Herein, we have developed the MALDI-TOF-MS method and showed the 

applicability by analyzing mouse brain tissues. This report reinforces and validates the LC-MS/MS 

analysis described in the previous chapter that carmofur can cross the blood-brain-barrier. 

Moreover, this method can be used for analyzing the spatial distribution of 5-FU after 

administration of 5-FU based any other pro-drugs as well such as capecitabine, tegafur etc.  
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6. Appendices 

6.1. Appendix A: The Development and validation of an LC-MS/MS method for 

quantitative bioanalysis of carmofur in mouse plasma and its application to 

pharmacokinetic study 

 

Figure A1. Optimization of drying gas flow rate. 

 

Figure A2. Optimization of nebulizing gas flow rate. 

 

Figure A3. Optimization of Ion source temperature. 
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Figure A4. Optimization of DL temperature. 

 

Figure A5. Optimization of Dwell time. 

 

Figure A6. Optimization of DL to ESI probe distance.  
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Figure A7. Optimization of mobile phases. 

 

Figure A8. Carmofur peak (m/z 256.25 to m/z 129.00) at the lower limit of detection (LOD).  

 

Figure A9. Carmofur peak (m/z 256.25 to m/z 129.00) at the lower limit of quantification (LOQ). 
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6.2. Appendix B: Development and Validation of LC-MS/MS method with 

application to parallel artificial membrane permeability assay (PAMPA) and 

permeability assessment of acid ceramidase inhibitors 

 

Figure B1. Mass chromatogram shows significant carryover upon verapamil analysis.  

 

Figure B2. A representative calibration for verapamil in 5% DMSO in PBS solution.  
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6.3. Appendix C: Simultaneous quantitative bioanalysis of carmofur and 5-

fluorouracil by LC-MS/MS with an application to drug distribution study in mouse 

 

Figure C1. Representative chromatograms of a) extracted blank plasma b) blank plasma spiked 

with 5-FU and IS c) plasma collected after i.p. administration of carmofur.  
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Figure C2. Representative chromatograms of a) extracted brain homogenate b) blank brain 

homogenate spiked with carmofur, 5-FU and IS c) brain homogenate collected after i.p. 

administration of carmofur.  

 

Figure C3. Representative chromatograms of a) extracted liver homogenate b) blank liver 

homogenate spiked with carmofur, 5-FU and IS c) liver homogenate collected after i.p. 

administration of carmofur.  
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Figure C4. Representative chromatograms of a) extracted kidney homogenate b) blank kidney 

homogenate spiked with carmofur, 5-FU and IS c) kidney homogenate collected after i.p. 

administration of carmofur.  
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Figure C5. Representative mass chromatograms of a blank sample after running  Carmofur HQC 

samples in brain, liver, and kidney tissue homogenate. 

 

Figure C6. Representative mass chromatograms of blanks after running a 5-FU HQC sample in 

plasma, brain, liver, and kidney tissue homogenate 
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6.4. Appendix D: Development of an imaging mass spectrometry (IMS) method for 

the bioanalysis of carmofur/5-fluorouracil in mouse brain 

 

 

 

Figure D1. Mass spectra of carmofur in DHAP in reflectron positive mode.  

 

Figure D2. Mass spectra of carmofur in SA in reflectron positive mode.  
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Figure D3. Mass spectra of carmofur in universal MALDI matrix in reflectron positive mode.  

 

Figure D4. Mass spectra of carmofur in 3-HC in reflectron positive mode.  

 

Figure D5. Mass spectra of carmofur in CHCA in reflectron positive mode.  
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Figure D6. Mass spectra of carmofur in universal MALDI matrix in reflectron negative mode.  

 

Figure D7. Mass spectra of carmofur in CHCA matrix in reflectron negative mode.  

 

Figure D8. Mass spectra of carmofur in DHB matrix in reflectron negative mode.  
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Figure D9. MSMS scan image for m/z 256 to m/z 129.0 transition in MALDI-TOF-TOF-MS with 

elevated level of noise. 
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• Provided mass spectrometry support for the identification and structural 
elucidation of small molecules in natural extracts and food products 

• Developed solid phase extraction-based sample preparation techniques 
for complex matrices 

• Developed quantitative LCMS methods  

• Prepared reports and updated clients on due timeline 
 

Fall 2019 

Graduate Research and Project Assistant 
Mirza lab, University of Wisconsin-Milwaukee, United States 

• Continued graduate dissertation research on bioanalytical method 
development and validation for identifying and quantifying small 
molecules to understand their in vitro and in vivo permeability and 
distribution in different biological tissues 

• Trained the new graduate students and post-doctoral researchers of the 
lab on operation of analytical instruments such as LC-MS/MS, MALDI-TOF-
TOF-MS etc.  

• Established the functional laboratory space and the standard operating 
procedures (SOPs) 

• Acted as the safety officer of the lab. Provided training to the lab 
members on chemical hygiene plan, inventory management, hazardous 
waste management and represented the lab during the annual lab safety 
inspection 
 

Summer 2019, Fall 2020, Spring 
2021 

 
 
 
 
 
 
 
 
 
 
 
 
 

 



153 
 

Before UWM:  
 
Officer, R&D Formulation  
Incepta Pharmaceutical Limited, Bangladesh 

• Developed formulations in lab scale for sixteen drug products such as 
immediate release tablets, immediate release capsules and dry-powder 
inhalers 

• Overseen the commercial scale up, process optimization and validation 
 

March 2016 - December 2016 

Management Trainee 
Radiant Pharmaceuticals Limited, Bangladesh (Licensee of F. Hoffmann La Roche 
Limited, Switzerland) 

• Supervising day-to-day manufacturing operations 

• Representing the company during quality audits from regulatory 
authorities  
 

August 2014-December 2014 

Intern  
Sanofi Bangladesh Limited, Bangladesh  

• Trained up on large scale manufacturing and quality assurance 

• Industrial management ensuring environment, health and safety 

March 2014-April 2014 

 

Teaching Experiences: 

Graduate Teaching Assistant for General and Analytical Chemistry   
Department of Chemistry & Biochemistry, University of Wisconsin-Milwaukee  
Courses Taught:  

• CHEM 102 (General Chemistry I) lab and discussion: Five semesters 

• CHEM 221 (Elementary Quantitative Analysis) lab: Four semesters 

• CHEM 782 (Liquid Chromatography-Mass Spectrometry Fundamental 
and Applications): Three semesters. Assisted the instructor in sample 
preparation and teaching for the laboratory class 

 

2017-May 22, 2022 

Mentor to the New Graduate Teaching Assistants  
Department of Chemistry & Biochemistry, University of Wisconsin-Milwaukee, 
USA 
Role: Guiding the new graduate students to be efficient TAs 
 

2018, 2019, 2021 

Research Mentor to Undergraduate Students and Volunteers 
Mirza Lab, University of Wisconsin-Milwaukee, USA 
Role: Mentored 10 undergraduate students and volunteers to instruct them on 
bench work, instrumentation, poster presentation and writing reports and 
manuscript. One of them co-authored in a publication 
 

2017-Present 

Publications: 

Profiles: Google Scholar, ORCID 

Published:  

01. Rajaratnam, V. †; Islam, M. M. †; Yang, M.; Slaby, R.; Ramirez, H. M.; Mirza, S. P. Glioblastoma: Pathogenesis and 

Current Status of Chemotherapy and Other Novel Treatments. Cancers (Basel) 2020, 12 (4), 937. (shared † Co-first 

author)  

02. Stetson, L. C.; Ostrom, Q. T.; Schlatzer, D.; Liao, P.; Devine, K.; Waite, K.; Couce, M. E.; Harris, P. L. R.; Kerstetter-

Fogle, A.; Berens, M. E.; Sloan, A. E.; Islam, M. M.; Rajaratnam, V.; Mirza, S. P.; Chance, M. R.; Barnholtz-Sloan, J. S. 

Proteins inform survival-based differences in patients with glioblastoma. Neuro-Oncology Advances 2020, 2 (1), vdaa039  

https://scholar.google.com/citations?user=N--pLJAAAAAJ&hl=en
https://orcid.org/0000-0001-6248-3229
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Submitted:  

 

03. Islam, M. M.; Mirza S.P. Versatile use of Carmofur: A comprehensive review from discovery to the clinic.  

Others (non-peer-reviewed): 

01. Boshra SN, Islam M. M., Griffiths MD. The demography and apparent risk factors of COVID-19-related suicides in 

Bangladesh in a seven-month period of the pandemic. medRxiv. 2020; doi:10.1101/2020.08.11.20171272 (pre-print; 

cited 6 times)  

02. Islam M. M., Boshra SN. Writing the GRE General Test at Home: Perspective of Bangladesh. Science. 2020; 

https://science.sciencemag.org/content/368/6498/1414/tab-e-letters (e-letter) 

Conference Presentations:  

Poster Presentations: 

01. Islam M. M., Mirza, S. P. Development and validation of LC-MS/MS method for quantitative bioanalysis of carmofur 

in rat plasma. ACS Meeting Spring 2021. DOI: https://doi.org/10.1021/scimeetings.1c00668  

02. Islam M. M., Rajaratnam V., Mirza, S. P. PAMPA-BBB permeability of acid ceramidase inhibitors using LC-MS/MS and 

UV-Vis spectrophotometry. ACS Meeting Spring 2021. DOI: https://doi.org/10.1021/scimeetings.1c00669  

03. Islam M. M., Mirza, S. P. Simultaneous quantitative bioanalysis of carmofur and 5-fluorouracil by LC-MS/MS with an 

application to drug distribution study in mice. ASMS Conference 2021 (Philadelphia, USA)  

04. Islam M. M., Mirza, S. P. Qualitative and quantitative bioanalysis of carmofur and 5-fluorouracil using tandem mass 

spectrometry. ACS Meeting Spring 2022 (San Diego, USA) 

05. Islam M. M., Mirza, S. P. In Vivo Identification and Quantification of Carmofur and 5-Fluorouracil using LC-MS/MS 

and MALDI-TOF-MS. Pittcon Conference 2022 (Atlanta, USA) (Oral conferred into poster due to conference cancellation) 

06. Kub E.F., Islam M. M. et al. Comprehensive Characterization of Ceramides in Glioblastoma using Mass Spectrometry. 

ASMS Conference 2022 (Minneapolis, MN) (Abstract Accepted)  

Reviewer Experiences:  

Peer-reviews performed: 14 (Publons) Journals reviewed for: Analytical Letters (Taylor & Francis), Molecules (MDPI), 

Amino Acids (Springer-Nature), Journal of Public Health (Oxford University Press), Breast Disease (IOS press), Evidence-

based Complementary and Alternative Medicine (Hindawi)  

Awards & Recognition:  

01. Graduate student spotlight-Spring 2022 Newsletter, UWM Chemistry & Biochemistry 

02. Chancellor’s Graduate Student Award in Chemistry (seven times) (2017-2021) 

03. Eurofins Award in Analytical Chemistry (2019) 

04. Graduate School Travel Assistance Award (Twice) (2021) 

05. TA mentorship travel award (2018, 2019, 2021, 2022) 

06. UWM student association travel award (2020) 

07. Chemistry & Biochemistry Graduate Student Council travel award (2017, 2018, 2019) 

08. Nomination to distinguished graduate student fellowship (2019)  

09. 2021-2022 Chemistry Alumni Graduate Research Award (2022) 

Society Membership:  

01. American Chemical Society (2018-Present) 

02. American Society for Mass Spectrometry (2018-Present) 

03. American Association of Pharmaceutical Scientists (2022-Present) 

04. American Association for Cancer Research (2022-Present) 

https://publons.com/researcher/3479844/mohammad-mohiminul-islam/
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Volunteer Works:  

01. Judge, Chemistry Undergraduate Poster Session (2017, 2018) 

02. Organizer: Chemistry Annual Research Symposium & Awards Day, Holiday Gathering, Departmental Picnic (2018-

2020) 

03. Volunteer: Milwaukee Analytical Chemistry Conference, Graduate School Open House, Majors’ Day (2018, 2019) 

04. Committees served: Chemistry & Biochemistry Graduate Student Council, Student Association (Senator), Graduate 

Faculty Committee, Senate Finance Committee, Graduate Student Representation Committee (2017-2020)  

05. Judge, UWM Undergraduate Research Symposium (2022) 

Professional Licenses: 

01. Registered Pharmacist* with Pharmacy Council of Bangladesh (2015-2020)   

*Renewal would need physical presence in the country  

 


