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Abstract 

 
Thiopurine drugs such as azathioprine, mercaptopurine and thioguanine are immunomodulatory 

antimetabolites used for the treatment of lymphoblastic leukemia, autoimmune disorders and for anti-

rejection therapy. They can present dose-dependent adverse effects in patients, related to inter-

individual differences in the activity of enzymes involved in their biotransformation, mainly 

thiopurine-S-methyltransferase (TPMT). Surface Enhanced Raman Scattering (SERS) spectroscopy is 

an analytical method that can be used to detect the presence of low-abundance molecules and to analyze 

the composition of complex biological matrices, offering many advantages such as affordable cost, 

short analysis times and easy sample preparation, in comparison to the most employed methods for 

pharmacokinetic analysis of drugs, such as HPLC and mass spectrometry.  

In the first part of the thesis, we applied the SERS spectroscopy technique to evaluate thiopurines 

pharmacokinetics in IHH wild-type cell line, after in vitro treatment with azathioprine and 

mercaptopurine at a concentration giving the 50% of the effect (EC50) after 96 hours of drug exposure. 

IHH wild-type cell line was chosen as a representative model of the liver tissue important for thiopurine 

metabolism and possible target of adverse effects. From the SERS spectra obtained for the azathioprine 

and mercaptopurine treated IHH wild-type cell lysates it was clear that the drug treatment caused 

considerable changes from the characteristic spectrum of the untreated cell lysate. The results showed 

that the levels of thioguanosine nucleotides metabolites (TGN) and thioinosinic metabolites formed by 

in vitro metabolism increased in the cytosol over time from 12 to 48 hours. Once it was confirmed that 

SERS technique could be useful for the detection of thiopurine metabolites derived from in vitro 

metabolism in cell lysates, the study continued to investigate mercaptopurine pharmacokinetic by 

SERS in cell lysate of IHH cell line that did (ITPA) and did not (MOCK) overexpress the wild-type 

form of inosine triphosphate pyrophosphatase (ITPA) as an in vitro model to evaluate the influence of 

the different ITPA activity level on thiopurine metabolism on the base of modifications in the 

metabolites’ profile outcome. Despite MTT test did not highlight statistically significant differences in 

terms of sensitiveness to mercaptopurine between IHH ITPA and IHH MOCK, SERS analysis results 

seemed to confirm a difference in the metabolites’ outcome of thiopurine in vitro metabolism in IHH 

ITPA compared to IHH MOCK. Results showed higher signal intensities for thioguanosine nucleotides 

(TGN) and for thioinosinic metabolites formed in the cytosol of IHH ITPA after 24 and 48 hours of 

drug exposure. 

Subsequently, a human B-lymphoblastoid cell line (NALM6) with heterologous expression of the wild-

type form of TPMT (NALM6 TPMT*1) was used to evaluate the influences of TPMT overexpression 

on thiopurine biotransformation after in vitro treatment with mercaptopurine and thioguanine (EC50 

at 72 hour and an intermediate concentration, calculated as the mathematical mean between the EC50 
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of NALM6 MOCK and NALM6 TPMT*1). Samples have been also analyzed by mass spectrometry 

in collaboration with Prof. U. Hofmann and Prof. M. Schwab of Dr. Margaret Fischer Bosch Institute 

of Clinical Pharmacology in Stuttgart (Germany). Results underlined decreased levels of TGN and 

increased levels of methylated metabolites when TPMT was over expressed, both after mercaptopurine 

and thioguanine treatments. A direct SERS detection method has been set up that could be a tool to 

study thiopurine drug pharmacokinetics in in vitro cellular models to qualitatively discriminate 

between cells that do and do not overexpress the TPMT enzyme, as an alternative to other more 

laborious techniques. In future studies, this method could be applied to investigate TPMT activity in 

patients’ and it could be applied to study other enzymes involved into thiopurine metabolism. 

In the subsequent part of the thesis we aimed to detect thiopurine metabolites in biological matrices 

different from cell lysate, which has been considered until now. Particularly, we focused on the 

detection of TGN in erythrocyte (RBCs) lysate and lastly on the detection of thioguanine incorporated 

into DNA (as deoxy-thioguanosine) after in vitro treatment of NALM6 MOCK (EC50 at 72 hours) 

with the aim to investigate if SERS technique could be useful to do quali-quantitative analysis  

beneficial for therapeutic drug monitoring (TDM) or for the evaluation of patients’ compliance to 

thiopurine therapy. A calibration line of TGN in RBCs lysates was obtained using a range of 

concentration between 2 x 10-7 M and 2 x 10-6 M, useful for TDM of thiopurines, with a R-squared of 

0.97. In the future, this protocol could be subjected to a validation process by comparison to mass 

spectrometry or HPLC validated methods and hopefully used to perform TDM in patients treated with 

thiopurines with a significant reduction in costs and time. Lastly, preliminary results confirmed SERS 

technique is capable to distinguish the natural nucleosides from each other and also from deoxy-

thioguanosine. Deoxy-adenosine was the only natural nucleoside visible in the SERS spectra of 

nucleoside samples obtained from DNA of untreated and treated NALM6 MOCK. It was also possible 

to detect deoxy-thioguanosine in samples of nucleosides of treated NALM6 MOCK for 24 and 48 

hours with thioguanine. Future studies are needed to elucidate the applicability of this SERS method 

to the analysis of thioguanine incorporation in leukocytes DNA of patients. 
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Riassunto 

 
I farmaci tiopurinici come l'azatioprina, la mercaptopurina e la tioguanina sono antimetaboliti 

immunomodulatori utilizzati per il trattamento della leucemia linfoblastica, delle malattie autoimmuni 

e per la terapia antirigetto. Possono presentare effetti avversi dose-dipendenti nei pazienti, correlati a 

differenze interindividuali nell'attività degli enzimi coinvolti nella loro biotrasformazione, 

principalmente la tiopurina-S-metiltransferasi (TPMT). La spettroscopia Surface Enhanced Raman 

Scattering (SERS) è un metodo analitico che può essere utilizzato per rilevare la presenza di molecole 

a bassa concentrazione e per analizzare la composizione di matrici biologiche complesse, offrendo 

molti vantaggi come costi accessibili, tempi di analisi brevi e facile preparazione del campione, rispetto 

ai metodi più utilizzati per l’analisi della farmacocinetica come la cromatografia liquida ad alta 

prestazione (HPLC) e la spettrometria di massa. 

Nella prima parte della tesi, abbiamo applicato la tecnica della spettroscopia SERS per valutare la 

farmacocinetica delle tiopurine nella linea cellulare IHH wild-type, dopo trattamento in vitro con 

azatioprina e mercaptopurina ad una concentrazione che produce il 50% dell'effetto massimale (EC50) 

dopo 96 ore di esposizione al farmaco. La linea cellulare IHH wild-type è stata scelta come modello 

rappresentativo del tessuto epatico importante per il metabolismo delle tiopurine e possibile bersaglio 

di effetti avversi. Dagli spettri SERS ottenuti per i lisati di cellule IHH wild-type trattati con azatioprina 

e mercaptopurina è emerso che il trattamento farmacologico causa notevoli cambiamenti rispetto allo 

spettro caratteristico del lisato non trattato. I risultati hanno mostrato che i livelli citosolici dei 

metaboliti dei nucleotidi della tioguanosina (TGN) e dei metaboliti tioinosinici formati dal 

metabolismo in vitro sono aumentati nel tempo, da 12 a 48 ore. Una volta confermato che la tecnica 

SERS potrebbe essere vantaggiosa per la rilevazione dei metaboliti delle tiopurine derivati dal 

metabolismo in vitro nei lisati cellulari, lo studio ha continuato a studiare la farmacocinetica della 

mercaptopurina mediante SERS nel lisato cellulare della linea IHH che sovraesprime (ITPA) e non 

sovraesprime (MOCK) la forma wild-type dell'inosina trifosfato pirofosfatasi (ITPA) come modello 

cellulare in vitro per valutare l'influenza del diverso livello di attività di ITPA sul metabolismo delle 

tiopurine sulla base delle modifiche nel profilo dei metaboliti prodotti. Nonostante il test MTT non 

abbia evidenziato differenze statisticamente significative in termini di sensibilità alla mercaptopurina 

tra IHH ITPA e IHH MOCK, i risultati delle analisi SERS sembrano confermare una differenza 

nell'esito del metabolismo in vitro della mercaptopurina nelle IHH ITPA rispetto a IHH MOCK. I 

risultati hanno mostrato intensità di segnale più elevate per i nucleotidi della tioguanosina (TGN) e i 

metaboliti tioinosinici formati nel citosol delle IHH ITPA dopo 24 e 48 ore di esposizione al farmaco. 

Successivamente, una linea cellulare linfoblastoide B umana (NALM6) con sovraespressione della 

forma wild-type di TPMT (NALM6 TPMT*1) è stata utilizzata per valutare le influenze di TPMT sulla 
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biotrasformazione delle tiopurine dopo trattamento in vitro con mercaptopurina e tioguanina (EC50 a 

72 ore e concentrazione intermedia, calcolata come media matematica tra EC50 delle NALM6 MOCK 

ed EC50 delle NALM6 TPMT*1). I campioni sono stati analizzati anche mediante spettrometria di 

massa in collaborazione con il Prof. U. Hofmann e il Prof. M. Schwab dell'Istituto di Farmacologia 

Clinica Dr. Margaret Fischer Bosch di Stoccarda (Germania). I risultati hanno evidenziato livelli ridotti 

di TGN e livelli aumentati di metaboliti metilati quando il TPMT era sovraespresso, sia dopo i 

trattamenti con mercaptopurina che con tioguanina. È stato possibile mettere a punto un metodo di 

rilevamento SERS diretto che potrebbe essere uno strumento utile per studiare la farmacocinetica delle 

tiopurine in modelli cellulari in vitro per discriminare qualitativamente tra cellule che esprimono e non 

sovraesprimono l'enzima TPMT, in alternativa ad altre tecniche più laboriose. In studi futuri, questo 

metodo potrebbe essere applicato per studiare l'attività di TPMT nei pazienti e potrebbe essere 

applicato per studiare altri enzimi coinvolti nel metabolismo delle tiopurine. 

Nella parte successiva della tesi ci siamo proposti di rilevare i metaboliti delle tiopurine in matrici 

biologiche diverse dal lisato cellulare, considerato fino ad ora. In particolare, ci siamo concentrati sulla 

rilevazione dei TGN nel lisato di eritrociti (RBCs) e infine sulla rilevazione della tioguanina 

incorporata nel DNA (come deossi-tioguanosina) dopo trattamento in vitro di NALM6 MOCK (EC50 

a 72 ore) con l'obiettivo di indagare se la tecnica SERS potrebbe essere utile per effettuare analisi quali-

quantitative adatte per il monitoraggio terapeutico dei farmaci (TDM) o per la valutazione della 

compliance dei pazienti alla terapia con tiopurine. Una linea di calibrazione per i TGN in lisato di 

RBCs è stata ottenuta utilizzando un intervallo di concentrazione compreso tra 2 x 10-7 M e 2 x 10-6 

M, utile per TDM delle tiopurine, con un R2 di 0,97. In futuro, questo protocollo potrebbe essere 

sottoposto a un processo di convalida rispetto a metodi convalidati di spettrometria di massa o HPLC 

e, si spera, utilizzato per eseguire il TDM nei pazienti trattati con tiopurine, con una notevole riduzione 

di costi e tempi. Infine, risultati preliminari hanno confermato che la tecnica SERS è in grado di 

distinguere i nucleosidi naturali l'uno dall'altro e anche dalla deossi-tioguanosina. La deossi-adenosina 

era l'unico nucleoside naturale visibile negli spettri SERS dei campioni di nucleosidi ottenuti dal DNA 

di NALM6 MOCK non trattate e trattate con tioguanina. È stato anche possibile rilevare la deossi-

tioguanosina in campioni di nucleosidi di NALM6 MOCK trattati per 24 e 48 ore con tioguanina. Studi 

futuri saranno necessari per chiarire l'applicabilità di questo metodo SERS all'analisi 

dell'incorporazione della tioguanina nel DNA dei leucociti dei pazienti. 
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List of acronyms 
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1. Introduction 

 
1.1 Thiopurines 

 

1.1.1 Thiopurine drugs 

 

Thiopurine drugs azathioprine, mercaptopurine and thioguanine are purine analogs 

immunosuppressive agents used for the treatment of acute lymphoblastic leukemia (ALL) and 

autoimmune disorders such as inflammatory bowel diseases (IBD) and to prevent rejection after organ 

transplantation 1.  

Azathioprine is a prodrug, an imidazole derivative of mercaptopurine, which is well absorbed in the 

gastrointestinal tract following oral administration. Azathioprine was identified as the most successful 

compound resulting from studies of structural modifications of mercaptopurine, aimed at protecting 

the sulfur of mercaptopurine from oxidation and hydrolysis reactions by adding protective groups. 

Azathioprine, in particular, has a nitro protective group in an ortho position subject to nucleophilic 

attack: in erythrocytes (RBCs) and other tissues the glutathione reacts with azathioprine releasing 

mercaptopurine 2. 

The highest plasma concentration of azathioprine is reached 1-2 hours after administration and its 

plasma half-life is about 10 minutes due to the first pass effect.  

The half-life of its metabolites is a few days or more, except for mercaptopurine whose half-life is 

about 1 hour 3. Azathioprine is rapidly removed from the bloodstream through hepatic metabolism and 

from RBCs through oxidation and methylation processes 4. 

The plasma concentration value is affected by the intense metabolism of the drug but also by the 

binding to plasma proteins (usually about 20-30%). The therapeutic usage of azathioprine includes 

rheumatoid arthritis, IBD such as Crohn's disease and ulcerative colitis, and anti-rejection transplant 

prophylaxis. 

Side effects occur in about 15% of patients and are dependent to dose, duration of administration and 

co-presence of other diseases or therapies. 

The most frequent side effects are the depression of the bone marrow function (myelotoxicity) which 

manifests with leukopenia, anemia, thrombocytopenia 5. 

About 50% of patients treated at normal doses of azathioprine develop leukopenia. Other adverse 

reactions are an increased susceptibility to infections, hepatotoxicity, alopecia, gastrointestinal toxicity, 

pancreatitis and an increased risk of developing cancer 4. 

Mercaptopurine is a purine analog of hypoxanthine used primarily in the treatment of ALL in children. 

In particular, mercaptopurine is useful in inducing remission and is indicated in maintenance therapy 
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thanks to its immunosuppressive and antiblastic action, following enzymatic modifications that lead to 

the formation of the active thioguanosine nucleotides (TGN) metabolites. 

Absorption following oral administration is incomplete (about 10-50%) with extensive first pass effect 

4 and half-life is between 55 and 90 minutes, with clearance of 5000 ml · min- 1 m-2. For intravenous 

administration the half-life is approximately 50 minutes with clearance of 700 ml · min-1 · m-2. 

The half-life of mercaptopurine is determined by a rather rapid uptake in RBCs and other tissues 4. 

Among its main side effects, mercaptopurine can present myelosuppression with depression of the 

hematopoietic function of the bone marrow (thrombocytopenia, granulocytopenia, anemia). Anorexia, 

nausea or vomiting also occur in approximately 25% of adult patients. 

Temporary impairment of liver function occurs in approximately 33% of adult patients treated with 

mercaptopurine, but usually resolves upon discontinuation of therapy. Furthermore, mercaptopurine 

exhibits teratogenic effects during the first trimester of pregnancy 6. 

Thioguanine is a purine antimetabolite analogue of guanine. It was synthesized before mercaptopurine, 

with respect to which it turned out to be more active, but more toxic. The difficulty of synthesis of 

thioguanine led to study its mechanism of action and metabolic pathway later than mercaptopurine 2. 

Thioguanine is mainly used for the treatment of acute and chronic myeloid leukemia, ALL and IBD. 

This drug is administered orally and has an half-life of approximately 80 minutes with a maximum 

concentration approximately 8 hours after administration. The half-life is short due to the intense first 

pass effect. The predominant side effects occur at the level of bone marrow suppression and liver 

function. 

 

1.1.2 Thiopurine pharmacokinetics  
 

Thiopurines are inactive prodrugs that require intracellular activation, catalyzed by various enzymes, 

to be able to exert their cytotoxicity (Figure 1). Azathioprine is spontaneously metabolized to 

mercaptopurine through a non-enzymatic reaction with glutathione even if the presence of the enzyme 

glutathione-S-transferase (GST) increases its rate of formation, in fact, in pediatric patients with IBD, 

the deletion of the GST-M1 gene has been associated with a lower sensitivity to azathioprine and a 

reduced production of active metabolites 7. Transport of mercaptopurine into cells involves the Na+ 

dependent membrane transporters SLC28A2, SLC28A3, SLC29A1 and SLC29A2. Mercaptopurine is 

first converted into thioinosine monophosphate (TIMP) by the enzyme hypoxanthine 

phosphoribosyltransferase (HPRT1). The biotransformation of thioinosine triphosphate (TITP) into 

TIMP is carried out by the enzyme inosine triphosphate pyrophosphatase (ITPA) avoiding the 

accumulation of the potentially toxic TITP. Through two consecutive enzymatic steps, catalyzed by 

inosine monophosphate dehydrogenase type 1 (IMPDH1) and guanosine monophosphate synthetase 
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(GMPS), TIMP is finally converted to become TGN (i.e. 6-thio-guanosine monophosphate, TGMP; 6-

thio-guanosine diphosphate, TGDP and 6-thio-guanosine triphosphate, TGTP) which are responsible 

for the cytotoxicity of thiopurines because of their incorporation into nucleic acids 8. A second 

metabolic pathway involving mercaptopurine leads to the formation of 6-thiouric acid, an inactive 

metabolite, via an oxidation reaction of  by xanthine dehydrogenase (XDH) in the liver and intestine. 

The less complex transformation of thioguanine into TGN occurs directly via HPRT1. Another 

metabolic pathway consists in the conversion of thiopurines by the cytosolic enzyme thiopurine S-

methyltransferase (TPMT) into inactive methylated bases methylmercaptopurine (MeMP) and 

methylthioguanine (MeTG) which are poor substrates of HPRT1, but also into methylthioguanine 

nucleotides (MeTGMP, MeTGDP, MeTGTP) and methylmercaptopurine ribonucleotides (MeTIMP, 

MeTIDP, MeTITP) from mercaptopurine and thioguanine respectively 9,10.  
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Figure 1. Thiopurine pathway 11. ABCC4, multidrug resistance-associated protein 4; ABCC5, multidrug resistance-

associated protein 5; ADA, adenosine deaminase; ADK, adenosine kinase; AdoHcy , S- adenosylhomocysteine; AdoMet, 

S-adenosyl-methionine; AHCY, S-adenosylhomocysteine hydrolase; AOX1, aldehyde oxidase 1; GAR, glycinamide 

ribotide; GART, phosphoribosylglycinamide formyltransferase; GMPS, guanosine monophosphate synthetase; GSTA1, 

glutathione-S-transferase A1; GSTA2, glutathione-S- transferase A2; GSTM1, glutathione-S-transferase M1; HPRT1, 

hypoxanthine guanine phosphoribosyltransferase 1; IMPDH1, inosine monophosphate dehydrogenase type 1; ITPA, 

inosine triphosphatase pyrophosphatase; MeMP , methylmercaptopurine; meMPR, 6-methylmercaptopurine riboside; 

MeTGMP, methyl-thioguanosine monophosphate; MeTIMP, methyl-thioinosine monophosphate; MPR, 6-mercaptopurine 

riboside; NT5E, nucleotidase, ecto-5-prime; NUDT15, Nudix Hydrolase 15; 8-OHTG, 8-hydroxythioguanine; PPAT, 

phosphoribosyl pyrophosphate amidotransferase; PRA, 5-phosphoribosylamine; PRPP, 5-phospho-D-ribose- 1-

pyrophosphate; PRPS1, phosphoribosyl pyrophosphate synthetase 1; RAC1, ras-related C3 botulinum toxin substrate 1; 

SLC28A2, solute carrier family 28, member 2; SLC28A3, solute carrier family 28, member 3; SLC29A1, solute carrier 

family 29, member 1; SLC29A2, solute carrier family 29, member 2; TdGDP, 6-thio- deoxy-guanosine diphosphate; 

TdGTP , 6-thio-deoxy-guanosine triphosphate; TGDP , 6-thio-guanosine diphosphate; TGMP, 6-thio-guanosine 

monophosphate; TGTP, 6-thio-guanosine triphosphate; TIDP, thioinosine diphosphate; TIMP, thioinosine monophosphate; 

TITP , thioinosine triphosphate; TPMT, thiopurine S-methyltransferase; TXMP , thioxanthosine monophosphate; XDH, 

xanthine dehydrogenase.  

1.1.2.1 Enzymes involved in thiopurine metabolism  
 

Thiopurine drugs exhibit a complex metabolism that involves the intervention of multiple enzymes, 

many of which are encoded by polymorphic genes. The presence of allelic variants affecting enzymes 

results in a variable response to the drug depending on the patient's genotype and could result in dose-

dependent adverse drug reactions 1.  

TPMT is an ubiquitous cytosolic enzyme responsible for the formation of methylated thiopurines 

metabolites and its activity level is also related to TGN cytoplasmic concentration 12. Low TPMT 

activity is associated to an increased risk of developing severe adverse effects to thiopurine treatment. 

In particular, patients with low TPMT activity have higher risk of encountering hematologic toxicity, 

due to the accumulation of TGN 13. On the other hand, has not been demonstrated that  high TPMT 

activity could lead to treatment resistance due to subtherapeutic TGN levels, while studies have 

suggested it could lead to hepatotoxicity due to high MeMP ribonucleotides concentrations 14. In the 

Caucasian population, about 90-95 % of individuals present the wild-type TPMT*1 genotype for both 

alleles which results in normal enzymatic activity, 5-10% have the heterozygous genotype showing 

decreased enzyme activity, while in homozygous individuals (0.5%) the enzymatic activity is not 

detectable 15,16. To date, no established ultra‐rapid TPMT allele of the TPMT gene has been identified 

as relevant for tolerance of thiopurine treatment. However, some studies have described that variable 

tandem repeats in the TPMT promoter could affect TPMT gene transcription levels 14,17. Only few 

alleles, such as TPMT*2 and TPMT*3, are considered clinically relevant, since they account for the 
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majority of TPMT deficiency in Caucasians 18. TPMT*2 (rs1800462) is defined by the 238G>C 

transversion, TPMT*3 family alleles are defined by the SNPs 460G>A (rs1800460) and 719A>G 

(rs1142345), in particular TPMT*3A is characterized by both 460G>A and 719A>G transitions, 

TPMT*3B corresponds to the SNP rs1800460 and TPMT*3C to the SNP rs1142345 19. Before starting 

therapy with thiopurines, drug regulatory agencies such as Food and Drug Administration (FDA) 

recommended to evaluate TPMT genetic status or activity level, while the American College of 

Gastroenterology indicates phenotyping as the first choice for patients suffering from IBD with the 

purpose to identify individuals with altered enzymatic activity and to optimize dosage to increase 

efficacy and tolerance 20. Pharmacogenetic based clinical guidelines are also available 16,21. However, 

TPMT activity level is not always fully explained by TPMT defective variants, but other factors such 

as concomitant drug administration, other pathologies or epigenetic factors can contribute to modify 

enzyme activity 22,23.  

ITPA is a cytosolic enzyme found in many tissues that catalyzes the conversion reaction of inosine 

triphosphate (ITP) into inosine monophosphate (IMP), which is a key intermediate in purine 

metabolism and can be converted into adenosine triphosphate (ATP) starting from adenosine 

monophosphate (AMP) and into guanosine triphosphate (GTP) starting from guanosine 

monophosphate (GMP). 

It has been estimated that almost 1/3 of the human population has a genetic heritage that determines a 

reduction in the activity of the ITPA enzyme 24. The reduced enzyme activity of ITPA leads to the 

intracellular accumulation of unusual nucleotides such as ITP and in the case of patients receiving 

thiopurine drugs, would lead to the accumulation of unusual thiopurine metabolites, such as TITP, with 

the risk of causing manifestation of toxic effects in cells 25. For this reasons, ITPA enzyme represents 

a potential candidate to obtain a more complete and detailed understanding of the pharmacogenetic 

mechanisms of thiopurines. Several polymorphisms have been identified at the level of this gene but 

only three of these are linked to a reduction in the activity of the enzyme and could cause a potentially 

toxic accumulation of metabolites: 

• rs1127354 which is characterized by a missense mutation 94 C˃A on exon 2, which leads to 

the amino acid substitution of a proline with a threonine in position 32 in the structure of the 

protein, rendering it inactive 

• rs7270101 which is characterized by an intronic IVS2 + 21 A˃C mutation that results in the 

synthesis of an unstable mRNA. 

• rs6051702 which is characterized by an A˃C mutation and corresponds to a non-functional 

variant located in a non-coding region of the C20orf194 gene, adjacent to the ITPA gene 

(20P13). 
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The frequency of the 94 C˃A polymorphism varies according to the different ethnic groups: in 

Caucasians is around 6%, around 20% in the Asian population and around 2% in Hispanics. 26. Patients 

who are homozygous for the ITPA 94 C˃A mutation have a total depletion of the ITPA activity while 

subjects heterozygous for this mutation have a 22.5% reduction in enzyme activity. The ITPA IVS2 + 

21 A˃C mutation has a less marked effect on the activity of the ITPA enzyme, in fact heterozygous 

subjects have an enzyme activity equal to about 60% 27. ITPA deficiency may affect the metabolism 

of purine analogs such as thiopurines. In patients treated with these drugs and presenting a decreased 

ITPA enzyme activity, an accumulation of unusual thiopurine metabolites may be found. Studies have 

shown that the ITPA 94 C˃A polymorphism is significantly associated with flu-like symptoms, skin 

rashes and pancreatitis in patients receiving azathioprine 25. The variant rs6051702 is studied in 

association with rs1127354 and with rs7270101 being in equilibrium with them. 

Nudix Hydrolase 15 (NUDT15) enzyme catalyzes the conversion of TGTP to TGMP which is less 

toxic, therefore variants of NUDT15 can influence thiopurines tolerance of patients with ALL and IBD 

resulting in more TGTP available to be incorporated into DNA, resulting in DNA damage and 

apoptosis16.  

The first SNP of NUDT15 associated to thiopurine toxicity was rs116855232 (c.415C>T), which was 

demonstrated resulting in almost a complete loss of NUDT15 function in vitro, while patients showed 

excessive incorporation of TGN in DNA and myelosuppression. In children with ALL, subjects  

homozygous for this variant allele can tolerate only 8% of mercaptopurine standard dose versus 63% 

and 83.5% for heterozygous and wild-type patients, respectively. Other variant alleles have been 

identified (i.e. *4-*9) presenting varying levels of functional outcomes, but results still must be 

clarified 16.  

 

1.1.3 Thiopurine pharmacodynamics  

 

A form of early cytotoxicity of thiopurines is expressed through the formation of active metabolites 

TGN and TITP 4. As a result, the synthesis of new purines is inhibited through a negative feedback 

mechanism thanks to the structural similarity with natural AMP and GMP nucleotides. 

Furthermore, the de novo synthesis of purines is also arrested during its first phase, by the MeTIMP 

that  inhibits the enzyme phosphoribosyl amidotransferase which physiologically catalyzes the 

formation of phosphoribosylamine and consequently the production of its IMP derivative  is prevented. 

Finally, the enzymes adenylsuccinate synthetase and IMPDH1 inhibit the formation of the precursors 

of ATP and GTP: adenylsuccinate monophosphate and xanthine monophosphate  2,28. 
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Part of the cytotoxic effects of thiopurines are instead expressed through the incorporation of deoxy-

TGTP into DNA and TGTP into RNA.  

Thiopurines are incorporated into DNA and RNA through phosphodiester bridges, inhibiting various 

metabolic pathways and inducing apoptosis. Thiopurines in particular are specific cell cycle drugs that 

mainly exert their action in the S/G2 phase of the cell cycle. In fact, the incorporation of metabolites 

occurs during the synthesis of the complementary DNA strand 29. 

Following the incorporation of metabolites into DNA, instability occurs in the coupling between the 

cytosine and guanine bases as well as the opening of about 10° of the major sulcus of the DNA double 

helix following the establishment of weaker hydrogen bonds between cytosine and guanine 30.  

Alongside this delayed toxicity mechanism, thiopurines are also able to inhibit the proliferation of 

lymphocytic T and B cells and are therefore also used as drugs immunosuppressants. In particular, the 

metabolism of mercaptopurine induces the production of nucleotides, among which especially TGTP 

is capable of inhibiting Rac1 by inducing apoptosis in activated T cells. 

The Rac1 protein of the Rho GTPase family is a kinase regulatory protein that intervenes in the control 

of apoptosis. The mechanism of action of Rac1 initially involves its binding to GTP leading to the 

activation of the signal transduction pathway that causes the activation of nuclear factor kappa-light-

chain-enhancer of activated B cells (NF-kB), a transcription factor. The inhibitory factor of NF-kB (I-

kB) is phosphorylated by Rac1 and consequently degraded. In this way NF-kB can act in the nucleus 

by increasing the transcription of the bcl-xl gene which encodes an anti-apoptotic protein 31. 

Finally, a further known mechanism, by which thiopurines act, concerns reduced glutathione (GSH). 

GSH is a peptide composed of three amino acids: glutamic acid, cysteine and glycine. GSH plays an 

important role in the metabolism of xenobiotics thanks to the presence of the thiol group in its structure 

which intervenes in redox reactions. GSH can therefore occur in oxidized (GSSG) or reduced (GSH) 

form. GSH is the active molecule in detoxification processes from electrophilic xenobiotics and works 

through its own conjugation with these substances, catalyzed by gluthatione-S-transferase (GST) 

enzymes 32. 

The prodrug azathioprine is converted into mercaptopurine also through GST enzymes which use GSH 

as a co-substrate. If this metabolic process continues for a long time it can exacerbate the depletion of 

GSH stored in the cytosol of the cells. As a consequence, since glutathione is a strong antioxidant, 

oxidative cell damage can occur 33. 

 

1.1.4 Thiopurine toxicity 
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Thiopurines adverse effects usually occur later after the start of treatment and affect about 10-30% of 

patients 4. 

Thiopurines present a narrow therapeutic window and a dose-dependent toxicity which occurs mainly 

as bone marrow suppression, but hepatic dysfunction (cholestasis, jaundice) may also occur. Since 

TPMT enzyme is responsible for the detoxification of mercaptopurine, its reduced activity can result 

in increased toxicity 4. 

A serious consequence associated with the use of thiopurines in the presence of TPMT polymorphism 

is the development of secondary tumors affecting the skin or brain 4. 

Thiopurine liver toxicity can occur in several variants: intrahepatic cholestasis, focal lobular necrosis, 

jaundice and ascites. It is useful to monitor the levels of hepatic aminotransferases, uric acid and 

bilirubin to determine the possible occurrence of hepatotoxicity 34. 

Additional toxic effects can be induced by interactions between thiopurines and other drugs such as: 

• drugs for gout or hyperuricaemia (allopurinol) which inhibit xanthine oxidase by increasing the 

immunosuppressive and toxic effects of mercaptopurine and azathioprine 

• methotrexate especially in combination with thiopurines to treat ALL with which it has a synergistic 

action 

• drugs that reduce the activity of TPMT such as aspirin, furosemide and sulfasalazine 

• other cytotoxic agents. 

 

1.1.5 Therapeutic drug monitoring of thiopurines 

 
Therapeutic drug monitoring (TDM) is an important method to optimize the treatment with thiopurines. 

TDM aims to improve patients’ care by individually adjusting the dose of drugs. American 

Gastroenterology Association recommends TDM for patients that presents toxicity or poor response to 

therapy 35. As the last product of thiopurines metabolism, TGN could be used as a marker for evaluating 

the therapeutic efficacy, especially in patients harboring pharmacogenetic variants of genes coding for 

proteins involved in the metabolism pathway or in presence of co-occurring therapies 16. Clinical 

Pharmacogenetics Implementation Consortium provided recommendations to adjust dosage of 

thiopurines based on TPMT and NUDT15 genotypes. TPMT and NUDT15 genotypes are assigned to 

likely TPMT and NUDT15 phenotypes and to thiopurine prescription recommendations to adjust 

starting doses 16. TGN in RBCs have not been correlated to NUDT15 genotype even if poor 

metabolizers for NUDT15 present higher levels of TGN incorporated into DNA than normal 

metabolizers. At the moment, the influence of dose adjustments done on the bases of  

NUDT15 genotype on toxicity and efficacy are less clear compared with TPMT genotype.  
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TGN persist in the blood for a long time in contrast to mercaptopurine concentration that rapidly decays 

after oral administration. TGN are detected in RBCs by the third day of treatment and reach the steady 

state around the third week. In IBD patients, clinical response to thiopurines is further delayed and 

appears between weeks 8 and 17 of therapy making these drugs unsuitable to achieve early disease 

remission but useful in long-term maintenance treatments 36. 

There is evidence for correlation between TGN levels and therapeutic outcome 37. Moreover, high 

concentrations of methylated mercaptopurine metabolites have been related with toxicity. The 

balance between TGN and methylated mercaptopurine metabolites seems to determine the response 

and cytotoxicity of thiopurines 38. Nowadays, most clinical laboratories measure TGN and 

methylated mercaptopurine metabolites levels mostly in RBCs by high performance liquid 

chromatography (HPLC) or by liquid chromatography-tandem mass spectrometry. The target range 

concentration of TGN indicated for patients suffering from IBD is 230-450 pmol/8x108 RBCs, while 

higher TGN concentrations are related to myelosuppression and other more severe complications 

such as infections 39. Methylated mercaptopurine metabolites concentrations  >5700 pmol/8x108 

RBCs have been associated with hepatotoxicity 39. TGN are routinely detected in RBCs rather than 

leukocytes, which are the main target cells of thiopurine drugs, although RBCs are lacking of 

IMPDH1 and therefore have a different metabolism than leukocytes. However, it has been found 

that TGN levels in RBCs correlate with DNA-TGN levels in leukocytes in pediatric patients 40,41. 

In several studies 42, 43, 44 , higher DNA-TGN levels in circulating normal leucocytes during 

maintenance therapy was significantly associated with risk of relapse in patients with childhood 

ALL: relapse-free survival increased with increasing concentrations of DNA-TGN.  This findings 

suggest that DNA-TG levels in normal leukocytes are indicative of pharmacological events in 

malignant lymphoblasts, so adjustment to increase DNA-TG in maintenance therapy may then lead 

to enhanced relapse-free survival.  

The appropriate target therapeutic range of DNA-TGN concentration is not yet known. To determine 

the target therapeutic range of DNA-TGN, long-term follow-up with variable thiopurine doses would 

be needed to determine the relationship between DNA-TGN and clinical outcomes, including relapse 

and toxicity.  

 

1.2 The SERS technique  

 
1.2.1 Raman spectroscopy  
 

Spectroscopic techniques have always been considered of fundamental importance in order to 

investigate the structure of atoms and molecules. Vibrational spectroscopy mainly includes  infrared 
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spectroscopy (IR) and Raman spectroscopy. Both are very useful and versatile allowing to study the 

structure and interactions of molecules in the solid, liquid and gaseous state. Through vibrational 

spectroscopy techniques it is possible to obtain a "fingerprint of the molecules" in a simple and rapid 

way, i.e. a set of information on the structural characteristics of the sample. 

In general, optical spectroscopy investigates the interactions between matter and electromagnetic 

radiation, recording the changes in the radiation as a result of its interaction with the sample. 

When matter is exposed to electromagnetic radiation, transmission, fluorescence and phosphorescence 

phenomena may occur, or elastic or inelastic diffusion phenomena may occur. 

Absorption and diffusion phenomena are the basis of IR spectroscopy and Raman spectroscopy, 

respectively. 

While in IR spectroscopy, the energy variations involve transitions between the vibrational levels of 

the molecules in terms of decreasing energy of the incident radiation, in Raman spectroscopy the 

vibrational motions are instead evaluated as inelastic diffusion with energy exchange. 

 

1.2.1.1 Raman scattering 
 

Usually, when a light radiation hits the sample, phenomena of absorption or diffusion of photons occur 

based on the wavelength of light and on the characteristics of the matter 45. The scattering of photons 

in particular can be of an elastic or inelastic nature. 

When scattering of light radiation occurs with the same frequency of the incident radiation, we speak 

of elastic scattering or Rayleigh effect. This phenomenon happens because the molecule, after passing 

to a higher excitation state, returns to its original energetic state. As Rayleigh radiation possesses the 

same energy for all substances, it is not useful to identify and characterize the analyzed sample. For 

this purpose it is instead useful to study inelastic or inelastic diffusion 46. 

Raman scattering is the phenomenon of inelastic scattering of photons with energy exchange. In this 

case, the light is scattered with a lower or higher frequency than that of the incident light. In particular, 

we refer to the Stokes phenomenon when the molecule acquires energy at the expense of photons which 

will have a greater wavelength. Conversely, in the anti-Stokes phenomenon, photons gain energy and 

have a shorter wavelength, while the molecule is depleted. 

The exchange of energy between the incident photon and matter manifests by the displacement of the 

spectral lines and corresponds to the vibrational energy levels of the diffusing molecule. Since a 

particular Stokes line corresponds to each functional group and vibration mode, the Stokes lines of the 

Raman spectrum are examined to identify the sample under analysis. 

The anti-Stokes lines, on the other hand, are generally less useful due to their low intensity 46 (Figure 

2). 
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Figure 2. Different scattering of photons: Rayleigh scattering, Stokes Raman scattering e Anti-Stokes Raman scattering. 

 

 

1.2.1.2  Molecular vibrations 
 

Each molecule vibrates according to its characteristic frequencies that can be experimentally detected 

through spectroscopic techniques such as IR and Raman which allow to relate the vibrations within the 

molecules and their structure. 

The coordinates of the normal mode of vibration are determined by changes in the position of the atoms 

in the molecule. The vibration modes (Figure 3) can be given by the deformation of the bond angle 

(bending) or by the stretching of the chemical bond (stretching). Stretching consists of a variation in 

the distance between the atoms. There is symmetrical stretching if the atoms move away or approach 

simultaneously, vice versa we speak of asymmetrical stretching. 

The deformation of the bond angle can also be symmetrical or asymmetrical. The symmetrical bending 

that occurs in the plane in which the corner lies is called scissoring (opening and closing of a scissor), 

if it occurs outside the plane it is called rocking (oscillation). Asymmetrical bending in the plane is 

called wagging while out of the plane it is referred to as twisting. 

Diatomic molecules have a unique vibrational mode called stretching. To quantify the number of 

frequencies and therefore the number of normal modes of vibration of polyatomic molecules, the 

equation 3N - 5 is used for linear molecules with N atoms (3N degrees of freedom minus 3 translation 

modes and 2 rotation modes) and 3N - 6 for nonlinear molecules with N atoms (3N degrees of freedom 

minus 3 translation modes and 3 rotation modes) 47. 

For a molecule of N atoms, the position of the N nuclei depends on 3N coordinates and therefore there 

are 3 degrees of freedom which include the movements of translation, rotation, vibration. Translation 

is a movement of the center of the molecule considered as a rigid mass whose position is described in 

the Cartesian plane by 3 coordinates. Also for the rotation movement there are 3 degrees of freedom 
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because a non-linear molecule can rotate around the 3 Cartesian axes. In the case of a linear molecule, 

on the other hand, the rotational degrees of freedom are only 2 because the movement can only occur 

in 2 directions 45. 

 

 

Figure 3. Different molecular vibrations. 

 

1.2.2 Surface Enhancement Raman Scattering 

 
Vibrational Raman spectroscopy amplified by surfaces or SERS (Surface-Enhanced Raman Scattering) 

spectroscopy is a variant of Raman spectroscopy that allows to amplify the weak Raman signal and 

allows to analyze molecules even at very low concentrations thanks to the use of metal nanoparticles. 

It is mainly based on the amplification of the electromagnetic field generated by the excitation of the 

surface plasmon (Figure 4). 

 

 

Figure 4. Surface plasmonic resonance. 

 

1.2.2.1 Electromagnetic and chemical mechanism  
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From numerous studies on the mechanism responsible for the amplification of the Raman signal, it 

appears that there are two different processes that contribute to the SERS effect: the electromagnetic 

effect and the chemical effect. 

The major contribution to SERS processes seems to be attributable to the physical mechanism of 

electromagnetic amplification. The improvement is given by an increase in the local electromagnetic 

field caused by the excitation of the surface plasmon on the metal nanostructures as a result of the light 

radiation incident on the metal. In fact, when a resonance condition occurs between the wavelength of 

the incident light and the electrons of the metal nanoparticles, a surface plasmon resonance is generated. 

This causes a collective oscillation of the conduction electrons. As a consequence, the intensity of the 

electromagnetic fields that extend from the surface of the nanoparticles increases. These fields are 

responsible for a large part of SERS amplification. The latter generally has an order of 108 or higher 

48. 

The other mechanism involved in increasing the signal is chemical amplification. This is a mechanism 

dependent on the nature of the adsorbed molecule and operates by increasing the electronic 

polarizability of the molecule. The polarizability variation is expressed through charge transfers 

between the molecule and the metal. The chemical mechanism therefore includes the formation of new 

electronic states following the binding interactions between the substrate and the chemoadsorbed 

molecule 49. 

In conclusion, these two mechanisms are both involved in signal augmentation, but since they seem to 

operate simultaneously it is difficult to obtain a quantitative analysis of their single contribution to 

signal amplification, even if the scientific community interested in SERS now agrees in assigning a 

greater role to the electromagnetic mechanism. 

 

1.2.2.2 SERS substrates 

 

Colloidal metals are one of the most used nanostructures for SERS. Thanks to the simplicity of 

preparation and characterization, they have become fundamental also in the determination of single 

particles or single molecules through Raman spectroscopy 50. 

In addition to colloids, there are many utilizable SERS substrates, but metal nanoparticles offer 

advantages in terms of synthesis versatility and low production cost that make them widely used. 

Furthermore, the use of colloidal dispersions to obtain an increase in the SERS signal allows to 

minimize the thermal decomposition of the analyzed sample.  

The use of colloids in SERS is not restricted to suspensions, but colloidal nanostructures supported on 

thin solid layers can be used as substrates for SERS. The use of solid substrates in SERS brings some 
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benefits such as the stabilization of colloids so as to avoid aggregation processes that may occur over 

time and greater reproducibility. Another advantage of solid substrates compared to other substrates is 

the simplicity of use, with savings in terms of analysis time 51. 

Starting from Faraday's pioneering studies 52, several methods of synthesis of colloidal nanoparticles 

with SERS activity have been developed. So far the most universally used method for the preparation 

of metal nanoparticles for SERS is chemical reduction 53. 

In this thesis a method of synthesis of spherical silver nanoparticles (Ag NPs) based on chemical 

reduction called the Lee-Meisel method was applied 54. This method of synthesis allows to control in 

a quite satisfactory way the size and shape of the metal nanoparticles, by varying the concentration of 

the species, the temperature, the pH and the stirring speed. The control of size and shape is very 

important since the optical properties of the nanoparticles are sensitive to their variation. Unfortunately, 

with this method it is not possible to obtain a single dimension, but nanoparticles with a range of 

diameters between 50 nm and 200 nm are produced. The Lee-Meisel method 54 involves the reduction 

by sodium citrate of the silver nitrate salt in aqueous solution brought to boiling (Figure 5). Citrate can 

also be a good stabilizer agent: the citrate ions in fact arrange themselves on the surface of the Ag NPs, 

preventing their aggregation through an electrostatic repulsion. 

 

 

  

 

 
Figure 5. Formation of silver nanoparticles with sodium citrate as a reducing agent. 

 

1.2.3 Biomedical SERS applications 
 

The main feature of SERS is to allow identification and determination of the structure of many 

chemical species, when these are adsorbed on a nanostructured metal surface, through their 

"fingerprint". This has made SERS technique very useful in various fields such as polymer science, 

materials science, biochemistry, biosensors, catalysis and electrochemistry 55. 
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SERS biosensors are used in the analysis of biological samples and for the study of diseases such as 

Alzheimer's, Parkinson's, various types of cancer and diabetes. An example of in vivo SERS biosensors 

are glucose biosensors, which allow to determine the concentration of glucose in the blood without the 

need for a sample 55. 

In addition to the study of small analytes, SERS spectroscopy also allows the analysis of 

biomacromolecules (such as oligonucleotides) without requiring the use of linkers and markers and 

with much lower costs than the techniques usually used 56. SERS also finds application in the study of 

microorganisms such as viruses, bacteria, yeasts, fungi and protozoa. 

The non-destructive nature of SERS makes it a particularly suitable method for studying various 

physiological and biological processes in vitro on cells 48. 

Another area in which the applicability of the SERS is being investigated is the determination of the 

concentration of industrial toxic species, environmental pollutants such as pesticides, herbicides or 

highly toxic species used as chemical weapons, explosives and various organic pollutants 48. 
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2. Aim of the research 

 
Thiopurine drugs are widely used for routine treatment of leukemia and autoimmune diseases thanks 

to their antiblastic and immunomodulatory action. Currently the most important thiopurines for clinical 

use are: azathioprine, mercaptopurine and thioguanine 4. In particular, azathioprine, a prodrug of 

mercaptopurine, is used as immunosuppressant for the prevention of rejection following organ 

transplants and for the treatment of autoimmune diseases such as IBD. Mercaptopurine and 

thioguanine, on the other hand, are often used for the stabilization and maintenance of remission of 

ALL in pediatric age. Since thiopurines are inactive prodrugs, they require intracellular activation, 

catalyzed by various enzymes, in order to exert their cytotoxicity. Thiopurines are thus transformed 

into analogous derivatives of thiopurine nucleotides capable of carrying out their action through 

various mechanisms such as inhibition of the de novo synthesis of thiopurines and interaction with 

nitrogenous bases in DNA and RNA by stimulating apoptosis 4. The adoption of thiopurines, despite 

the confirmed efficiency of these drugs, is limited by the occurrence of rather important adverse effects 

that occur mainly in the form of myelotoxicity and liver function alterations 5. Since thiopurines are 

drugs with a reduced therapeutic window and dose-dependent toxicity, it is necessary to adopt an 

effective method for conducting both qualitative and quantitative analyzes to control the levels of 

formation of toxic metabolites in patients treated with thiopurines. To date, the methodologies adopted 

for quantifying the levels of these metabolites, such as HPLC and mass spectrometry, still appear to be 

characterized by long analysis times and elaborate sample preparations, with consequent costs. The use 

of SERS spectroscopy has been spreading in the biomedical field as a non-invasive and non-destructive 

analysis method that can therefore also be used in vivo, characterized by simple and fast sample 

preparation 57. SERS, is based on the amplification of the weak Stokes inelastic diffusion signal emitted 

by the molecule following the effect of electromagnetic radiation (laser), by means of a nanostructured 

metal substrate. The latter consists of metal nanoparticles, usually of noble metals such as silver, gold, 

cuprum, capable of significantly increasing the local magnetic field through an amplification effect of 

the surface plasmon. SERS spectroscopy thus allows to obtain "a fingerprint" of the analyzed 

molecules, that is a set of information on the structural characteristics of the sample and subsequent 

quantification thanks to the correlation between the intensity of the spectral lines and the amount of 

substance. The principal aim of the project was to develop innovative assays based on SERS to quali-

quantify thiopurines and their metabolites, in biological matrices of interest both for in vitro research 

or clinical purposes.  

In particular, the main purposes were: 
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• to study the pharmacokinetics of thiopurines by SERS in a human immortalized hepatocytes 

cell line (IHH), evaluating also the influences of ITPA activity levels on the formation of 

thiopurine metabolites in the cytosolic environment  

• to detect thiopurine metabolites by SERS in a B-lymphoblastoid cell line (NALM6) that did 

(TPMT*1) and did not (MOCK) overexpress the wild- type form of TPMT, after in vitro 

treatment with thiopurines evaluating the influences of TPMT activity level on the metabolite 

outcome 

• to perform SERS analysis to detect thioguanine incorporated into DNA of NALM6 MOCK 

after in vitro treatment, since the incorporation into nucleic acids is considered one of the main 

mechanisms of cytotoxicity and immunosuppression of thiopurines 

• to detect TGN metabolites in RBCs lysates by SERS. 
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3. Material and methods 

 

3.1 Cell lines culture and characterization 

 

3.1.1 IHH cell line 

 
IHH wild-type cell line derives from primary cells of human hepatocytes, which have been 

immortalized using a stable transfection of viral oncogene SV40 Tag (simian virus 40 T antigen) 58. 

SV40 Tag transfection has proven to be one of the simplest methods for the immortalization of different 

cell lines by acting by inhibiting tumor suppressor genes such as p53. 

IHH cells grow in adhesion and normally do not survive for more than 7-10 days in culture as after this 

period they reach total confluence and do not proliferate further. It is therefore necessary to carry out 

a cellular passage when approximately 80% of confluence is reached. 

 

The culture medium indicated for IHH is composed of: 

• Dulbecco's modified Eagle's medium High Glucose (DMEM High Glucose, ECB7501L-500ML, 

EuroClone, Italy) 

• 10% of fetal bovine serum (FBS, F7524-500ML, Sigma-Aldrich, Italy) 

• 1.5% of Hepes Buffer (83264, Sigma-Aldrich, Italy) 

• 1.25% L-glutamine (ECB3000D, EuroClone, Italy) 

• 1% penicillin/streptomycin (ECB3001D, EuroClone, Italy) 

• 0.01% human insulin (1001173435, Sigma-Aldrich, Italy) 

• 0.04% dexamethasone 1 mg/mL (DEX, laboratorio farmacologico milanese s.r.l., Italy) to be added 

only at the time of use. 

 

The cellular passage is executed according to the following protocol: 

• the culture medium is removed from the flask without disturbing the cell layer 

• the medium residue is washed with 10 mL of sterile PBS 

• three mL of 0.05% Trypsin-0.02% EDTA (ECB3052D, EuroClone, Italy) are added and the flask is 

incubated at 37 °C for 3 minutes 

• after verifying cell detachment under a microscope, 6 mL of culture medium is added to neutralize 

0.05% Trypsin-0.02% EDTA 

• the cell suspension is pipetted to ensure that neutralization is completed 

• the cell suspension is transferred to a 15 mL falcon 

• centrifuge for 5 minutes at 400 xg 
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• the supernatant is discarded and the remaining pellet is resuspended in 1 mL of medium 

• cell count is performed in Bürker's chambre, using a 1:10 dilution of cell suspension in trypan blue 

(T8154, Sigma-Aldrich, Italy) 

• cells are seeded in a new flask with adequate cell concentration (approximately 2 x 106 cells with 20 

mL culture medium in T75 flask) 

• incubate at 37 °C with 5% CO2.  

 

The culture medium should be changed every 2-3 days if 80% of confluence is not reached. 

It is possible to freeze the IHH cells to store them in cryovials for a long period of time in liquid 

nitrogen by adding 100 μL of dimethyl sulfoxide (DMSO, 472301-2.5L, Sigma-Aldrich, Italy) which 

guarantees their cryopreservation. 

At the time of defrosting the outside of the cryovial is disinfected with 70% ethanol. The cryovial is 

heated in a water bath at 37 °C. The thawed cell suspension (1 mL) is transferred from the cryovial to 

a T25 flask with 6 mL of culture medium for IHH with the addition of DEX. 

IHH MOCK and IHH ITPA derived from a stable transfection of IHH wild-type with pCMV6 plasmid 

vectors (Figure 6), empty or containing the ITPA cDNA sequence (of commercial origin, Origen), as 

described by Pelin et al. 59. These plasmids are equipped with DDK tags that allow to detect the 

products of the ORF through a primary antibody directed towards this peptide. The presence of a 

cassette capable of conferring resistance to the geneticin antibiotic (G-418) allows cells that have 

successfully transformed to survive in a selective culture medium, while non-transfected cells are 

negatively selected when the culture is treated with G-418. 

After thawing, IHH MOCK and IHH ITPA must be kept in medium without the selection antibiotic for 

a couple of passages to allow them to be recovered after thawing. 

Thereafter, cells are selected by culturing them in medium supplemented with selection antibiotic G-

418 (A1720, Sigma-Aldrich, Italy) 600 μg/mL for one week. 

. 
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Figure 6. Map of the pCMV6 expression vector used to perform the stable transfection. The ORFs of the genes of interest 

are inserted between the cloning sites Sgf I and Mlu I. 

 

3.1.2 NALM6 cell line 
 

The human B-lymphoblastoid cell line (NALM6) with the heterologous expression of TPMT (NALM6 

TPMT*1) and relative control (NALM6 MOCK) were kindly provided by Prof W. Evans (St. Jude 

Children’s Research Hospital, Memphis), and generated by Nucleofactor transfection and antibiotic 

selection (G418) as described in Stocco et al., 2012 26.  

NALM6 cells grow in suspension at 37 °C and 5% CO2 in standard T25 or T75 flasks (Sarstedt, 

Germany) at a concentration of 0.8-1 x 106 cells/ml of culture medium.  

 

The medium used for the culture of these cells is composed of: 

• RPMI 1640 medium (ECB9006L, EuroClone, Italy) 

• 10% FBS 

• 1% L-glutamine 

• 1% penicillin/streptomycin. 

 

Cellular passage for maintenance was performed every 3-4 days, according to the following protocol: 

• the cell suspension is collected from the flask and transferred to a 15 mL falcon 

• centrifuge for 5 minutes at 400 xg 

• the supernatant is discarded and the remaining pellet is resuspended in 1 mL of culture medium 

• cell count is performed in Bürker's chambre, using a 1:50 dilution of cell suspension in trypan blue 

• cells are seeded in a new flask with adequate cell concentration (0.8-1 x 106 cells/ mL culture medium) 
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• incubate at 37 °C with 5% CO2.  

 

It is possible to freeze the NALM6 cells to store them in cryovials for a long period of time in liquid 

nitrogen by adding 100 μL DMSO to 1 mL of cell suspension to guarantee their cryopreservation. 

At the time of defrosting the outside of the cryovial is disinfected with 70% ethanol. The cryovial is 

heated in a water bath at 37 °C. The thawed cell suspension (1 mL) is transferred from the cryovial to 

a T25 flask with 6 mL of culture medium. 

After thawing, NALM6 MOCK and NALM6 TPMT*1 must be kept in medium without the selection 

antibiotics for a couple of passages to allow them to be recovered after thawing. 

Thereafter, cells are selected by culturing them in medium supplemented with selection antibiotics (5 

μg/mL puromycin (A1113803, Thermo Fisher Scientific, Italy) and 800 μg/mL G-418) for one week. 

The sensitiveness of the cell lines to thiopurines was investigated by MTT test. 

IHH MOCK and IHH ITPA were seeded in 96-well plates (5 × 103 cells/well). After 24 hours of pre-

incubation, cells were exposed for 96 hours to different concentrations of azathioprine and 

mercaptopurine (1.95 × 10–6 to 8 × 10–3 M) and thioguanine (3 × 10–8 to 1.3 × 10–4 M). NALM6 MOCK 

and NALM6 TPMT*1 cells were seeded at a concentration of 20 × 103 cells/well in 96-well plates and 

were immediately exposed for 72 hours to mercaptopurine (3 × 10–7 to 2 × 10–5 M) and thioguanine (1 

× 10–7 to 1 × 10–4 M). Azathioprine, mercaptopurine and thioguanine standard solutions were prepared 

in NaOH 0.1 M (480507, AnalytiCals Carlo Erba, Italy). In the last 4 hours of treatment, a solution of 

3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT, M2128, Sigma-Aldrich, Italy) 

was added at a final concentration of 0.5 mg/mL and the crystals were solubilized by 100 μL of DMSO. 

The absorbance was read by an automated microplate reader (FLUOstar Omega, BMG Labtech, 

Germany) at 540/630 nm. All measurements were done in three replicates and at least for three 

independent experiments. 

To verify the stability of the transfection with plasmid encoding for the wild-type form of ITPA, IHH 

MOCK and IHH ITPA pellets were collected (about 10 x 106 cells) and lysed in order to extract the 

respective protein lysates. 

Protein extracts (15 μg) added with Bolt™ sample reducing agent 10X (B0009, Thermo Fisher 

Scientific, Italy), Bolt™ LDS sample 4X (B0007, Thermo Fisher Scientific, Italy) and Halt™ protease 

inhibitor single-use cocktail 100X (1860932, Thermo Fisher Scientific, Italy) to a total volume of 20 

μL, were fractionated by SDS-PAGE using NuPAGE™ 10% Bis-Tris Gels 12-well (NP0302BOX, 

Thermo Fisher Scientific, Italy) with Bolt™ MES SDS running buffer 20x (B0002, Thermo Fisher 

Scientific, Italy) and transferred to nitrocellulose membranes (PB7320, Thermo Fischer Scientific, 

Italy) with Power Blotter 1-Step transfer buffer 5X (PB7100, Thermo Fischer Scientific, Italy) using 

Electrophoresis Power Supply (EPS301, Thermo Fischer Scientific, Italy). After incubation with 5% 
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nonfat milk in Tris buffered saline (50 mM Tris-Cl (T3253, Sigma-Aldrich, Italy), 25 mM sodium 

chloride (NaCl, S9888, Sigma-Aldrich, Italy, pH 7.5) with 0.1% Tween-20 (P7949, Sigma-Aldrich, 

Italy) (T-TBS) for 1 hour, the membranes were incubated with antibodies against: ITPA (1:1000 in T-

TBS 5% nonfat milk, ab134937, Abcam, UK), actin (1:3000 in T-TBS 5% nonfat milk, ab218787, 

Abcam, UK) at 4°C, overnight. Membranes incubated with actin antibody or with ITPA antibody were 

washed and incubated 1 hour at 4 °C with a 1:20000 dilution in T-TBS 5% nonfat milk of horseradish 

peroxidase-conjugated anti-rabbit antibodies (AP132P, Merk, Italy). Blots were developed with 

LiteAblo TURBO Extra Sensitive Chemiluminescent Substrate (EMP012001, Euroclone, Italy). 

 

The dosage of the functional enzymatic activity of ITPA was done by HPLC assay. For the preparation 

of the samples, the cell pellets (20 x 106 cells) were resuspended and lysed in 250 μL of Milli-Q water. 

Twenty-five μl of the cell lysate were placed in a new eppendorf containing 170 μl of “mix” which for 

each sample was composed of: 

• 150 μl of dithiothreitol 0.01 M (DTT, 43819, Sigma-Aldrich, Italy) used as protector of thiol 

groups from oxidation 

• 10 μl of Tris base 0.1 M, pH 9 (T1503, Sigma-Aldrich, Italy) 

• 10 μl of MgCl2 1M (M8266, Sigma-Aldrich, Italy) used as enzymatic cofactor. 

 

This was followed by incubation for 5 minutes in a thermostat at 37 ˚C. Subsequently, 10 μl of 40 mM 

inosine triphosphate (ITP, I0879, Sigma-Aldrich, Italy) were added which, thanks to the ITPA enzyme 

present in the cell lysates, becomes IMP. The samples were than incubated  for 15 minutes in a 

thermostat at 37 ˚C. Twenty μl of 4 M perchloric acid (HClO4, 244252, Sigma-Aldrich, Italy) were 

dispensed, vortexed and kept at -20°C for 10 minutes to stop the enzymatic reaction. Subsequently, 30 

μl of dipotassium hydrogen phosphate (K2HPO4, P3786, Sigma-Aldrich, Italy) were added, vortexed 

and centrifuged at 13000 g for 10 minutes. Twenty μl of the supernatant were injected into the HPLC 

instrument within 24 hours from preparation. 

The IMP calibration line was composed of 6 standard solutions distributed in a concentration range 

between 5.8 μM to 1500 μM prepared with suitable dilutions in Milli-Q water starting from the stock 

solution of IMP (57510, Sigma Aldrich, Italy).  

The lysate was analyzed in duplicate for each sample, moreover, a "blank" was prepared for each 

sample to which 10 μl of IMP were not added in order to assess the presence of any substances in the 

matrix that interfere with the signal of the metabolite being analyzed. 

For the analysis of the enzymatic activity of ITPA, a 0.02 M acid phosphate buffer with pH 2.5 was 

used as mobile phase, prepared by dissolving 1.36 g of potassium dihydrogen phosphate (KH2PO4, 
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P0662, Sigma Aldrich, Italy) in 500 ml of distilled water and adding 350 μl of 75% phosphoric acid 

(H3PO4, 000090, Acef, Italy). A reverse phase analytical column (Aqua Perfect C18 with pores of 5 

μm, length of 250 mm and diameter of 4.0 mm) was used for the analysis with a pre-column (Zorbax 

SB-Aq with pores of 5 μm, length of 12.5 mm and diameter of 4.6 mm) to retain any impurities present 

in the sample. The flow was set to 1.1 ml/minute and was kept constant throughout the run conducted 

at room temperature. The UV wavelength was set at 262 nm for the entire duration of the run, i.e. 11 

minutes. The analysis was performed with gradient elution by setting the following scheme, using acid 

phosphate buffer and acetonitrile (1000302500, Sigma-Aldrich, Italy) as solvents (Table 1). 

 

time (minutes) acid phosphate buffer [%] acetonitrile [%] 

0.0 100.0 0.0 

8.00 97.0 3.0 

9.00 20.0 80.0 

9.10 20.0 80.0 

9.20 100.0 0.0 

 

Table 1. Scheme for the HPLC analysis of the enzymatic activity of ITPA. 

 

The peak area was integrated manually. To obtain the value relating to the concentration of IMP in the 

sample, the average of the two areas of each sample was subtracted from the “blank” area and the result 

obtained was multiplied by the conversion factor which corresponds to the slope coefficient of the 

calibration line. The result obtained was expressed as nmol of IMP in 60 minutes of incubation. This 

result is finally normalized by the number of cells of the sample to obtain the final result relating to the 

concentration of IMP expressed in nmol IMP/hour/1 x 106 cells. 

 

To verify the stability of the transfection with plasmid encoding for the wild type form of TPMT, 

NALM6 MOCK and NALM6 TPMT*1 were collected (about 10 x 106 cells) and lysed in order to 

extract the respective protein lysates. 

Protein extracts (15 μg) added with Bolt™ sample reducing agent 10X and Bolt™ LDS sample 4X, to 

a total volume of 20 μL, were fractionated by SDS-PAGE using NuPAGE™ 10% Bis-Tris Gels 12-

well with Bolt™ MES SDS running buffer 20X and transferred to nitrocellulose membranes  with PB 

1 step transfer buffer using Electrophoresis Power Supply. After incubation with 5% nonfat milk in T-

TBS for 1 hour, the membranes were incubated with antibodies against: TPMT (1:500 in T-TBS 5% 

nonfat milk, sc-374154, Santa Cruz Biotechnology, USA), DDK (1:1000 in T-TBS 5% nonfat milk, 
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TA50011, OriGene, USA), actin (1:3000 in T-TBS 5% nonfat milk) at 4°C, overnight. Membrane 

incubated with actin antibody was washed and incubated 1 hour at 4 °C with a 1:20000 dilution in T-

TBS 5% nonfat milk of horseradish peroxidase-conjugated anti-rabbit antibodies, while the membrane 

incubated with DDK or TPMT antibody was incubated 1 hour at 4 °C with a 1:3000 dilution in T-TBS 

5% nonfat milk of anti-mouse antibodies (#7076, Cell Signaling technology, USA). Blots were 

developed with LiteAblo TURBO Extra Sensitive Chemiluminescent Substrate. 

 

3.2 Thiopurine in vitro treatments 

 

3.2.1 IHH wild-type treatment with azathioprine and mercaptopurine 

 

IHH wild-type cells (2 x 106 cells in 20 mL culture medium) were seeded in T75 flask and, after 24 

hours of pre-incubation, were treated with azathioprine (A4638, Sigma-Aldrich, Italy) and 

mercaptopurine (852678, Sigma-Aldrich, Italy) for a total duration of 12, 24, 48 and 96 hours with a 

concentration giving the 50% of the effect (EC50) at 96 hours calculated by means of the MTT test 

59(Pelin et al, 2015). 

Stock solutions of azathioprine and mercaptopurine with a concentration of 0.2 M were prepared, both 

in 0.1 M NaOH. The final desired dilution in the flask T75 containing cells in 20 mL of complete 

culture medium was 4.4 x 10-5 M and 1.1 x 10-5 M, respectively for azathioprine and mercaptopurine.  

Controls with the addition of 0.1 M NaOH solution in the same volume used for treatments, were done 

both for the cells treated for 12, 24, 48 and 96 hours. Three biological replicates were done both for 

azathioprine and mercaptopurine treatments. 

After drug exposition, cells were detached according to the protocol previously described. 

 

3.2.2 IHH MOCK and IHH ITPA treatment with mercaptopurine 

 

IHH MOCK and IHH ITPA cells (2 x 106 cells in 20 mL culture medium) were seeded in T75 flask 

and, after 24 hours of pre-incubation, were treated with mercaptopurine for a total duration of 24 and 

48 hours with the EC50 at 96 hours calculated by means of the MTT test. 

Stock solution of mercaptopurine with a concentration of 0.2 M was prepared in 0.1 M NaOH. The 

final desired dilution in the flask T75 containing cells in 20 mL of complete culture medium was 4.6 x 

10-5 M and 6.7 x 10-5 M, respectively for IHH MOCK and IHH ITPA.  
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Controls with the addition of 0.1 M NaOH solution (same volume used for thiopurine treatments) were 

carried out respectively for IHH MOCK and IHH ITPA cells, treated for 24 and 48 hours. Three 

biological replicates were done for  mercaptopurine treatments. 

After drug exposition, cells were detached according to the protocol previously described. 

 

3.2.3 NALM6 MOCK and NALM6 TPMT*1 treatment with mercaptopurine and 

thioguanine 

 

NALM6 MOCK and NALM6 TPMT*1 cells (8 x 106 cells in 8 mL culture medium) were seeded in 

T25 flask. The EC50 at 72 hours of mercaptopurine (1.44 µM for MOCK and 0.53 µM for TPMT*1) 

and thioguanine (2.45 µM for MOCK and 7.36 µM for TPMT*1) calculated by means of the MTT test 

and the intermediate concentration  (Cint) for mercaptopurine (1 µM) and thioguanine (5 µM), 

calculated as the mathematical mean between the EC50 at 72 hours for NALM6 MOCK and TPMT*1, 

were used for cells treatments. Controls were treated with NaOH 0.1 M at the same volume used for 

drug treatment, since both stock solutions of mercaptopurine and thioguanine (A4882, Sigma-Aldrich, 

Italy) were prepared in NaOH 0.1 M. Cells were treated for 24 and 48 hours, then cell suspension was 

collected. Four biological replicates were done both for mercaptopurine and thioguanine treatments.  

 

3.2.4 NALM6 MOCK treatment with thioguanine for deoxy-thioguanosine 

detection in DNA 

 

NALM6 MOCK (20 x 106 cells in 20 mL culture medium) were seeded in T75 flask. The EC50 at 72 

hours of thioguanine (2.45 µM) calculated by means of the MTT test was used to treat cells for 24 and 

48 hours, than cell suspension was collected. Controls were treated with NaOH 0.1 M at the same 

volume used for drug treatment, since stock solution of thioguanine was prepared in NaOH 0.1 M. Six 

biological replicates were done both for 24 and 48 hours of treatment. 

 

3.3 SERS substrates preparation protocols 

 

3.3.1 Silver colloidal nanoparticles 

The synthesis process of silver colloidal nanoparticles (Ag NPs) (Figure 7) with the Lee-Meisel 

protocol 54 was divided into the following steps. 
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The glassware was thoroughly cleaned using AlNochromix™ (328693, Sigma-Aldrich, Italy). After 

rinsing with milli-Q water, the glassware was washed with aqua regia (HNO3, 438073, Sigma-Aldrich, 

Italy and HCl, 320331, Sigma-Aldrich, Italy, in a 1: 3 ratio) followed by abundant rinsing with milli-

Q water. A solution of 90.0 mg of silver nitrate (AgNO3, 204390, Sigma-Aldrich, Italy) was prepared 

with 500 mL of milli-Q water and placed in a 500 mL three-necked flask. The solution was heated to 

reflux and brought to boil on a hot plate keeping it in agitation. Meanwhile, a 1% sodium citrate 

solution was prepared by weighing 90 mg of sodium citrate tribasic (C7254, Sigma-Aldrich, Italy) in 

10 mL of milli-Q water. When the AgNO3 solution was boiling, the tribasic sodium citrate solution 

was added drop by drop. The synthesis was continued for 60 minutes, maintaining the boil, in the dark 

since the colloid is photosensitive. The solution was stored in the dark until use. 

The characterization of Ag NPs was carried out through Lambda 20 bio UV-vis spectrophotometer 

(Perkin-Elmer, Monza, Italy)  which allows to analyze the optical properties of the colloid. The surface 

plasmon band of the metal colloid provides information about the average dimension and about the 

dispersion of the Ag NPs, whose variability affects the Raman enhancement. The Ag NPs surface 

plasmon band maximum absorption was detected between 403-411 nm and was consistent with the 

values previously reported in literature 60.  

 

 

Figure 7. Silver colloidal nanoparticles. 

 

3.3.2 Solid silver substrates 

The solid silver substrates (Figure 8) were then obtained using a method described by Wu-Li-Ji Hasi 

61 which consists in coating the filter paper with Ag NPs. A rectangle 2.0 x 5.0 cm of filter paper 

(qualitative filter paper, 410, with 2 m pore size) was cut and was left completely immersed in 20 ml 

of NaCl 0.3 M for 20 minutes, allowing the dispersion of the chloride ions along the entire surface of 

the filter paper. The filter paper was then air-dried at room temperature, and cut into 1 cm2 pieces. Each 

piece was placed at the bottom of a well in a 24-multiwell plate (83.3922, Sarstedt, Germany) then 1.5 
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mL of colloidal solution of Ag NPs was added in each well and was stored in the dark at room 

temperature for 24 hours. After this time, the supernatant was removed with a syringe, avoiding 

touching the substrate. The substrates were dried under a ventilated hood overnight and then stored in 

Milli-Q water and kept in the dark until use.  

 

 
Figure 8. Solid silver substrates. 

 

3.3.3 Centrifugal silver plasmonic paper (CSPP) 

 

Centrifugal silver plasmonic paper (CSPP) were prepared by following the work flow described in 

Figure 9 62. Briefly, high quality filter paper (28321, qualitative filter paper, 410, with 2 m pore size, 

VWR International, USA) was cut into strips (0.4 cm × 1 cm). The paper strips were horizontally 

placed into the lid of an eppendorf tube of 1.5 mL, used as a reservoir. The analyte (2-2.5 μL) was 

placed onto the paper short edge. The analyte-soaked strips were then removed from the lid and left to 

dry about 15 minutes. Dried strips were then put into separate eppendorf tubes containing 150 μL of 

Ag NPs, with the analyte-soaked part pointing toward the bottom of the eppendorf, and then centrifuged 

(20 minutes, 8000 g) to obtain a CSPP. After the centrifugation, the CSPP was left to dry prior to SERS 

analysis. 
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Figure 9. Schematic workflow for CSPP preparation. 

 

3.3.4 Silmeco substrates 

DNA and nucleosides samples were analyzed by using commercial silver Silmeco substrates. Silmeco 

offers high-performance quality SERS substrates for ultrasensitive molecular detection. Signal 

uniformity, low background noise and better performance. Silmeco ships SERS substrates in vials for 

handling purposes. The vials are put in antistatic bags filled with an inert gas. Substrates specifications: 

 

Dimensions 3x3 mm (other dimensions are available on custom request) 

SERS active area 9 mm2  

Sensitivity ppm to ppb 

SERStrate surface metals Gold or Silver, customization available 

Substrate material Nanostructured Si 

Measurement area Arbitrary 

Sampling methods* Vapor deposition, drop deposition, substrate incubation (immersion) 

Laser excitation wavelengths* 514 (silver), 532 (silver), 633 (silver), 780-785 (silver + gold) nm 

Laser power density* <10 W/cm2 

*) Recommended 

https://www.silmeco.com/products/sers-substrate-custom/
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Figure 10. Silmeco SERS substrates. www.silmeco.com 

 

3.4 Preparation of thiopurine metabolite solutions in cell lysate 

 
Stock solutions of azathioprine, mercaptopurine and of thiopurine metabolites mercaptopurine riboside 

(MPR, M7250, Sigma-Aldrich, Italy), thioguanine riboside (TGR, 858412, Sigma-Aldrich, Italy), 

thioinosinic metabolites collectively referred as TXTP, i.e. TIMP (NU1148, Jena Bioscience, 

Germany), TIDP (NU1210, Jena Bioscience, Germany), TITP (NU1110, Jena Bioscience, Germany) 

and thioguanosine nucleotide metabolites collectively referred as TGN, i.e. TGMP (NU-1121L, Jena 

Bioscience, Germany), TGDP (NU-1120L, Jena Bioscience, Germany), TGTP (NU-1106L, Jena 

Bioscience, Germany) were prepared as follows. 

The pure analytes under study were initially dissolved in the suitable solvent, then diluted in buffer 

sodium citrate 10 mM up to a concentration of 1x10-3 M and finally diluted up to a concentration of 

1x10-8 M in untreated IHH cell lysates. Strcutural formulas of thiopurines and their metabolites are 

presented in Appendix A.  

 

3.5 Cell lysates preparation for SERS and mass-spectrometry analysis 
 

After treatment, cells were counted by the trypan blue dye exclusion assay, centrifuged for 5 minutes 

at 400 xg and the pellet was washed twice with 10 mL of sterile PBS to eliminate any medium left-

over.  

The cell lysates preparation for SERS analysis in the Department of  engineering and architecture of 

the University of Trieste (Italy), was done by adding 200 μL of sodium citrate 10 mM at pH 4.5 to the 

cell pellet (2.5 x 106 cells). By using the sonicator (Hielscher UP50H) set to 1 cycle and 80 of 

vibrational amplitude, the lysis was carried out on ice for 15-20 seconds. Subsequently the lysate was 

placed in filtering devices Amicon Ultra 0.5 mL with a cut-off equal to 10 KDa (UFC501096, Sigma-

Aldrich, Italy) and centrifuged for 30 minutes at 14000 xg to separate the larger size cellular 
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components of the filtrate to prevent interference in SERS spectra. Until use, the filtered lysate was 

maintained at -80 °C.  

The dry pellets (> 2 x 106 cells) of NALM6 MOCK and NALM6 TPMT*1 were also sent to Prof. U. 

Hofmann and Prof. M. Schwab of Dr. Margaret Fischer Bosch Institute of Clinical Pharmacology in 

Stuttgart (Germany) for the quantification of thiopurine metabolites by mass spectrometry. The 

quantification of thiopurine metabolites by mass spectrometry was performed using a method described 

by Hofmann et al. in 2012 63.  

 

3.6 DNA samples preparation 

 
Total genomic DNA was isolated from cellular pellets, resuspended in 200 μL of DNAse/RNAse free 

RNAse/DNAse free water and lysed by freezing and thawing, using a commercial kit (Gene Elute 

Blood Genomic DNA Kit, NA2010, Sigma-Aldrich, Italy)  according to the manufacturer’s protocol. 

Total genomic DNA isolated from cellular pellets of NALM6 MOCK was sonicated by an ultrasonic 

probe (Hielscher UP50H). The operating conditions to achieve DNA fragmentation were set on the 

bases of literature 64 : 100% ultrasonic amplitude, 100 μL sample volume, 8 minutes of ultrasonic 

treatment in ice, DNA concentration of 0.1 μg/μL.  The enzymatic fragmentation of total genomic 

DNA with EcoR1 enzyme (ER0271, Termo Fisher Scientific, Italy) was performed using the following 

protocol. Five μL 10x buffer NEB 2, dsDNA (1μg), 0.5 μL-1.0 μL EcoR1 (10-20 U) and nuclease-free 

water up to 50 μL were mixed gently and spinned down for a few seconds, followed by incubation for 

4 hours at 37°C.   

Five μL of intact dsDNA and fragmented dsDNA were added to 1 μl of gel loading (6x) (G2526, 

Sigma-Aldrich, Italy)  and were loaded in agarose (A9539, Sigma-Aldrich, Italy) gel 2% with TBE 

(0.5%) to assess whether the fragmentation had occurred (Figures 36A and 36B).  TBE (0.5%) was 

prepared with 10.8 g of Tris base, 5.5 g boric acid (B6768, Sigma-Aldrich, Italy), 4 mL EDTA (E6758, 

Sigma Aldrich, Italy) 500 mM, pH 8 and distilled water up to 2 L. Agarose gel 2% was prepared with 

1.5 g of agarose, 75 mL of TBE (0.5%) and 7.5 uL of Gel Red (SCT123, Merck, Italy). The running 

occurred for 60 minutes at 160 V and 150 mA. 

3.7 Preparation of nucleoside solutions in buffer sodium citrate 

Stock solutions of deoxy-adenosine (dA, D7400, Sigma-Aldrich, Italy), deoxy-guanosine (dG, D7145, 

Sigma-Aldrich, Italy), deoxy-cytidine (dC, 854980, Sigma-Aldrich, Italy), thymidine (dT, T9250, Sigma-

Aldrich, Italy) and deoxy-thioguanosine (dTG, SML1296, Sigma-Aldrich, Italy) were prepared as 

follows. The pure analytes were initially dissolved in the suitable solvent, then diluted in buffer 
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sodium citrate 400 mM (pH 4.8) up to a concentration of 1x10-3 M and 1 x 10-4 M. Strcutural formulas 

of nucleosides are presented in Appendix B.  

3.8 Nucleoside samples preparation 

Dry cellular pellets of NALM6 MOCK were maintained at -80 °C till the preparation of the nucleosides 

samples. The pellets were resuspended in 200 µL of RNAse/DNAse free water, vortexed and refrozen 

to facilitate cell lysis.  

DNA extraction was performed with Genelute Blood Genomic DNA Kit according to the 

manufacturer’s protocol. The final elution of DNA was done in 100 µl of RNAse/DNAse free water, 

followed by DNA quantification by Nanodrop. 

The volume useful to obtain 10 μg of DNA for each sample was put in new PCR eppendorf. 

Denaturation step to obtain ssDNA consisted in heating to 100 °C for 5 minutes in thermocycler and 

quickly chilling on ice for 2 minutes. 

Enzymatic digestion reaction with Nuclease P1 (100’000 units/mL, #M0660, NEB) to obtain single 

nucleotides was done according to manufacturer’s protocol. 

Briefly, the enzymatic reaction was set up by adding 50 µL of 10X Nuclease P1 Reaction Buffer 

(500mM sodium acetate, pH 5.5),  10 µg ssDNA,  1 µL of Nuclease P1 (10 units) and RNAse/DNAse 

free water up to 500 µL. Incubation occurred at 37 °C for 30 minutes and at 75 °C for 10 minutes in 

thermocycler.  

Five µL of ssDNA and nucleotides samples were then loaded in agarose gel  0.8% with TAE (4x) for 

electrophoresis prepared with 0.8 g agarose, 8 mL TAE (50 x), 92 mL distilled water to confirm ssDNA 

has been digested into single nucleotides. TAE 50 x was prepared with 242 g Tris base, 57.1 mL glacial 

acetic acid (338826, Sigma-Aldrich, Italy), 100 mL EDTA (500 mM, pH 8) and 600 mL distilled water. 

From 10 µg of starting ssDNA were obtained 10 µg of nucleotides which corresponded to 30 nmoles.  

Enzymatic digestion reaction with acid phosphatase (≥ 3.0 units/mg solid, P1146, Sigma-Aldrich) 

was set up by adding 500 μl  of sodium citrate buffer (90 mM), 500 μl of nucleotides (30 nmoles), 20 

μl acid phosphatase (stock solution 0.15 units/ml) and 80 μl RNAse/DNAse free water. Incubation 

occurred at 37 °C for 10 minutes. 

Nucleosides samples were then filtered with Amicon Ultra devices for 30 minutes at 14000 g, brought 

to dryness with vacuum concentrator (RVC 2-18 CDplus, Christ, Germany) for 2 hours at 1300 min-1 

and resuspended in 11 μL Milli-Q water. 
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3.9 Calibration line of TGN in erythrocyte lysates preparation 

 

The concentration range of interest for TGN detection, useful for TDM, extended between 1x10-7 M 

and 1x10-5 M. A first dilution of the stock solution (1x10-2 M) of TGMP in 10 mM sodium citrate (pH 

4.5) was carried out. Subsequently, the intermediate concentrations were obtained by serial dilution 

with an adequate volume of RBCs lysate diluted in Milli-Q water in a 1:3 ratio. RBCs lysate diluted in 

Milli-Q water in a 1:3 ratio was placed in filtering devices Amicon Ultra and centrifuged for 25 minutes 

at 14000 g to separate the larger size cellular components of the filtrate and purify the lysate. Finally, 

the filtrate pH value was adjusted to 4.5 with HCl 6 M. 

The calibration line was obtained using 6 different concentrations ranging from 2 x 10-7 M to 2 x 10-6 

M.  

 

3.10 Patients’ erythrocyte lysates preparation 

 

Concentrated RBCs of healthy donors and concentrated RBCs of ALL pediatric patients in therapy 

with mercaptopurine, collected in the context of approved clinical studies at IRCCS Burlo Garofolo of 

Trieste, were diluted in Milli-Q water in a 1:3 ratio, placed in filtering devices Amicon Ultra 0.5 mL 

with a cut-off equal to 10 KDa and centrifuged for 25 minutes at 14000 g to separate the larger size 

cellular components of the filtrate and purify the lysate. Finally, the filtrate was adjusted to a pH of 4.5 

with HCL 6M.  

 

3.11 Erythrocyte lysate samples preparation for thioguanine calibration line 

 

The RBCs lysate samples preparation for thioguanine calibration line by SERS was set up following a 

modified protocol for HPLC analysis by Dervieux T. et al. 65. 

A first standard solution of thioguanine 1mM was prepared in DMSO. The stock standard solution of 

thioguanine 20 µM was then prepared diluting in  Milli-Q water. The solutions for the calibration line 

were prepared separately by diluting appropriate volumes of thioguanine standard solution 20 µM in 

adequate volumes of healthy donor patient's RBCs lysate to obtain 7 different thioguanine solutions at 

known concentration in the range of 3 x 10-7 M - 1.2 x 10-5 M thioguanine. 

Samples were prepared by adding Tris(2-carboxyethyl)phosphine hydrochloride (TCEP, CA706, 

Sigma-Aldrich, Italy) with final concentration 0.6 M used as protector of thiol groups from oxidation 

into 500 µL of lysed RBCs (diluted 2:3 with Milli-Q water). Fifty µL of HClO4 70% were added and 

vortexed for 10 seconds to allow deproteinization, followed by centrifugation at 16000 g for 15 minutes 
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at 25 °C. The acid extract was transferred to a new eppendorf with a perforated cap which was placed 

in a bath at 95 °C for 60 minutes. This step, allows the acid hydrolysis of the thiopurine nucleotides 

TGN present in patient’s samples treated with thiopurines in their free base, i.e. thioguanine.  The 

samples were kept at -20 °C for 10 minutes. Then the samples were filtered with Amicon Ultra devices 

for 25 minutes at 14000 g and stored at 4 °C until analysis within 24 hours from preparation.  

 

3.12 Instrumentation 
 

3.12.1 UV-Vis spectrophotometer and nanodrop 

 

The UV-Vis spectrophotometer was used to characterize Ag NPs, as it allows to obtain information on 

the size and size distribution of the nanoparticles. In particular, the maximum absorption value of the 

curve is related to the diameter of the nanoparticles, while the shape describes their size distribution. 

The spectrophotometer used in this thesis is the UV-Vis Perkin Elmer Lambda Bio 20 with a 

wavelength range of 350-700 nm, acquisition time of 1 second and 1 accumulation. 

DNA concentration was analyzed with  Nanodrop2000 (Thermo Fisher Scientific, Italy), a particular 

UV-Vis spectrophotometer that allows to analyze small volumes of sample (0.5-2 μL). 

 

3.12.2 Sonicator  

 

The sonicator is an instrument that uses ultrasonic acoustic waves capable of causing the rupture of 

biological membranes. In this thesis a Hielscher UP50H sonicator set at 1 cycle and 80 Ampere was 

used to prepare cell lysates in an adequate volume of buffer sodium citrate. 

 

3.12.3 SERS spectrophotometer 

 

In this thesis a portable Raman i-RamanPlus connected to a B & WTek.inc video microscope, with PL 

20X objective lens and numerical aperture (NA) of 0.40 was used (Figure 11). The analyzes were 

performed in air at room temperature and the excitation was obtained through a laser with emission at 

785 nm with an output power of 500 nW. The laser light irradiates the sample and is then collected by 

a fiber optic probe. The Raman spectrophotometer uses a detector with a wide spectral coverage (65-

4200 cm-1) and a spectral resolution of 2.4 cm-1. 
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Figure 11. Raman i-RamanPlus connected to a B & WTek.inc video microscope. 

 

3.12.4 HPLC 

 

The HPLC instrument used in this study was purchased from Agilent Technologies (1260 Infinity 

series), equipped with a UV detector, a thermostatic autosampler, a fluorometer and the related 

Chemstation data management software. To detect the different substances separated by 

chromatography, the instrument used a UV (Agilent Technologies) which read absorbance at a given 

wavelength. Each reading was stored and managed by the Chemstation software that processed a 

chromatogram showing the absorbance expressed in thousandths of Absorbance Units (mAU) on the 

ordinate axis, while the time expressed in minutes was indicated on the abscissa axis. 

 

3.13 SERS spectra acquisition 

 

Before each SERS analysis, a monocrystalline silicon sample and a paracetamol sample were tested as 

instrument calibration check standards. The spectrum of silicon is composed of a single band at 520 

cm-1, while paracetamol has numerous bands. The optimization of instrument settings was determined 

to maximize signal and avoid saturation and sample degradation deriving from laser excitation.  

 

3.13.1 Thiopurines and their metabolite solutions in cell lysates 

 

For the SERS analysis of thiopurines and their metabolite standard solutions, the solid silver substrates 

were placed to dry and then cut into smaller squares (5 x 5 mm in size). Once dry, 5 μL of the analyte 

was deposited on the solid silver substrates. The acquisition of the spectra was made with the following 

settings: exposure time of 10 seconds, 1 accumulation and a laser power of 10 mW. 
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3.13.2 Cell lysates after thiopurine treatment 

 

The solid silver substrates were placed to dry and then cut into smaller squares (5 x 5 mm in size). 

Once dry, drops of 5 μL of each sample were deposited on the solid silver substrates and allowed to 

dry for about 15 minutes before SERS measurements. All spectra of treated cell lysates were recorded 

using an accumulation of 3 scans (10 seconds exposure) at 5 random locations on the surface of 5 

different substrates, with 10 mW of laser power focused onto the sample. Spectra of untreated cell 

lysates (controls) were recorded at 4 random locations on the surface of 3 different substrates, using 

the same instrument settings.  

 

3.13.3 Nucleoside solutions in buffer sodium citrate and nucleoside samples 

obtained from DNA of NALM6 MOCK 

 

Samples of pure natural nucleoside solutions in buffer sodium citrate (400 mM, pH 4.8), samples of 

pure dTG for the calibration line and nucleoside samples obtained from DNA of treated and untreated 

NALM6 MOCK  were analyzed by SERS using commercial Silmeco silver substrates. Drops of 2 μL 

of each analyte were deposited on the substrates and allowed to dry for about 1 hour. All spectra were 

recorded using 10 seconds of exposure at 10 random locations on the surface of 1 substrate, with 30 

mW of laser power focused onto the sample. 

 

3.13.4 Calibration curve of TGN and thioguanine in erythrocytes and analysis of 

patients’ samples 

 

Samples of RBCs lysates from healthy donors spiked with TGMP were analyzed by SERS using solid 

silver substrates. Five μL of each sample were deposited on the substrate and allowed to dry for about 

15 minutes. All spectra were recorded using 10 seconds of exposure at 10 random locations on the 

surface of 1 substrate, with 10 mW of laser power focused onto the sample. 

Hydrolyzed samples of diluted RBCs from healthy donors spiked with thioguanine were analyzed both 

with silver colloids and CSPP. 

Five μL of each sample were mixed with 20 μL of silver colloid. The drops of a total volume of 25 μL 

were deposited on  fluorite glass and the setting used for the analysis were the following: 1 

accumulation, 10 seconds of exposure and 10 mW of laser power. The preparation of CSPP were 

conducted as previously described in the “CSPP preparation” paragraph in “Materials and methods”, 
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and SERS analysis were performed using 10 seconds of exposure at 4 random locations on the surface 

of 3 substrates, with 10 mW of laser power focused onto the sample. 

3.14 Data pre-processing, analysis and plotting 

In order to quantify the protein bands from Western blot, the relative amounts as a ratio of each protein 

band relative to the β-actin as loading control were calculated with ImageJ software. Data are presented 

as mean fold change  SEM, n>=2. 

Nonlinear regression of dosage-response data from MTT assay, presented as mean  SEM from up to 

3 independent experiments, was performed to calculate EC50 values with the software GraphPad Prism 

version 9.00. Data from HPLC analysis were stored and managed by Agilent OpenLAB CDS software, 

that processed chromatograms showing the absorbance expressed in thousandths of Absorbance Units 

(mAU) on the ordinate axis, while the time expressed in minutes was indicated on the abscissa axis.  

The software used to acquire the SERS spectra was BWSpec. BWSpec is made available with the 

purchase of all B&W Tek products that use it. It represents many data formats and allows to control 

acquisition parameters, such as exposure time and laser output power. In addition to data acquisition 

and processing, it includes the possibility of automatic dark removal, spectrum smoothing and manual 

or automatic correction of the baseline. 

All spectral data were preprocessed and plotted using the R language (version 4.1.0) 66 with RStudio 

(version 1.4.1106). Spectra were exported from the instrument as ASCII data (.txt) and imported into 

the R environment as a single hyperSpec object using the hyperSpec package 67, attaching metadata by 

extracting them from filenames. Median spectra for each biological replicate were calculated from 3 

or 5 technical replicates (i.e. different measurements of the same biological replicate). Median spectra 

were then cropped to the 400-1800 cm-1 Raman shifts range. A baseline (package baseline 68, method 

= “als”, lambda = 4) was subtracted from each spectrum. Band positions were automatically detected 

and then labelled using the detectPeaks and labelPeaks functions of the MALDIquant package 69.  

Two-way ANOVA was used for the analysis of signal intensity of metabolites in IHH cell lysates, 

considering each metabolite concentration as the dependent variable and time exposure, drug used or 

enzyme activity as independent variables. For the Gardner-Altman plots, CI were estimated with bias-

corrected and accelerated nonparametric bootstrap resampling using the DABEST (Data Analysis with 

Bootstrap Estimation) package 70. This enables visualization of the confidence interval without making 

any assumption about the distributions.  
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4. Results 

 

4.1 Cell lines characterization 

 

4.1.1 IHH cell line 

 

Cytotoxicity effect of azathioprine, mercaptopurine and thioguanine was tested by MTT assay on IHH 

MOCK and IHH ITPA after drug exposure for 96 hours.  

As shown by the dosage-response curves in Figure 12, IHH MOCK and IHH ITPA presented a similar 

sensitiveness to thiopurines, as highlighted by the obtained EC50 values (Table 2). 

 

                    Azathioprine                                       Mercaptopurine                                     Thioguanine 

              (96 hours of treatment, n>=3)         (96 hours of treatment, n>=3)               (96 hours of treatment, n>=3) 

         

 

Figure 12. Cytotoxicity effect of thiopurines on IHH MOCK (in blue) and IHH ITPA (in red). Cells were exposed to 

azathioprine, mercaptopurine and thioguanine for 96 hours and results of cytotoxicity were analyzed by MTT test. Data are 

reported as mean  SEM of 3 independent experiments performed in technical triplicate and are reported as % of cell 

survival (absorbance treated/absorbance untreated control × 100). 

 
 EC50 of azathioprine 

(at 96 hours) 

EC50 of mercaptopurine 

(at 96 hours) 

EC50 of thioguanine 

(at 96 hours) 

IHH MOCK 8.39 x 10-5 M  

(95% CI 5.76-12.24 x 10-5 M) 

4.57 x 10-5 M 

(95% CI 2.34-6.78 x 10-5 M) 

2.00 x 10-6 M 

(95% CI 0.84-4.75 x 10-6 M) 

IHH ITPA 8.79 x 10-5 M 

(95% CI 6.54-11.81 x 10-5 M) 

6.71 x 10-5 M 

(95% CI 3.45-6.90 x 10-5 M) 

3.14 x 10-6 M 

(95% CI 1.75-5.63 x 10-6 M) 

 

Table 2. EC50 of azathioprine, mercaptopurine and thioguanine calculated at 96 hours by MTT test in IHH MOCK and 

IHH ITPA. 

 
The presence of the transfection with plasmid encoding for the wild-type form of ITPA in IHH ITPA 

was assessed by Western blot analysis, using anti-ITPA antibodies on cellular extracts (Figure 13). 

Results were compared to those obtained for IHH MOCK. The amount of protein expression for total 
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ITPA (esogenous and endogenous), in terms of average fold change on IHH MOCK, was equal to fold  

2.45 ± 0.20 (mean ± SEM, n=2) for IHH ITPA.  

 

 

 

 

Anti-ITPA 

 MOCK     ITPA    ITPA 

 

     Anti-B-actin 

 

 

Figure 13. Western blot images for protein expression of ITPA in cellular extracts of IHH MOCK and IHH ITPA. Protein 

expression of B-actin was used as loading control. 

 

The chromatograms obtained from HPLC analysis of the activity of ITPA enzyme, showed an 

increased production of IMP for IHH ITPA (Figure 14A) in comparison to IHH MOCK (Figure 14B). 

The activity of ITPA calculated as the mean of two biological replicates for IHH MOCK was 58.8 

nmol IMP / hour /1 x 106 cells, while the mean of two biological replicates for IHH ITPA was 73.0 

nmol IMP / hour /1 x 106 cells (Table 3). This result seems to confirm an increased functional activity 

of ITPA in IHH ITPA cells. 

 

 

 
 
Figure 14A. Chromatogram from the HPLC analysis of ITPA activity of IHH MOCK. Retention time 6.570 min:  peak of 

IMP. 

 

26 kDa esogenous  

21 kDa endogenous  

42 kDa   
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Figure 14B. Chromatogram from the HPLC analysis of ITPA activity of IHH ITPA. Retention time 6.618 min:  peak of 

IMP. 

 

 
Replicate Cell line nmol IMP/h/1x106 cells 

1 IHH MOCK 63.6 

2 IHH MOCK 53.9 

1 IHH ITPA 79.06 

2 IHH ITPA 66.82 

 
Table 3. Activity of ITPA expressed as nmol IMP/hour/1x 106 cells calculated for two biological replicates of IHH MOCK 

and IHH ITPA by HPLC assay. 

 

4.1.2 NALM6 cell line 
 

The effects of the overexpression of TPMT enzyme in NALM6 TPMT*1 on the response to 

mercaptopurine and thioguanine (72 hours of treatment), evaluated by the MTT test, were compared 

with the results obtained for NALM6 MOCK. The overexpression of TPMT in NALM6 resulted in an 

increase in sensitivity for mercaptopurine (Figure 15A), significantly decreasing the EC50 (equal to 

0.53 x 10-6 M; 95% CI 0.47-0.57 x 10-6 M) of almost 3 times (p value ANOVA < 0.0001) compared to 

NALM6 MOCK (EC50 equal to 1.44 x 10-6 M; 95% CI 1.1-1.81 x 10-6 M). On the contrary, the 

increased expression of TPMT decreases sensitivity for thioguanine at 72 hours of treatment. In 

particular, the overexpression increases the EC50 (Figure 15B) (equal to 7.36 x 10-6 M; 95% CI 6.03–

8.98 x 10-6 M) by about 3 times (p value ANOVA < 0.0001) compared to NALM6 MOCK (EC50 

equal to 2.45 x 10-6 M; 95% CI 1.93–3.11 x 10-6 M). The Cint was calculated as the mathematical mean 

between the EC50 of NALM6 MOCK and of NALM6 TPMT*, resulting in 1 µM mercaptopurine and 

in 5 µM thioguanine.  Data shown in Figures 15A, 15B are the means ± SEM of at least 3 independent 

MTT assay experiments and are reported as % of cell survival (absorbance treated/absorbance 

untreated control × 100). EC50 and Cint of mercaptopurine and thioguanine found by MTT assay were 

used to set up the cell treatments. 
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 A B 

Figure 15. Dosage-response curves of mercaptopurine (A) and thioguanine (B) for NALM6 MOCK (in blue) and TPMT*1 

(in red) after 72 hours of drug treatment, n  3. 

 
The presence of the transfection with plasmid encoding for the wild-type form of TPMT in NALM6 

TPMT*1 was assessed by Western blot analysis, using anti-TPMT antibodies and anti-DDK antibodies 

on cellular extracts (Figure 16). Results were compared to those obtained for NALM6 MOCK. The 

amount of protein expression for total TPMT (esogenous and endogenous), in terms of average fold 

change on NALM6 MOCK, was equal to fold  3.6 ± 0.7 (mean ± SEM, n=3) for NALM6 TPMT*1. 

The amount of protein expression for DDK, in terms of average fold change on NALM6 MOCK, was 

equal to fold  26.7 ± 15.2 (mean ± SEM, n=3) for NALM6 TPMT*1. 

 

 MOCK MOCK TPMT*1 TPMT*1   MOCK MOCK TPMT*1 TPMT*1 

Anti-DDK 

38kDa 

 

Anti-TPMT 

         

Anti- B-actin 

42 kDa 
 

Anti-   B-actin 

 

 

Figure 16. Western blot images for protein expression of DDK and TPMT in cellular extracts of NALM6 MOCK and 

NALM6 TPMT*1. Protein expression of B-actin was used as loading control. 

 

 

 

 

 

 

 

38 kDa esogenous 

32 kDa endogenous 

42 kDa   
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4.2 SERS analysis of cell lysates 

 

 

4.2.1 SERS spectra of thiopurines and their metabolites in cell lysates  
 

The aim of the first part of the study was to understand if SERS spectroscopy could be a useful 

technique to study the pharmacokinetics of thiopurines and their metabolites in cell lysates. Firstly, 

IHH wild-type cell line was chosen as an hepatic in vitro model as the liver is the main tissue involved 

in the metabolism of thiopurines and the site of the major adverse effects of these drugs 71.  

By comparing the signals obtained from the SERS analysis of standard solutions of thiopurine and their 

metabolites diluted in the hepatic cell lysates with the spectra of cell lysates after treatment with 

thiopurines, we wanted to identify specific bands of the biological sample that otherwise could have 

interfered with the identification of characteristic peaks of each metabolite formed by in vitro 

metabolism in the cytosolic environment.   

SERS spectra of pure thiopurine drugs azathioprine, mercaptopurine and their respective metabolites 

dissolved in the appropriate solvent and diluted in cell lysate of IHH wild-type were acquired. In 

particular, the following serial dilutions were analyzed: 1 x 10-4 M, 1 x 10-5 M, 1 x 10-6 M, 1 x 10-7 M 

and 1 x 10-8 M. Proceeding with the analysis of the subsequent dilutions of azathioprine, 

mercaptopurine and their metabolites it was possible to note, in relation to the increase in the dilution 

factor, a gradual appearance of the characteristic signal of the lysate which, at a concentration equal to 

1 x 10-7 M for mercaptopurine and TGR, 1 x 10-8 M for TIXP (i.e. TIMP, TIDP, TITP), for TGN (i.e. 

TGMP, TGDP, TGTP) and for MPR, completely hide the metabolite bands (Figures 17, 18, 19, 20, 21 

and 22). Azathioprine characteristic peaks were not detectable even at the higher concentration tested 

(1 x 10-4 M). 

In all the acquired spectra of control and treated cell lysates, a particular peak at about 655 cm-1 

characteristic of the lysate (attributable to glutathione) could be identified. 

Therefore, it was possible to establish that, with a nanostructured silver substrate, despite the presence 

of the molecule pool of liver cell lysate, it was still possible to observe the characteristic bands of 

thiopurines. This result is promising for the next step of the study in which the SERS spectra obtained 

from hepatocyte lysates treated with azathioprine and mercaptopurine will be characterized. 
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Figure 17. Mercaptopurine standard solution spiked in cell lysates: blank cell lysate (a), 1 x 10-7 M (b), 1 x 10-6 M (c), 1 x 

10-5 M (d), 1 x 10-4 M (e).  

 

 

Figure 18. Azathioprine standard solution spiked in cell lysates: 1 x 10-4 M (blue), blank cell lysate (black).  
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Figure 19. TGMP (representative of all TGN spectra) standard solution spiked in cell lysates: blank cell lysate (a), 1 x 10-7 

M (b), 1 x 10-6 M (c), 1 x 10-5 M (d), 1 x 10-4 M (e).  

 

Figure 20. TITP (representative of all TIXP spectra) standard solution spiked in cell lysates: blank cell lysate (a), 1 x 10-7 

M (b), 1 x 10-6 M (c), 1 x 10-5 M (d), 1 x 10-4 M (e).  
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Figure 21. MPR standard solution spiked in cell lysates: blank cell lysate (a), 1 x 10-7 M (b), 1 x 10-6 M (c), 1 x 10-5 M (d), 

1 x 10-4 M (e). 

 

Figure 22. TGR standard solution spiked in cell lysates: blank cell lysate (a), 1 x 10-7 M (b), 1 x 10-6 M (c), 1 x 10-5 M (d), 

1 x 10-4 M (e).  
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4.2.2 SERS analysis for the study of thiopurine pharmacokinetics in IHH wild-

type  

 
The SERS spectra of IHH wild-type cell lysates were acquired after 12, 24, 48 and 96 hours of 

incubation with azathioprine and mercaptopurine at 4.4 x 10-5 M and 1.1 x 10-5 M, respectively 

(concentration equal to the EC50 at 96 hours calculated by test MTT by Pelin et al. 59). This analysis 

was carried out in order to verify the possibility of identifying the possible presence of specific bands 

of the metabolites of azathioprine and mercaptopurine directly in the cell lysates after thiopurines 

treatment of IHH wild-type. 

The signals detected in the lysates of IHH wild-type treated with azathioprine and mercaptopurine were 

compared with: 

• signals of hepatocyte lysates treated with 0.1 M NaOH (control samples) 

• spectra of standard solutions of spiked metabolites in IHH wild-type cell lysates. 

Following treatment with azathioprine and mercaptopurine it was possible to identify a significant 

number of specific bands of metabolites of thiopurine drugs produced by cellular metabolism. 

As can be seen in Figure 23, SERS spectra of treated IHH wild-type lysates are considerably different 

from those of the control cell lysates. 

 

Figure 23. Spectra of IHH wild-type cell lysates treated with mercaptopurine at 12 hours (dashed line), 24 hours (thin line) 

and 48 hours (thick line). This graph was chosen as an example of the comparison between the spectrum of the treated 

lysates and the spectrum of the metabolites standard solutions. 
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In particular, it was possible to recognize characteristic peaks of mercaptopurine, MPR, TGR, TIXP 

and TGN metabolites in the treated cell lysates spectra. 

It was not possible to detect the peaks of azathioprine in cell lysates after treatment with this drug. 

Moreover, it was not possible to distinguish between TGN and TGR due to the extreme similarity 

between their spectra. It was also not possible to distinguish MPR from TIXP for the same reason. 

In particular, the band at 1000 cm-1 was identified, attributable to mercaptopurine, the band at 1340 

cm-1 common to MPR and to TIXP and the band at about 915 cm-1 attributable to TGN and TGR. 

As shown in Figures 24A and 24B, the data collected for cell lysates treated with azathioprine for 12, 

24 and 48 hours confirm most of the matches highlighted for the spectrum of hepatocyte lysates treated 

with mercaptopurine.  

Since in both signals recorded for the lysates of hepatocytes treated with azathioprine and 

mercaptopurine there were still bands attributable to mercaptopurine, it is possible to hypothesize that 

the hepatocytes after 48 hours of treatment have not yet completely metabolized the drug.  

 

       A                                                                          B 

 

Figure 24. Spectra of the IHH wild-type cell lysates after treatment with azathioprine (A) and mercaptopurine (B) for 12, 

24 and 48 hours (one representative replicate). In dashed line the control samples of IHH wild-type. 

 

The signal intensity for the characteristic peaks of TGN at 915 cm-1 (Figure 25), mercaptopurine at 

1000 cm-1 (Figure 26) and TIXP at 1340 cm-1 (Figure 27) was calculated for both azathioprine  and 

mercaptopurine at each interval of treatment.  
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Figure 25. Signal intensity of TGN (characteristic peak at 915 cm-1) of IHH wild-type lysates after treatment with 

azathioprine and mercaptopurine for 12, 24 and 48 hours, of three biological replicates , normalized at the peak at 655 cm-

1. P value ANOVA = 5.12 x 10-5 for treatment duration effect.  

 

 

Figure 26. Signal intensity of mercaptopurine (characteristic peak at 1000 cm-1) of IHH wild-type lysates after treatment 

with azathioprine and mercaptopurine for 12, 24 and 48 hours, of three biological replicates, normalized at the peak at 655 

cm-1. P value ANOVA = 0.0079 for treatment duration effect.  
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Figure 27. Signal intensity of TIXP (characteristic peak at 1340 cm-1) of IHH wild-type lysates after treatment with 

azathioprine and mercaptopurine for 12, 24 and 48 hours, of three biological replicates, normalized at the peak at 655 cm-

1. P value ANOVA = 0.0145 for treatment duration effect.  

 

Considering the association between each metabolite signal intensity as the dependent variable and 

time of exposure and drug used as independent variables, a significant difference could be observed 

for signal intensity of TGN (p-value ANOVA for treatment duration = 5.12 x 10-5), for signal intensity 

of MP (p-value ANOVA for treatment duration = 0.0079) and for signal intensity of TIXP (p-value 

ANOVA for treatment duration = 0.0002; p-value ANOVA for drug used = 0.0145). 

4.2.3 SERS analysis for the study of the influence of ITPA expression on thiopurine 

metabolites levels in IHH MOCK and IHH ITPA  

 
After the initial analysis regarding the pharmacokinetics of thiopurines investigated in IHH wild-type, 

the study continued to consider if SERS technique could also be a tool to highlight the influence of 

ITPA level activity on thiopurines metabolism.  

With this purpose, SERS spectra of IHH ITPA and IHH MOCK cell lysates after treatment with 

mercaptopurine (EC50 at 96 hours) for 24 and 48 hours were acquired (Figures 28A and 28B) and the 

signal intensity of the characteristic peaks of TGN and TIXP were calculated (Figures 29 and 30).  

12 AZA                      24 AZA                     48 AZA 12 MP                         24 MP                        48 MP 

IR
 1

3
4
0

 c
m

-1
/6

5
5
 c

m
-1

 



 59 

 

Figure 28A. SERS spectra of IHH MOCK (in red) and IHH ITPA (in blue) cell lysates after treatment with 

mercaptopurine for 24 hours of three biological replicates, normalized at the peak at 655 cm-1.  

 

 

Figure 28B. SERS spectra of IHH MOCK (in red) and IHH ITPA (in blue) cell lysates after treatment with 

mercaptopurine for 48 hours of three biological replicates, normalized at the peak at 655 cm-1.  

 

The signal intensity of the peaks of TGN and TIXP was higher for IHH ITPA both at 24  and 48 hours 

of mercaptopurine treatment respect to signal intensity of the peaks of TGN and TIXP  in IHH MOCK 

(p value ANOVA for ITPA effect = 1.23 x 10-5 and 2.71 x 10-5 for TGN and TIXP, respectively). 

Moreover, TGN and TIXP signal intensity increased over time (from 24 to 48 hours) for IHH ITPA, 

while the opposite trend was observed for IHH MOCK. 
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Figure 29. Signal intensity of TGN (characteristic peak at 915 cm-1) of IHH MOCK and IHH ITPA lysates after treatment 

with mercaptopurine for 24 and 48 hours of three biological replicates, normalized at the peak at 655 cm-1. P value ANOVA 

= 1.23 x 10-5 for ITPA effect.  

 

 

 

Figure 30. Signal intensity of TIXP (i.e. TIMP, TIDP, TITP) (characteristic peak at 1340 cm-1) of IHH MOCK and IHH 

ITPA lysates after treatment with mercaptopurine for 24 and 48 hours of three biological replicates, normalized at the peak 

at 655 cm-1. P value ANOVA = 2.71 x 10-5 for ITPA effect; p value ANOVA for treatment duration effect = 0.0040). 
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4.2.4 SERS and mass spectrometry analysis for the study of the influence of TPMT 

expression on thiopurine metabolite levels in NALM6 MOCK and NALM6 

TPMT*1 

 
The subsequent phase of the study was focused on the development of a direct SERS analysis method 

to discriminate between cells with different levels of TPMT enzymatic activity upon exposure to 

mercaptopurine and thioguanine for 24 and 48 hours, on the base of the amount of TGN formed. 

Specifically, we used a B-lymphoblastoid cell line (NALM6) overexpressing the wild-type form of 

TPMT gene (TPMT*1) compared to NALM6 with the empty vector as control (MOCK). 

SERS spectra of mercaptopurine, thioguanine and TGN solutions are reported in Figures 31A and 31B: 

the marked differences between SERS spectra of these molecules, due to their different chemical 

structures, clearly allow to distinguish between each parental drug and TGN, their active metabolites. 

The metabolites collectively referred to as TGN have identical SERS spectra, since they only differ by 

the number of phosphates, while the moiety involved in the interaction with the Ag is the same, though 

they present differences of intensity of the characteristic bands (Figure 32).   

 

 

 

 
 

Figure 31. Average SERS spectra of NALM6 MOCK cells lysates treated with mercaptopurine (1µM) for 24 hours (A) 

or thioguanine (5µM) for 24 hours (B) in black, compared with those of cell lysates of untreated NALM6 MOCK in 

grey, of solutions of pure TGN (mean of TGMP, TGDP, TGTP at 10-5 M) in orange, mercaptopurine (10-6 M) or 

thioguanine (10-5 M) in violet. Red dots indicate TGN more intense peaks identified in the treated cell lysates. 
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Figure 32. Average SERS spectra of pure TGMP, TGDP and TGTP at 10-5 M in buffer sodium citrate 10 mM, pH 4.5. 
 

 

Figure 33 and Figure 34 show the superimposed SERS spectra of NALM6 MOCK (in blue) and 

NALM6 TPMT*1 (in red) cell lysates after treatment for 24 and 48 hours with mercaptopurine (EC50 

and Cint) and thioguanine (EC50 and Cint), respectively. The difference spectrum is displayed (in black) 

at the bottom of each chart. 

The matched Gardner-Altman plots 70, present the band intensity at 915 cm-1 (i.e. the Raman shift of 

the most intense TGN band) for NALM6 MOCK and NALM6 TPMT*1 cell lysates in all biological 

replicates, and the difference in medians, indicated by the black dot with its 95% confidence interval 

(CI).  
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4.2.1 Materials and reagents 
 

 

 

 

 

After 24 hours of exposure to mercaptopurine (EC50 and Cint), a difference is evident in terms of lower 

levels of TGN formed in NALM6 TPMT*1, especially after the treatment with EC50 concentration. 

With the increase of incubation time to 48 hours, the SERS signal of TGN is still appreciable even if 

reduced both in NALM6 MOCK and TPMT*1 and the difference is less significant. These results could 

suggest that TGN may be further biologically converted over time or incorporated in the synthesis of 

DNA/RNA.  

 

Figure 33. SERS spectra of NALM6 MOCK (in blue) and TPMT*1 (in red) cell lysates after treatment with 

mercaptopurine (EC50 and Cint) for 24 and 48 hours. The difference spectrum is displayed (in black) at the bottom of 

each chart. The matched Gardner-Altman plots show the observed values (intensity of the peak at 915 cm
-1

 of NALM6 

MOCK and TPMT*1 cell lysates) in all biological replicates, highlighting the two groups’ comparison by a difference 

axis on the right that displays the effect size, here the difference of medians indicated by the black circle. The median of 

the test group (NALM6 MOCK) is the difference-axis origin (zero). The difference of the medians is flanked by the 

confidence interval (CI) which is illustrated by the vertical line.  
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Contrary to what has been observed for treatment with mercaptopurine, after 24 hours of exposure to 

thioguanine (EC50 and Cint), the intensities of the band at 915 cm-1 of TGN in NALM6 MOCK and 

TPMT*1 are comparable (Figure 34). After 48 hours, the cytosolic levels of TGN are instead 

significantly lower in NALM6 TPMT*1 than in NALM6 MOCK, especially with Cint of thioguanine 

treatment (Figure 34).  

Concentration of thiopurine metabolites analyzed by means of mass spectrometry assay are reported 

in Table 4 (treatment with drug concentration corresponding to EC50) and Table 5 (treatment with the 

Cint, 1µM mercaptopurine and 5µM thioguanine). Figure 6 shows the Gardner-Altman plots for the 

concentration of TGN (pmol/1x106 cells) obtained by mass-spectrometry analysis in NALM6 MOCK 

and TPMT*1, after treatment with mercaptopurine and thioguanine (EC50 and Cint) for 24 and 48 

hours in all biological replicates.   

 

 

Figure 34. SERS spectra of NALM6 MOCK (in blue) and TPMT*1 (in red) cell lysates after treatment with thioguanine 

(EC50 and C
int

) for 24 and 48 hours. The difference spectrum is displayed (in black) at the bottom of each chart with the 

corresponding interquartile distributions represented by the shaded area.  

 The Gardner-Altman plots show the observed values (intensity of the peak at 915 cm
-1

 of NALM6 MOCK and TPMT*1 

cell lysates) in all biological replicates, highlighting the two groups’ comparison by a difference axis that displays the 

effect size, here the difference of medians indicated by the black circle. The median of the test group (NALM6 MOCK) 

is the difference-axis origin (zero). The difference of the medians is flanked by the confidence interval (CI) which is 

illustrated by the vertical line.  
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Table 4: Average concentration of thiopurine metabolites in NALM6 MOCK and TPMT*1 treated with EC50 concentration 

of mercaptopurine and thioguanine for 24 and 48 hours. Values are expressed as means (n=4)  standard errors. 

 

Metabolites 24 h 24h 48h 48h 

 mercaptopurine thioguanine mercaptopurine thioguanine 

 MOCK TPMT*1 MOCK TPMT*1 MOCK TPMT*1 MOCK TPMT*1 

 pmol/1x106 

cells 

pmol/1x106   

cells 

pmol/1x106         

cells 

pmol/1x106      

cells 

pmol/1x106        

cells 

pmol/1x106        

cells 

pmol/1x106        

cells 

pmol/1x106          

cells 

TIMP 9.8± 3.7 0 0 0 0 0 0 0 

TIDP 0 0 0 0 0 0 0 0 
TITP 0 0 0 0 0.2± 0.2 0 0 0 

TGMP 106.4± 32.1 11.6±3.4 406.9±30.9 378.4± 32.8 50.3± 24.0 0.4±0.2 492.8±42.8  203.6± 88.1 

TGDP 1.8± 1.0 0 35.5± 1.4 26.8± 2.7 0.6± 0.6 0 40.0± 3.0 9.4± 5.0 

TGTP 6.9±2.3 0 132.5± 12.3 92.5± 10.0 2.2± 1.7 0 130.7± 9.9 32.1± 18.0 
MeTIMP 41.1± 13.0 117.4± 44.6 0 0 36.5± 9.0 105.3±32.7 0 0 

MeTIDP 0 0 0 0 0 2.4± 2.1 0 0 
MeTITP 0 1.2± 1.1 0 0 0 2.1± 1.9 0 0 

MeTGMP 4.8±1.8 4.8± 1.5 22.3±1.2 124.2± 11.5 3.4± 1.7 0 30.5±4.1  116.1± 39.8 
MeTGDP 0.6±0.3 0.4± 0.2 11.9±0.9 52.3±5.8 0.6± 0.4 0 14.4± 1.5 41.9± 16.5 

MeTGTP 0.5± 0.3 0.3± 0.2 19.3±2.4 74.4± 4.4 0.4± 0.4 0 14.7± 5.2 52.1± 19.4 

 

Table 5: Average concentration of thiopurine metabolites in NALM6 MOCK and TPMT*1 treated with the Cint 1µM 

mercaptopurine and 5µM thioguanine  for 24 and 48 hours. Values are expressed as means (n=4)  standard errors. 

 

Metabolites 24 h 24h 48h 48h 

 mercaptopurine thioguanine mercaptopurine thioguanine 

 MOCK TPMT*1 MOCK TPMT*1 MOCK TPMT*1 MOCK TPMT*1 

 pmol/1x106.             
cells 

pmol/1x10
6 cells 

pmol/1x106 
cells 

         pmol/1x106                        
cells 

pmol/1x106                           
cells 

pmol/1x106 
cells 

pmol/1x106           
cells 

pmol/1x106        
cells 

TIMP 6.9± 2.3 0 0 0 0 0 0 0 
TIDP 0 0 0 0 0 0 0 0 

TITP 0 0 0 0 0 0 0 0 
TGMP 93.8± 27.3 19.2± 7.0 440.5± 26.1 426.6± 37.6 41.8± 17.9 1.2±0.5 374.0± 3.3 27.8± 4.0 

TGDP 2.1±0.8 0 36.7± 2.1 27.7± 2.6 0 0 32.0± 0.6 0 
TGTP 5.8±1.9 0.4± 0.4 152.0± 4.4 92.1± 13.9 1.4± 1.1 0 114.2± 6.8 0.9± 0.5 

MeTIMP 
31.9± 12.0 

154.8± 
40.5 0 0 34.5± 8.8 165.7± 49.0 0 0 

MeTIDP 0 0 0 0 0 3.4± 1.3 0 0 
MeTITP 0 1.5± 0.9 0 0 0 5.6± 2.0 0 0 

MeTGMP 4.2± 1.5 7.6±2.7 32.5± 2.0 131.5± 6.7 2.6±0.9 0 24.2± 1.9 21.7± 2.8 
MeTGDP 0.3± 0.3 1.2±0.4 11.8± 1.0 54.8± 2.0 0.4±0.3 0 11.2± 0.2 3.9±0.7 

MeTGTP 0.1± 0.1 0.9± 0.3 21.3± 1.6 79.3± 9.7 0.3± 0.3 0 15.8± 1.5 4.4± 1.0 
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Figure 35. Gardner-Altman plots for the concentration of TGN (pmol/1x106 cells) obtained by mass-spectrometry analysis 

in NALM6 MOCK and TPMT*1, after treatment with mercaptopurine and thioguanine (EC50 and Cint) for 24 and 48 hours 

in all biological replicates.   
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4.3 SERS analysis of DNA and nucleosides 

 

4.3.1 Analysis of fragmented DNA of NALM6 MOCK 

 

Firstly we verified if the fragmentation of genomic DNA extracted from cell pellets of NALM6 MOCK 

done by sonication or by enzyme EcoR1 restriction had occurred, by gel electrophoresis. 

Fragmentation done by sonication seems to produce a pool of shorter DNA fragments respect to EcoR1 

fragmentation protocol (Figures 36A and 36B). 

 

             

 

  A                  B 

Figure 36. Gel electrophoresis of genomic DNA of NALM6 MOCK fragmented with EcoR1 enzyme (A) and fragmented 

by sonication (B).  

 

Then, the SERS spectra of fragmented genomic DNA were acquired, but unfortunately, it was not 

possible to observe any SERS signals of DNA bases (data not shown).  

 

4.3.2 SERS spectra of nucleoside solutions in buffer sodium citrate 

 
SERS spectra of natural nucleoside standard solutions (dA, dG, dC, dT) at a concentration of 1 x 10-3 

M and 1 x 10-4 M diluted in buffer sodium citrate 400 mM (pH 4.8) were acquired using Silmeco 

substrates (Figures 37, 38, 39 and 40), in order to allow a subsequent comparison to nucleoside samples 

obtained from DNA of untreated and treated NALM6 MOCK. It was possible to obtain SERS spectra 

of all the natural nucleosides at a concentration of 1 x 10-3 M, except for dT whose signal was 

comparable to that of the buffer sodium citrate 400 mM used for the dilutions (Figure 41). In particular, 

dA showed characteristic peaks at 729 cm-1 and 1329 cm-1, dG most intense peaks were at 675, 1319, 
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1482, 1575 cm-1 while dC presented one peak at 787 cm-1. Signals of 1 x 10-4 M standard solutions 

were visible only for dA. 

 

 
Figure 37. Average SERS spectra of pure dA at 1 x 10-3 M in buffer sodium citrate 400 mM, pH 4.8. 

 

 
Figure 38. Average SERS spectra of pure dG at 1 x 10-3 M in buffer sodium citrate 400 mM, pH 4.8. 
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Figure 39. Average SERS spectra of pure dC at 1 x 10-3 M in buffer sodium citrate 400 mM, pH 4.8. 

 

 
Figure 40. Average SERS spectra of pure dT at 1 x 10-3 M in buffer sodium citrate 400 mM, pH 4.8. 

 

 
Figure 41. Average SERS spectra of buffer sodium citrate 400 mM, pH 4.8. 
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The SERS spectrum of the standard solution of dTG in buffer sodium citrate 400 mM showed the most 

intense characteristic peak at 917 cm-1, but also less intense peaks at 677, 850, 1268, 1331 cm-1 (Figure 

42), so it was possible to distinguish dTG from the natural nucleoside dG.  

 

Figure 42. Average SERS spectra of pure dTG at 1 x 10-5 M in buffer sodium citrate 400 mM, pH 4.8. 

 

A calibration line of dTG (Figure 43) was then assessed using 6 different concentrations of dTG 

standard solution ranging from 1 x 10-6 M to 1 x 10-5 M, with mercaptopurine as internal standard at a 

final concentration of 1 x 10-6 M, considering the characteristic peak of mercaptopurine at 1000 cm-1. 

The calculated R-squared was of 0.96, the LOD was 4.03 x 10-7 M and the LOQ was 1.34 x 10-6 M.  

 

Figure 43. Calibration line constructed on the average spectra of dTG, using mercaptopurine (final concentration of 1 x 10-

6 M as internal standard) the red dashed lines correspond to the prediction interval of 95%. R-squared= 0.9584, LOD = 4.03 

x 10-7 M, LOQ = 1.34 x 10-6 M. 

IR
 9

1
7
 c

m
-1

/1
0
0
0

 c
m

-1
 



 71 

4.3.3 SERS analysis of nucleoside samples obtained from DNA of NALM6 MOCK 

SERS spectra of nucleoside samples derived from DNA of untreated NALM6 MOCK presented 

different peaks compared to the spectra of the mix solution used for the enzymatic reactions with 

Nuclease P1 and acid phosphatase (Figure 44).  

The characteristic peaks of dA at 729 cm-1 and 1329 cm-1 were the only visible peaks attributable to 

natural nucleosides in the spectra of nucleoside samples obtained from DNA of untreated NALM6 

MOCK (Figure 45).   

 

 
                                                                                  Raman Shift (cm-1) 

 

Figure 44. SERS spectra of the mix solution (in black) used for the enzymatic reactions with Nuclease P1 and acid 

phosphatase and the SERS spectra of nucleosides obtained from DNA of untreated NALM6 MOCK (in blue), presenting 

different peaks between the two types of samples. 
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                 Untreated NALM6 MOCK 

 

 

 

Figure 45. SERS spectra of natural nucleosides standard solutions 1 x 10-3 M (dA in red, dG in green, dC in blue) in buffer 

sodium citrate 400 mM, pH 4.8 and of nucleosides obtained from DNA of untreated NALM6 MOCK (in black). 
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Figure 46. Average SERS spectra ( DS) of nucleosides obtained from DNA of NALM6 MOCK treated with thioguanine 

(EC50 at 72 hour) for 24 hours, 6 biological replicates. 

 

Figure 47. Average SERS spectra ( DS) of nucleoside samples obtained from DNA of NALM6 MOCK treated with 

thioguanine (EC50 at 72 hour) for 48 hours, 6 biological replicates. 
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Figure 48. Average SERS spectra ( DS) of nucleoside samples obtained from untreated DNA of NALM6 MOCK, 6 

biological replicates. 

 

It was of interest to understand if it was possible to observe differences in the levels of thioguanine 

incorporation into DNA of NALM6 MOCK after treatment with thioguanine exposure for 24 and 48 

hours, comparing SERS spectra of untreated samples (Figure 48) with spectra obtained from 

thioguanine treated samples (Figures 46 and 47).  

The signal intensity of dTG characteristic peak (at 917 cm-1) was analyzed in the nucleosides samples 

obtained from DNA of NALM6 MOCK treated with thiopurine for 24 and 48 hours and compared to 

untreated samples (Figure 49). Data are presented, in Figure 50, normalized at the peak of dA (at 729 

cm-1) to eliminate possible discrepancies between the samples in terms of initial DNA concentration 

used to prepare the nucleoside samples. No statistically significant difference was found for treatment 

duration effect between 24 and 48 hours of thioguanine exposure, even if results seem to show a 

decrease of thioguanine incorporation at 48 hours. 
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Figure 49. Signal intensity of dTG (peak at 917 cm-1) in nucleosides samples obtained from DNA of untreated NALM6 

MOCK and NALM6 MOCK treated with thioguanine (EC50 at 96 hours) for 24 and 48 hours (six biological replicates 

each).  

 

 

 

Figure 50. Signal intensity of dTG (peak at 917 cm-1) in nucleosides samples obtained from DNA of untreated NALM6 

MOCK and NALM6 MOCK treated with thioguanine (EC50 at 96 hours) for 24 and 48 hours (six biological replicates 

each), normalized at the peak of dA at 729 cm-1.  

 

Unfortunately, both untreated and treated nucleosides samples obtained from DNA of NALM6 MOCK 

showed an intense peak at 1000 cm-1, the same considered for mercaptopurine used as internal standard 

for the calibration line of dTG. The peak at 1000 cm-1 was attributable to some reagents used for DNA 
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extraction from cell pellets (Figure 51) preventing the possibility to quantify dTG by using the 

previously obtained calibration line model.  

 
 
Figure 51. SERS spectra of different reagents of the Gene Elute Blood Genomic DNA Kit used for the DNA extraction 

from cell pellets. Column prep reagent (a), Lysis C reagent (b) and pre-wash reagent (d) presented a peak at 1000 cm-1 of 

Raman shift. 

 

4.4 Detection of TGN in erythrocytes by SERS 

 

4.4.1 Assay optimization  

The project aimed to find a protocol for the qualitative and quantitative analysis of TGN metabolites 

in RBCs lysate through a calibration model. Therefore, we tried to optimize a protocol to detect TGN 

at concentrations useful to TDM, i.e., around 1 x 10-7 M and 1 x 10-5 M. Firstly, the influence of the 

pH value on the SERS spectra of mercaptopurine and. of TGN spiked in RBCs lysates from healthy 
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donors was investigated. In literature, it has been reported that in an acidic environment, 

mercaptopurine presents a stronger signal than at neutral pH 72. As shown in Figure 52, bringing the 

filtered RBCs lysate to a pH of 4.5, there was a marked improvement in the SERS signal intensity. 

 

 
 
Figure 52. Average SERS spectra in RBCs lysate of A) mercaptopurine and B) TGMP at a concentration of 1 x 10-5 M. 

The metabolites collectively referred as TGN presented identical SERS spectra also when spiked in 

RBCs, since they only differ by the number of phosphates, while the moiety involved in the interaction 

with the Ag NPs is the same, though they present differences of intensity of the characteristic bands 

(Figure 53A). In particular, as underlined by the normalized spectra in figure 53B, the signal intensity 

increases as the number of phosphate moiety decreases. 

 

Figure 53A. Superimposed SERS spectra of TGN (TGMP in blue, TGDP in red, TGTP in green) spiked in RBCs lysates 

diluted with Milli-Q water (1:3 ratio) to a concentration of  1 x 10-6 M, followed with acidification to pH 4.5 and filtration 

with Amicon Ultra filtering devices. 
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Figure 53B. Normalized SERS spectra of TGN at the peak at 655 cm-1 (TGMP in blue, TGDP in red, TGTP in green) 

spiked in RBCs lysates diluted with Milli-Q water (1:3 ratio) to a concentration of 1 x 10-6 M, followed with acidification 

to pH 4.5 and filtration with Amicon Ultra filtering devices. 

 

4.4.2 TGN calibration line 

 

Once the protocol was optimized, a calibration line of the metabolite TGMP (peak at 915 cm-1) diluted 

in RBCs lysate of healthy donor was constructed, obtaining a R-squared of 0.97, LOD = 4.95 x 10-7 M 

and LOQ = 9.12 x 10-7 M (Figure 54). Usually, for TDM in ALL, TGN are quantified simultaneously. 

However, not knowing the fraction of each TGN in patients’ samples, it was decided to focus on TGMP 

(Figure 55). From mass spectrometry analysis of treated NALM6 cells, the most of the TGN SERS 

signal was given by the TGMP and we found protocols in literature in which only this metabolite was 

quantified as representative of TGN 73. 

 
 

Figure 54. Calibration line constructed on the average spectra of TGMP, the blue dashed lines correspond to the prediction 

interval of 95%. LOD = 4.95 x 10-7 M, LOQ = 9.12 x 10-7 M. 
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Figure 55. Spectra of TGMP (from 2 x 10-7 M to 1 x 10-6 M) in RBCs lysates, filtered and adjusted to pH 4.5. 

4.4.3 Patients’ samples analysis 
 

Tests were carried out on five RBCs lysate samples from ALL pediatric patients in therapy with 

mercaptopurine, collected in the context of approved clinical studies at IRCCS Burlo Garofolo of 

Trieste, compared with RBCs lysate sample from healthy donor (Figure 56). It was possible to 

distinguish the characteristic peak of TGN at 915 cm-1 in patients’ samples (green dots in Figure 56), 

not present in the spectra of the RBCs lysate from healthy donor.  

However, TGN in these samples were under the limit of the indicated therapeutic range as calculated 

from HPLC analysis performed at IRCCS Burlo Garofolo of Trieste with a modified method of 

Dervieux et al. 65 and with the dilution carried out in the SERS protocol, they presented concentrations 

within the LOD, besides patient E, but not in the LOQ, besides patient C (Table 6).   

 

Patient HPLC analysis of TGN 

(pmol/8*108 RBCs) 

HPLC analysis of TGN 

[M] 

Concentration after dilution 

1:3 for SERS analysis [M] 

A 176 1.76 x 10-6 5.86 x 10-7 

B 211 2.11 x 10-6 7.03 x 10-7 

C 279 2.79 x 10-6 9.3 x 10-7 

D 197 1.97 x 10-6 6.57 x 10-7 

E 65 0.65 x 10-6 2.17 x 10-7 

 

Table 6. Values of TGN concentration (pmol/8*108 RBCs and molar concentration [M]) determined by HPLC assay. 
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Figure 56. Spectra of RBCs lysates of 5 ALL patient’s in treatment with mercaptopurine (in blak), compared to spectrum 

of RBCs lysate of healthy donor (in grey); the green dot highlights the characteristic peak of TGN at 915 cm-1. 

 

 

4.4.4 Thioguanine calibration line 

 
Since TGN levels of the analyzed ALL patient’s RBCs lysate samples were under the calculated LOQ 

for the TGMP calibration line, we considered to analyze the free base thioguanine obtained from acid 

hydrolysis of TGN, as described in “Material and Methods”, since the absence of the anionic phosphate 

moiety in thioguanine could result in higher signal intensity. 

However our results showed that standard solution of thioguanine spiked in RBCs of healthy donor, 

subjected to a modified protocol of Dervieux et al. 65, provided SERS spectra with detectable 

characteristic peaks of thioguanine (at 917 cm-1 and 1300 cm-1) only for samples with the higher 

concentration, i.e. 1.2 x 10-5 M and 6 x 10-6 M for analysis with CSPP (Figure 57A and 57B), only 1.2 
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x 10-5 M for analysis with Ag NPs (Figure 58A and 58B). For this reason, the attempt to improve the 

TGN quantification in RBCs lysates did not yield the expected results. 

 

 

Figure 57A. SERS spectra of thioguanine (1.2 x 10-5 M) spiked in RBCs lysates (in black), RBCs of healthy donor (in grey), 

standard solution of thioguanine (1 x 10-6 M) in buffer sodium citrate 10 mM (in green). SERS substrate: CSPP of silver. 

 

Figure 57B. SERS spectra of thioguanine (6 x 10-6 M) spiked in RBCs lysates (in black), RBCs of healthy donor (in grey), 

standard solution of thioguanine (1 x 10-6 M) in buffer sodium citrate 10 mM (in green). SERS substrate: CSPP of silver. 
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Figure 58A. SERS spectra of thioguanine (1.2 x 10-5 M) spiked in RBCs lysates (in black), RBCs of healthy donor (in grey), 

standard solution of thioguanine (1 x 10-6 M) in buffer sodium citrate 10 mM (in green). SERS substrate: Ag NPs. 

 

 

 
 

Figure 58B. SERS spectra of thioguanine (6 x 10-6 M) spiked in RBCs lysates (in black), RBCs of healthy donor (in grey), 

standard solution of thioguanine (1 x 10-6 M) in buffer sodium citrate 10 mM (in green). SERS substrate: Ag NPs. 
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5. Discussion 

 
SERS for the study of thiopurine pharmacokinetics in IHH wild-type cell lysates after in vitro 

treatment 

 

Thiopurine drugs azathioprine, mercaptopurine and thioguanine are widely used as anticancer drugs 

and immunosuppressants. Thiopurines are characterized by dose-dependent adverse effects such as 

myelosuppression and hepatotoxicity, often related to inter-individual differences, involving the 

activity of important enzymes at the basis of their biotransformation.  

SERS spectroscopy is emerging as a bioanalytical tool and represents a valid alternative in terms of 

affordable costs, shorter analysis time and easier sample preparation in comparison to the most 

employed methods for pharmacokinetic analysis of drugs, such as HPLC and mass spectrometry.  

In the first part of the thesis, we applied the SERS spectroscopy technique to evaluate thiopurines 

pharmacokinetics in IHH wild-type cell line, after in vitro treatment with azathioprine and 

mercaptopurine at a concentration corresponding to the EC50 calculated by MTT test after 96 hours of 

drug exposure (EC50: 4.4x10-5 M for azathioprine; EC50: 1.1x10-5 M for mercaptopurine) 59. IHH 

wild-type cell line was chosen as a representative model of the liver tissue important for thiopurine 

metabolism and possible target of adverse effects 58. 

SERS has been often applied to the analysis of intact eukaryotic cells, using metal nanoparticles as 

nanoprobes to analyze the biochemical composition of cellular environments or to classify tumor cells 

74. This approach requires the internalization of nanoparticles into cells by different techniques such as 

active uptake, passive diffusion or by mechanical or physical delivery. A possible alternative to these 

approaches is to study cells with SERS by the analysis of cell lysates 75. Using cell lysates, the spectral 

information about specific subcellular structures is lost, but the cytosol becomes easily accessible for 

the analysis. 

The initial phase of the study was carried out to verify whether the presence of the pool of biological 

molecules, deriving from the cell lysate, could interfere with the acquisition of the SERS spectra of 

intracellular metabolites of thiopurines. The SERS spectra of lysates of IHH wild-type cells obtained 

from silver and gold nanoparticles have already been characterized investigating the contribution of 

cytosolic constituents to the overall spectral profile 75. By analyzing the spectra of standard solutions 

of thiopurines and their metabolites spiked in cell lysates, it was possible to identify the critical dilution 

that leads to "hiding" the spectrum of the drug or metabolite by the biological matrix. 

Afterward it was possible to observe that some similar peaks are present in more metabolites in terms 

of Raman shift value. However, in general, the acquired spectra have shown considerable differences 
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allowing to recognize and distinguish these molecules despite being structurally similar (structural 

formula can be found in Appendix A)  and it was possible to appreciate very intense and defined signals 

for all analytes thanks to the presence of the thiol group. This group in fact has a high affinity for silver 

substrates and is therefore capable of chemo adsorbing to nanoparticles 76. Thiopurines show intense 

SERS spectra under most conditions. In fact, thiopurines strongly adsorb onto the Ag NPs surface via 

the thiol group and the lone pair on the N atom, with the adsorption sites being affected by the pH of 

the medium 77. Mercaptopurine adopts the thiol tautomer form when in solution. Under basic 

conditions, the interaction of mercaptopurine with Ag NPs is weaker than at acidic pH values, probably 

because of the deprotonation of the thiol and tilted orientation of mercaptopurine at basic pH 72. At 

acidic pH values, as in this study, a strong interaction with Ag through the N9 and N3 atoms is 

suggested for mercaptopurine, with a perpendicular orientation 72. Also, SERS spectra intensity and 

Raman shift of thioguanine are affected by pH value 78. Thioguanine may exist in many tautomeric 

forms among which, in aqueous solution, the tautomer with the thione and the hydrogen atom in N9 is 

predominant 78. Under acidic or alkaline conditions, thioguanine may adsorb through different binding 

sites onto metal nanoparticles, due to the acid-base tautomeric equilibrium (pK1 = 2.69, pK2 = 8.12, 

pK3 = 11.24) 79. Thioguanine may interact with Ag via the sulphur atom and the N1 and N7 atoms may 

both contribute to this kind of attachment under acidic condition 78. Ag NPs reduced with sodium citrate 

are negatively charged, so when thioguanine is positively charged or neutral the interaction is easier 

and intensity increases.  

From the spectra obtained for the azathioprine and mercaptopurine treated IHH wild-type cell lysates 

it was clear that the drug treatment caused considerable changes in the characteristic spectrum of the 

untreated lysate while, as expected, the addition of sodium hydroxide did not generated changes. The 

results show that all detected thiopurine metabolites increased over time in the cytosol of IHH wild-

type treated with azathioprine and mercaptopurine. A significant difference in the signal intensity could 

be observed for treatment duration effect for metabolites TGN (p value ANOVA = 5.12 x 10-5), TIXP 

(p value ANOVA = 0.0002) and mercaptopurine (p value ANOVA = 0.0079). TIXP signal intensity 

was significantly influenced also by drug used (p value ANOVA = 0.0145), being higher after 

mercaptopurine treatment in comparison to azathioprine treatment.  

In general, thiopurine metabolites were observed to be more concentrated after treatment with 

mercaptopurine then with azathioprine. This could be due to the fact that azathioprine is a prodrug of 

mercaptopurine and therefore the thiopurine metabolites responsible for the activity are produced later. 

Although SERS spectra recorded for the lysates of IHH wild-type treated with azathioprine and 

mercaptopurine for 12, 24 and 48 hours showed different correspondences with characteristic bands of 

thiopurine metabolites, allowing the identification of metabolites, lysates treated for 96 hours showed 
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a clear similarity with the controls, so these data were not taken in consideration for the analysis. The 

reduction in the number of typical metabolite bands can be due to two factors: treatment with 

thiopurines is cytotoxic causing, at a time of 96 hours, a reduction of 50% in the number of cells with 

consequent decrease of the metabolites present 80 and processes of degradation, detoxification and 

elimination of metabolites by hepatocytes. 

 

SERS for the study of the influence of expression level of ITPA enzyme on thiopurine 

pharmacokinetics in IHH cell lysates  

 

Once it was confirmed that SERS technique could be useful for the detection of thiopurine metabolites 

derived from in vitro metabolism in cell lysates, the study continued to investigate mercaptopurine 

pharmacokinetic by SERS in cell lysate of IHH cell line that did (ITPA) and did not (MOCK) 

overexpress the wild-type form of ITPA as an in vitro model to evaluate the influence of the different 

ITPA activity level on thiopurine metabolism on the base of modifications in the metabolites profile 

outcome. The putative role of ITPA is to prevent the accumulation of potentially harmful nucleotides, 

such as ITP or deoxyinosine triphosphate, that may be incorporated into nucleic acids, by catalyzing 

the pyrophosphohydrolysis of ITP to IMP 81.  Lower ITPA enzyme activity gives rise to the 

physiological effect of abnormal accumulation of ITP in cells, which by itself is a clinically benign 

condition 81. On the other hand, since ITPA is involved in thiopurine drug metabolism, a decreased 

ITPA activity can cause the accumulation of potentially toxic metabolites, resulting in an increased 

risk of toxicity.  

For this reason, ITPA gene has been considered as a candidate gene that could affect thiopurine 

metabolism and be responsible of toxicities with inter-individual differences. 

Several studies reported a significant increased risk of developing hepatotoxicity in patients that 

presented lower ITPA activity, when undergoing mercaptopurine therapy for ALL 82 or azathioprine 

therapy for IBD 83 but other studies did not 84, so currently there is no strong general agreement 

regarding the benefits of using ITPA activity to predict outcomes in the clinical practice.   

It is stated that low ITPA activity could result in accumulation of TITP 85 which is recognized to be 

potentially toxic and, on the other hand, an higher ITPA activity leads to increased TIMP concentration 

which can then result in increased TGN levels 86.  

TITP can be methylated to MeTITP by TPMT, and MeTITP can also be produced from MeTIMP. It 

has been recently shown that MeTITP is a poor ITPA substrate and this can explain the greater 

accumulation of MeTITP in individuals with lower ITPA activity, which is documented to have 

cytotoxic properties. MeTIMP is a potent inhibitor of the novo purine synthesis, resulting in lower 
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endogenous purines available for incorporation in DNA to compete with TGN incorporation and, as 

consequence, in higher levels of TGN, whose incorporation into DNA results to be enhanced in the 

end 82. Despite MTT test did not highlighted statistically significant differences in terms of 

sensitiveness to mercaptopurine between IHH ITPA and IHH MOCK (EC50 at 96 hours: 6.71 x 10-5 

M and 4.57 x 10-5 M, respectively for IHH ITPA and IHH MOCK), Western blot and HPLC assay 

seem to confirm the presence of a higher expression of ITPA protein in IHH ITPA. Also SERS analysis 

results seem to confirm a difference in the metabolite outcome of thiopurine in vitro metabolism in 

IHH MOCK and IHH ITPA, in terms of different signal intensity for TGN and TIXP metabolites 

formed in the cytosol. TGN and TIXP signal intensities were higher for IHH ITPA both at 24 and 48 

hours of mercaptopurine treatment than in IHH MOCK (p value ANOVA for ITPA effect = 1.23 x 10-

5 and 2.71 x 10-5 for TGN and TIXP, respectively). Moreover, while for IHH ITPA the signal intensity 

of TGN and TIXP tended to increase over time, the opposite trend was observed for IHH MOCK, with 

TGN and TIXP levels decreasing from 24 to 48 hours of mercaptopurine treatment.  

A shortcoming of this assay is that SERS method was not able to discriminate among mono-di-

triphosphate metabolites, it is not known if one or more of these nucleotides have been affected by 

ITPA activity. Moreover we did not obtained visible peaks of methylated metabolites, so it was not 

possible to follow also their trend over time. Nevertheless, our results seem to confirm ITPA role in 

the influence of the metabolites outcome of thiopurines, even if we did not observe significant 

influences on cytotoxicity in the in vitro model of hepatocytes.  

 

SERS for the study of the influence of expression level of TPMT enzyme on thiopurine 

pharmacokinetics in NALM6 cell lysates  

 

Given the clinical and the experimental evidences accumulated over years and demonstrating a 

different metabolism of thiopurines and treatment response based on different TPMT activity level 87, 

the subsequent part of the study wanted to assess whether SERS was able to investigate the influence 

of TPMT activity on the in vitro metabolism of thiopurine drugs mercaptopurine and thioguanine, with 

the intention of discriminate cells with different TPMT levels, on the base of TGN formed, possibly 

aiming at a future translation of the SERS method to patient samples treated with thiopurines, as an 

alternative to more laborious analysis. Specifically, we used a B-lymphoblastoid cell line (NALM6) 

overexpressing the wild-type form of TPMT gene (TPMT*1) compared to NALM6 with the empty 

vector as control (MOCK). 

NALM6 cells were treated for 24 and 48 hours, with the EC50 at 72 hours of mercaptopurine calculated 

by the MTT assay (1.44 µM for MOCK and 0.53 µM for TPMT*1) and the Cint (1 µM) calculated as 
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the mathematical mean between the EC50 at 72 hours for NALM6 MOCK and TPMT*1. Similarly, 

treatment with thioguanine was done using the EC50 at 72 hours (2.45 µM for MOCK and 7.36 µM 

for TPMT*1) and the Cint (5 µM).  

As reported in other in vitro studies 88, cells expressing high TPMT were more sensitive to the cytotoxic 

effects of mercaptopurine and less sensitive to those of thioguanine accordingly to our MTT assay 

results. These opposite contribution of TPMT to the two drugs have already been explained suggesting 

that over physiological methylation of mercaptopurine in vitro contributes to the antiproliferative 

properties of the drug, probably through inhibition of de novo purine synthesis by methyl 

mercaptopurine nucleotides, whereas thioguanine is inactivated primarily by TPMT with a decrease of 

TGN levels 88.  These hypotheses are also supported by our mass-spectrometry analysis for the 

quantification of thiopurine metabolites, that show higher levels of MeTGN in NALM6 TPMT*1 after 

treatment with mercaptopurine and a reduction of TGN in NALM6 TPMT*1 after treatment with 

thioguanine. 

In SERS spectra obtained for cell lysates treated with mercaptopurine, the most intense characteristic 

bands of mercaptopurine at 860 cm-1, 1000 cm-1, 1280 cm-1 are not visible, indicating that the drug has 

been completely metabolized. Also, in the SERS signal of cell lysates treated with thioguanine, the 

most intense characteristic band of thioguanine at 1300 cm-1 is not detected. On the other hand, the 

most intense characteristic band of the TGN metabolites appear in the treated NALM6 cells lysates 

(but not in the untreated cells lysates) at about 915 cm-1, as well as minor peaks at 439, 534, 876, 1264, 

1325, 1506 cm-1, denoting TGN were formed from the in vitro cell metabolism after thiopurine drug 

incubation. In this study, the determination of a different TPMT enzyme activity is based on the 

detection of TGN cytosolic levels.   

SERS signals of MeMP and MeTGN were not appreciable, probably because the methyl group at the 

sulphur atom interfered with the possibility to create a sulphur-metal bond on Ag NPs. März A et al. 89 

describe a lab-on-a-chip SERS method to determine the TPMT activity in lysed RBCs by analyzing 

the methylation of mercaptopurine to MeMP, in particular by measuring the difference spectrum of 

RBCs sample spiked with mercaptopurine with or without incubation representing present or absent 

TPMT activity, to detect the conversion of mercaptopurine to MeMP. However, these authors 

considered a much higher mercaptopurine concentration than the ones used in this study (1.1 mM 

versus the 0.53-1.44 µM range, respectively). It is therefore likely that in our experimental setting the 

concentrations of MeMP and MeTGN formed by the in vitro cell metabolism are insufficient to be 

detected by SERS. 

A much higher intensity of the characteristic TGN band at 915 cm-1 was observed after thioguanine 

treatment when compared to mercaptopurine exposure. This could be explained by the more direct 
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intracellular activation of thioguanine and the faster formation of TGN compared to the mercaptopurine 

metabolic pathway that forms many intermediate metabolites which are TPMT substrates and result in 

methylated metabolites in detriment of TGN. Also clinical studies results have shown higher TGN 

levels in patients treated with thioguanine compared to mercaptopurine 90. This result was than 

confirmed also by mass spectrometry analysis. 

Considering in particular TGN, that were also analyzed by mass spectrometry, it emerges that after 24 

hours of treatment with mercaptopurine (both for EC50 and Cint), the most abundant TGN in NALM6 

MOCK is TGMP. In NALM6 TPMT*1, TGMP is present in significantly smaller quantities than in 

NALM6 MOCK. After 48 hours of mercaptopurine exposure, there is a decrease in TGN 

concentrations for both NALM6 MOCK and TPMT*1. As regards the quantification after 24 hours of 

thioguanine treatment, the TGN concentrations are similar between NALM6 TPMT*1 and MOCK but 

the methylated nucleotide metabolites are already higher in NALM6 TPMT*1. Indeed, after 48 hours 

of thioguanine exposure, the mass spectrometry assay detects small quantities of TGN in NALM6 

TPMT*1, while in NALM6 MOCK it still reveals quite high concentrations of active metabolites, 

among which the most abundant is TGMP. By these results, we can conclude that the SERS signal of 

TGN in treated cell lysates is primarily given by TGMP, as also supported by the high correlation 

between mass spectrometry and SERS data  (Spearman's rank correlation coefficient r = 0.96), 

revealing the same trend. Among the methylated thioinosine metabolites, MeTIMP is the most 

abundant after mercaptopurine treatment at both 24 and 48 hours, being much more concentrated in 

NALM6 TPMT*1 than in NALM6 MOCK at both time points. Methylated thioguanine nucleotides 

are present in small quantities in NALM6 MOCK both at 24 and 48 hours of mercaptopurine 

treatments. In NALM6 TPMT*1 they are detected in high concentrations at 24 hours. At 48 hours, 

there is a difference between 5 µM and EC50 , being still high for EC50 treatment, but lower than at 

24 hours. After thioguanine exposure, MeTGMP is the most abundant methylated metabolite both at 

24 and 48 hours, much more concentrated in NALM6 TPMT*1 than in NALM6 MOCK.  

 

Detection of thiopurine nucleotide metabolites in erythrocyte lysates by SERS 

 

In the subsequent part of the thesis we aimed to detect thiopurine metabolites in biological matrices 

different from cell lysate, which has been considered until now. Particularly, we focused on the 

detection of TGN in RBCs lysates and lastly on the detection of thioguanine incorporated in DNA after 

in vitro treatment of NALM6 MOCK for 24 and 48 hours with EC50 calculated at 96 hours (i.e. 2.45 

µM thioguanine), with the aim to investigate if SERS technique could be useful to analyze qualitatively 
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and quantitatively TGN in RBCs lysate or DNA at a concentration beneficial for TDM or for the 

evaluation of patients’ compliance to thiopurine therapy. 

Usually, time-consuming and expensive methods such as HPLC or mass spectrometry are used to make 

TDM, so a less expensive and faster method such as SERS analysis may be convenient to use. SERS 

can allow the detection of molecules at very low concentrations also in complex matrices and the 

affinity for the metal substrate determines the resulting spectra profile since the metal nanostructure 

only enhances the scattering of the absorbed analytes. Several studies about Raman and SERS spectra 

of the different human blood fractions are reported in literature. A large number of works describe 

Raman and SERS potential for TDM 91, cancer diagnosis 92, pathogen identification 93 or analysis of 

biological or cellular mechanisms 94 undoubtedly illustrating the method’s potentials. However, in the 

detection and quantification of analytes in biological matrices, there may be several problems due to 

the complexity of the sample. In biological samples, the analyte may be together with hundreds or 

thousands of other chemical species and often  in very low concentrations 95. Different pre-treatments 

such as centrifugation, pH variation, deproteinization and several others are often used to eliminate 

disturbing elements in biofluids. Specifically, in the different blood fractions, the high content of 

proteins can act as a disturbing element for SERS analysis since the protein can obstruct the functional 

aggregation of nanoparticles, preventing hot spots formation. Proteins such as human serum albumin 

could adsorb also onto metal surfaces, competing with the analyte for adsorption, or even blocking its 

adsorption at the expense of SERS detection 95. Furthermore, many drugs, such as thiopurines, can be 

tightly bound to plasma proteins 96. Therefore, a deproteinization step is essential to release the analyte 

from the proteins, making it available to interact with the SERS substrates 97. Filtration deprives the 

sample of the species bound to the proteins and increases the relative concentration of the remaining 

species.  

On these bases, also for our analysis of TGN in RBCs lysate it was needed to eliminate the largest 

cellular components and purifying the complex matrix sample to avoid or at least diminish interference 

in the SERS spectra. After the protocol optimization phase in which the influence of dilution, pH value 

and purification treatment method was evaluated, a calibration line of TGMP was made since, after the 

previous experiments results of thiopurine treated cell lysates, we expected that TGMP may be the 

TGN metabolite that contributed the most to the SERS signal and there were studies in literature 

reporting methods that quantify TGMP as representative of TGN. The calibration line was built using 

a range of concentration between 2 x 10-7 M and 2 x 10-6 M, useful for TDM of thiopurines. The 

obtained TGMP calibration line presented a R-squared of 0.97, a LOD of 4.95 x 10-7 M and a LOQ of 

9.12 x 10-7 M. The therapeutic index recommended for TGN of 230–450 pmol/8*108 RBCs 

corresponds to 2.3 x 10-6 M and 4.5 x 10-6 M 98. Unfortunately, a limitation of this method is that the 
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RBCs lysate is diluted in a ratio of 1:3 to allow the samples’ filtration, thus also diluting the metabolites. 

This problem was, in fact, encountered when tests were carried out on five samples of ALL pediatric 

patients’ RBCs lysate. The 1:3 dilution with Milli-Q water meant that the metabolites were diluted to 

concentrations that fall under the calculated LOQ value. The protocol presents some limitations, but in 

future it could be used to quantify the higher part of the therapeutic range, to understand if the 

metabolites have reached toxic doses for patients, or to evaluate compliance. 

In the future, this protocol could be subjected to a validation process by comparison to mass-

spectrometry or HPLC validated methods and hopefully used to perform TDM in patients treated with 

thiopurines with a significant reduction in costs and time. 

 

Detection of thioguanine incorporation into DNA after in vitro treatment by SERS 

 

As already underlined,  TDM of thiopurines has been accomplished by the quantification of thiopurine 

metabolites in various biological matrices and cell compartments, including RBCs, whole blood and 

leukocyte DNA by HPLC 65 or mass spectrometry 100. Although clinical guidelines are available for 

the use of TGN levels in RBCs for TDM of thiopurine drugs in IBD and most clinical laboratories 

measure RBC-TGN levels on this basis, thioguanine incorporated in DNA has been suggested to be a 

more relevant thiopurine metabolite than TGN metabolites measured in RBCs or whole blood, since 

RBCs are not the target of thiopurines and lack IMPDH1 and have therefore a thiopurine metabolism 

different from with that of principal target cells of these drugs.  

Several studies have found poor correlation between DNA-TGN and efficacy of thiopurines as 

immunosuppressants in IBD 100, but the converse has been recognized for ALL 42 . In other studies 

TGN levels in RBCs have been found to correlate to leukocyte TGN levels in pediatric patients 40, 41. 

However, it is important to distinguish the very different contexts between uses of thiopurines as 

anticancer drugs versus thiopurines as immunomodulators.  

DNA detection through SERS represents a big challenge for several reasons: interdependent factors 

that influence the affinity of the molecule for the SERS substrate, difficulty in interpreting spectra and 

assigning bands 101. 

It has been shown that the addition of the sugar to the bases in nucleotides or nucleosides, has little 

effect on the enhancement of the Raman signals which are dominated by the vibrations of the bases. 

There have been very few successful SERS studies of nucleotides, which are anionic because they also 

contain the phosphate moiety, and this characteristic can be unsuitable for detection with Lee and 

Meisel citrate-reduced silver colloids since the citrate ions form a surface layer which repels anionic 

analytes. The fact that spectra of the nucleotides reported in literature show no evidence of enhanced 



 91 

bands from the phosphate groups is consistent with this observation 101. For this reason and considering 

we did not observed characteristic peaks of natural bases in the spectra of fragmented DNA, we decided 

to focus on mononucleosides samples, which are deprived of the phosphate anionic moiety. 

During the preliminary phase of the study, the SERS spectra we obtained for each natural nucleoside 

standard solution were sufficiently different so they could easily be distinguished from each other and 

also from dTG (structural formula of nucleosides are presented in Appendix B). In SERS spectra of 

nucleosides obtained from DNA of untreated NALM6 MOCK, it was possible to observe several peaks, 

some of which are attributable to the natural nucleoside dA (peaks at 729 cm-1 and 1329 cm-1), other 

peaks are attributable to the mix solution used for the enzymatic reactions (as for example the peak at 

850 cm-1 and at 950 cm-1) or to reagents used for the DNA extraction (peak at 1000 cm-1). In the 

nucleoside samples obtained from DNA of untreated and treated NALM6 MOCK it was possible to 

discriminate the peaks of dA, but the other natural nucleosides were not visible. A possible explanation 

is that dA has an higher affinity for the SERS substrates, as revealed from the analysis of the standard 

solution of natural nucleosides, where dA showed higher signal intensity than the other nucleosides.  

From our knowledge, this is the first work using SERS technique to detect the incorporation of 

thiopurines into DNA after in vitro treatment. It was possible to detect the signal of dTG in samples of 

nucleosides obtained from DNA of NALM6 MOCK both after 24 and 48 hours of thioguanine 

exposition, since a peak at 917 cm-1 characteristic of dTG was visible, that did not appeared in 

nucleoside samples obtained from untreated NALM6 MOCK. The analysis of the signal intensity of 

the characteristic peak of dTG at 917 cm-1 not normalized and normalized at the characteristic peak of 

deoxy-adenosine (729 cm-1) 100, which was the only natural nucleoside visible in the spectra of 

untreated and treated samples, did not show a statistically significant difference for treatment duration 

(24-48 hours), but the incorporation of thioguanine into DNA seems to decrease at 48 hours of 

treatment of NALM6 MOCK, compared to 24 hours of treatment. In this work we could not quantify 

the dTG incorporated into DNA because it was not economically and technically feasible in terms of 

timing to do the calibration on a DNA matrix extracted from cells. We recognized that the matrix effect 

was noticeable and it was an important variable. A valid alternative is to use quantitative data such as 

data from mass spectrometry analysis to evaluate the correlation with the SERS data. Future studies 

are also needed to elucidate the applicability of this SERS method to the analysis of thioguanine 

incorporation in leukocytes DNA of patients. 
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6. Conclusion 

The study of thiopurine pharmacokinetics by SERS technique allowed to define how the thiopurine 

metabolites cytosolic levels change over time in a cell line of hepatocytes treated with thiopurines and 

to highlight the influence of ITPA activity levels on thiopurine biotransformation.  
A direct SERS detection method has been set up that could be a tool to study thiopurine drug 

pharmacokinetics in in vitro cellular models to qualitatively discriminate between cells that do and do 

not overexpress the TPMT enzyme, as an alternative to other more laborious techniques. In future 

studies, this method could be applied to investigate TPMT activity in patients’ and also to study other 

enzymes involved in thiopurine metabolism.  

A preliminary protocol for SERS analysis of TGN in RBCs lysate was assessed and in future it could 

be hopefully validated and used to perform TDM of thiopurines. Our findings also confirmed that 

SERS technique is capable to detect thioguanine incorporated in DNA after in vitro treatment of cells. 
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7. Appendix  

 
Appendix A. Structure of thiopurines and their metabolites. 

 

AZA 

 
Structural formula of AZA.  

MP 

 
 

Structural formula of MP. 

TG 

 
 

Structural formula of TG. 

 

TGR 

 
Structural formula of TGR. 

 

MPR 

 
Structural formula of MPR. 

 
 

TGMP 

Structural formula  

of TGMP. 

                   

              

 

              TGDP 

 
 

Structural formula  

of TGDP. 

            

 

 

                 TGTP 

 
Structural formula  

of TGTP. 

 

               TIMP 

 
Structural formula of TIMP. 

               TIDP 

 
Structural formula of TIDP. 

                     TITP 

 
Structural formula of TITP. 
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Appendix B. Structure of nucleosides. 

 

             dA 

 
Structural formula of dA. 

 

           dC 

 
Structural formula of dC. 

 

              dG 

 
Structural formula of dG. 

 

dT 

 
Structural formula of dT. 

 

 

dTG 

 

 
Structural formula of dTG. 
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