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Abstract  28 

Temozolomide (TEMODAL™) (TMZ) is an antineoplastic agent that is primarily used 29 

for the treatment of glioblastoma and anaplastic gliomas, two aggressive forms of brain 30 

cancer. Due to the poor prognosis of brain tumour patients, there is an increasing body 31 

of research into improving the stability and delivery of TMZ past the blood brain barrier 32 

using carrier molecules. These require accurate determination of TMZ levels for 33 
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biodistribution and pharmacokinetic evaluation. Unfortunately, current methodologies 34 

for the determination of TMZ in human plasma suffer from low reproducibility, 35 

recovery, sensitivity or cost ineffective procedures associated with extensive sample 36 

cleaning. To surpass these disadvantages, we developed two bioanalytical methods with 37 

high sensitivity and excellent recovery for the determination of TMZ in human plasma 38 

at minimum cost. Liquid chromatography coupled with tandem mass spectrometry 39 

(LC-MS/MS) was used and both methods were validated under US Food and Drug 40 

Administration (FDA) and the European Medicines Agency (EMEA) guidelines. The 41 

two methods had minor differences in the sample pre-treatment and each method was 42 

developed and applied in separate laboratories. Theophylline was selected as internal 43 

standard (IS). Calibration curves were linear over the range of 10-500 ng/mL with 44 

extraction recovery ranging from 77.3-97.3% while all validation parameters met the 45 

acceptance criteria and proved the methods’ reliability. The validated methods were 46 

successfully applied to plasma samples donated from cancer patient following 47 

treatment with temozolomide. 48 

 49 
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LC-MS/MS, liquid chromatography-tandem mass spectroscopy; IS, internal standard; 51 

TMZ, temozolomide; UHPLC, ultra-high performance liquid chromatography; RT, 52 

retention time; LOQ, limit of quantification; LOD, limit of detection; 53 
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 57 

1. Introduction 58 

Temozolomide (3-methyl-4-oxoimidazo[5,1-d][1,2,3,5]tetrazine-8-carboxamide) 59 

(TMZ) is a cytotoxic alkylating agent that is rapidly hydrolyzed to its active metabolite 60 

3-methyl-(triazen-1-yl)imidazole-4-carboxamide (MTIC), upon exposure to pH above 61 

7 [1, 2]. MTIC is instantaneously degraded to the extremely reactive methyldiazonium 62 

cation that methylates guanines in DNA at the O6 or N7 position [3, 4]. The cytotoxic 63 

effect of TMZ is primarily based on the formation of O6 methylguanine which results 64 

in mispairing during replication and subsequent cell death [5]. 65 

TMZ is the first-line chemotherapeutic option for the treatment of glioblastoma, 66 

anaplastic astrocytoma and certain brain metastases [6, 7]. Along with radiotherapy, it 67 



3 
 

can increase the mean survival rate of glioblastoma patients and the two-year survival 68 

rate [8, 9]. In combination with other therapies, it has shown encouraging results in the 69 

treatment of metastatic melanoma [10-15].  70 

TMZ is generally used as a chemotherapeutic against brain cancers primarily due to its 71 

biodistribution and its pharmacokinetic properties. It is characterized by 100 % oral 72 

bioavailability and due to its small size is able to penetrate the blood-brain barrier 73 

(BBB) [16-19]. Nonetheless, its efficacy is limited due to its poor stability in the slightly 74 

alkaline conditions found in human plasma, [6]. TMZ is rapidly converted to MTIC and 75 

as a result has a short half-life of 1.8 h, so the concentration of TMZ both in serum and 76 

tumor sites drops to suboptimal levels very rapidly [20]. Moreover, the active 77 

metabolite MTIC, has a very poor BBB penetration and limited cellular absorption [21]. 78 

Therefore, high doses of TMZ need to be administrated to achieve a sufficient 79 

concentration of MTIC at the site of the tumor [22]. Due to the severe side effects 80 

brought about by the need to treat patients with high doses of TMZ to achieve the 81 

desired therapeutic effect there is increasing interest in trying to stabilize TMZ to delay 82 

its conversion to MTIC before passing the BBB. This conversion is pH- and 83 

temperature-dependent since TMZ is unstable at 37 ºC in human plasma but stable in 84 

acidified plasma at the same temperature [6, 23]. The control of the pH in plasma using 85 

various acids (phosphoric, hydrochloric etc.) during the collection, processing and 86 

analysis of the biological samples is of great significance for the stabilization and 87 

preservation of TMZ [17, 24-26]. 88 

The most common techniques for the determination and quantification of TMZ in 89 

human plasma are liquid chromatography coupled with mass spectrometry or UV 90 

detection [19, 24, 27, 28]. The efficient extraction of TMZ from the plasma samples 91 

and the set-up of the optimal chromatographic conditions are the crucial steps in these 92 

techniques that greatly affect the detection accuracy. Several extraction methods, like 93 

solid phase extraction (SPE), liquid-liquid extraction (LLE) and protein precipitation 94 

(PP) have been described for the recovery of TMZ [1, 24, 29]. However, depending on 95 

the method, many issues can be encountered like low recovery, uncleaned samples, 96 

poor chromatographic resolution, complexed and time-consuming sample processing 97 

or even costly consumables.  98 

Herein, we aimed to use PP, as a simple step protein precipitation, in order to extract 99 

the drug from plasma samples avoiding the high-cost SPE and the low recoveries 100 

offered by LLE [29]. Following the PP, we conducted two alternative routes for the 101 
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sample reconstitution and the chromatographic parameters in our effort to decrease 102 

even more the time of sample preparation. Thus, two different methods were developed 103 

and established in different LC-MS/MS instrumentations and separate laboratories, 104 

which succeeded high recovery and sensitivity while at the same time describe fast and 105 

simple procedures for the sample preparation. Since TMZ is currently the standard of 106 

care for the treatment of aggressive brain tumors, a lot of research is being done into 107 

improving it as a drug or combining it with other drugs for an enhanced efficacy. Thus, 108 

speed, simplicity and accuracy in the quantification of TMZ in human plasma will assist 109 

such studies in enabling biodistribution or pharmacokinetics charting and will also be 110 

useful for clinical studies/trials where TMZ is used in combination with other 111 

treatments. The two assays for the detection and quantitation of TMZ in human plasma 112 

were validated according to FDA and EMEA guidelines and applied to plasma samples 113 

extracted from cancer patient treated with TMZ. 114 

 115 

 116 

Fig. 1. Chemical structures of TMZ and theophylline. 117 
 118 

 119 
 120 
Fig. 2. The two-step degradation route of TMZ, first to its active metabolite MTIC and then to 121 
5-amino-imidazole-4-carboxamide (AIC) and methyldiazonium cation. 122 
 123 
 124 

 125 
 126 
 127 
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2. Experimental 128 

2.1. Reagents and chemicals 129 

TMZ was purchased from Sigma and theophylline monohydrate from Alfa Aesar. 130 

Methanol, acetonitrile, N, N-dimethylsulfoxide (DMSO) and ammonium formate (LC-131 

MS grade) were purchased from Sigma-Aldrich. Formic, phosphoric and hydrochloric 132 

acid (HCl) were purchased from Merck (Germany). Purified water (18.2 MΩ) was 133 

prepared using a Milli Q-Integral system (Merck-Millipore, Watford, UK). All solvents 134 

were filtered through 0.22 μm filters (Titan Membrane, Merck Millipore). Samples 135 

were filtered with 0.2 μm Minisart RC 4 (Sartorius) syringe filters. Human plasma from 136 

healthy donors was a kind offer of Blood Donation Centre of University Hospital of 137 

Ioannina. 138 

 139 

2.2. Instrumentation  140 

2.2.1. Chromatographic conditions 141 

Method A: Chromatographic analyses were performed on a Waters HPLC system 142 

(Alliance HT 2795) equipped with a temperature-controlled autosampler and a 143 

degasser. Chromatographic analysis was achieved using a Synergi Hydro-RP column 144 

100 × 2 mm, 4 μm, Proguard 2 to 8 mm (Phenomenex). The mobile phase was consisted 145 

of ammonium formate (pH 3.0; 10 mM) (solvent A) and acetonitrile (solvent B). A 146 

gradient elution was started with 5% of solvent B, then increased with a linear 147 

increment to 95% until 0.5 min and maintained for 1.0 min. The elution was then 148 

decreased to 5% of solvent B in 0.5 min, and this composition was maintained until the 149 

end of the run (6 min). The column temperature was maintained at 40 oC throughout all 150 

measurements, whereas the sample temperature was kept at 15 ºC. A volume of 50 μL 151 

of each sample was injected with a flow rate 0.3 mL min-1.  152 

Method B: Reversed phase liquid chromatography assay was performed using 153 

Advance Ultra High Performance Liquid Chromatography (UHPLC) system (Bruker, 154 

Germany). Chromatographic separation of TMZ and IS was performed on a Kinetex 155 

C18 column 100 mm × 2.1 mm, 2.1 μm with Ultra SecurityGuard pro-column 156 

(Phenomenex). The mobile phases were composed of LC-MS grade water with formic 157 

acid 0.1% (A) and acetonitrile with formic acid 0.1% (B). Applying gradient elution, 158 

the following profile was used: initial phase (B) concentration 5%, increased to 90% 159 

within 3.0 min, then kept constant for 0.5 min, reduced to 5% at 3.6 min and kept 160 

constant till the end of the run at 4 min. Column and autosampler temperature were set 161 
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at 40 ºC and 15 ºC, respectively. The injection volume was set at 5 μL with a flow rate 162 

0.25 mL min-1.  163 

 164 

2.2.2. Mass spectrometric conditions 165 

Method A: Micromass Quattro Micro tandem MS system (Waters, Milford, MA, 166 

USA), was used for monitoring the analytes. The mass spectrometer was operated in 167 

positive ionization mode, using the electrospray ionization source (ESI). The tuning 168 

parameters of TMZ and IS were optimized by infusing a solution containing 500 ng 169 

mL-1 of the analytes with a flow rate of 30 μL min-1 to the mass spectrometer. The 170 

analytes were detected by monitoring the precursor → product ion transition using 171 

Multiple Reaction Monitoring (MRM) scan mode with 500 ms dwell time for each 172 

transition.  173 

The selected transitions were m/z 195>138.1 and 181.3>124 for TMZ and IS, 174 

respectively. The source temperature was 100 °C, desolvation temperature was 400 ºC, 175 

desolvation gas flow was 500 L h-1 and cone gas flow was 50 L h-1. The capillary 176 

voltage was set at 3.5 kV, while the cone voltage values for TMZ and the IS was 177 

optimized at 18 and 35 V, respectively. The multiplier was set at 650 V and argon was 178 

used as collision gas. Lastly, the optimized collision energies for TMZ and IS were 179 

found to be 15 eV for both compounds. All data were acquired using the MassLynxv. 180 

4.0 software. 181 

Method B: For the ionization and detection of TMZ and IS, EVOQ Elite ER TQ mass 182 

spectrometer (Bruker) was operated in positive ESI. The optimal MRM transitions were 183 

acquired by direct infusion to the mass spectrometer of a solution containing 500 ng 184 

mL-1 of the analytes at a flow rate of 15 μL min-1.  185 

Utilizing MRM builder, a feature of the Bruker MS workstation software, that estimates 186 

the fragmentation energies and the most abundant product ions, the optimal transitions 187 

were found to be m/z 195.2>138.2 and 195.2>55.2 for TMZ and 181.2>124.1 and 188 

181.2>96.3 for IS. ESI parameters including nebulizer, spray voltage and heated probe 189 

temperature were optimized in order to obtain a consistent response for all analytes and 190 

were found to be as follows: cone temperature, 300 ºC; heated probe temperature 150 191 

ºC; nebulizer gas flow, 50 units; heated probe gas flow, 50 units; cone gas flow, 20 192 

units; spray voltage 4.5 kV; and exhaust gas on. Total control of LC and MS as also 193 

data acquisition was performed with MSWS software, version 8.2.1 (Bruker, 194 

Germany). 195 
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 196 

2.3. Preparation of calibrator and spiked control samples 197 

Method A: Standard stock solutions of TMZ and IS at a concentration of 5 mg mL-1 198 

were prepared by dissolving in DMSO and methanol, respectively. Therefore, these 199 

solutions were subsequently used to prepare working solutions (WS) of TMZ (1-30 μg 200 

mL-1) and IS (12.5 μg mL-1). Calibration standards (CS) and quality control (QC) 201 

samples were prepared by spiking appropriate amounts of WS into the drug-free 202 

plasma. Final concentrations of the CS were 10, 50, 100, 150, 200 and 300 ng mL-1 for 203 

TMZ and 125 ng mL-1 for IS, while the QCs were 10, 30, 125 and 250 ng mL-1. CS and 204 

QC samples were freshly prepared on the day of extraction. All stock solutions (WS, 205 

CS and QC) were immediately stored at −20 ºC. 206 

Method B: A stock solution of TMZ at concentration 1 mg mL-1 was prepared by 207 

dissolving the appropriate amount in an acidic solution containing methanol-water 208 

(80:20, v/v) and formic acid 0.1%. Further WS of TMZ (2-100 μg mL-1) were prepared 209 

by appropriate dilutions of standard stock solution with the above acidic solution. The 210 

final concentrations of CS at 10, 50, 100, 150, 200, 300 and 500 ng mL-1 were prepared 211 

by spiking the appropriate amounts of WS in drug-free plasma. QC samples were 212 

prepared from WS at concentrations of 10, 30, 250 and 450 ng mL-1. Stock solution of 213 

IS at concentration 1 mg mL-1 was prepared by dissolving the appropriate amount in 214 

methanol. WS at concentration 30 μg mL-1 was prepared by further dilution of stock 215 

solution. All CS and QC samples were freshly prepared on every experimental day and 216 

all stock solutions were kept at −20 ºC during validation period. Plasma from healthy 217 

donors and patient was acidified (pH<4) by adding 50 μL HCl (1N) per 1 mL plasma. 218 

 219 

2.4. Sample preparation 220 

Method A: All plasma samples were thawed at room temperature, vortexed and 221 

centrifuged at 2500 g for 10 minutes at approximately 4 ºC. 300 μL of acetonitrile (1% 222 

H3PO4) was immediately added to an aliquot of 100 μL of ΤΜΖ spiked plasma samples 223 

(10 L aliquot of each working solution of analytes, 10 L of IS working solution, 80 224 

L drug-free plasma) in order to facilitate the precipitation of plasma proteins. The 225 

samples were subsequently vortexed for 1 min and centrifuged at 10.000 g for 10 min 226 

(4 ºC). The supernatants were transferred into another tube and samples were dried on 227 

a Centrivap Cold Trap concentrator (Labconco, USA) for ~ 3 h. The dried extracts were 228 
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reconstituted in 1 mL of ammonium formate (pH 3.0; 10 mM) filtered through RC 0.22 229 

μm syringe filters (Phenomenex) and finally 50 μL of the solution were injected into 230 

the LC-MS. 231 

Method B: Drug-free plasma acidified with HCl (1N) was left to thaw at room 232 

temperature prior to analysis. In 80 μL drug-free acidified plasma, 10 μL of the 233 

respective WS of TMZ was added along with 10 μL of IS working solution. 400 μL of 234 

ice-cold acetonitrile was added in order to precipitate the plasma proteins. Samples 235 

were vortex-mixed and centrifuged at 10.000 g for 10 min. 100 μL of the supernatant 236 

were collected and added to a new vial containing 300 μL water (LC-MS grade) with 237 

0.1% formic acid. The samples were vortex-mixed, filtered with 0.2 μm Minisart RC 4 238 

syringe filters (Sartorius) and transferred to LC-MS vials for analysis. For human 239 

patient plasma samples, the same procedure was followed but without the addition of 240 

10 μL TMZ working solution. 241 

 242 

2.5. Stability assay 243 

Stability studies of the spiked human plasma (n=5) with TMZ were performed: (a) after 244 

remaining for a week in the refrigerator (4–8 ºC) and (b) after 3 freeze-thaw cycles 245 

(freeze at −20 ºC and thaw at room temperature) at 30, 125 and 250 ng mL-1 for method 246 

A and 30, 250 and 450 ng mL-1 for method B. 247 

 248 

2.6. Method validation 249 

Both methods were validated according to the bioanalytical method validation 250 

guidelines of the US Food and Drug Administration (FDA) and the European 251 

Medicines Agency (EMEA) [30, 31] under ISO17025 criteria for (1) linearity, (2) 252 

precision (repeatability and intermediate precision), (3) accuracy and (4) stability.  253 

 254 

2.7. Patient samples  255 

Plasma from one cancer patient following treatment with TMZ was provided from the 256 

Department of Radiation Oncology, University Hospital of Ioannina, Ioannina, Greece, 257 

after informed consent. 258 

 259 

2.8. Statistical analysis 260 

Bland-Altman (B&A) plot (Supplementary Data, Fig. S3) has been conducted to 261 

describe the agreement between the two quantitative methods (A and B) [32].  262 
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 263 

3. Results and discussion 264 

 265 

3.1. Method development 266 

 267 

3.1.1 Optimization of the extraction procedure 268 

As mentioned above a crucial point in method development is the efficient extraction 269 

recovery of the drug from the plasma samples. Generally, there are three ways to extract 270 

a drug from a biological fluid: protein precipitation, liquid-liquid extraction and solid 271 

phase extraction. In the literature, several extraction methods for TMZ are presented 272 

following these three basic methods, with each exhibiting specific advantages and 273 

disadvantages [1, 2, 6, 24, 29, 33]. 274 

Shen et al., developed a HPLC-based method for the quantification of TMZ in human 275 

plasma, where they recruited SPE and succeeded a % recovery of 86-90% [24]. 276 

However, SPE is a time-consuming and high-cost procedure, especially when it comes 277 

to handling a large number of samples. 278 

The most commonly used extraction method for TMZ is LLE, where several solvents 279 

have been used like methanol, acetonitrile, ethyl acetate, diethyl ether and 280 

dichloromethane [2, 6, 29, 33]. Despite the wide use of this method, results concerning 281 

the recovery rate of TMZ are quite disappointing and this is due to the hydrophilic 282 

behavior of the drug [33]. Jain et al., managed to drastically increase the % recovery of 283 

TMZ through the application of the doublesalting-out-assisted liquid–liquid extraction 284 

(SALLE) [33]. By adding sodium chloride and potassium sulfate in a two-step 285 

extraction procedure, they took advantage of the enhanced immiscibility -provoked by 286 

the salts- between the aqueous and the organic phase. 287 

In this work, our effort was concentrated on the development of a simple and rapid 288 

extraction method that would follow the principles of PP and at the same time maintain 289 

high rates of TMZ recovery. Typically, the most common solvents for PP are methanol 290 

and acetonitrile. When we added methanol in the spiked plasma samples, the % 291 

recovery was very low as TMZ is nearly insoluble in that solvent [33]. We then tried to 292 

reproduce the extraction procedure presented by Goldwirt et al., where methanol (200 293 

μL) and ZnSO4 (200 μL) were added to precipitate the plasma proteins- to mice plasma 294 

containing TMZ and IS diluted in ammonium acetate buffer (200 μL). However, this 295 

procedure led to high turbidity in the samples that eventually caused clogging of the 296 
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ESI probe. This was probably due to insufficient precipitation of the plasma 297 

components being prompted by the addition of the aqueous solution of ZnSO4 and 298 

ammonium acetate. In addition, methanol is less effective for protein precipitation than 299 

acetonitrile [34]. Even when we tried to increase the volume of methanol, maintaining 300 

the ZnSO4 and ammonium acetate volumes the turbidity remained. While an aqueous 301 

solvent hampers the PP, in the case of TMZ it is necessary as it aids proper retention at 302 

the chromatographic column. Therefore, we combined different volumes of 303 

acetonitrile, ZnSO4 and/or ammonium formate and checked the PP by measuring the 304 

protein content of the supernatant with BCA protein assay kit. Among all cases, the 305 

more effective way to precipitate the plasma proteins was to add only acetonitrile, 306 

whose presence ensures the collection of clean samples and at the same time the 307 

adequate recovery of TMZ which has a solubility of up to 10 mg mL-1 [33]. The 308 

necessity of an aqueous solvent in the final analysis samples was circumvented by two 309 

alternative methods presented here. The first is the evaporation of the supernatants after 310 

the PP using speedvac and their reconstitution in 1 mL of 10 mM ammonium formate 311 

pH 3.0. The second is the further dilution of the supernatant in water (LC-MS grade). 312 

Both methods were validated and their parameters are presented below. 313 

 314 

3.1.2 Optimization of chromatographic conditions 315 

Method A: Chromatographic conditions, especially the composition of the mobile 316 

phase, the column type, the flow rate and the oven temperature were optimized through 317 

several trials. It was found that a gradient elution of a mixture of ammonium formate 318 

(pΗ 3.0; 10 mM) (solvent A) and acetonitrile (solvent B) could achieve this purpose, 319 

and therefore was finally adopted as the mobile phase. The Synergi Hydro-RP column 320 

100 × 2 mm, 4 μm, Proguard 2 to 8 mm (Phenomenex) column operated at 40 oC 321 

produced a good peak shape and response, even at the lowest concentration level of the 322 

analytes. PP was employed for sample preparation. PP is helpful in producing a clean 323 

sample and also minimizing the experimental costs. Among the different solvents 324 

investigated for their suitability both alone and in combination, acetonitrile (containing 325 

1% H3PO4) was found to be optimal as it produced a clean chromatogram for the drug-326 

free plasma sample and yielded the highest recovery for the analyte from plasma. A 327 

good internal standard must mimic the analyte during extraction and compensate for 328 

any analyte loss. Theophylline monohydrate was found to be the optimal choice for the 329 



11 
 

quantification of TMZ, due to its similar extraction characteristics, retention time, 330 

stability and detector response.  331 

Method B: Several chromatographic tests were conducted in order to maximize 332 

resolution for sharper peak shapes and shorter run times. Different ratios of mobile 333 

phases and added salts (ammonium acetate, ammonium formate) were tested. The 334 

presence of 0.1% formic acid in mobile phase A and B improved peak shapes and 335 

increased the signal for all compounds. Also best resolution for TMZ and IS was 336 

achieved on a Kinetex C18 RP column under gradient elution mode. PP was also used 337 

in this method with acetonitrile serving a dual purpose since not only did it produce 338 

clean chromatograms on drug-free plasma samples but it also improved the recovery 339 

efficacy of the method.  340 

 341 

3.2. Method Validation 342 

3.2.1. Linearity and Sensitivity 343 

The linearity of the methods was calculated using the IS calibration method and 344 

evaluated over a concentration range of 10-300 ng mL-1 and 10-500 ng mL-1 for method 345 

A and B, respectively, in three validation runs. The calibration curves were constructed 346 

by plotting TMZ versus IS area against the nominal concentrations of the calibration 347 

standards and were found to be linear with a mean regression coefficient r2 ≥ 0.999 in 348 

both cases (Table 1). The standard errors of intercept and slope were 0.034 and 0.078 349 

for method A and 0.013 and 0.074 for method B. In both cases, the intercept did not 350 

deviate statistically significantly (p<0.05) from zero. 351 

LLOQ for both methods was determined at 10 ng mL-1, with signal to noise ratio >10 352 

estimated from MS software based on the respective LLOQ chromatograms (Fig. 3B 353 

and Supplementary Data, Fig. S1). Precision (expressed as % relative standard 354 

deviation, %RSD) and accuracy (expressed as % relative error, %RE) at LLOQ (n=5) 355 

were found to be ≤ 6.51% and ≤ 3.23% for method A and ≤9.3% and ≤10.4% for method 356 

B and within the acceptable limits of the guidelines (<20%). These data further 357 

confirmed that the analytical method was able to quantify the LLOQ with high accuracy 358 

and sensitivity. 359 

 360 

Table 1. Linearity data of TMZ spiked in human plasma (n =5). 361 
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Method 
Concentration 

(ng mL-1) 
Equation r2 

LLOD 

(ng mL-1) 

LLOQ 

(ng mL-1) 

Relative 

error 

A 10-300 0.0446x +0.1898 0.999 3 10 2.99 

B 10-500 0.6947x+0.0215 0.999 3 10 3.28 

 362 

 363 

 364 

Fig. 3. Representative chromatograms of TMZ and IS in human plasma at A) 250 ng ml-1 365 

concentration and B) at 10 ng ml-1 (LLOQ). 366 

 367 

3.2.2. Precision and accuracy 368 

The intra- and inter- day accuracy and precision were determined using spiked samples 369 

at three different concentrations: low (30 ng mL-1), medium (125 ng mL-1) and high 370 

(250 ng mL-1) for method A and 30 ng mL-1, 250 ng mL-1 and 450 ng mL-1 for method 371 

B with five replicates for each concentration. Inter-day accuracy and precision were 372 

determined on three consecutive intra-day runs (n=15). The intra- and inter- day 373 

accuracy and precision were found to be ≤ 2.55% and ≤ 6.78%, respectively for method 374 

A and ≤10.32% and ≤11.22% for method B and within the acceptable limit (<15%) 375 

(Table 2). 376 

 377 

Table 2. Intra- and inter- day (%) recovery, precision (%RSD), and relative error (%RE) of 378 

TMZ spiked in human plasma (n =5). 379 

Method Level 

Nominal 

concentrations 

(ng mL-1) 

Intra-day Inter-day 

Recovery 

(%) 

RE 

(%) 

RSD 

(%) 

Recovery 

(%) 

RE 

(%) 

RSD 

(%) 

A Low 30 79.80 2.47 4.99 81.47 2.55 2.3 
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Mid 125 77.31 1.72 6.78 84.90 0.70 1.49 

High 250 82.24 0.75 1.89 78.56 1.22 4.14 

B 

Low 30 90.92 -9.01 10.32 91.65 -8.41 11.22 

Mid 250 92.03 -7.92 8.71 89.82 -10.22 7.41 

High 450 97.38 3.46 4.32 97.32 2.71 7.92 

 380 

3.2.3. Selectivity and carry over 381 

Selectivity was evaluated by analyzing human drug-free plasma samples from six 382 

different sources in order to test the interference in the retention time of TMZ during 383 

the analysis. The chromatograms did not reveal any interfering peaks in the retention 384 

time of TMZ (Fig. 4A and Supplementary Data, Fig S2A) in both methods. Normally, 385 

the absence of interfering components is accepted where the response is less than 20% 386 

of the lower limit of quantification for the analyte and 5% for the internal standard. 387 

Carry-over was assessed by injecting blank samples (containing only acetonitrile) after 388 

injection of a high concentration sample, at the upper limit of quantification of the two 389 

methods. The response of the blank samples at the retention time of the analyte was 390 

<20% of the corresponding peak area of the LLOQ sample (Fig. 4B and 391 

Supplementary Data, Fig S2B) and therefore, the carry-over was considered 392 

acceptable. 393 

 394 

 395 

Fig. 4. Representative chromatograms of A) drug-free human plasma where no interfering 396 

peaks are observed in the retention time of TMZ and B) blank sample analyzed immediately 397 

after the injection of a high concentration TMZ sample (450 ng mL-1). 398 

 399 
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3.2.4. Recovery and matrix effect 400 

Recovery for TMZ was assessed at three QC concentration levels (30, 125, 250 ng mL-401 

1) for method A and 30, 250, 450 ng mL-1 for method B (n=5). Recovery was calculated 402 

79.8±1.9%, 77.3±0.9% and 82.2±2.3% for low, mid and high concentration levels with 403 

method A and 90.9±2.6%, 92.3±1.1% and 97.3±3.8% with method B (Table 2). IS 404 

recovery (n=5) was calculated 101.4±4.1% and 98.6±2.7% for method A and B, 405 

respectively. After the extraction procedures, the recoveries were consistent and precise 406 

between analytes and the IS. The percentage matrix effect ME% was assessed by 407 

comparing the signals of analytes spiked in plasma (n=5) after extraction with those of 408 

analytes dissolved in mobile phase at the same concentration. The matrix effects were 409 

92.4±1.8%, 97.6±0.7% and 95.6±3.6% for TMZ at the three QC concentration levels 410 

(low, mid and high) in method A and 95±2.4%, 102.3±4.8% and 111.5±7.8% in method 411 

B. Matrix effects for IS in method A was 93.5±2.7% at the working concentration.  412 

 413 

3.2.5. Stability assay 414 

TMZ plasma samples that were analyzed after incubation for a week at 4 C and after 415 

three freeze/thaw cycles at -20 ºC are presented in Table 3. Intra- and inter- day 416 

precision and accuracy values for both methods were <7.26% and <9.05%, respectively 417 

revealing an excellent stability of TMZ under the tested conditions and within the 418 

acceptable limits (<15%).  419 

 420 

Table 3. Stability of TMZ spiked in human plasma (n=5) after three freeze/thaw cycles at -20 421 

°C and after a week in the refrigerator at 4 °C. 422 

Method 

Nominal 

concentrations 

(ng mL-1) 

After 3 cycles freeze/thaw 

(-20°C) 

After a week in the 

refrigerator (4°C) 

Recovery 

(%) 

RSD 

(%) 

RE 

(%) 

Recovery 

(%) 

RSD 

(%) 

RE 

(%) 

A 

30 77.32 2.30 1.54 78.52 4.99 4.78 

125 78.65 1.49 3.65 79.03 5.09 1.98 

250 83.51 4.14 2.98 75.00 1.88 2.32 

B 

30 87.62 7.22 7.66 86.34 6.37 6.99 

250 88.95 6.47 -9.05 85.22 7.26 8.65 

450 91.25 4.27 5.36 87.36 5.55 7.81 

 423 

3.3. Method application to cancer patient 424 
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The validated method was applied to human plasma sample from cancer patient 425 

following oral treatment with 75 mg/m2 TMZ in combination with radiotherapy. The 426 

blood sample was collected 1 h after oral administration of TMZ and it was analyzed 427 

with the two validated methods. TMZ levels were estimated at 450 ng mL-1 and 550 ng 428 

mL-1 for method A and B, respectively. Since the concentration levels surpassed the 429 

upper calibration point for both methods, we processed plasma sample of the same 430 

patient stored at -80 °C and we proceeded in dilution (1:1 v/v) of the analysis samples 431 

just before the LC-MS injection with reconstitution buffer solution. TMZ levels were 432 

estimated at 207 ng mL-1 and 249 ng mL-1 for method A and B, respectively. 433 

 434 

4. Conclusions 435 

Two rapid cost effective and sensitive methods were developed and validated for the 436 

determination of TMZ in human plasma without sacrificing sensitivity and accuracy. 437 

To allow simplicity and speed in sample processing both methods adapted PP treatment 438 

but differentiated in the reconstitution sample process. The methods were characterized 439 

by high sensitivity with LLOQ at 10 ng mL-1 and high reliability over the concentration 440 

range of 10-500 ng mL-1. To the best of our knowledge, this is the first time that a 441 

validated method for TMZ in human plasma is reported and characterized by LOQ at 442 

very low levels, accompanied by high extraction recovery. The two methods were 443 

successfully applied to plasma samples from patient following treatment with TMZ. 444 

The simple protein precipitation step, as it is described herein, could shape the basis for 445 

further modifications on sample pre-treatment procedures and is applicable also for the 446 

detection of other drugs. The accurate and sensitive methods reported, could be 447 

integrated in research platforms aiming to enhance the stability of TMZ in human 448 

plasma and in the numerous ongoing clinical studies/trials where TMZ is used in 449 

combination with other treatments. We envisage that these methods will be of utmost 450 

importance for assessing the novel TMZ nano-formulates that aim to maximize the 451 

stability, efficacy and biodistribution profile of the parent drug , leading to an improved 452 

treatment of complex and aggressive forms of brain cancers such as glioblastoma and 453 

anaplastic astrocytomas.  454 
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