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We present the development and validation of a laser diode thermal desorption coupled 
with mass spectrometry (LDTD-MS/MS) as a high-throughput method for bioanalysis. This 
technique was applied clinically to determine the pharmacokinetics (PK) of the anticonvulsant 
drug lamotrigine  (LAM) after administering two different oral formulations. Our method 
offers significant advantages over liquid chromatography in terms of sustainability. Sample 
preparation required just 50 µL of human plasma. Liquid-liquid extraction (LLE) overcomes 
protein precipitation for sample cleanup while avoiding any compromise in the desorption and 
ionization of LAM, thereby eliminating the need for microwell surface coating. This validated, 
internationally compliant method provided ultra-rapid LAM plasma level determination, with 
a 10 s runtime per sample. The linearity range of 20-2000 ng mL-1 effectively enabled the full 
capture of the PK profile of 36 volunteers. Such findings highlight the versatility of this approach, 
demonstrating its potential to align with evolving regulatory standards and potentially paving the 
way for its broader adoption in routine bioanalysis.
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Introduction

Analytical methods based on laser diode thermal 
desorption (LDTD) have demonstrated remarkable versatility 
and effectiveness, encompassing a wide range of applications. 
When integrated with mass spectrometry  (MS/MS),  
LDTD significantly enhances the efficiency of analytical 
method development, making it an invaluable tool in 
bioanalytical science.1-5

In the current landscape, there is an increasing demand 
for analytical methods that deliver precision and sensitivity 
and align with sustainability principles.6 These capabilities 
are crucial for tackling time-sensitive challenges like 

expiring drug patents and giving a competitive edge to 
pharmaceutical companies by quickly launching generic 
products.7-11

While liquid chromatography mass spectrometry 
(LC‑MS/MS) remains the gold standard in bioanalysis 
owing to its high selectivity, sensitivity, and precision, its 
analysis time (1-20 min) is limited by automated steps such 
as sample injection, washing cycles, and chromatographic 
separation.12-17

Unlike classical LC methods, LDTD-MS/MS obviates 
the reliance on organic solvents, streamlines sample 
preparation, reduces cross-contamination, and enhances 
reproducibility.1,17

In LDTD-MS/MS, samples are spotted onto a 
96-microwell plate, evaporated, and thermally desorbed by 
an infrared laser. The vaporized analytes are then carried by 
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gas to an atmospheric pressure chemical ionization source 
and analyzed by the mass spectrometer.1

Analyte desorption and ionization from the LDTD 
plate can be significantly improved by using a microwell 
surface coating.18 Typically composed of stabilizers like 
bovine serum albumin and surface modifiers such as 
potassium phosphate,19-21 the coating enhances energy 
transfer, promotes uniform laser pulse absorption, and 
reduces thermal degradation and fragmentation. As a 
result, it improves analyte ionization, stability, and overall 
performance.22-25

LDTD-MS/MS offers a streamlined approach to sample 
analysis by bypassing the time-consuming LC separation 
step.26 This speeds up sample processing and analysis 
while reducing costs associated with chromatographic 
consumables turnover, particularly for biological sample 
analysis. Despite advancements, the principle of the 
LDTD‑MS/MS method relies on thermal desorption and 
restricts its use with thermally unstable analytes.27-29

Furthermore, the lack of chromatographic separation 
can hinder calibration and quantification due to matrix 
interferences, reducing specificity and impairing the 
differentiation of structurally similar compounds or 
isomers. These limitations highlight the importance of 
careful analyte screening and evaluating the suitability of 
the method for bioanalytical studies.27,30

In this study, lamotrigine (LAM), an anticonvulsant drug 
prescribed for epilepsy and bipolar disorder, is evaluated using 
the approach mentioned, given its unique physicochemical 
properties. These properties make it an excellent candidate 
for precise quantification in complex biological matrices via 
LDTD-MS/MS.31,32 LAM is rapidly and completely absorbed 
after oral administration, with nearly 100% bioavailability. 
However, plasma levels can fluctuate significantly as a result 
of factors like drug interactions and pregnancy, highlighting 
the need for therapeutic monitoring.33,34

Therefore, this study aims to develop and validate a rapid 
bioanalytical method for LAM quantification in human 
plasma employing a high-throughput LDTD-MS/MS  
instrument.

Experimental 

Materials

LC-MS/MS grade, methanol, acetonitrile, methyl 
tert‑butyl ether, and formic acid (99.5%) were products of  
J. T. Baker (Phillipsburg, NJ, USA). Water was obtained 
using a Milli-Q system (Millipore, Billerica, MA, 
USA) equipped with a 0.22 mm pore end-filter. Bovine 
serum albumin, potassium phosphate, and United States 

Pharmacopoeia (USP) reference standards LAM and 
carbamazepine were acquired from Sigma-Aldrich Co (St. 
Louis, MO, USA). Reference drug at the dose of 100 mg 
is a product of GSK (Rio de Janeiro, RJ, Brazil) that was 
purchased in local market.

Methods

Preparation of standard solutions: stock solutions 
of LAM and carbamazepine, used as the internal 
standard (IS), were prepared in acetonitrile (ACN) at 
a concentration of 10.000  ng  mL-1. Standard working 
solutions for calibration were prepared by appropriate 
dilution with ACN:H2O (1:1, v/v) from the stock solution, 
resulting in LAM concentrations of 20; 60; 200; 500; 
1000; 1200; and 2000  ng  mL-1. Quality control (QC) 
samples were prepared at three concentrations: low (LQC), 
medium (MQC), and high (HQC) at a concentration of 60; 
1000, and 1600 ng mL‑1, respectively. IS working solution 
at 2000 ng mL-1 was prepared in the same way.

Mass spectrometry LDTD optimization

LAM and IS were detected and quantified using an 
API6500 triple quadrupole mass spectrometer MDS‑SCIEX 
(Concord, Ontario, Canada). The setup for both drugs 
comprised a dwell time of 70 ms per transition; the curtain 
gas was set to 10 and the collision-activated dissociation 
(CAD) gas level adjusted to medium. Additional MS 
conditions included collision exit potential of 24 V for 
LAM and 22 V for IS, and a collision energy of 35 for LAM 
and 25 for IS, respectively. Multiple reaction monitoring 
(MRM) was employed to enhance the sensitivity and 
specificity of drug detection. For each drug, the two most 
abundant transitions were monitored in MRM mode, with 
one transition from each drug selected for further validation. 
LDTD Phytronix Technologies (Quebec, Canada) source 
operation involved configuring the carrier gas flow at 
6.0 L min−1 and establishing the final laser pattern at 70%, 
initiated by a gradual increase from 68%. Data acquisition 
and processing were obtained using Analyst® software35 
version 1.7.2 (AB SCIEX, Framingham, MA). 

Sample preparation and extraction procedure

Protein precipitation was used as a mixture of 50 µL of 
plasma, 10 µL of standard solution (at 60 ng mL-1), and 10 
µL of IS solution (at 2000 ng mL-1) in 400 µL of methanol 
as the precipitating solvent. Subsequently, the resulting 
mixture was vigorously vortexed for 5 min. The obtained 
solution was then centrifuged at 12000 rpm for 10 min. 
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Liquid-liquid extraction (LLE) was also used by adding 
50 µL of plasma, 10 µL of standard solution, and 10 µL of 
IS at the same concentration of protein precipitation assay, 
combined in a 2.0 mL Eppendorf tube. Subsequently, 1250 
µL of methyl tert-butyl ether (MTBE) were added, and the 
mixture was stirred for 2 min. Following, the solution was 
centrifuged at 12000 rpm for 10 min to assist with phase 
separation. In a Phytronix LazWell® 96-microwell plate 
(Phytronix Technologies, Quebec, Canada), 180 µL of the 
extracted sample were spotted and dried at 40 °C using 
a dry block. Then, the dried samples were reconstituted 
with 100 µL of a methanol:water mixture (1:1, v/v) and 
shaken for 8 s at 1200 rpm using a thermo-shaker. In both 
extraction methods, any calibration standard and quality 
control sample required spiking 10 µL of standard solution 
into plasma. This step was not applied to clinical samples. 

After sample cleanup, desorption efficiency was 
optimized under laser irradiation by spotting 2.5 µL 
of the obtained solution onto the Phytronix LazWell® 
96-microwell plate and dried for 5 min under a gentle 
stream of nitrogen before the LDTD-MS/MS analysis. 

To enhance the ionization and stability of the extracted 
sample, 2.5 µL of a substrate mixture (100 µg mL-1 bovine 
serum albumin and 1 mM potassium phosphate) were 
incorporated into the obtained solution and placed in the 
microwell. This process is referred to as microwell surface 
coating.

Validation process

The validity of the bioanalytical method was confirmed 
by approaches in compliance with the FDA Bioanalytical 
Method Validation Guidance for Industry36 guidelines, as 
well as the recommendations put forth by Visconti et al.,37 the 
Brazilian regulatory agency, Agência Nacional de Vigilância 
Sanitária (ANVISA),38 and aligned with the principles 
established by the International Council for Harmonisation 
(ICH).39 The assessment encompassed various parameters 
including selectivity, linearity, limits of detection and 
quantification, bias, precision, matrix effect, carry-over, and 
sample stability in different stress and storage conditions. 

Matrix effect

The matrix effect was evaluated at LQC and HQC 
levels. A total of 16 human plasma samples for each 
concentration were used in this assay, consisting of 
8 batches: 4 normal, 2 hemolyzed, and 2 lipemic. The other 
set of 8 human plasma samples with the same composition 
was prepared, each one spiked with common over-the-
counter drugs at the following concentrations: paracetamol 

(20000.00  ng  mL‑1), caffeine (1000.00  ng  mL‑1), 
scopolamine butyl bromide (2.00 ng mL-1), 4-methylamino 
antipyrine (8000.00 ng mL-1), cotinine (1500.00 ng mL-1), 
and ondansetron (1500.00 ng mL-1). The human plasma 
samples were processed following the procedure outlined 
in the “Sample preparation and extraction” sub-section. 
After extraction, the matrix was spiked with LAM at 
concentrations equivalent to the LQC and HQC levels. 
Mean peak areas of LAM in the spiked blank matrix and in 
ACN:H2O (1:1, v/v) solution were obtained. The procedure 
for validating this parameter necessitates the acquisition of 
the normalized matrix factor (NMF) from both QCs. NMF 
results are obtained following the equation 1: 

 	 (1)

Subsequently, the coefficient of variation (CV) in 
percentage, for the NMFs of LQC and HQC samples 
should be computed, ensuring it remains below 15% (fifteen 
percent), as stipulated by ANVISA.38

Specificity

The potential interference of endogenous plasma 
components and concomitant medications with LAM and 
IS ionization was evaluated. The assessment involved 
12 human blank plasma samples, divided into two sets. The 
first set included six batches (four normal, one hemolyzed, 
and one lipemic). The second set consisted of six similarly 
composed batches spiked with concomitant drugs used in 
the matrix effect assay. All samples were processed and 
analyzed according to the proposed extraction protocol 
and the established equipment conditions for LAM and IS. 
The specificity of the method was considered acceptable 
if, in the different blank plasma samples, no desorption 
peak exhibited an area exceeding 20% of the LLOQ area 
for LAM or 5% of the IS area.

Carry-over

In this assay, a blank plasma sample was analyzed three 
times. The first analysis was conducted before any setup to 
establish a baseline. Subsequently, two additional analyses 
of the blank plasma sample were performed immediately 
after the analysis of the ULOQ, which contained the IS at 
a concentration of 2000 ng mL-1. For reference, a lower 
limit of quantitation (LLOQ) sample was also analyzed, 
and its peak area was used as a benchmark. Carry-over 
was considered significant if the desorption peak area of 
the blank plasma sample exceeded 20% of the LLOQ peak 
area or 5% of the IS peak area.
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Sensitivity and linearity

The linearity range was determined by considering 
the maximum plasma concentration of the drug over time 
(Cmax) obtained from prior pharmacokinetics (PK) and 
bioequivalence studies.40-42 It was ensured that the range 
analyzed was not excessively narrow and did not exceed 
values achievable in volunteers, covering the full PK profile 
of a single dose of LAM orally administered. Linearity was 
examined by analyzing duplicate calibration standards across 
seven concentration levels over three consecutive days. The 
curves were generated by plotting the peak area ratio of LAM 
to the IS against each respective concentration.

Determination of the calibration curve was undertaken 
through least squares analysis. The calibration curve was 
deemed acceptable only if the residuals fell within a 20% 
margin at the LLOQ and within a 15% margin at all other 
calibration levels, with a stipulation that at least two-thirds 
of the calibration standards adhered to this criterion, 
accounting for both the highest and lowest concentrations. 
For the sensitivity of the assay, the LLOQ was established 
at the concentration where precision and accuracy were 
upheld within a 20% threshold, as determined through the 
analysis of seven replicates. Precision was characterized 
by the coefficient of variation, and accuracy, denoted by 
the relative deviation expressed as a percentage error from 
the target concentrations, was assessed across LLOQ 
(20  ng  mL-1) and all three-quality control (QC) levels 
of 60, 1000, and 1600  ng  mL-1. Intra-run accuracy and 
precision were assessed by analyzing three replicates of 
samples at the LLOQ and each QC level on the same day. 
Inter-run accuracy and precision were evaluated using three 
replicates (n = 3) per concentration across three days.

Linearity was assessed within the standard concentration 
range of 20-2000 ng mL-1 in human plasma. The correlation 
between peak area ratio and LAM nominal concentration 
was determined using 1/x2 weighted linear regression. To 
establish the calibration curve, the accuracies of at least 75% 
of the calibration standards, including the LLOQ and ULOQ, 
had to fall within the ±15.0% range (±20.0% at LLOQ), and 
the correlation coefficient (r2) needed to be greater than 0.99. 
The lowest concentration on the calibration curve that could 
be reliably determined was then determined. 

Stability assessments

Stability assessment of LAM and IS in human 
plasma involved exposure to different storage and stress 
conditions,43 including four complete freeze-thaw cycles 
(−70 ± 15 ºC to room temperature, approximately 20 ºC 
for 45 min, back to −70 ± 15 ºC, and stored for 24 h), 

short-term bench stability (ca. 4 h), and autosampler 
stability (1.93 h), under controlled laboratory conditions 
(approximately 20 °C) and long-term stability 2.5 months 
at −70 ± 15 °C. Stability studies were conducted at low 
and high QC levels (60 and 1600 ng mL-1, respectively) in 
six replicates. Stability was deemed acceptable when the 
concentrations of stored stability samples remained within 
85 to 115% of their nominal values. This was assessed by 
comparing them to freshly prepared calibration curves and 
QC samples, with results expressed as relative error (RE) 
in percentage.

Method application in comparative PK of LAM tablets

The clinical trial was designed as a monocentric, 
open-label, crossover, randomized study with two arms 
treatment (reference and test), two sequences (reference-
test and test-reference), and two periods. It was conducted 
under truncated fasting conditions, focusing on a single 
subgroup of 36 healthy volunteers of both sexes. Each 
participant received a single dose of either the reference 
drug or the test formulation, in an equivalent dose of 
100  mg of LAM tablets. Blood samples were collected 
using ethylenediaminetetraacetic acid (EDTA) as an 
anticoagulant at pre-dose and specific post-dose time points: 
0.25, 0.5, 0.75, 1, 1.25, 1.5, 2, 2.5, 3, 3.5, 4, 5, 6, 8, 12, 24, 
48, 72 and 96 h. Immediately after collection, samples were 
centrifuged at 3,000 rpm for 5 min. The plasma supernatant 
was carefully separated and stored at −70 (± 15 °C) within 
2 h of centrifugation. Subsequently, LAM was extracted from 
the plasma samples using the previously described extraction 
methods, followed by analysis using LDTD-MS/MS.  
The protocol number of the trial 5.610.806 was approved 
by the research ethics Committee of Instituto de Ciências 
Farmacêuticas. Primary PK parameters were determined 
using non-compartmental analysis in Phoenix WinNonlin®44 
v.6.4.0.768 (Pharsight, Mountain View, CA). 

Results and Discussion

Sample preparation and LDTD-MS/MS detection

 The monitoring of LAM was carried out using 
the most intense precursor-to-product ion transition 
(m/z  256.2  →  m/z 211.0). Figure 1a illustrates the 
precursor ion, corresponding to the protonated molecules 
[M  +  H]+. Following collision-induced dissociation, the 
most stable and abundant fragment is observed in Figure 
1b, which corresponds to the cleavage of the triazine ring 
from the protonated molecule in positive ion mode during  
MRM.45
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Refining the sample preparation protocol is pivotal for 
optimizing LDTD-MS/MS analysis,46,47 as demonstrated 
in this study. Remarkable differences observed in plasma 
samples subjected to different extraction methods are 
shown in Figures 2 and 3. Notably, protein precipitation 
extraction yielded distinct peaks for both LAM (Figure 2a) 
and IS (Figure 2b). However, in the blank plasma samples 
(Figures 2c and 2d), a sharp peak is evident in Figure 2c, 
likely due to interference from the matrix. 

Conversely, while LLE excelled in impurity removal, 
the incorporation of microwell surface coating, comprising 
a solvent-matrix-cationized salt blend aimed at enhancing 
ionization yielded unexpected outcomes.48 

In contrast to the ionization enhancement observed 
with the microwell surface coating in the precipitation 
extraction assay, its use in LLE appeared counterproductive, 
suppressing ionization and causing a significant reduction 

in signal intensity (Figures 3a and 3b). Nevertheless, 
the use of LLE for sample cleanup significantly reduced 
interference in the LAM analysis channel, as no desorption 
peaks were observed in Figures 3c and 3d, demonstrating 
its superior efficacy in sample purification.49,50

To address the potential ionization suppression caused 
by the microwell surface coating in LLE samples, the 
laser power was strategically increased. This adjustment 
effectively enhanced the peak intensity (Figures 3e and 3f), 
resulting in no interferents at LAM and IS desorption times 
(Figures 3g and 3h). As a result, the analysis became more 
accurate and selective, eliminating the need for reliance on 
the microwell surface coating in the samples.

The increased laser intensity enhanced the energy 
transfer to the sample and the amount of material thermally 
desorbed into the gas phase, significantly minimizing 
the impact of interfering contaminants released during 
desorption. In addition, the favorable ionization properties 
of LAM, combined with its well-documented stability 
under heat, humidity, and light conditions, make this drug 
a viable choice for analysis using LDTD-MS/MS.18,32,51 

Moreover, LLE proved to be highly effective, yielding 
optimal results for LAM analysis. Using 50 µL of human 
plasma minimizes biological material use while ensuring 
sufficient matrix representation. Although a relatively 
large volume of 1250 µL of organic solvent was used in 
the extraction process, this solvent plays a crucial role in 
effectively cleaning up the plasma sample while maximizing 
the partitioning of LAM. Since chromatographic separation 
is not employed, this approach ensures reliable quantification 
by balancing drug solubility, matrix cleanup, and method 
compatibility.52 Given these findings, the method was 
validated using LLE and eliminating the additional microwell 
surface coating step. This optimization strategy represents a 
crucial advancement in LDTD-MS/MS analysis, ensuring 
accurate and reliable detection of LAM.

Figure 1. Representative mass spectrum of LAM obtained in positive ionization mode, showing the precursor ion (a) at m/z 256.2 Da and the product ion 
(b) at m/z 211.0 Da. MS data were acquired under the following parameters: a dwell time of 70 ms, a curtain gas flow rate of 10, and the CAD gas was 
adjusted to medium. The collision exit potential was 24 V, and the collision energy was set to 35 V. To enhance sensitivity and specificity, multiple reaction 
monitoring (MRM) mode was employed. The relative abundance of the selected ions is measured in counts per s (cps).

Figure 2. Desorption profiles for LAM and IS by protein precipitation 
(using microwell surface coating and the laser power set at 68%): 
(a) desorption peak for LAM-containing sample, (b) desorption peak for 
IS-containing sample, (c) LAM desorption peak observed in the blank 
plasma sample, and (d) no desorption peak detected in the blank plasma 
sample for IS. Desorption peaks were detected between 0.06-0.07 min 
at 60 and 2000 ng mL-1 concentrations for LAM and IS, respectively. 
The y-axis represents the desorption peak intensity, measured in  
counts per s (cps).
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Method validation process

Sensitivity and linearity: LAM met the ANVISA38 
acceptance criteria with a seven-point calibration curve. 

Calibration curves exhibited excellent linearity across 
the investigated concentration range (20-2000 ng mL-1), 
boasting correlation coefficients (r2) surpassing 0.99 in 
all instances. 

Furthermore, all back-calculated standard concentrations 
fell within a 15% deviation from the nominal value, meeting 
the stringent criterion set at a maximum allowable deviation 
of 20%, even at the LLOQ. Notably, the residuals displayed 
no discernible trend concerning to concentration. The 
precision and accuracy data for intra- and inter-run analyses 
are succinctly presented in Table 1. Based on these results, 
the assay demonstrates both accuracy and precision for 
LAM within the explored concentration range.

Intra-run results were obtained by analyzing three 
replicates of samples at the LLOQ and each QC level 
within a single day. Inter-run results involved three 
replicates  per  concentration analyzed across three 
consecutive days. The LLOQ (lower limit of quantification) 
was set at 20 ng mL-1, while QC levels included low (LQC, 
60 ng mL-1), medium (MQC, 1000 ng mL-1), and high (HQC, 
1600 ng mL-1). Measured concentrations are reported as 
means ± standard deviation (n = 3 per concentration).

Matrix effect

The normalized matrix factor (NMF) results obtained 
for the LQC level were 0.78 ± 0.070, while for the HQC 
level, they were 0.02 ± 0.00. In both cases, the CV was 
within the acceptable limit of 15%, as established by 
ANVISA38 guidelines. Specifically, the CV values were 
8.32 and 7.12% for the LQC and HQC NMF, respectively. 
These results demonstrate compliance with the regulatory 
threshold and confirm the absence of significant matrix 
interference in determining the LAM and IS desorption 
peak areas. In this fashion, no evidence of matrix effects at 
any analyzed concentrations of the monitored drug and IS 
arises from the interplay between the impact of the matrix 
on the ion source or their chemical characteristics.

Figure 3. Desorption profiles for LAM and IS in LLE (using microwell 
surface coating and the laser power set at 68%): (a) desorption peak for 
LAM-containing sample, (b) desorption peak for IS-containing sample, 
(c) no desorption peak observed in the blank plasma sample for LAM, and 
(d) no desorption peak detected in the blank plasma sample for IS. For 
LLE (uncoated samples and the laser power set at 70%): (e) prominent 
desorption peak for LAM-containing sample, (f) prominent desorption 
peak for IS-containing sample, (g) no desorption peak observed in the 
blank plasma sample for LAM, and (h) no desorption peak detected in 
the blank plasma sample for IS. Desorption peaks were detected between 
0.06-0.07 min at 60 and 2000 ng mL-1 concentrations for LAM and IS, 
respectively. The y-axis represents the desorption peak intensity, measured 
in counts per s (cps).

Table 1. Intra-run and inter-run precision and accuracy results of LAM in human plasma using LDTD-MS/MS analysis

LAM nominal 
concentration / 
(ng mL-1)

Intra-run Inter-run

Measured 
concentration ± SD / 

(ng mL-1)
Precision / % Accuracy / %

Measured 
concentration ± SD / 

(ng mL-1)
Precision / % Accuracy / %

20 (LLOQ) 19.3 ± 2.1 10.88 −3.50 18.3 ± 2.3 12.57 −8.50

60 (LQC) 59.6 ± 6.9 11.58 −0.67 61.1 ± 5.4 8.84 1.83

1000 (MQC) 992.2 ± 118.9 11.98 −0.78 1000.0 ± 90.0 9.00 0.00

1600 (HQC) 1547.1 ± 116.4 7.52 −3.31 1595.8 ± 130.8 8.20 −0.26

LAM: lamotrigine; SD: standard deviation; LLOQ: lower limit of quantification; LQC: low concentration; MQC: medium concentration; HQC: high 
concentration.
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Specificity

Outcomes of the specificity test underscored the absence 
of contamination exceeding 20% of the LLOQ peak area 
for LAM within the desorption peaks detection window 
(0.06  min) across all analyzed samples. Blank plasma 
samples, regardless of their normal, lipemic, or hemolyzed 
state, displayed contamination levels ranging from 1.54 
to 5.68% of the LLOQ area. Additionally, the same 
aforementioned plasma batches contaminated with the 
drugs outlined in the methodology exhibited contamination 
limits capped at 15.35% of the LLOQ area. Concerning the 
IS, the desorption peak areas detected at 0.05 min ranged 
from 0.13 to 0.34%, remaining within the predefined 5.0% 
limit for the IS.

Carry-over

In high-performance liquid chromatography (HPLC) 
tests, carry-over poses a significant challenge, stemming 
from residues that may adhere within the chromatographic 
separation system.53 This issue can lead to contamination 
of subsequent samples, particularly those with lower 
concentrations or blank samples, potentially compromising 
the integrity of the analysis. Effective resolution or 
mitigation of this problem is paramount in such analyses. 
In the carry-over validation assay, the desorption peak areas 
for LAM and IS in blank samples analyzed before any setup 
were 1003 and 4920, respectively. For comparison, the 
LLOQ and IS areas of 35908 and 5270257, respectively, 
were also obtained. After the ULOQ (2872851) and IS 
(5387863) areas were obtained, the initial blank sample 
was reanalyzed twice, resulting in desorption peak areas 
of 570 and 1135 for LAM and 4677 and 3901 for IS, 
respectively. Notably, our results demonstrated robust 

performance with no desorption peak areas exceeding 
the established thresholds of 20% of the lower limit of 
quantification (LLOQ) for LAM or 5% for IS. This outcome 
underscores the efficiency of the LDTD-MS/MS analysis 
system compared to HPLC17 coupled with MS/MS systems. 
Unlike the latter, which necessitates extensive washing 
of the injection needle with various solvents, resulting in 
up to a minute increase in analysis time, the simplicity of 
the LDTD-MS/MS system contributes to reduced risk of 
carry-over contamination.

Stability

Outcomes of the stability studies indicate that 
LAM concentrations remained consistent under the 
applied stress conditions, maintaining integrity at both 
concentration levels (HQC and LQC). Furthermore, when 
stored at room temperature (20 °C), LAM demonstrated 
stability in plasma samples for up to 4 h. Post-sample 
preparation at 20 °C, LAM retained stability for 1.96 h in 
post-preparative stability assessments. Moreover, LAM 
exhibited no significant fluctuations in LAM concentrations 
even after undergoing four complete freeze-thaw cycles, 
or during a 2.5-month long-term stability test, as well as 
the aforementioned stability tests, with analyte content 
consistently within 15% of the nominal concentration. 
Table 2 displays a comprehensive overview of all stability 
results.

Our consistent validation results substantiate the selection 
of LDTD-MS/MS over conventional HPLC-MS/MS,  
owing to its enhanced analytical speed, reduced solvent 
consumption, and greater suitability for the specific analyte 
under investigation. The validation results presented in this 
study confirm that this method meets the requirements 
outlined in RDC 27/2012, fully adhering to the regulatory 

Table 2. Overview of LAM stability in human plasma under various laboratory conditions

Stability test Sample Measured concentration ± SD / (ng mL-1) RE / %

Freeze-thaw cycles (4 cycles)
LQC 63.1 ± 3.76 5.19

HQC 1716.7 ± 40.50 7.29

Short-term (06.58 h/20 °C)
LQC 59.6 ± 4.25 −0.67

HQC 1625.0 ± 131.26 1.56

Post-preparative stability (LDTD plate for 1.93 h, and ca. 20 °C)
LQC 62.3 ± 2.71 3.83

HQC 1684.7 ± 100.85 5.29

Long-term stability (2.5 months at −70 ± 15 °C)
LQC 54.83 ± 4.13 −8.61

HQC 1460.82 ± 105.66 −8.70

Stability results of LAM in human plasma under various temperatures and storage conditions (n = 6, mean ± SD) at concentrations of 60 ng mL-1 
(low‑quality control) and 1600 ng mL-1 (high-quality control). samples Relative error (RE%), calculated as the percentage difference between measured 
and nominal concentrations, was used to determine stability. SD: standard deviation; LDTD: laser diode thermal desorption; LQC: low concentration; 
HQC: high concentration.
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standards established by ANVISA,38 thereby demonstrating 
its scientific and regulatory robustness for the intended 
application. 

While our LDTD-MS/MS approach proved highly 
versatile and adaptable, it is essential to address its 
current limitations, particularly to meet the ICH M1039 
guideline updates: Incurred Sample Reanalysis (ISR) and 
cross-validation. At the time this study was conducted, 
these requirements had not yet been incorporated into the 
regulatory framework of ANVISA.38 ISR is particularly 
relevant for studies involving high sample heterogeneity, 
where variability in plasma protein binding, endogenous 
compounds, or matrix effects may compromise the 
consistency between validation and research samples. 
Similarly, cross-validation is critical when methodological 
changes, such as using LDTD-MS/MS instead of HPLC-
MS/MS, significantly alter analytical conditions, warranting 
comparative evaluations across platforms.38,54

As ANVISA aligns with the updated ICH M10 
guidelines, integrating these additional assessments into 
future studies will strengthen the reliability, flexibility, and 
compliance of the method with evolving global regulatory 
expectations and the dynamic landscape of bioanalytical 
science.

Clinical application of the LDTD-MS/MS method in a 
comparative PK study

The developed and validated LDTD-MS/MS method 
proved effective in a clinical trial, enabling the assessment 
of the PK of two distinct oral tablet formulations of 
LAM. Through this method, precise quantification of 
LAM concentrations within the linearity range of 20 to 
2000 ng mL-1 was achieved for a duration of up to 96 h 
post-administration of the formulations. Overall, compared 

to previously reported methods for quantifying LAM in 
plasma samples as such,42,55,56 our method offers several 
significant advantages. These include the use of a tiny 
biological sample volume, a straightforward extraction 
procedure with enhanced sensitivity, a large dynamic range, 
and the shortest total analysis time reported for this drug. 
To the best of our knowledge, this is the first bioanalytical 
method utilizing LDTD-MS/MS for the quantitation of this 
antiepileptic drug in human plasma.

Figure 4 illustrates the mean plasma concentration-
time profiles of LAM following a single oral dose of the 
reference formulation and the test tablet formulation, 
respectively. The primary PK parameters of LAM for the 
tablet formulations are summarized in Table 3.

The PK analysis demonstrated comparable performance 
between the reference and test tablet formulations of 

Table 3. Key pharmacokinetics (PK) parameters of LAM following a 100 mg dose of reference and test tablet formulations in healthy volunteers 

PK parameter Method of calculating
Reference Test

Average SD Average SD

AUC0-96 / (ng mL-1 h) trapezoids 55469.78 17497.8 51616.36 17202.21

Tmax / h observed 1.66 0.62 2.45 0.72

Cmax / (ng mL-1) observed 1516.42 361.34 1425.41 373.36

Vz/F / L
 

80.77 22.97 83.77 14.93

Cl/F / (L h-1) dose/AUC 1.77 0.57 1.96 0.69

t1/2 / h 0.693/ke 35.09 8.40 33.71 6.73

Plasma PK characteristics of LAM under fasting conditions. AUC0-96: area under the plasma concentration-time curve after the last dose from zero time 
to the last time point of 96 h; Tmax: observed time to reach Cmax; Cmax: maximum observed plasma concentration after drug administration; Vz/F: apparent 
volume of distribution; CL/F: the apparent clearance; t1/2: drug half-life, ke: elimination rate constant, often obtained from the slope of the terminal phase 
of a semi-logarithmic plasma concentration-time curve, and 0.693 = natural logarithm of 2. PK parameters were calculated by the non-compartmental 
analysis. SD: standard deviation.

Figure 4. The pharmacokinetic profile of LAM following oral 
administration of two different formulations is depicted as plasma 
concentration versus time (area under curve from zero to 96 h, AUC0-96). 
The reference formulation (●) and the test formulation (∇) were each 
administered as a single 100 mg dose to 36 healthy, fasting volunteers. 
The two groups did not show any meaningful distinctions. Vertical bars 
indicate mean standard error.
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LAM. Both formulations achieved similar drug exposure, 
as reflected in their area under curve (AUC) values, with 
slightly different Tmax and Cmax (maximum observed plasma 
concentration after drug administration). The apparent 
clearance (CL/F) and volume of distribution  (Vz/F) 
were also closely aligned, suggesting comparable drug 
distribution and elimination profiles. The findings indicate 
that the formulations presented similar absorption, 
distribution, and clearance.

The PK results also show that drug half-life (t1/2) of both 
the reference and test formulations exceeds 24 h, confirming 
the classification of LAM as a long half-life drug under 
established guidelines. Such data confirms the suitability 
of the method and the robustness of the experimental 
design, supporting the use of the truncated AUCs for long 
t1/2 drugs to ensure comparability of absorption processes 
while minimizing unnecessary and potentially unethical 
prolonged sampling periods.57-60

Moreover, the PK profile obtained aligns with 
previous studies on oral administration of LAM in healthy 
volunteers.40,61,62

Conclusions

A rapid, high-throughput method for quantifying 
LAM in human plasma using LDTD-MS/MS was 
successfully developed and validated. LDTD-MS/MS 
offers key advantages, including minimal plasma volume 
requirements, high sensitivity, repeatability, low matrix 
interference, and adequate LAM and IS selectivity. Our 
method features a more sustainable approach by bypassing 
the chromatographic separation process. Effective sample 
cleanup was achieved through an optimized extraction 
method, simplifying the process and enhancing specificity 
with LDTD-MS/MS analysis. The linearity range of 20 to 
2000 ng mL-1 was suitable for quantifying LAM in human 
plasma for up to 96 h, enabling the determination of key 
PK parameters for two different oral formulations. In our 
current state of knowledge, this study represents the first 
literature report of a bioanalytical method for quantitating 
LAM using LDTD-MS/MS. Looking toward the future, we 
plan to develop and validate LDTD-MS/MS methods that 
integrate the latest ICH M10 guideline recommendations, 
including cross-validation and ISR. By addressing these 
essential aspects, we aim to strengthen the alignment of 
this approach with global standards and explore its potential 
applications in bioanalysis and beyond. 
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