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ABSTRACT

Tranexamic acid (TA) is a synthetic antifibrinolytic agent that is 

being considered as a candidate adjuvant drug for site-specific 

pharmaco-laser therapy of port wine stains. For drug utility 

studies, an HPLC-fluorescence method was developed for the 

quantification of TA in blood. Platelet-poor plasma was pre-

pared, size-separated using 3 kDalton cut-off centrifuge filters 

and derivatized with naphthalene-2-3-dicarboxaldehyde (NDA) 

and cyanide. The excess of NDA was quenched after 2 min by 

adding tryptophan. The derivatives were separated on a 2.1-mm 

C18 column using an acetate buffer/acetonitrile gradient. Excel-

lent separation from plasma background was obtained at pH = 

5.5. Quantification was carried out at 440/520 nm. The limit of 

detection was 0.5 µM and the mean±SD recovery from whole 

blood was 96.9±12.9%. Derivatized TA samples were stable for 

at least 36 h at 4°C. The method was successfully applied to a 

heat-induced TA release study from thermosensitive liposomes.

Keywords: 
Antifibrinolytic drug, fluorogenic reagent, NDA, pre-column 

derivatization, plasma, whole blood, thermosensitive liposomes
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1. INTRODUCTION

 Tranexamic acid [trans-4-(aminomethyl) cyclohexanecarboxylic acid] (TA) is the most 

potent antifibrinolytic lysine analogue [1,2] used in a broad spectrum of peri- and postopera-

tive interventions and bleeding disorders [3–7]. The administration of TA is associated with a 

reduction in bleeding due to its inhibitory effect on clot breakdown (fibrinolysis). TA occupies 

the lysine binding sites of plasminogen, thereby inhibiting the formation of a molecular com-

plex required for fibrinolysis [8,9]. It has recently been proposed [10] that synthetic antifibri-

nolytic agents such as TA (Fig. 1A) may also constitute suitable candidates for site-specific 

pharmaco-laser therapy, a development-stage treatment modality for vascular anomalies 

(e.g., refractory port wine stains) in which laser irradiation is combined with the concomitant 

administration of a prothrombotic and/or antifibrinolytic-encapsulating drug delivery system. 

The objective of this modality is to induce occlusion of the pathological blood vessels through 

laser-mediated hemostatic processes, whereby the accumulated drug carrier progressively 

releases its content at the target site. The release of TA during blood coagulation will impart 

stability and integrity onto the clot by inhibiting its breakdown. Complete occlusion of the 

blood vessel, initiated by laser irradiation and facilitated by the presence of prothrombotic 

and/or antifibrinolytic pharmaceuticals in the circulation, will lead to local hypoxia and the 

consequent removal of the irradiated vasculature. This ultimately results in a reduction in 

blood volume, and therefore the redness of the port wine stain [10]. The aim of this work is to 

develop a suitable method for TA quantification in blood and plasma samples, which will be 

used in drug release and pharmacokinetics studies during the development phases of site-

specific pharmaco-laser therapy. Although drug concentrations inside such carriers can be 

very high, the relatively slow release kinetics (minutes to hours) and instantaneous dilution 

effects will require a highly sensitive and selective chemical analytical approach to quantify 

TA release rates and half-lives in plasma and blood samples.

 In order to develop a simple yet effective quantification method for TA over the 10−4 

to 10−7 M range, several hurdles inherent to TA’s molecular structure must be overcome. 

First, TA lacks the electronic configuration (i.e., -electrons) to behave as a chromophore or 

fluorophore, necessitating a derivatization step prior to spectroscopic detection. Secondly, 

TA shares structural similarity to amino acids with its amino and carboxylic acid groups. High 

levels of bloodborne amino acids and possibly small peptides are therefore expected to 

cause major interferences during separation, which is required for assaying TA in biological 

samples. The chemical analytical techniques for TA determination published to date are sum-

Figure 1. A) Chemical 
structure of tranexamic 
acid; B) derivatization re-
action of naphthalene-2-3-
dicarboxaldehyde (NDA)/
CN− with primary amines.
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marized in Table 1. Limit of detection (LOD) values in the low-to-sub-µM range have been 

reported for pharmaceutical preparations and buffered solutions [12,15,16,25,27,28,30], but 

these techniques are not suitable or have not been investigated for biological samples. In 

Ref. [11], a prodrug of TA with more convenient chromatographic properties was analyzed. 

The majority of the other published methods, including ion-exchange-, gas-, and reversed-

phase high-performance liquid chromatography (RP-HPLC), and electrophoresis coupled to 

spectroscopic or mass spectrometric (MS) detection are either not sensitive or selective 

enough for our purposes [13,17–24,26,29,31]. An excellent method based on HPLC–tandem 

MS, although requiring expensive instrumentation, was recently reported by Chang et al. [14].

 Here we describe a simple, sensitive, and highly selective RP-HPLC method based on 

pre-column derivatization with naphthalene-2-3-dicarboxaldehyde (NDA) for the quantifica-

tion of TA in the 5 × 10−7 to 1 × 10−4 M range in blood and plasma samples. NDA has been 

widely used as a derivatization reagent for the determination of amino compounds in biologi-

cal samples by fluorescence detection after liquid chromatography [32] and capillary elec-

trophoresis [33]. The reaction of NDA with a primary amine in the presence of CN−, which 

proceeds facilely and quickly due to the high reactivity, is depicted in Fig. 1B. The derivatives 

are relatively stable and the reagent blank signal is low inasmuch as the starting reagent 

itself emits negligible fluorescence [32]. Our present work focuses on sample preparation, 

optimization of the derivatization reaction, chromatographic separation from large excesses 

of amino-containing plasma components, sample stability, and the use of internal standards. 

The method was validated for plasma and whole blood samples that were anticoagulated with 

citrate, ethylenediaminetetraacetic acid (EDTA), or heparin. Finally, the optimized method was 

applied to a heat-induced drug release study in which the amount of TA released from thermo-

sensitive liposomes was quantified in plasma.

2. ExPERIMENTAL

2.1 Chemicals and reagents
Ultrapure water (Milli-Q-UF Plus, Millipore, Bedford, MA) was used in all assays. 1,2-Di-

palmitoyl-sn-glycero- 3-phosphocholine (DPPC) and 1,2-distearoyl-sn-glycero-3-phospho-

ethanolamine-polyethylene glycol (DSPE-PEG2000) were obtained from Avanti Polar Lipids 

(Alabaster, AL). HPLC-grade acetonitrile was purchased from Biosolve (Valkenswaard, the 

Netherlands), and acetic acid and ammonium acetate were acquired from Riedel-de-Haën 

(Seelze, Germany). TA (>96%, Fluka, Buchs, Switzerland) was prepared at a concentration of 

20-mM in water, diluted to the desired concentrations, and stored at 4°C. Cyclohexylamine 

(Sigma–Aldrich, Steinheim, Germany), n-propylamine (Baker Chemicals, Deventer, the Neth-

erlands), isopropylamine (Sigma–Aldrich), n-dodecylamine (Baker Chemicals), and 3-(3,4-di-

hydroxyphenyl)-l-alanine (l-DOPA) (Sigma–Aldrich) were tested as internal standards (I.S.). A 

1-mM solution of each I.S. as well as the stock of 40 mM NaCN (>97%, Merck, Darmstadt, 

Germany) and 10 mM tryptophan (Sigma–Aldrich) were prepared in water and stored at 4°C. 

The 20-mM NDA stock solution (Molecular Probes, Eugene, OR) was prepared in acetonitrile 

and stored at 4°C in the dark for up to 4 weeks. BD Diagnostics (Franklin Lakes, NJ) glass 
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Vacutainer tubes containing buffered sodium citrate, K2EDTA, or Li/Na heparin were used 

for blood collection. D-Phe-Pro-Arg-chloromethylketone HCl (PPACK) was obtained from 

Calbiochem (Merck Biosciences) and aprotinin was purchased from Bayer (Mijdrecht, the 

Netherlands).

2.2 Preparation and characterization of TA-encapsulating liposomes
Large unilamellar vesicles were prepared from DPPC and DSPE-PEG at a 96:4 molar ra-

tio. Phospholipids were dissolved in chloroform and mixed at the desired ratios. The so-

lution was desiccated by evaporation under a stream of N2 gas and exsiccated for 20 

min. The resulting lipid film was hydrated with 318 mM TA in 10 mM HEPES buffer [N-

(2-hydroxyethyl)piperazine-N-(2-ethanesulfonic acid)] (Sigma–Aldrich), pH=7.4, to a final 

lipid concentration of 5 mM, and bath sonicated for 10 min. The mixture was subjected to 

10 freeze-thaw cycles and extruded five times through 0.2-µm filters (Anotop, Whatman, 

Brentford, UK) at 55°C. Unencapsulated TA was removed from the liposome suspensions 

by size exclusion chromatography (Sephadex G-50 fine, GE Healthcare, Chalfont St. Giles, 

UK). Phospholipid concentrations were determined by the phosphorous assay according to 

Rouser et al. [34], and encapsulated TA was quantified spectrofluorometrically after treat-

ment of liposome suspensions with 1% (final concentration) Triton-X 100 (Sigma–Aldrich) 

and derivatization with fluorescamine (Sigma–Aldrich) [35]. Liposome size and polydispersity 

were measured by dynamic light scattering at a 90° angle using unimodal analysis (Zetasizer 

3000, Malvern Instruments, Malvern, UK), and the phase transition temperature (Tm) of the 

formulation was determined by differential scanning calorimetry (MicroCal, Northampton, 

MA). Liposomes were stored in the dark at 4°C.

2.3 Sample preparation and derivatization
Blood was collected by venipuncture from healthy volunteers into Vacutainer tubes containing 

buffered sodium citrate, K2EDTA, or Li/Na heparin. PPACK (25 µM final concentration) and 

aprotinin (200 KIU/mL) were added to inhibit clotting factors and serine proteases such as 

plasmin, respectively. The tubes were immediately centrifuged at 3500 g for 10 min at 25°C 

to obtain platelet-poor plasma (PPP), which was isolated and stored in the dark at −20°C until 

further use. Throughout this work, PPP was used instead of platelet-rich plasma, mostly for 

reasons of long-term stability. 

 PPP samples (typically 200 µL) were spiked with TA (where applicable) and I.S., and 

water was added to a final volume of 400 µL. For the recovery studies from blood, whole 

blood was spiked directly with TA at three concentration levels. A volumetric correction fac-

tor, which corrects TA concentrations for volumetric differences between PPP and whole 

blood, is given by VP/VWB, where VP is the plasma volume and VWB is the volume of whole 

blood prior to centrifugation. The average plasma volume for adult males is approximately 

52% [36], and this value was used in all recovery computations from whole blood. All experi-

ments were carried out independently; i.e., each assayed sample was individually derivatized 

prior to HPLC so as to attest the validity of the method in retrospect.

 The spiked PPP samples were filtered through 3-kDa cutoff centrifuge filters (Millipore) 

at 14,000 ×g and 25°C until a sufficient volume of the filtrate was obtained (usually within 
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<20 min). Subsequently, 100 µL of standard solution (TA + I.S. in water) or filtered sample 

was added to 140 µL of 100 mM borate buffer (pH=9.3), followed by 30 µL of CN− (40 mM) 

and 30 µL of NDA (20 mM) to a total volume of 300 µL. The mixture was thoroughly vor-

texed. It is important to note that the order of reagent addition is crucial for minimizing the 

possibility of benzoin condensation reactions [37,38]. The resulting solution was allowed to 

stand for 2 min at room temperature (RT), after which the reaction was quenched by the  

addition of 50 µL of tryptophan (10 mM) to avoid slow side reactions of unused NDA/CN−. 

The samples were stored at 4°C in the dark for a maximum of 24 h prior to HPLC.

2.4 Heat-induced TA release from liposomes
Active drug release from TA-encapsulating DPPC/DSPEPEG liposomes was quantified fol-

lowing heat exposure at the Tm at predefined time intervals. Prior to heat treatment the gel 

filtered suspensions were diluted 10 with PPP that had been kept at 4°C. Following 5-min 

equilibration at 4°C, 160 µL of the diluted sample was suspended in 0.2 mL ultra-thin PCR 

tubes and incubated at 4°C for 10 min before thermally induced drug release, which was car-

ried out in a thermal cycler (Biozym, Oldendorf, Germany). Samples were heated for 0.5, 1.5, 

and 3.0 min, after which they were immediately submersed in an ice bath. The samples were 

then centrifuged at 355,000 g for 60 min at 4°C to pellet the liposomes. Fifty microliters of 

the supernatant was withdrawn, of which 20 µL was diluted five-fold with water, derivatized 

as described above for PPP samples, and assayed for TA concentration by HPLC.

2.5 HPLC
The HPLC system consisted of a master high-pressure piston pump equipped with a ma-

nometer module, a second high-pressure piston pump as slave, and an autoinjector (Models 

305, 805s, 302, and 234, respectively, Gilson Medical Electronic, Villiers Le Bel, France), and 

polyetheretherketone (PEEK) connections with zero-dead volume. 

 The reversed-phase separation was carried out on a C18 Atlantis column (particle size 

3 µm, 2.1 mm  100 mm, Waters, Dublin, Ireland) in conjunction with an Alltech k852-00 

C18 guard column (Keystone Scientific, Bellefonte, PA, USA). The column oven temperature 

(Model 7971, Jones Chromatography, Cardiff, UK) was maintained at 40°C, and the sample 

injection volume was 5 µL. A binary gradient was used for elution; solvent A consisted of 20 

mM acetic acid/acetate buffer (pH=5.5) containing 1% (v/v) acetonitrile, and solvent B was 

comprised of 20 mM acetic acid/acetate buffer (pH=5.5) containing 90% (v/v) acetonitrile. 

The selected gradient was 30% of solvent B during the first 2 min, which increased linearly 

to 72% B in 21 min and then to 100% B in 1 min. One hundred percent of B was sustained 

during 3 min for column cleaning. A programmed loop to initial conditions was carried out 

after 10 min. The mobile phase flow rate was kept at 0.2 mL/min.

 NDA-derivatized compounds were analyzed post-column with a fluorescence detector 

(ex = 440 nm, em = 520 nm, Jasco FP-1520, Tokyo, Japan). Detector signal output was pro-

cessed online with a PC and Chromeleon software (Dionex, Sunnyvale, CA, USA). Recover-

ies of TA from plasma samples were calculated by dividing the integrated peak area by the 

respective nominal TA concentration for calibration and PPP samples (FCAL and FPPP, respec-

tively) and expressed as the quotient (in %) of these fractions: (FPPP/FCAL) × 100%. Statistical 
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analysis (two-tailed, homoscedastic Student’s t-test) was performed where applicable as 

indicated in the text. p-Values <0.05 were considered significant.

3. RESULTS AND DISCUSSION

3.1 Optimization of the HPLC separation 
After removal of high molecular weight compounds (>3 kDa) by centrifuge filtration, plasma 

samples still contain relatively high levels of small peptides and monomeric amino acids 

that are also derivatized with NDA and could hence interfere with TA determination. Sev-

eral HPLC parameters, such as pH, gradient profile, and column temperature were tested 

in order to achieve the best possible separation of TA from the plasma constituents within 

a minimum elution time. The optimization experiments were carried out using a 10% (v/v) 

plasma solution, diluted with 100 mM borate buffer (pH=9.3), spiked with TA (0.02 mM 

final concentration), and derivatized with NDA/CN− (0.07 and 0.2 mM final concentrations, 

respectively). 

 Different linear gradients at different pH values were tested using a binary solvent sys-

tem: solvent A, 1% (v/v) acetonitrile in 20 mM acetic acid/acetate buffer and solvent B, 90% 

(v/v) acetonitrile in 20 mM acetic acid/acetate buffer. At pH=3, the carboxylic acid groups of 

TA, amino acids, and small peptides are predominantly protonated (neutral), which makes 

these molecules rather lipophilic after NDA labeling. Under these conditions, separation was 

not possible with any of the tested linear gradients. In contrast, when similar experiments 

were carried out at pH=6.5, all derivatized components eluted early (as deprotonated anions) 

and no separation could be achieved either. The effect of pH on the resolution was therefore 

investigated using the same solvents in a pH range of 3.5–6, with two different fixed gradi-

ent profiles (from 0% B to 100% B in 15 and in 30 min). Adequate separation was achieved 

with both gradients in a pH range of 4.0–5.5, probably due to differences in pKa values be-

tween TA and plasma amino acids. It is well known that the pKa of the carboxylic acid group 

in amino acids is significantly lower than that of an isolated alkyl-COOH such as in TA, and 

apparently the same holds for their NDA derivatives.

 Fig. 2 shows the separation of NDA-labeled TA in plasma; the derivatized plasma com-

ponents give rise to major peaks at the beginning of the chromatogram. These are not ob-

served when derivatizing water blanks (NDA itself is non-fluorescent). There is practically no 

interference at the longer elution times, i.e., in the vicinity of the NDA–TA peak. The best 

resolution from minor plasma peaks was obtained at pH=5.5. The slower gradient provided 

better resolution between TA and plasma components, but the efficiency and symmetry of 

the peaks were worse and the analysis time longer. Thus, the steeper gradient at pH=5.5 

was selected for further experiments.

 The influence of column temperature was also evaluated since changes in tempera-

ture could have an effect on retention, selectivity, and efficiency. Complete separation was 

achieved at 40°C. The gradient program was further optimized in order to shorten the analy-

sis time. The best results were achieved when an initial isocratic step was ensued by a sol-

vent gradient after 2 min. The optimized elution program was as follows: from 0 to 2 min a 
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constant 30% B followed by a linear gradient from 30% B to 72% B from 2 to 23 min. Under 

these optimum chromatographic conditions TA was well resolved from plasma interferences 

with a 12-min elution time.

3.2 Selection of an internal standard
For quality control purposes, several I.S.s were tested. Five commercially available amino 

compounds were chosen as a model of primary amines for the reaction with NDA/CN− and 

were evaluated as I.S., namely: n-propylamine (nPA), isopropylamine (iPA), n-dodecylamine 

(DA), cyclohexylamine (CHA), and l-DOPA. Using the selected mobile phase, l-DOPA eluted 

too early (interference from plasma components) and DA eluted very late, prolonging the 

analysis time. The high volatility of iPA would affect the precision with which iPA could be 

added to the samples; the further use of this compound was therefore discontinued. nPA 

and CHA both eluted shortly  after TA in a clean zone of the chromatogram (Fig. 2), and 

throughout most of the work both I.S.s were used. However, later experiments showed poor 

recovery of CHA from plasma, presumably as a result of binding to large proteins (e.g., albu-

min) and consequent retention on the 3 kDa filter. For the more polar TA and the smaller nPA 

no such losses were observed; nPA was therefore selected as the most appropriate I.S. 

3.3 Optimization of the labeling reaction 
Different reaction parameters were considered to optimize the derivatization: pH, excess of 

reagents, and reaction time. A 100-mM borate buffer (pH=9.3) was selected as derivatization  

medium [32], since the amino group should be electrically neutral for the nucleophilic addi-

tion reaction. To ensure a rapid and complete reaction of TA and I.S. in PPP, an excess of 

NDA is desirable (especially when plasma components use up a large fraction of the avail-

able NDA), but overabundances must remain balanced insofar as side reactions may result 

in precipitation or the formation of interfering compounds. NDA concentrations in TA and 

I.S.-spiked plasma samples were therefore assayed from 0.2 to 2.3 mM with steps of 0.3 

mM (final concentrations, with a proportional increase in the CN− concentration from 0.6 to 

6.9 mM) until no further increase of the peak heights was observed. Consequently, a 2-mM 

NDA concentration was selected.

 The reaction of NDA with TA and I.S. proceeds very quickly (in <2 min), whereas the 

reaction of NDA with some of the plasma components is slower. Increases in plasma peaks 

were observed with increasing NDA concentrations above 0.7 mM, while the TA and I.S. 

signals remained constant in the range 0.7–2.3 mM. These results were corroborated spec-

Figure 2. Chromatogram of platelet-poor plasma before 
(gray) and after (black) spiking with 10 µTA, illustrating 
the separation at pH=5.5 of NDA–TA from the large  
excess of all major derivatized plasma components and 
internal standards (I.S.1 = nPA; I.S.2 = CHA).
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trofluorometrically (SPEX Fluorolog, HORIBA Jobin Yvon, Edison, NJ) in batch experiments 

during which fluorescence emission by NDA-conjugated TA, I.S., and diluted PPP was moni-

tored as a function of time. In the case of TA and I.S. the maximum fluorescence yield was 

reached in less than 2 min (results not shown). 

 When excess concentrations NDA were used, slow precipitation of yellow crystals 

could be observed and the solutions would turn red after several hours. The favorable reac-

tion kinetics of NDA towards TA and I.S.s were utilized to resolve these effects. By adding 

50 µL of 10 mM tryptophan to the reaction mixture after 2 min, the slow side reactions were 

quenched through the consumption of any remaining NDA by tryptophan and precipitation 

would not occur. The resulting major peak of labeled tryptophan eluted early with the other 

plasma components and did not interfere with TA determination. It should be noted that 

for standard TA solutions in buffer (in the absence of plasma components), the NDA/CN− 

concentrations must be reduced by a factor 2 so as to prevent degradation of NDA reaction 

products in the presence of excess NDA. 

 In the abovementioned experiments, the concentration ratio between CN− and NDA 

was 3. Once the concentration of NDA had been fixed, the ratio between CN− and NDA 

was studied in the range 1–5. Although it has been reported before that the optimal ratio 

between CN− and NDA is 10 [38,39], we observed no significant differences in signal heights 

or areas when this ratio was >1.5. A [CN−]/[NDA] ratio of 2 was therefore selected for further 

experiments. The use of fresh CN− is recommended: older batches of NaCN or KCN were 

found to result in lower yields.

3.4 Calibration curve and performance characteristics 
Under the optimal conditions described above, a calibration curve was established by assay-

ing single injections of TA standard solutions (in water) at different concentrations (0.5, 1, 

2.5, 5, 10, and 50 µM). Linearity was confirmed using least square regression analysis, with

the analytical signal (integrated peak area) plotted as a function of TA concentration. In order 

to check the influence of both the centrifuge filtration protocol and the matrix effect when 

TA is analyzed in PPP samples, a calibration curve was established for plasma as well using 

the same TA concentrations. The obtained regression equations were y = 1.3926x − 0.2083 

(R2 = 0.9997) and y = 1.4453x + 0.8487 (R2 = 0.9996) for, respectively, TA standard and TA 

plasma solutions. Only a small difference (3.4%) existed between the slope coefficients, 

suggesting that there were neither substantial losses of analyte throughout the procedure 

nor matrix effects on detector sensitivity. These results substantiate the direct use of the 

external calibration curve for quantification purposes in plasma, and therefore no recovery 

corrections were applied to the TA measurements in recovery studies from blood and lipo-

somes.

 The method detection and quantification limits, calculated using an S/N ratio of 3 and 

10, respectively, were 0.5 and 1.5 µM (Fig. 3). Variations in the levels of minor plasma inter-

ferences, and not detector noise, determined the LOD. It is therefore recommended that 

when low TA levels are expected, a blank blood sample should be collected from the patient 

or animal prior to TA treatment in order to establish the specific baseline.  
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3.5 Stability of the derivatized samples 
In preliminary experiments we found that during long sequences the signal intensity of de-

rivatized TA would slowly decrease after several hours, and that this effect was more pro-

nounced for nPA and CHA. The stability of the derivatized products was therefore examined 

more thoroughly. The labeling reaction of spiked plasma was carried out as described above 

at pH=9.3 and quenched after 2 min with tryptophan. Aliquots of the sample were trans-

ferred into several autoinjector vials and kept at RT or at 4°C in the dark and analyzed at vari-

ous time points up to 36 h. The resulting signal intensities are plotted in Fig. 4. The stability 

plots clearly indicate that cooling helps to retard degradation, particularly with respect to 

NDA-I.S. products, and that a cooled autosampler should be employed for long chromato-

graphic sequences.

 Due to the unavoidable instability of the derivatized nPA it was decided not to divide 

the TA peak areas by those of nPA, as this would introduce unjustified error and inaccurately 

reflect actual TA concentrations. Nevertheless, the use of nPA as a control standard is war-

ranted for assessing the validity of the method by means of logging the peak areas from 

continued experiments in Shewhart-type charts, which function to monitor experimental 

outcomes (i.e., fluctuations) over a longer period of time.

3.6 TA recovery from whole blood
In order to evaluate the applicability of the proposed method in the context of whole blood, 

citrate-, EDTA-, and heparin-anticoagulated blood samples were spiked with TA at different

Figure  4. Stability curves of NDA-derivatized TA and two 
internal standards, n-propylamine (nPA) and cyclohexyl-
amine (CHA), at room temperature (RT) and at 4°C.
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and the intensity of the NDA–TA peak at the limit of de-
tection level.
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concentration levels (10, 30, and 80 µM) and independently assayed in triplicate. The blood 

samples were treated in accordance with the protocol described above, with the exception 

of a two-fold dilution step for the 80 µM TA samples so as to stay well within the detection 

range. The final TA concentrations were corrected for a reduction in volume following centrif-

ugation (Section 2.3). This correction factor must be taken into account when comparing TA 

levels in blood and in PPP. The obtained recoveries are depicted in Fig. 5. Statistical analysis 

showed that no significant differences exist between the mean recoveries of citrate- versus 

EDTA- versus heparin-anticoagulated blood samples (when mean recoveries per anticoagu-

lant group are averaged over the respective TA concentrations), suggesting that the validity 

of the method is not influenced by the type of anticoagulant used during blood collection. 

However, when comparing the mean recoveries per TA concentration (i.e., disregarding the 

type of anticoagulant used), an increasing trend in mean recoveries was found with higher 

TA spiking levels (72.8±10.2% for 10 µM, 79.4±6.9% for 30 µM, and 89.9±9.4% for 80 

µM). The difference in mean recoveries between the 10 and 80 µM as well as the 30 and 

80 µM TA concentrations was statistically significant (p = 0.005 and 0.016, respectively).  

 Since this effect was not present during the plasma recovery measurements (Section 

3.4) it cannot be due to the membrane filtration process. Therefore, these results imply that 

part of the TA molecules must be lost during the centrifugation of TA-spiked whole blood 

samples. The data indicate a constant loss, but the effect is relatively more pronounced for 

lower TA concentrations. The exact reason is currently unknown and will be investigated in 

future experiments. The reproducibility of the whole blood assays was evaluated by compar-

ing the results obtained for different TA spike levels on different days. The relative standard 

deviations (calculated from peak areas) were 9–13% (n = 9 per concentration, measured 

on three different days with different calibration curves). The mean±SD elution time was 

11.87±0.10 min (n = 88).

3.7 Heat-induced TA release from liposomes
Sterically stabilized thermosensitive DPPC/DSPE-PEG liposomes with a mean TA:lipid ra-

tio of 0.91, a mean±SD external diameter of 153±2 nm at a polydispersity index of 0.083, 

and a Tm of 43.3°C were heated at the Tm for 0, 0.5, 1.5, and 3 min and assayed for TA re-

lease as described in Section 2.4. Hyperthermia has been employed for numerous liposomal 

Figure 5. Recoveries of different concentrations 
tranexamic acid (TA) from whole blood anticoagulated 
with citrate (Cit, striped), EDTA (blank), or heparin (Hep, 
checkered). Recoveries were calculated by dividing 
the integrated peak area by the respective nominal TA  
concentration for calibration and whole blood samples 
(FCAL and FWB, respectively) and expressed as the quo-
tient (in %)±SD of these fractions: (FWB/FCAL) × 100%. 
Data derived from three independent experiments per 
group per concentration, total of 27 independent mea-
surements.
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formulations in vitro and in vivo [40–48] to initiate a thermotropic alteration in membrane 

permeability that will lead to triggered release of the loaded molecules. Phospholipids un-

dergoing a phase transition from the relatively ordered gel phase to the relatively disordered 

liquid-crystalline phase will introduce packing order defects in the lipid bilayer (i.e., liposomal 

membrane) which makes it easier for small hydrophilic or amphipathic molecules to trans-

gress the highly hydrophobic bilayer core [49–51]. Thus, upon heating of a drug-containing 

liposomal formulation to the Tm, the release of encapsulated drug should progress in a sig-

moidal-type fashion, with the first phase being the result of thermal diffusion, followed by 

steep release at Tm, and finally an asymptotic phase in which the system gradually moves 

towards equilibrium (i.e., equal distribution of the drug inside and outside the liposomes). 

In agreement with expectations, Fig. 6 displays a sigmoidal type progression of the release 

curve as a function of time. The release capacity of the system, i.e., the maximum number 

of molecules released from a liposomal formulation, appears to be reached within ~3 min. 

A Student’s t-test confirmed that all data points are statistically different from each other  

(p < 0.04). These results demonstrate that the method is also suitable for the determination 

of liposomal TA in plasma samples. 

4. CONCLUSIONS

A novel RP-HPLC method with fluorescence detection was developed for the quantification 

of TA in blood and PPP samples. In an attempt to eliminate potential chromatographic inter-

ferences from plasma components, a rapid and easy centrifuge filtration step was introduced 

in addition to optimizing the HPLC separation (eluent pH, gradient, and column temperature). 

The derivatization reaction was optimized for maximum yield (pH, excess of reagents, and 

reaction time); the addition of tryptophan after 2 min to quench the derivatization reaction 

helped to stabilize the sample. Several internal standards were explored for quality control 

purposes. Ultimately, nPA was found to be most appropriate. Moreover, the samples proved 

to be stable for 24 h when stored at 4°C in the dark. For large RP-HPLC sequences a cooled 

autosampler is required to maximize sample stability. 

Figure 6. Heat-induced tranexamic acid (TA) release 
from thermosensitive DPPC/DSPE-PEG liposomes (96:4 
molar ratio). Liposomes were added to platelet-poor 
plasma and heated to their phase transition temperature 
(43.3°C). TA release was quantified by HPLC-fluores-
cence (based on integrated peak area) as a function of 
heating time (n = 3).
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 The proposed method is affordable, reliable, simple, and fast. One of the major ad-

vantages of the method is that TA can be determined in whole blood and PPP samples at 

concentrations not reported before using similar techniques. The method was reproducible 

(RSD of <12% for whole blood samples) and linear in the range tested (R2 = 0.9996 for PPP 

samples). Moreover, the results were independent of the type of anticoagulant used during

blood collection. An LOD of 0.5 µM was obtained. Because the LOD is determined by plas-

ma interferences, it is recommended to establish a plasma baseline for every subject prior to 

assaying TA samples at near-threshold concentrations. Lastly, it was shown that the method 

is suitable for in vitro and potentially in vivo experiments with TA-encapsulating drug delivery 

systems. In the near future we intend to use this method in the development of a TA-based, 

site-specific pharmaco-laser modality for the treatment of port wine stains and possibly 

other vascular anomalies.

Acknowledgements
We acknowledge Johannes Hoos, Mark Eggink, and Pim Voogt for technical assistance, 

Professor Cees Gooijer and Professor Ana M. Garcia-Campaña for useful discussions and 

support, and Dr. Hans Reitsma from the Clinical Epidemiology and Biostatistics Depart-

ment (Academic Medical Center) for assistance with statistical analysis. We thank Dr. Joost  

Meijers for the provision of hematological reagents. The project was partially financed 

through the EU Integrated Infrastructures Initiative (LASERLAB-Europe, contract No. RII3-

CT-2003-506350) (J.F.H.P.) and the Technological Collaboration Grant (TSGE 1048) of the 

Dutch Ministry of Economic Affairs (M.H.). 

Chapter � - Lasers and Liposomes

1. 0605 Michal_Heger.indd   203 05-06-2009   11:54:55



�0� Chapter � - Lasers and Liposomes

REFERENCES
 [1]  A. Takada, H. Ohashi, H. Matsuda, Y. Takada, Thromb. Res. 14 (1979) 915.
 [2]  S.A. Cederholm-Williams, A. Swain, Thromb. Res. 16 (1979) 705.
 [3]  M. Verstraete, Drugs 29 (1985) 236.
 [4]  D. Ogston, Blood Rev. 3 (1989) 1.
 [5]  P.M. Mannucci, N. Engl. J. Med. 339 (1998) 245.
 [6]  P.M. Mannucci, N. Engl. J. Med. 351 (2004) 683.
 [7]  J. Pereira, T. Phan, Oncologist 9 (2004) 561.
 [8]  M. Hoylaerts, H.R. Lijnen, D. Collen, Biochim. Biophys. Acta 673 (1981) 75.
 [9]  L. Medved, W. Nieuwenhuizen, Thromb. Haemost. 89 (2003) 409. 
 [10]  M. Heger, J.F. Beek, N.I. Moldovan, C.M.A.M. van der Horst, M.J.C. van Gemert, Thromb. Haemost. 
  93 (2005) 242.
 [11]  M. Abrahamsson, J. Pharm. Biomed. Anal. 4 (1986) 399.
 [12]  K. Sato, Y. Tobita, K. Iwabuchi, S. Tanaka, Anal. Sci. 13 (Suppl.) (1997) 471.
 [13]  P.M. Elworthy, S.A. Tsementzis, D. Westhead, E.R. Hitchcock, J. Chromatogr. 343 (1985) 109.
 [14]  Q. Chang, O.Q.P. Yin, M.S.S. Chow, J. Chromatogr. B 805 (2004) 275.
 [15]  G. Iskender, S. Atmaca, Pharmazie 43 (1988) 290.
 [16]  A. Raza, Anal. Lett. 39 (2006) 2217.
 [17]  E. Puigdellívol, M.E. Carral, J. Moreno, J.M. Plà-Delfina, F. Jané, Int. J. Clin. Pharmacol. 
  Ther. Toxicol. 23 (1985) 298.
 [18]  K. Matsubayashi, C. Kojima, H. Tachizawa, J. Chromatogr. 433 (1988) 225.
 [19]  M.Y. Kuhawar, F.M.A. Rind, Chromatographia 53 (2001) 709.
 [20]  F.M. Li, H.S. Kou, S.M. Wu, S.H. Chen, A.L. Kwan, H.L. Wu, Electrophoresis 26 (2005) 621.
 [21]  O. Eriksson, H. Kjelmann, A. Pilbrant, M. Schannong, Eur. J. Clin. Pharmacol. 7 (1974) 375.
 [22]  J. Vessman, S. Strömberg, Anal. Chem. 49 (1977) 369.
 [23]  B.K. Fiechtner, G.A. Nuttall, M.E. Johnson, Y. Dong, N. Sujirattanawimol, W.C. Oliver, R.S. Sarpal, L.J. Oyen,  
  M.H. Ereth, Anesth. Analg. 92 (2001) 1131.
 [24]  Y. Takada, A. Takada, U. Okamoto, Keio J. Med. 13 (1964) 115.
 [25]  T.M. Ansari, A. Raza, A. Rehman, Anal. Sci. 21 (2005) 1133.
 [26]  C. Lacroix, P. Levert, G. Laine, J.P. Goulle, J. Chromatogr. 309 (1984) 183.
 [27]  A.M. Wahbi, E.A. Lofti, H.Y. Aboul-Enein, Talanta 31 (1984) 77.
 [28]  M.S. Rizk, S.S. Toubar, M.A. Sultan, S.H. Assaad, Microchim. Acta 143 (2003) 281.
 [29]  H. Miyazaki, M. Ishibashi, G. Idzu, T. Izawa, Chem. Pharm. Bull. 23 (1975) 1806.
 [30]  J. Crommen, Acta Pharm. Suec. 16 (1979) 111.
 [31]  T.R. Keucher, E.B. Solow, J. Metaxas, R.L. Campbell, Clin. Chem. 22 (1976) 806.
 [32]  P. de Montigny, J.F. Stobaugh, R.S. Givens, R.G. Carlson, K. Srinivasachar, L.A. Sternson, T. Higuchi, Anal. Chem.  
  59 (1987) 1096.
[33] C.R. McCurdy, B. Le Bourdonnec, T.G. Metzger, R. El Kouhen, Y. Zhang, P.Y. Law, P.S. Portoghese, J. Med. Chem.  
  45 (2002) 2887.
[34]  G. Rouser, S. Fleischer, A. Yamamoto, Lipids 5 (1970) 494.
[35]  S. Udenfriend, S. Stein, P. B¨ohlen, W. Dairman, W. Leimgruber, M. Weigele, Science 178 (1972) 871.
[36]  M.A. Lightman, E. Beutler, T.J. Kipps, U. Seligsohn, K. Kaushansky, J.T. Prchal, Williams Hematology, McGraw-Hill,  
  2006.
 [37]  M.C. Roach, M.D. Harmony, Anal. Chem. 59 (1987) 411.
 [38]  L.Y. Zhang, M.X. Sun, J. Chromatogr. A 1040 (2004) 133.
 [39]  F. Robert, L. Bert, L. Denoroy, B. Renaud, Anal. Chem. 67 (1995) 1838.
 [40]  G.R. Anyarambhatla, D. Needham, J. Liposome Res. 9 (1999) 491.
 [41]  D. Needham, M.W. Dewhirst, Adv. Drug Deliv. Rev. 53 (2001) 285.
 [42]  M.H. Gaber, K. Hong, S.K. Huang, D. Papahadjopoulos, Pharm. Res. 12 (1995) 1407.
 [43]  J.B. Bassett, R.U. Anderson, J.R. Tacker, J. Urol. 135 (1986) 612.
 [44]  K. Maruyama, S. Unezaki, N. Takahashi, M. Iwatsuru, Biochim. Biophys. Acta 1149 (1993) 209.
 [45]  J.L. Merlin, Eur. J. Cancer 27 (1991) 1031.
 [46]  J.N. Weinstein, R.L. Magin, R.L. Cysyk, D.S. Zaharko, Cancer Res. 40 (1980) 1388.
 [47]  M.H. Gaber, N.Z. Wu, K.L. Hong, S.K. Huang, M.W. Dewhirst, D. Papahadjopoulos, Int. J. Radiat. Oncol. Biol. Phys.  
  36 (1996) 1177.
 [48]  G. Kong, M.W. Dewhirst, Int. J. Hyperthermia 15 (1999) 345.

1. 0605 Michal_Heger.indd   204 05-06-2009   11:54:55



�0�

 
[49]  D. Marsh, Chem. Phys. Lipids 57 (1991) 109.
 [50]  J.F. Nagle, H.L. Scott, Biochim. Biophys. Acta 513 (1978) 236.
 [51]  S. Doniach, J. Chem. Phys. 68 (1978) 4912.

Chapter � - Lasers and Liposomes

1. 0605 Michal_Heger.indd   205 05-06-2009   11:54:55




