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ABSTRACT

Transthyretin kinetic stabilizers are used as first-line drug therapy for transthyretin amyloid polyneuropathy mostly in patients unsuitable for liver
transplantation. The two drugs prescribed in clinical practice are Tafamidis and Diflunisal. The European Medicines Agency approved Tafamidis for
this prescription in 2011 and 2019 American Food and Drug Association also registered it for the same use. Diflunisal is a non-steroidal anti-
inflammatory drug but its structural similarities to Tafamidis determine its “off-label” use for such clinical conditions. This review article represents
the various analytical methods available in published literature for the determination of Tafamidis and Diflunisal in bulk drugs, pharmaceutical
formulations, and biological matrices. Detailed information about all developed quantitative methods consisting of spectrophotometry,
spectrofluorimetry, high-performance liquid chromatography with ultraviolet, fluorescence or diode array detection, liquid chromatography-
tandem mass spectrometry, and voltammetry is provided and can be effectively used in the development of new analytical procedures and routine

drug manufacturing or clinical practice.
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INTRODUCTION

One of the most common types of systemic amyloidosis is familial
amyloidosis caused by transthyretin (TTR) dissociation and amyloid
fibril deposition due to mutation in the TTR gene [1]. Under the
influence of denaturing conditions or under some physiological
conditions, dissociation of the TTR molecule or partial unfolding is
possible, and as a result, aggregation of the individual monomers is
observed. Aggregates called amyloid fibrils or amyloid plaques are
formed and their deposition is associated with the development of
amyloidosis. A common feature of all types of systemic amyloidosis
is the expression of the precursor protein mainly in the extracellular
spaces at a specific initial site, followed by its release and transport
to other tissues and organs [2]. After diagnosing the disease, the
stage of neuropathy and systemic involvement is determined, and
the most appropriate course of treatment is prescribed. There is a
different approach in patients at each stage to slow the progression
of the disease. An overall systematic assessment, including the heart,
eyes, and kidneys, is essential to ensure that the stage of the disease
is correctly determined [3]. TTR amyloidosis treatment requires a
multidisciplinary approach to prevent further production and/or
deposition of amyloid aggregates, as well as symptomatic therapy of
cardiac, renal, and ocular manifestations [4]. Treatment options are
limited, and in mild or moderate disease, after a diagnosis confirmed
by genetic testing and biopsy, liver transplantation is one of the
main therapeutic approaches [5]. However, symptomatic treatment
to provide immediate relief is also a priority, with various therapies
being developed in the last few years, mainly for the early stages of
the disease [4]. The three treatment options for amyloidosis patients
include amyloid fibril synthesis inhibition, stabilization of the
protein molecule, and degradation of already formed plaques.

TTR tetrameric stabilizers (also called kinetic stabilizers) are agents
designed to stabilize the normal circulating form of TTR by binding to
the T4-binding sites of the protein (that are predominantly (>90 %)
unoccupied in physiological conditions) and thus prevent its
dissociation [4]. Two drugs, Tafamidis (TAF) and Diflunisal (DIF) were
evaluated in detail in control clinical studies [4]. According to our
knowledge, there is no review article published on the TTR kinetic
stabilizers analysis and this provoked our interest to summarize and
describe the developed analytical methods applied for pharmaceutical
formulations and biological media. Google Scholar, Web of Science,
Science Direct, and PubMed were searched. Keywords such as

Tafamidis, Diflunisal, Pharmaceutical Formulations, Biological
Matrices, Chromatography, Spectroscopy, etc, have been used in
various combinations to extract the maximum possible information.
Articles published from 1980 to the present are covered.

Clinical application
Chemical structure and mechanism of action

Chemically, TAF is a 1,3-benzoxazole carboxylic acid (fig. 1A) and
DIF is biphenyl carboxylic acid (fig. 1B) with molecular weights
308.1 and 250.2, respectively. They are white to almost white
crystalline powders, with water solubility of 0.03 and 0.07 mg/ml
for TAF and DIF, respectively [6, 7].
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Fig. 1: Chemical structures of TAF and DIF

Mutant TTR stabilization is provided by TAF or DIF binding to T4
sites of the tetramer and preventing dissociation into amyloidogenic
and toxic monomers [8-11]. Thus, the established binding with high
affinity and selectivity induces dose-dependent kinetic stabilization
of wild-type TTR (wtTTR) and a number of TTR variants (Val30Met,
Val122lle, Glu89Gln, etc.). In 2011 TAF has been approved by the
European Medicines Agency (EMA) for biopsy-proven stage 1
polyneuropathy and 8 y later, in 2019, it was also approved by the
American Food and Drug Association (FDA) [8]. But the DIF case is
different. This non-steroidal anti-inflammatory drug (NSAID) was
developed in 1971 and approved for the treatment of arthritis and
dysmenorrhea. Just a few years ago, it was applied “off-label” for the
first time in the treatment of TTR amyloidosis because of its
structural similarities to TAF [11].

Pharmacokinetics and pharmacodynamics

TAF is administered orally, 20 mg once daily in polyneuropathy
cases and 80 mg/61 mg once daily in cardiomyopathy ones,
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according to FDA [12-14]. The small molecule of TAF achieves high
oral bioavailability, while there is no adverse side activity of NSAIDs
[12]. It is highly bound to plasma proteins (up to 99.5 %),
glucuronidation is the major metabolic pathway, and the major
circulating form in plasma is the acid compound. In healthy
volunteers, TAF was rapidly absorbed after a single oral dose of 20
mg, with a mean time to reach peak concentration (Cmax) of
approximately 2.0 h. Pharmacokinetic parameters are similar after
single and multiple dosing, indicating a lack of metabolic induction
or inhibition. Elimination is slow by bile, with a mean half-life of
approximately 59 h [8]. The most common side effects are urinary
tract infections (2-17 %), diarrhea with fecal incontinence, or
constipation [9]. Despite several observed adverse effects on the
cardiovascular system, it has been confirmed that Tafamidis does
not have an adverse effect on cardiac conduction and repolarization
[15]. The application to women with childbearing potential is
specific. In these cases, drug therapy with TAF must be accompanied
by appropriate contraception [9, 16].

DIF, also a potent inhibitor of TTR formation of amyloid fibrils in
vitro [9, 17] is prescribed at a daily dose of 500 mg (2 x 250 mg). The
rare side effects observed are consistent with the known side effects
of NSAIDs (gastrointestinal, renal, and cardiac disorders) [17].
Gastrointestinal, renal, and blood-related events are only a few
caused by chronic DIF therapy, but close monitoring of patients can
significantly reduce the chance of their occurrence [18, 19]. The
deficiency of DIF in its activity and affinity for binding and inhibition
of tetramer dissociation in all pathogenic genetic variants is
compensated by the observed very high levels of plasma
concentration [20-22].

Efficiency and safety

TAF has been evaluated in a total of seven studies on the effect of its
use in polyneuropathy [23-29] and in four of its effect on
transthyretin amyloidosis (ATTR)-associated cardiomyopathy [30-
33]. The pivotal multicenter, placebo-controlled, phase III clinical
trial involving 128 ATTR-Val30Met patients showed stabilization of
TTR in 98 % of patients and no progression of neuropathy in 60 % of
patients (versus placebo group), with preserved quality of life [23].
Comparable to these results are the data obtained with non-
Val30Met mutations [26-29]. An additional evaluation of efficacy
and safety in ATTR patients reaffirmed the beneficial effects of TAF
during long-term treatment and in the early stages of the disease
[24, 34-39]. Ongoing open-label studies have found that the
progression of neurological disease is more severe in patients with
higher baseline neuropathy impairment score (NIS) values (more
advanced stages of the disease), which justifies the need for early
treatment [40]. In more advanced cases with late-onset, TAF cannot
prevent disease progression [25, 29].

After oral administration DIF shows high serum concentrations [41].
The ability to significantly reduce disease progression was evaluated
in a control clinical study with the participation of 130 ATTR
patients with early-stage polyneuropathy, carriers of various
mutations (mainly Val30Met-54.6 %), and a reference group on
placebo treatment [12, 17, 21]. The use of DIF in patients with late-
onset ATTR amyloidosis has also been evaluated in a randomized
clinical trial, and the results clearly demonstrated a significant
reduction in the rate of progression of neuropathy [4] and
preservation of quality of life [41].

Analysis of pharmaceutical formulations and biological
matrices

There are a limited number of validated analytical techniques
presented in the available literature for the quantification of
transthyretin kinetic stabilizers. The information on TAF analysis is
scarce. Only a few articles on its bioanalysis have been published so
far and this is probably due to its very specific clinical application
and a relatively short time since its approval by EMA and FDA. On
the other hand, DIF is used in clinical practice for a long time and
this may explain the larger number of published research articles.

Spectral and liquid chromatographic methods are mainly
represented in the bioanalysis of TAF and DIF in bulk drugs,
pharmaceutical formulations, and biological samples. Spectral
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analytical methods for TAF have not been developed, but there are
some for DIF-spectrophotometry (SPM) [42] and spectrofluorimetry
(SFM) [42-45]. Liquid chromatography (HPLC-UV and LC-MS) is the
method of choice for the analysis of TAF plasma levels [46-49]. DIF is
also quantified predominantly by HPLC [50-59] and LC-MS [60]
alone [50-53, 60], in combination with other drugs [54-57],
metabolites [58] or impurities [59]. Most of the analytical methods
found in the literature were developed in the 1980s [42, 51-53, 57,
58], some in the 1990s and 2000s [43-45, 50, 54, 55, 60] and two in
2021 [56, 59].

Sample preparation

Bioanalysis is extremely challenging because most of the target
pharmaceuticals are present in the blood, urine, and saliva samples
in very low concentrations (ng/ml or even pg/ml). In these cases,
highly sensitive instruments and reliable methods for analysis
should be used. For a successful bioassay, complete isolation of the
drugs from the biological matrix and final quantitative
measurement. The choice of sample preparation technique (protein
precipitation (PPT), liquid-liquid extraction (LLE), or solid phase
extraction (SPE)) is based on the properties of the studied drug, the
type and properties of the biological matrix, and the analytical
method specifications.

In the analysis of TAF in biological media, complete blood samples
were collected in tubes containing ethylenediaminetetraacetic acid
(EDTA) [47-49] or sodium citrate [46] as an anticoagulant. For
complete plasma separation, the samples are allowed to stand for 30
min at 18-25 °C and centrifuged for 20 min to separate the
supernatant [46]. Based on the studies performed, it is
recommended that plasma samples be stored at-10 to-30 °C [48] or-
75 °C [46, 47] and thawed at room temperature before analysis [46-
49]. Sample preparation methods include PPT for the treatment of
human blood plasma [46-48] and LLE, in the analysis of rat plasma
[49]. The PPT methods developed include pipetting 20-160 pl
plasma and using 1 % trichloroacetic acid [46, 47] or acetonitrile
[48] as precipitating agents. One of the HPLC methods does not use
an internal standard to study the accuracy of the developed
analytical procedure [46], but in the other three, a structurally
similar compound was selected as an internal standard [47-49].
Solution with known concentration was prepared, and 50 [48] or
100 pl [47] were mixed with blank plasma sample before the actual
protein precipitation. After the addition of the precipitating solution,
the samples were mixed for 20 [47] or 30 min [46] at room
temperature and centrifuged for 10 min at maximum speed in an
ultracentrifuge [46, 47]. Additional dilution of the obtained
supernatant with 200 pl of purified water is used only in the method
developed by Lockwood et al. [48]. The obtained supernatant was
used in the quantitative analysis. The PPT method developed by
Hyun et al involved mixing 50 pl plasma, 50 pl internal standard
solution at a concentration of 1 pg/ml, and 50 pl 11.3 pM HCI in
methanol. The organic solvent used for drug extraction was 1 ml of
ethyl acetate and the mixture was vortexed for 10 min and
centrifuged for 10 min at 13 500 rpm. The separated supernatant
was pipetted, transferred to a test tube, and evaporated to dryness
over 40 min at 50 °C. The dry residue was reconstituted in a 200 pl
mobile phase and analyzed [49].

According to the methods described in the literature, all three main
techniques were suitable for the analysis of DIF in a biological
matrix-PPT [44, 45, 52, 58], LLE [51, 53, 57] and SPE [60].

The developed PPT methods were used for the treatment of plasma
[52], serum [44, 45, 58] and urine [52, 58] and included the mixing
of 50-100 pl sample (plasma/serum from patients or additionally
injected with DIF pure plasma) with 50-100 pl solution of
appropriate internal standard-chlorinated analog of DIF [52] with
subsequent precipitation using 0.1 M solution of phosphoric acid
and acetonitrile [60] or direct treatment of the biological sample
with acetonitrile [58], 0.1 M solution of trichloroacetic acid [44] or
methanol [45]. The resulting samples were vortexed for 2 min [44,
52] or in an ultrasonic bath for 5 min [45] and centrifuged for 4 min
at 18 000 rpm [58] or for 5-15 min at 2000-4500 rpm [44, 45, 52].
The separated supernatant is pipetted and used for quantitative
analysis. The preparation of urine samples by the PPT technique
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involved several additional steps before the centrifugation step to
separate the supernatant-addition of 150 ul 70 % perchloric acid
solution, heating for 1h. at 90 °C, subsequent cooling of the sample
and mixing with 500 pl 5 M sodium hydroxide solution and 200 pl
acetonitrile [52].

The LLE procedure was applicable in plasma [51, 53], urine [53] and
serum [57]. When adapting the standard internal method to this
quantitative analysis, an internal standard solution of a certain
concentration was added to the biological sample, mixed briefly and
the drug substance was extracted from the aqueous medium of the
biological sample by adding 4-5 ml of mixed organic solvent-hexane-
diethyl ether in a ratio of 50:50 v/v [51, 53, 57]. Then samples were
centrifuged for 15 min at 1500 rpm [50], the organic phase was
transferred to a clean tube, evaporated to dryness, reconstituted in
methanol [51] or mobile phase [53], and analyzed. Despite its many
advantages, the SPE sample preparation technique is not widely used
in the analysis of DIF in biological media. Information is available only
on its application to the development of a quantitative method for
plasma analysis. In this procedure to 200 pl plasma (obtained by
spiked plasma with DIF solution) was added 200 pl solution of the
internal standard-Clofibric acid with a concentration of 50 ug/ml, then
the mixture was vortexed, 2 % solution of formic acid was added and
the obtained sample was injected into the SPE separation column. A
solution of acetonitrile and 5 mmol ammonium formate (pH = 8) was
passed through the column in the elution process at a ratio of 90:10
v/v and the resulting eluate was analyzed [60].

UV-VIS spectrophotometric and spectrofluorimetric methods

Spectral methods of analysis are widely used in the analysis of bulk
drugs and dosage forms (table 1). Relatively simple methodological
procedures, low consumption of reagents and samples, and
affordable equipment ensure fast, precise, and accurate results.
Spectrofluorimetric methods have been developed for the analysis of
DIF alone [43] or in combination with other drugs [42, 44, 45], in
blood serum (or urine) [43-45], and tablets [42].

Abdel-Hamid et al. established a spectrophotometric (SPM) and
spectrofluorimetric (SFM) method for differential determination of
DIF in tablets. The developed techniques were rapid, simple, and
accurate with different applications. DIF exhibited a fluorescence
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activity highly dependent on the pH of the medium with inhibition at
acidic pH and enhance at basic pH. Spectrophotometric and
spectrofluorimetric procedures can be used in routine practice for
dosage form control. The precision parameter for the two methods,
determined as CV % was 1.31 and 1.8 for SPM and SFM, respectively.
Accuracy was good with mean recovery values of 100.90 and 99.90
for SPM and SFM, respectively. The linearity parameter was
evaluated by the correlation coefficient (R?). It was determined
as>0.9997 for all methods. The SPM absorbance was measured at
274 and SFM-at 260 nm [42].

Ioannou et al. developed a SFM method for the determination of DIF
in serum and urine based on its ternary complex with terbium and
EDTA. Terbium ions form fluorescence ternary complex with EDTA
and DIF in alkaline aqueous solutions (pH range from 9.0 to 13.5) by
using TRIS buffer and concentration 1.0 x 10-3 mol/I of the Tb-EDTA
mixture. The complex thus formed shifted the emission maximum to
longer wavelengths and so the obtained optimum wavelengths were
excitation at 284 nm and emission at 547 nm. Fluorescence was
measured in the range 0.01-6.00 pg/ml with R2>0.9991 and a limit
of detection (LOD) 2.4 ng/ml. The influence of other drugs was
tested but none of them interfered with the DIF determination and
the method was claimed to be suitable for adoption in LC-MS or
flow-injection techniques [43].

Two methods for DIF and naproxen (NAP) simultaneous
determination were developed by two independent research teams
in 1998 and 2008. The first method was based on the intrinsic
fluorescence of both compounds in sodium dodecyl sulfate micellar
medium [44] and the second-in methanolic aqueous solution [45]. A
first-derivative synchronous fluorescence spectrometry was
selected for the determinations [44, 45]. The studied concentration
ranges were 20-250 pug/ml [44] and 0.02-1.00 pg/ml [45] with limits
of detection 0.006 and 0.014 pg/ml, respectively. The proposed
methods showed very good accuracy with recovery ratios of 96-101
% [44] and 99.09 % [45]. All the results obtained in these methods
demonstrate that they were promised for the routine analysis and
quality control of mixtures. Furthermore, the use of derivative
techniques in spectrometry improved the selectivity of multi-
component spectra and resolved mixtures with overlapping spectra
[45].

Table 1: Conditions of spectrophotometric and spectrofluorimetric methods for determination of TTR Kinetic stabilizers

Drugs Pharmaceutical or biological matrix Wavelength (nm) Linearity (ug/ml) Accuracy of the method (%) Ref.
UV-VIS spectrophotometric method

DIF Tablet 274 50-200 100.90 [42]
Spectrofluorimetry

DIF Tablet 260/425 0.5-3.0 99.60 [42]
DIF Serum and urine 284/546 0.01-6.00 96.8-101.2 in serum and [43]

98.0-102.0 in urine

DIF and NAP  Serum 303/413 20-250 96-101 [44]
DIF and NAP  Tablet and serum 243/310-460 0.02-1.0 99.09 [45]

Chromatographic techniques-HPLC and LC-MS

Four analytical techniques for bioassay and quantification of the
transthyretin kinetic stabilizer TAF in plasma, focused entirely on
liquid chromatography-RP-HPLC [46, 47] and LC-MS [48, 49], are
presented in the literature. Due to its high resolution and sensitivity,
it is the first choice for the determination of multicomponent drug
systems, and the ability to detect traces of the main active substance
in biological samples makes it extremely suitable for adaptation in
the process of therapeutic drug monitoring. The developed methods
of analysis aim to be applied to studies determining the degree of
stabilization of TTR protein during treatment with TAF [46], mean
plasma levels in patients with Glu89GIn mutation [47], assessment
of bioavailability and bioequivalence of the drug in the two
therapeutic regimens for ATTR cardiomyopathy-61 mg capsules
containing TAF in the form of pure acid or 4 x 20 mg capsules
containing the salt TAF meglumine [48] and for analysis in the
plasma of rats [49]. The key factors for achieving reliable results are
the selection and careful optimization of chromatographic

conditions. The chromatographic columns used to determine TAF
were €18, measuring 50 x 2.1 mm or 150 x 4.6 mm, and having a
particle size of 3 or 5 um. The mobile phase is another very
important condition for reliable quantification and accurate results.
The most commonly used is acetonitrile mixed with a solution of
trifluoroacetic acid [46, 47], formic acid [48] or ammonium formate
[49] in isocratic mode of elution [47, 49] or gradient mode [46, 48]
at a flow rate of 0.3 or 0.5 ml/min in LC-MS [48, 49] assays and 1.0
ml/min in RP-HPLC [47]. The determinations were performed at
room temperature. In one of the RP-HPLC procedures, UV detection
at 280 nm was used for TAF quantification [47]. Developed methods
for mass detection analysis include the use of electrospray ionization
of substances in nitrogen gas at a temperature of 550 [48] or 500 °C
[49] and recorded m/z values of the mass analyzer were in the range
305.43-262.2 for TAF [48, 49].

The analytical chromatographic methods for the analysis of DIF
described in the literature determined reverse phase liquid
chromatography as the preferred fast and reliable method. Both LC-
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MS [60] procedures and HPLC with UV [42, 50, 51, 54, 55, 57-59] or
FLD detection [52, 53, 56] adapted for bioassay in plasma [50-53, 56,
60], serum [57, 58] or urine [52, 53, 58] have been developed.

Octadecyl silica columns (ODS or C18) are generally preferred in
stationary phase analyzes [42, 52, 55-57, 59, 60], but the
applicability of C8 chromatographic columns providing different
degrees of selectivity is also noted [51, 53, 54, 58]. Reverse phase
columns ranging in size from 50 x 4.6 mm to 250 x 4.6 mm were
used, all of which gave sufficiently good separation of the active
substance from its metabolites or complex drug mixtures, with
longer columns showing a characteristic prolongation of the
retention-3.3 [55, 60]-3.9 min [42], compared to the short-1.4 min
[52]. It was found that better results were obtained for columns with
a particle size of 5 pm [42, 51, 53-55, 58-60] compared to those with
10 pm [57]. The use of short and narrow columns reduces the
analysis time and the volume of solvents required, but is not
applicable to all drugs, as an important determining factor is the
chemical structure of the target analyte.

The selectivity also depends on the composition of the mobile phase,
the flow rate, and the type of elution. Methanol and acetonitrile are
used as basic organic components in combination with buffer
solutions with different pH values [52-57, 59], glacial acetic acid [42,
50], and ammonium formate [60] or tetramethylammonium
hydrogen sulfate [51, 58]. Methanol provides good separation and
better peak shapes and is therefore preferred as an organic solvent
[50-53, 57, 58] in HPLC-UV and HPLC-FLD analysis in a mixture with
phosphate buffer pH = 3, 3.5, or 7 and ratios ranging from 58: 42 to
64:36 v/v. The combination of acetonitrile: buffer pH = 3.4 (50:50
v/v) or acetonitrile: ammonium formate (45:55 v/v) is preferred in
HPLC-DAD and LC-MS. The analysis of the organic: aqueous phase
ratios showed a delay in the total analysis time and wider peaks with
the increasing percentage of the aqueous phase and a
correspondingly poor separation with increasing organic solvent
[54]. In some cases, tetrahydrofuran or potassium citrate is added to
the mobile phase as an additional reagent to reduce the tailing factor
[42, 58]. The mobile phase in HPLC assays is fed at a rate in the
range of 1.0 to 1.8 ml/min, while in LC-MS, it is significantly lower-
0.6 ml/min, in isocratic or gradient mode.
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Temperature is another factor used to optimize analytical
procedures. HPLC-UV [42, 50, 51, 57-59] and HPLC-DAD [54, 55]
assays were performed predominantly at room temperature, while
HPLC-FLD [52, 53, 56] assays were performed at column
temperatures of 40-65 °C. Lowering the temperature in these cases
leads to a delay in the analysis [52], and buffers with higher pH
values were used to increase the fluorescence [42]. Based on the
spectrum of DIF solution, two regions with maximum absorption
were determined-230 and 254 nm. The developed HPLC-UV
methods of analysis [42, 50, 51, 57-59] use 254 nm as the reference
wavelength, and HPLC-DAD [54, 55]-225-230 nm. The analysis with
fluorescence detection is characterized by the determination of two
wavelengths-excitation and emission. In the described quantitative
methods, these are 260 nm and 315 nm and 418 nm and 389 nm,
respectively [52, 53].

The published methods of quantitative analysis have been validated
against the parameters linearity, precision, accuracy, LOD, and limit
of quantification (LOQ). Concentration intervals ranging from 0.5 to
400 pg/ml were chosen to monitor linearity, based on the detected
maximum plasma concentrations of DIF in healthy volunteers. The
described methods have been proven linear with a correlation
coefficient (R%) greater than 0.9997 [42, 52-55]. Intra-and inter-day
accuracy calculated as mean %RSD was<10 % for HPLC-UV methods
[42, 50, 58],<5 % for HPLC-FLD [53, 56],<2 % for HPLC-DAD [54, 55]
and<4.2 % for LC-MS [60]. The accuracy of the analytical procedures
was assessed by the repeated tests, and the obtained mean values
were >98.4 % for HPLC-UV methods [42, 50, 51, 58, 59],>98.9 % for
HPLC-FLD [52, 56],599.0 % for HPLC-DAD [54, 55] and>92.0 % in
LC-MS [60]. The results showed the high reliability and precision of
the developed methods. The assessment of method applicability in
practice mainly depends on the limits of detection and quantification
of the target analyte in the complex matrices of biological samples.
The lowest values for LOD and LOQ were achieved by one of the
HPLC-DAD methods-0.025 and 0.15 pg/ml, respectively [55]. HPLC-
FLD methods provide a mean detection limit of 1.0 pg/ml [52, 53],
and LC-MS values are 0.1 and 1.0 pg/ml for LOD and LOQ,
respectively [60]. More details on the chromatographic conditions
are given in table 2.

Table 2: Conditions of chromatographic methods for determination of TTR Kinetic stabilizers

Drugs Pharmaceutical  Stationary Mobile phase Detection Linearity Accuracy of Ref.
or biological phase (ng/ml the method
matrix or uM) (%)

HPLC

TAF Human plasma Betabasic Cis  Buffer A: water: Acetonitrile: Trifluoroacetic - 1-24 uyM - [46]

(50 mm, 3 acid in the proportion 95:4.9:0.1 v/v/v
pm) Buffer B: water: Acetonitrile: Trifluoroacetic
acid in the proportion 4.9:95:0.1 v/v/v
Linear gradient from 10 to 100% Buffer B
TAF Human plasma Purospher 0.1% Trifluoroacetic acid in mixture of uv 1-10 uM 100.70 [47]
Cis (150x4.6 Water: Acetonitrile in the proportion 42:58  A=280 nm
mm, 5 pm) v/v
T=25°C Isocratic elution
Flow rate=1.0 ml/min
LC-MS
TAF Human plasma Atlantis C1s Buffer A: water: formic acid in the MS 0.01-10.0 - [48]
(50x2.1 mm, proportion of 100:0.1 v/v and Buffer B: ESI pg/ml
5 um) acetonitrile: methanol: firmic acid in the ionization;
proportion of 50:50:0.1v/v nitrogen
Linear gradient from 63 to 95% Buffer B gas; T =550
Flow rate=0.7 ml/min °C
TAF Rat plasma Zorbax 10 mmol ammonium formate: acetonitrile MS 0.003-3.0 85.23 [49]
Eclipse XDB in the proportion of 50:50 v/v multiple pg/ml
Isocratic elution reaction
Flow rate= 0.3 ml/min monitoring
(MRM)
HPLC
DIF Tablet Ultraspere Water and acetonitrile (50:50 v/v): glacial uv 5-20 99.90 [42]
ODS column acetic acid: tetrahydrofuran in the A=254 nm pg/ml
(250x4.6 mm, proportion of 80:16:4 v/v/v
5 um) Flow rate=1.8 ml/min
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Drugs Pharmaceutical  Stationary Mobile phase Detection Linearity Accuracy of Ref.
or biological phase (ng/ml the method
matrix or pM) (%)

DIF Human plasma Spherisorb Methanol: water: glacial acetic acid in the uv 0.5-100 97.25 [50]

Cis proportion of 66: 30: 4 v/v/v A=250 nm ug/ml
Flow rate=1.0 ml/min
DIF Human plasma LiChrosorbCs = Methanol: water in the proportion of 50: 50 UV 5-100 96 [51]
(150x4.6 mm, v/v with added 0.01M A=254 nm pg/ml
5 um) tetramethylammonium hydrogen sulfate
T=32°C and Tris (hydroxymethyl) aminomethane
Flow rate=1.4 ml/min
DIF Human plasma Sepralyte Cis 0.05 M phosphate buffer adjusted to FLD 5-200 298 [52]
and urine (50x%4.6 mm, pH=3.5: methanol in the proportion of 42: Aex=260 nm ug/ml in
3 pum) 58 v/v Aem=418 nm  plasma
T=65°C Flow rate=1.5 ml/min and 10-
400
pg/ml in
urine

DIF Human plasma Ultrasphere Methanol: 0.05 M phosphate buffer adjusted FLD 0.05- - [53]

and urine 0DS Cs to pH=3 in the proportion of 64:36 v/v Aex=350 nm 100.0
(250x4.6 mm, Flow rate=1.0 ml/min Aem=389nm  pg/ml
5 um) Isocratic mode in plasma and gradient
T°C=50°C mode in urine
DIF and Tablet Zorbax SB Cg 0.05M orthophosphoric acid: acetonitrile: uv 5-100 98.80- [54]
DIC (250x4.6 mm, methanol in the proportion of 40: 48: 12 A=228 nm ug/ml 100.75
5 um) v/v/v
T°C=25°C Flow rate=1.0 ml/min
DIF and Tablet Eclipse XDB Acetonitrile: 0.05M phosphate buffer uv 0.25-5 99.04 [55]
NAP Cis adjusted to pH=3.4 in the proportion of 50: A=225 and ug/ml
(150x4.6 mm, 50v/v 230 nm
5 um) Flow rate=1.0 ml/min
T=25°C
DIF,LES  Human plasma Hypersil BDS  Acetonitrile: 30 mmol phosphate buffer FLD 0.05-0.5 98.1-101.3 [56]
and FEB Cis adjusted to pH=5.5 in the proportion of pg/ml
T=40°C 32.2:67.8v/v
Flow rate=1.0 ml/min
Isocratic mode

DIF, Serum Bondapak Cis  Methanol: 0.03M phosphate buffer adjusted UV 2-800 uM - [57]

ASA, SA, (30x3.9 mm, to pH=7.0 in the proportion of 60:40 v/v A=254 nm

IMC, IPF 10 um)

and IBF

DIF and Serum and urine Spherisorb Methanol: 20 mmol Potassium citrate uv 2-400 81.0-97.3in  [58]

glucuron Octyl Cs adjusted to pH=3.6 and 0.02M A=254 nm ug/ml serum and

ides (250x4.6 mm, tetramethylammonium hydrogen sulfate in 97.5-104.9

5 um) the proportion of 48: 52 v/v in urine
T=40°C Flow rate=1.0 ml/min
DIF and Bulk drug Cis 0.05 M buffer adjusted to pH=4: Acetonitrile = UV 5-30 100.10 and [59]
impurity (250x4.6 mm, in the proportion of 40:60 v/v A=254 nm pg/mlfor  98.88
5 um) DIF and
2-9
ug/ml for
impurity

LC-MS

DIF Human plasma Prodigy ODS Acetonitrile: 5 mmol ammonium formatein ~ MS 1-160 >92 [60]

3V the proportion of 45: 55 v/v multiple ug/ml
(150x4.6 mm, Isocratic elution reaction
5 um) Flow rate=0.6 ml/min monitoring

(MRM)

DIC: diclofenac sodium; LES: lesinurad; FEB: febuxostat; ASA: acetylsalicylic acid; SA: salisylic acid; IMC: indomethacin; IPF: indoprofen; IBF:

indobufen

Other methods
HPTLC-densitometry method

A highly sensitive high performance thin layer chromatography
(HPTLC) method was developed by Farid et al. for the simultaneous
determination of DIF and its impurity biphenyl-4-ol (BPL) in bulk
drug and pharmaceutical formulations. Separation was achieved on
silica gel TLC F2s4 plates, using toluene: acetone: acetic acid solution
(3.5:6.5:1, v/v) as a developing solvent system. Detection was
carried out at 254 nm and the regression plot was linear over the
concentration range of 0.5-3.0 and 0.3-1.7 pg/band for DIF and BPL,

respectively. The mean percentage recovery was 100.22 % (SD
0.893) for DIF and 100.52 % (SD 0.952) for BPL. The proposed
method was the first published in the literature for the simultaneous
analysis of DIF and its pharmacopeial impurity [59].

Voltammetric methods

Voltammetry is another rapid and sensitive analytical technique
often applied for the quantification of bulk drug or pharmaceutical
formulations in various matrices [61-63]. There are two developed
voltammetric methods for DIF determination alone [64] or with
Piroxicam at DIF-derived gold nanoparticles [65]. It is possible to
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quantify DIF by using a montmorillonite-Ca-modified carbon paste
electrode (MMT-Ca-modified CPE) [64] or differential pulse
voltammetry with a modified glassy carbon electrode (DPV GCE)
[65]. The analyte was measured with an electrolyte consisting of
Ag/AgCl/3M KCl in acetate buffer with pH=5.0 using 10% (w/w) Ca-
modified CPE. The proposed method was sensitive and accurate
with mean recovery values for the different pharmaceutical
formulations of 98.7% and all method validation parameters within
the specified limits [64]. Under the optimized conditions methods
showed good linearity in the concentration ranges 8x10-8-4x10-¢ M,
3x108-5x107 M and 5x109-2x107 for 60s, 180s and 300s,
respectively [64] and 0.5-50 uM [65] with obtained correlation
coefficients over 0.996 [64]. The achieved LOD values were 0.375
ng/ml for MMT-Ca-modified CPE (300s) [64] and 50 nM for the
second one [65]. LOQ was determined only in one of the methods as
150 nM [65]. After five replicate determinations the estimated
relative standard deviation was 0.61 % [64]. The MMT-Ca-modified
CPE method was suggested for application in control laboratory
analysis and pharmacokinetic studies.

CONCLUSION

A summary of various analytical methods reported in the available
literature was made in the present review. The objective of our
research team was to collect maximum information about the
specific analytical techniques and study them in detail. Among the
published developments on the analysis of TAF and DIF in bulk
drugs, pharmaceutical formulations and biological matrixes (plasma,
serum, urine), chromatography has the greatest significance because
of its numerous and undeniable advantages. It offers a rapid, precise,
and reproducible quantitative analysis suitable for the complicated
multi-component matrices that easily can be upgraded with mass
spectroscopy.
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