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Thiamine (vitamin B1) is essential to the health of all living or-
ganisms and deficiency has long been associated with diseases
in animals such as fish, birds, alligators, and domesticated ru-
minant mammals. Thiamine is also implicated in several
human diseases including Alzheimer’s, diabetes, dementia, de-
pression and, most notably, Wernicke-Korsakoff syndrome and
Beriberi disease. Yet, highly sensitive and specific detection of
thiamine remains an analytical challenge, as pM to nm levels of
thiamine need to be detected in environmental and human
samples, respectively, various phosphorylated variants need to
be discriminated, and rapid on-site detection would be highly
desirable. Furthermore, appropriate sample preparation is
mandatory, owing to the complexity of the relevant sample
matrices including fish tissues, ocean water, and body fluids.

1. Introduction

Thiamine (vitamin B1) is essential to the health of all living or-
ganisms." In its diphosphate form, thiamine serves as a cofac-
tor for enzymes involved in carbohydrate metabolism, includ-
ing transketolase, a-ketoglutarate dehydrogenase, pyruvate
dehydrogenase, and branched chain a-keto acid dehydrogen-
ase. These enzymes are involved in pathways that produce
ATP, NADPH, and ribose-5-phosphate, which are critical for
generating cellular energy and downstream production of
amino acids, nucleic acids, and fatty acids. Deficiencies in thia-
mine have numerous deleterious effects observed in both
people and the environment. Most notably, deficiencies are re-
sponsible for Wernicke-Korsakoff syndrome and Beriberi dis-
ease prevalent in alcoholics in developed nations and under-
nourished populations in developing nations.”” More recently,
deficiencies have also been implicated in other conditions in-
cluding diabetes,”” depression,” Alzheimer’s disease,”” and de-
mentia.”’ In an ecological context, thiamine deficiencies result
in muscle weakness and reproductive failure of valuable fish,
including lake trout and Atlantic salmon.”? Such deficiencies
have also affected alligators,® birds,” as well as various species
of livestock."” Thiamine deficiencies may occur if conditions
impair thiamine absorption;" if dietary intake of thiamine-
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This Review has two objectives. First, it provides a thorough
overview of analytical techniques published for thiamine de-
tection over the last 15 years. Second, it describes the princi-
ples of analytical approaches that are based on biorecognition
and may open up new avenues for rapid and high-throughput
thiamine analysis. Most notably, periplasmic binding proteins,
ribozymes, and aptamers are of particular interest, as they
function as bioaffinity recognition elements that can fill an im-
portant assay technology gap, owing to the unavailability of
thiamine-specific commercial antibodies. Finally, the authors
provide brief evaluations of key outcomes of the major assay
concepts and suggest how innovative techniques could help
develop sensitive and specific thiamine analytical test systems.

containing foods is restricted;'? or if foods containing high
levels of enzymes capable of thiamine cleavage (thiaminases)
are concurrently consumed.™ As such, thiamine is an analyte
of key importance in clinical, ecological, and veterinary studies,
and interest in this analyte has prompted numerous analytical
methodologies for its detection. Owing to its unusual proper-
ties, thiamine presents some unique analytical challenges,
many of which were uncovered in early work beginning in the
1940's. These caveats must be recognized in the development
of new techniques, and readers are encouraged to look to pre-
vious excellent Review articles for thorough coverage of earlier
developments.'"*' By contrast, this Review focuses on analyti-
cal advances made in the last 15 years, but incorporates histor-
ic information, as needed, to ensure accurate and reproducible
thiamine measurements.

2. Thiamine Properties

Thiamine is a highly water-soluble vitamin with reduced solu-
bility in alcohols and negligible solubility in less polar organic
solvents."® Commercially, it is available in the form of thiamine
hydrochloride or thiamine mononitrate, with the latter marked-
ly less water soluble and less hygroscopic."®'” Structurally, thi-
amine consists of 2-methyl-4-aminopyrimidine attached via
a methylene group to a thiazole ring, substituted with
a methyl group in the 4 position and a hydroxyethyl group in
the 5 position. Phosphorylated derivatives of the hydroxyl
group include thiamine mono-, di-, and triphosphates (TMP,
TDP, and TTP, respectively). Thiamine is stable under acidic con-
ditions, but is labile in alkaline conditions with the opening of
the thiazole ring to yield the thiol form. At low pH, thiamine is
present with a positive charge on both the pyrimidine N1 ni-
trogen (pKa,~4.8) and thiazole N3 nitrogen. At physiological
pH, thiamine is a cation with a positive charge on the thiazole
N3 nitrogen. With further increase in pH, its behavior is com-
plex, passing through an uncharged pseudobase intermediate
to yield its negatively charged thiol form (pKa,~9.2)
(Figure 1).1"®

Analytical methods based on the chemistry of thiamine take
advantage of its cationic charge via ion exchange for isolation

© 2017 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 1. pH-dependent forms of thiamine. Thiamine transitions upon in-
creasing pH from cationic forms to the pseudobase and thiol forms.

and separation techniques;® detection relying on its activity
in the UV range;® ability to be oxidized and detected via fluo-
rescence, chemiluminescence, and electrochemilumines-
cence,”* as well as polarity differences between thiamine, its
phosphate esters, and other species (Figure 2).2"*% Although
intact thiamine is highly water soluble, chemical or biochemi-
cal cleavage at the methylene bridge allows subsequent ex-
traction of the less polar 4-methyl-5-(2-hydroxyethyl)thiazole
fragment into organic solvents prior to GC analysis®' or quan-
tification by scintillation counting if the thiazole fragment is ra-
diolabeled.” Biological-based methods take advantage of the
role of thiamine as an essential vitamin for the growth of
many microorganisms and, as noted above, in its diphosphate
form, serving as a co-factor for numerous enzymes.
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Figure 2. Approaches for thiamine analysis including fluorescence of the oxi-
dized form of thiamine (thiochrome), thiamine requirement for microbiologi-
cal growth, sensing based on biorecognition, and high performance liquid
chromatography.

3. Sample Preparation

As thiamine is essential to the health of, and is present in, all
organisms, sample matrices presented for analysis can range
from environmental soils and water to a variety of human and
animal foods as well as human urine and blood. Some general-
ities regarding best sample treatment practices are provided
below.

Given the poor stability of thiamine under alkaline condi-
tions, samples should be pH adjusted to the acidic range to
avoid degradation. Environmental water samples should be fil-
tered immediately upon sample collection to prevent possible
uptake of thiamine by microorganisms and also possible re-
lease of thiamine from inorganic particulates.”” For tissue sam-
ples, Brown et al. noted the importance of storage conditions
on thiamine forms.”" When stored at 4°C, conversion of TMP
to thiamine was observed in liver tissue samples from lake
trout. Loss of TDP and formation of TMP was noted in muscle
tissue stored at ambient temperature for 24 h, whereas in ale-
wife muscle tissue, all thiamine species declined within an
hour. Alewife contain high levels of thiaminases that break
down thiamine and are likely responsible for the losses. In the
majority of biological sample matrices, a mechanical homoge-
nization step is required to ensure sample uniformity and free
thiamine from its intracellular confines. This is commonly done
in cold trichloroacetic acid (TCA) at a concentration of 2%
(v/v).2"*9 Proper implementation of the homogenization step
is critical, with marked losses of thiamine and TMP using high-
speed tissue grinding or ultrasonic homogenization versus
manual grinding of fish eggs.”?" In human whole-blood sam-
ples, overnight storage at —70°C, but not —20°C, is sufficient
to ensure complete lysis of the red blood cells that contain the
majority of thiamine (in the form of TDP) in the body.”® To
ensure complete hemolysis, whole-blood samples are typically
frozen at —80°C for at least 24 h, followed by TCA precipita-
tion of proteins.”
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Thiamine has exhibited non-specific protein binding and
TDP is associated with enzymes as a cofactor; therefore, pro-
tein precipitation and subsequent release of thiamine from
these proteins is required for assaying biological sample matri-
ces. Precipitation can be accomplished by using perchloric acid
or TCA by boiling or autoclaving samples at 100 or 120°C, re-
spectively, for 10-30 minutes.”"**3Y For hemolyzed blood, cen-
trifugation to remove cell debris, followed by the addition of
cold 10% TCA to the remaining supernatant has been consid-
ered sufficient to precipitate the proteins.”® Other means of
acid extraction to release thiamine from sample matrices have
included autoclaving homogenized samples at 120°C in sulfu-
ric acid or 10-100 mm HCI for 10-30 minutes.**>¥ Some stud-
ies observed low recoveries with sulfuric acid, believed to be
caused by either the presence of sulfite impurities, which can
degrade thiamine by cleavage at the methylene bridge under
acidic conditions, or adsorption of thiamine onto formed pre-
cipitates."*'® The latter has also been suggested with TCA.B”
As recoveries with sulfuric acid tend to be low, HCl is preferred
acid for the hydrolysis step. Some further caution may be war-
ranted in the acid treatment of thiamine, as oxythiamine can
be formed under strongly acidic conditions.'® This was con-
firmed recently, yielding low levels of oxythiamine in 100 mm
acetic acid at elevated temperatures (100°C for 1 h).5? As oxy-
thiamine does not form a fluorescent product, the extent of
this conversion cannot be monitored at the typical wave-
lengths used to quantify thiochrome, the fluorescent oxidation
product of thiamine. Furthermore, extraction from protein ma-
trices typically requires greater concentrations of TCA, a mark-
edly stronger acid than acetic acid. If oxythiamine is formed to
an appreciable degree under the conditions used to extract
thiamine from protein matrices, the amount of thiamine pres-
ent in a sample may be underestimated.

Prior to analysis by HPLC, samples treated with TCA are
washed with solvents such as water-saturated MTBE or 3:2
ethyl acetate/hexane to remove the acid.*"® Such washed
samples have been noted to retain their stability for at least
48 h.”"?® Complete removal of TCA can be difficult to achieve
and has led to increased fluorescence background in an HPLC
method versus perchloric acid; hence, the latter was pre-
ferred.®™ In food matrices, beyond acid-heat treatment, enzy-
matic digestion is employed with enzymes such as amylase,
taka-diastase, clara-diastase, and papain, which break down
starches and proteins to ensure release of thiamine.®® Thia-
mine itself is present as a food additive, but in naturally occur-
ring matrices such as milk,”” meat,*® and whole grains,*” thia-
mine monophosphate, diphosphate, and triphosphate may
also be present. If the total thiamine content is desired, enzy-
matic treatment with enzymes such as acid phosphatase can
be used to convert thiamine phosphate esters into the parent
molecule.’® This is followed by autoclaving to cease further
enzyme activity.

Solid-phase extraction (SPE) using reverse phase,”” reverse
phase with ion-pairing reagents,”® reverse phase alone after
conversion to thiochrome,?¥ and weak cation exchange
(WCX)? have been employed as means for sample clean-up
or simplified analysis. A reverse-phase SPE method for thiamine
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extraction has been reported, which takes advantage of the in-
creased hydrophobic character of riboflavin versus thiamine
for the quantification of both species in fish eggs. The respec-
tive concentrations are read with a fluorescence plate reader,
eliminating the need for costly and less field practical analyses
with HPLC”¥ In another reverse-phase method, filtered and
pH-adjusted seawater was first passed through a C18 resin, fol-
lowed by a water wash, and then elution of thiamine using
methanol.”” By subsequently evaporating the methanol and
reconstituting with water, the authors suggested that this pro-
tocol minimized interferences by co-eluting organic com-
pounds when the samples were subsequently analyzed with
HPLC. By using a C18 resin with ion-pairing via sodium hepta-
nesulfonate, thiamine and riboflavin could be isolated from
meat extracts,”™ whereas another method taking advantage of
WCX has been used to provide partial purification of thiamine
from sausage extracts prior to HPLC analysis.””

4. Analytical Methods Based on Chemical
Properties

4.1. Colorimetric Approaches

The maximum absorbance of thiamine at 235 nm is shared
with many other compounds, making direct spectrophotomet-
ric measurements useful only when coupled with a separation
mechanism. Hence, thiamine concentrations have historically
been determined through colorimetric assays that employ a va-
riety of reagents that produce a visible change in color after
reacting with thiamine. Most colorimetric assays developed in
the 1930’s through 1950’s depended on the use of a diazotized
amine—an aromatic amine that has been treated with nitrous
acid—with coupling carried out under alkaline conditions. The
two most commonly used were diazotized sulfanilic acid and
diazotized p-acetophenone, which react with thiamine to form
pink- and purple-red-colored compounds, respectively. The
formation of colored products redshifts the maximum absorb-
ance out of the UV range and away from many interferences
while improving the molar extinction coefficient (Table S1.)
Challenges with these reagents included reagent instability,
lengthy extraction procedures, reaction with other interfering
species, poor stability of the reaction products, and low inten-
sity of the colored species. A timeline of the development of
these historic methods is provided in the Supporting Informa-
tion (Figure S1).

Interest remains in the development of modern colorimetric
methods for the analysis of thiamine in pharmaceutical prod-
ucts, with numerous approaches reported within the last 20
years.P5% Of these, two methods that provide a clear advant-
age over previous approaches are mentioned within. By taking
advantage of the ability of thiamine to undergo oxidization, re-
searchers utilized the reduction of potassium iodate (V) to
yield iodide ions in the presence of thiamine. The iodide ions
formed free iodine in the reaction mixture, which could subse-
quently oxidize leucocrystal violet dye to crystal violet, measur-
able at 589 nm.”” This approach lowered the detection limit
approximately tenfold over that obtainable by diazonitized sul-
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fanilic acid. In the second method, Liu et al. investigated the
formation of complexes of thiamine with triphenylmethane
dyes, including bromothymol blue and cresol red, in the pres-
ence of surfactants as an approach to spectrophotometrically
determine thiamine concentrations.” The phenolic group of
these dyes ionically associates with thiamine through its thia-
zole nitrogen. By using these dyes and micellar solutions to
ensure complex solubility, either the formation of a complex at
a different wavelength or loss of the dye absorbance at its in-
herent wavelength could be monitored. This approach lowered
the detection limit to the low ngmL™" range and, thus, was
a marked improvement over prior methods. However, one
caveat to note with all reported colorimetric methods is the
potential for interferences by other species. Even with relative-
ly simple pharmaceutical tablet matrices, these modern meth-
ods were subject to interferences; therefore, it remains to be
seen whether such methods can have broader applicability in
more complex biological matrices. In addition, as most of the
colorimetric methods yielded detection limits in the low
pgmL™" (ca. 3-30 pum) range, they have largely fallen out of
favor in lieu of more sensitive fluorometric methods, especially
when biological samples are considered.

4.2. Fluorescence Methods

Thiamine is most commonly quantified following oxidation to
the blue fluorescent product thiochrome (Figure 3). This forms
the basis for quantification in the widely employed AOAC and
AACC methods. B4V

OH OH
S
$
4\ ‘\ /k 3
NH, N K,Fe(CNy) N N
—>
NI N NaOH X
P l
)\N )\N/

Figure 3. Oxidation of thiamine to thiochrome, shown here using potassium
ferricyanide under alkaline conditions.

Oxidizing agents include mercury(ll) chloride,”? cyanogen
bromide,”**! and potassium ferricyanide®” and, in all cases,
the conversion forms both thiochrome and thiamine disulfide
through competitive reactions.”” These reagents each have
their benefits and limitations including improved dynamic
range and lack of thiochrome fluorescence quenching,“? high
fluorescence yield and minimization of redox interferences
from biological matrices,*™ as well as low cost, low toxicity,
and ease of use, respectively, but suffer from high toxicity,
short shelf-life and reaction time dependence,** as well as
reagent concentration dependence,™’ respectively. Potassium
ferricyanide is most commonly employed, owing to the afore-
mentioned advantages and, hence, is the focus of this discus-
sion, but a timeline of the development of other fluorometric
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reagents is provided in the Supporting Information (Figure S2).
However, a limitation of this reagent is that, in excess, it can
reduce formed thiochrome to non-fluorescent products. Early
experimenters of the thiochrome method attempted to mea-
sure thiochrome fluorescence directly in aqueous solutions,™”
but later researchers incorporated an extraction of thiochrome
into isobutanol to avoid possible quenching by ferricyanide,
minimize the impact of other interferences present in the
aqueous phase, and generate improved fluorescence intensity
in the organic phase.*®*” An isobutanol extraction selectively
isolates thiochrome formed from thiamine, but leaves behind
that formed from the more polar phosphorylated esters. This
step can thus be used to differentiate between free and esteri-
fied forms of thiamine while concomitantly eliminating inter-
fering polar compounds that remain in the aqueous phase.””
Extraction of the formed thiochrome into isobutanol is inde-
pendent of pH between 8 and 10, but decreases below
pH 7.5" The organic extraction step could be eliminated in cer-
tain matrices by including a step that allows for the formation
of a thiamine blank, as discussed below.

As the competing pathway for oxidation yields the forma-
tion of thiamine disulfide, the procedure and conditions for
carrying out thiochrome formation is important. Formation of
thiochrome occurs at pH values greater than 8.0 and its subse-
quent fluorescence intensity was found to be maximal at
pH 12-13.5? Zajicek et al. reported that 5N NaOH and 0.1%
potassium ferricyanide needed to be added simultaneously
and directly to the thiamine sample, rather than allowing the
fluids to enter more gradually along the tube walls.*¥ Manci-
nelli etal. noted unreliable results when an alkaline ferricya-
nide mixture was added, and instead added potassium ferri-
cyanide followed by sodium hydroxide in their derivatization
procedure.®¥ The addition of sodium sulfite, which stops the
oxidation to thiochrome, has also been noted to improve re-
producibility.”¥ Another avenue to increase the efficiency of
thiochrome-based detection involves including a miscible or-
ganic solvent such as ethanol or methanol in the aqueous alka-
line media. This is believed to improve the yield of thiochrome
versus thiamine disulfide, as well as increase the fluorescence
intensity of formed thiochrome.” Interferences with thiamine
oxidation include ascorbic acid, polyphenols, and other sub-
stances with antioxidant capacity, which can consume ferricya-
nide,?>>*>" and polyphenols, which can additionally form com-
plexes with thiamine.*® Polyvinylpyrrolidone (PVP), which has
been used to precipitate polyphenolic species from wines,*®
may be useful in overcoming some of these interferences.

As the predominant approaches for analysis involve thio-
chrome formation and fluorescence measurement, it is often
desirable to develop a suitable blank to correct for endoge-
nous fluorescence. Approaches have included omission of ferri-
cyanide in the alkaline reagent during thiochrome formation,™”
heating samples in alkaline solution at elevated tempera-
tures,®” pH adjustment to 8.0-10.0 prior to isobutanol extrac-
tion,”" inclusion of benzenesulfonyl chloride that reacts with
thiamine and prevents thiochrome formation,* and enzymatic
digestion of thiamine by using thiaminases.?® These efforts are
less critical when HPLC is employed as a separation mecha-

[51]
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nism, but are necessary when fluorescence measurement
alone is the downstream analytical approach.

4.3. Methods Based on Electrochemistry,
Chemiluminescence and Electrochemiluminescence

Taking advantage of the ability of thiamine to be oxidized, nu-
merous electrochemical methods have been developed
(Table S2). The products of this oxidation vary depending on
the conditions employed. By scanning the potential from 0 to
+ 1.2V by using a glassy carbon electrode under alkaline con-
ditions, thiamine disulfide was initially formed with further oxi-
dation, ultimately yielding the thiol form of thiamine in an irre-
versible oxidation process.®™ Under alkaline conditions in the
presence of high concentrations of methanol, thiochrome can
be preferentially formed by using an applied potential of
+0.4V versus Ag/AgCl by using a glassy carbon electrode.®”
By, instead, relying on an applied potential to oxidize thiamine
to thiochrome, the inclusion of oxidizing reagents leading to
the potential for interference can be eliminated. Kusube et al.
combined the benefit of a chemical oxidant-free process with
the sensitivity afforded by fluorescence detection by using an
in-line electrochemical reactor in series with a fluorescence de-
tector.®” This procedure permitted the specificity of fluores-
cence detection of thiochrome without the concomitant chal-
lenges inherent to chemical oxidation. Thiamine may also un-
dergo reduction using electrochemical techniques.® Unfortu-
nately, while electrochemical methods offer comparatively low
expense and simpler instrumentation than those relying on
optics, they have traditionally not yielded the sensitivity that
can be obtained using fluorescence detection. However, inter-
est in their development may be reinvigorated with advances
in materials. For example, a recent study used differential pulse
adsorptive stripping voltammetry and a multi-walled carbon
nanotube paste electrode for the determination of thiamine.
Such electrodes offer the benefits of improved conductivity,
current sensitivity, and chemical inertness over traditional ma-
terials. This method yielded a linear range from 3 ngmL™' to
0.88 uigmL™" and reported a limit of detection of 1.1 ngmL™
(ca. 3.3 nm). ¥

Chemiluminescence also occurs during thiamine oxidation
with potassium ferricyanide enabling limits of detection of
9 um.®” However, aside from the relatively high detection limit,
absorption of the emitted radiation by riboflavin, if present,
can result in an underestimation of thiamine content. At the
same time, this can be used as an advantage with a well-de-
signed system. If a fluorophore, such as rhodamine B, is pres-
ent and is capable of then emitting the absorbed light, an
energy-transfer mechanism can permit measurement instead
at the fluorophore’s intrinsic emission wavelength.”® An elec-
trochemiluminescence method that takes advantage of this
energy-transfer emission of the fluorophore can be used to
quantify thiamine at as little as 0.08 uygmL~" (237 nm).*® Other
methods utilizing chemiluminescence rely on the ability of thi-
amine to enhance or suppress the signal of traditional chemi-
luminescent reactions, leading to detection limits in the low
nanometer range (Table S2.) Chemiluminescence offers the
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benefit of simpler instrumentation compared to fluorescence,
as no light source is required, and the low non-specific signal
is useful in natural samples. However, aside from the few aca-
demic publications, these methods do not seem to have
gained further traction within the analytical community.

4.4. Analysis by HPLC

Numerous methods for thiamine quantification by using HPLC
have been reported, as covered in an excellent Review by
Lynch and Young, and hence will only briefly be mentioned
here." HPLC separations are the most practical approach if
quantification of thiamine and possible phosphorylated thia-
mine species is desired or if thiamine is one of many analytes
in a complex matrix that require quantification. Reverse phase
is the most common separation mode by using C18 or PDVB
columns, though ion pairing, hydrophilic interaction chroma-
tography (HILIC), and amine columns have also been em-
ployed.[?%28:31:33:3433361 - Anjonic ion-pairing reagents include
pentanesulfonate, hexanesulphonate, and heptanesulfonate,
which interact with cationic thiamine to improve retention in
reverse-phase methods.®™ In HILIC, thiamine is preferentially
partitioned into the water layer adjacent to the hydrophilic sta-
tionary phase versus the mobile phase, which consists of
a high organic content. Elution is accomplished by increasing
the aqueous content of the mobile phase.”™ Thiamine reten-
tion in HILIC is believed to be a function of not only its polari-
ty, but also interactions via its positive charge with residual si-
lanols on the stationary phase.* Thiamine is poorly retained
on reverse-phase columns, but retention is efficient following
its ring-closure to thiochrome forming a more hydrophobic
species. The order of elution of thiamine versus its phosphate
esters is dependent on the separation conditions, with higher
order phosphates eluting earlier in reverse phase methods and
the opposite in normal phase methods. Although some meth-
ods utilize UV absorbance, allowing for detection down to
0.025 ugmL~" (74 nm) at 232 nm,”® most methods use fluores-
cence detection following conversion of thiamine and its phos-
phate esters to their thiochrome derivatives. Oxidation to thio-
chrome is accomplished either by pre-column or post-column
derivatization with reagents, as described above.”**" The ad-
vantage of the post-column derivatization methods is that the
separation does not need to be run at alkaline pH, which can
adversely affect the useable life of silica-based HPLC columns.
However, this is a negligible concern when polymer or core-
shell-based HPLC columns are employed and the instrumenta-
tion complexity required for post-column derivatization offsets
any possible benefit."””’ Methods based on fluorescence detec-
tion with modern instrumentation can achieve quantification
limits of as little as 3 nm thiamine, with detection limits of as
little as 1 nm routinely reported.”®®’ Methodologies relying on
ultra-performance liquid chromatography (UPLC) separations
coupled with tandem mass spectrometry can achieve detec-
tion limits of 0.01 ugL™" (30 pM) while simultaneously provid-
ing identity confirmation.® HPLC methods have been em-
ployed for the quantification of thiamine and its phosphate
esters in whole-blood, plasma, erythrocytes, and breast
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milk.282%53%8 Eor these samples, neither EDTA nor heparin
used as an anticoagulant impacted the measurement of thia-
mine and its phosphate esters.®** However, as EDTA likely in-
hibits phosphatase enzyme activity by complexing with the co-
factor Mg®","” some researchers prefer its use as an anticoagu-
lant to avoid the unintended cleavage of thiamine phosphate

groups.”

4.5. Approaches Based on Optical Properties of
Nanoparticles

Other approaches have relied on the modulation of nanoparti-
cle (NP) aggregation or fluorescence via thiamine, as summar-
ized in Table S3. Thiamine has been shown to cause aggrega-
tion of gold NPs, owing to its postulated interaction through
its thiazole sulfur atom.”"” The aggregation of the NPs can be
monitored by a colorimetric change observed at 590 nm. This
change did not occur with thiamine phosphates that allowed
differentiation between free thiamine and TDP before and
after treatment with alkaline phosphatase, which served to
cleave phosphate groups. A limit of detection of 54 nm was re-
ported with an assay range from 0.15 to 3.5 um. Other re-
searchers have attributed the aggregation of negatively
charged AuNPs in the presence of thiamine to a neutralization
of the NP surface charge.”” In a fluorescence-based approach,
captopril-modified yttrium:europium NPs (Y,O;:Eu NPs) were
found to exhibit an increase in fluorescence in the presence of
increasing concentrations of thiamine.”® Captopril is a small-
molecule angiotensin-converting inhibitor, which contains
a free sulfhydryl and carboxylic acid group in its structure. The
NPs were not prepared for oriented labeling of captopril or
characterized, but it was assumed that thiamine interacted
with the negatively charged functional groups of these parti-
cles through electrostatic interactions. A limit of detection of
144 nm and linear assay range to 44 um was reported. In an-
other approach, the fluorescence of ‘C-dots’ (carbon-coated
core-shell silica particles) was reduced in the presence of Cu®"
via the formation of a charge-transfer complex, but could be
restored in a linear manner with increasing concentrations of
thiamine.”” Thiamine was postulated to competitively form
a complex with Cu?* through its pyrimidine N1 nitrogen,
which released the metal ion from the C-dots and restored
their fluorescence. In this work, the authors reported a calculat-
ed limit of detection of 280 nm, but it appears that this was an
extrapolation of the linear relationship observed from 10-
50 pum thiamine rather than measurements.

The novelty of these approaches merits their mention, but
significant questions remain in their potential application. In
the first example, although application of the method in food
matrices was reported to be successful, aggregation of AuNPs
is known to occur with various substances, including salt,””
which would place in question the specificity of this approach.
In the second example with captopril-modified NPs, the mech-
anism of fluorescence enhancement owing to thiamine was
not investigated, nor was specificity towards other constituents
assessed.” In the third case with C-dots, specificity was dem-
onstrated with select components expected in physiological
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matrices,”* though the displacement mechanism would seem

subject to competitive effects by other species capable of
forming complexes with Cu>* or preferential interaction with
C-dots in real samples.

5. Methods Based on Biorecognition

The majority of thiamine detection methods in use today use
standard chemical techniques. However, as thiamine is an es-
sential vitamin for many organisms and TDP is a cofactor for
many enzymes in biological systems, sensors have been devel-
oped that take advantage of this natural requirement. Report-
ed detection approaches have relied on whole cells, enzymes,
and binding proteins. Thiamine assay development using such
naturally derived molecules provides an alternative to immu-
nological recognition as specific antibodies to essential nu-
trients are challenging, if not impossible, to develop. Although
several commercial sources of thiamine antibodies are avail-
able, these antibodies are usually listed by the manufacturers
to recognize only the thiamine-carrier protein (bovine serum
albumin or ovalbumin) conjugate and not the free vitamin.
Furthermore, specificity information is sometimes not provided
by manufacturers, which can yield misleading results. For ex-
ample, in one instance, we unsuccessfully tried to develop an
ELISA by using an antibody marketed to recognize thiamine,
later finding upon further inquiry with the manufacturer that
this antibody was suitable only for recognition of the conju-
gate. In another instance, we evaluated a commercially avail-
able ELISA for thiamine and found that it detected the provid-
ed proprietary standard, but not thiamine from a commercial
vendor.” Hence, assays relying on naturally derived binding
elements are critical to thiamine analyses going forward.

5.1. Microbiological Assays

Early work monitored the growth of microorganisms including
bacteria, yeasts, and algae to detect thiamine levels. Some of
these bioassays could achieve exceptionally low limits of de-
tection—for example, as little as 2ngL™" (6 pM) thiamine
could be detected by monitoring the growth of the marine
algae Monochrysis lutheri”” However, complications of these
assays included the prolonged times for growth, accessibility
of the given organisms, the ability of many of these organisms
to respond to thiamine precursors and fragments, and growth
or inhibition thereof by other constituents of the sample
matrix, as outlined in Table S4. Such microbiological-based
assays are commercially available, relying on turbidity changes
with the growth of Lactobacillus fermentum coated in microtit-
er plate wells. Although this assay can detect as little as
3 ngL™' thiamine, it requires 48 h of incubation prior to collec-
tion of results and may not yield reliable results in all sample
matrices. For example, in our hands, the assay was not success-
ful for the analysis of thiamine in fish egg extracts (un-
published results).

Recent advances have been made, utilizing metabolic meas-
urements or modified organisms that specifically recognize thi-
amine to develop new sensors without the prolonged assay
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times and specificity challenges of the former. In one assay,
whole cells of the yeast Saccharomyces cerevisiae were immobi-
lized onto a Teflon membrane-covered dissolved oxygen
probe.”® When thiamine was introduced, the metabolic activi-
ty of the yeast increased, resulting in a decrease in available
oxygen. As Teflon is permeable to oxygen, the decrease in the
amount of dissolved oxygen could be monitored amperometri-
cally as an indirect measure of thiamine concentration. This
assay yielded a linear response to thiamine concentration in
the range of 5-100 nm. However, this sensor also responded
(at a lower level) to vitamin B,, B, and nicotinic acid; therefore,
it is not specific to thiamine.

The nmti, an abbreviation for “no message in thiamine”,
promoter of the fission yeast Schizosaccharomyces pombe is
tightly regulated by thiamine.” The expression levels of the
MRNA leading to a 39 kDa protein involved in thiamine biosyn-
thesis are inversely proportional to the thiamine concentration,
with no expression at thiamine concentrations greater than
0.5 um. In a novel approach for thiamine detection, S. pombe
was engineered to express MFal, a peptide pheromone in-
volved in cell-to-cell communication.®” Expression of MFal
was regulated by the nmt1 promoter, which was inhibited in
a concentration-dependent manner by thiamine (Figure 4).
This whole-cell biosensor was coupled with a unique surface
composed of immobilized hydrophobins, which are small, am-
phipathic proteins. These hydrophobins were expressed as
a fusion protein with the yeast a-factor, which allowed an anti-
a-factor antibody to be bound to the surface of a microtiter
plate. To measure the concentration of MFal in a sample of
yeast culture supernatants, the sample was incubated with an
anti-a-factor antibody prior to introduction to the plate where
the remaining unbound antibody could be captured by the
immobilized a-hydrophobins. Thus, in this competitive format,

a.) e o 0
nmt1 promoter MFa1 gene OO —

b) Thiamine

Ppp nmt1 promoter MFa1 gene —
4

Figure 4. a) In the absence of thiamine, MFa1 is synthesized at high levels
by Schizosaccharomyces pombe. In the subsequent ELISA, the MFa1 present
in the culture supernatant competes with surface immobilized a-conjugate
for the available anti-a-factor antibody. Upon washing the plate, no anti-a-
factor antibody remains bound and, hence, is not detected by the secondary
antibody/enzyme conjugate. b) In the presence of thiamine, the nmt1 pro-
moter is repressed and synthesis of MFa1 is prevented. The anti-a-factor an-
tibody can bind maximally and subsequently be detected by a secondary
antibody/enzyme conjugate and visible substrate. Drawn from concepts de-
scribed in Ref. [80].
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the lower the concentration of MFal in the sample, the more
antibody would be bound at the surface, which could then be
detected by an appropriate secondary antibody with colori-
metric signal amplification. As the expression of MFal in the
yeast cells was regulated by thiamine, the quantification of the
latter could indirectly be made by detection of the former. A
reduction in MFa.1 pheromone secretion by S. pombe could be
observed following a 4 h incubation period with thiamine, and
as little as 10 nm thiamine could be detected when coupled
with the above described assay for MFal. The sensitivity of
this assay could be attributed not only to the enzymatic am-
plification of the ELISA, but also to the production of four
MFa1 molecules for every precursor protein expressed upon
promotion by nmt1.

5.2. Biorecognition by Enzymes

As an assessment of thiamine deficiency in clinical samples,
measurement of the activity of enzymes requiring TDP as a co-
factor is commonly carried out. One such measure is the eryth-
rocyte transketolase activity (ETKA) assay that measures the
production of sedoheptulose-7-phosphate per minute per liter
of blood.®" In cases of thiamine deficiency, the activity of
transketolase increases when exogenous TDP is introduced.
The percentage increase in enzyme activity is subsequently
measured and is known as the thiamine pyrophosphate effect
(TPPE). In patients without thiamine deficiency, the TPPE is 0-
15 %; with mild deficiency 16-25%; and with severe deficiency
>25%.%4 Despite the widespread use of the transketolase
assay, many documented drawbacks to this assay have been
revealed to date.® The weakest aspect of this assay is that it
does not yield thiamine concentration information directly, but
rather an indirect measure via the transketolase activity. This
introduces the possibility of factors other than exogenous TDP
that may influence ETKA and the TPPE, such as magnesium,
which is also a cofactor for transketolase. Additionally, expres-
sion of the apoenzyme may be suppressed, the variant of the
apoenzyme produced in certain individuals may have lower af-
finity for TDP, or the conversion of thiamine to TDP may be im-
paired; all of these would falsely mimic a thiamine deficiency
by the transketolase assay.®"®¥ Other issues with the transketo-
lase assay include poor inter-batch reproducibility and sample
stability, owing to fast inactivation of transketolase® and diffi-
culty in standardization, resulting in upper limit reference
values ranging from 15.5 to 40%.®

Pyruvate and lactate assays have also been able to provide
information on thiamine status, owing to TDP’s role as a cofac-
tor for pyruvate dehydrogenase, which participates in the con-
version of pyruvate to acetyl-CoA, a starting substrate for the
Krebs cycle.®? Without the presence of TDP, pyruvate remains
extremely stable to decarboxylation and may reversibly con-
vert to lactate by lactate dehydrogenase (LDH). To test the ef-
fects of thiamine supplementation, LDH is added to whole
blood to convert pyruvate to lactate and pyruvate is subse-
quently measured by the stoichiometric decrease in NADH ab-
sorbance at 340 nm. Likewise, lactate is measured by the in-
crease in NADH absorbance at 340 nm after addition of LDH
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converts lactate to pyruvate. As TDP allows pyruvate to under-
go decarboxylation rather than becoming available for conver-
sion to lactate, the extent of the decrease in pyruvate and lac-
tate following thiamine supplementation serves as an indicator
of thiamine status.

Aside from clinical samples, there has been little work using
TDP-dependent enzymes for biosensor development. However,
one biosensor approach utilizing pyruvate oxidase (POX) has
been reported.®” POX uses pyruvate, oxygen, and phosphate
to yield acetylphosphate, carbon dioxide, and hydrogen perox-
ide in the POX-mediated formation of acetylphosphate
[Eg. (DI

pyruvate + phosphate + O, + H,0 )
— acetylphosphate + CO, + H,0,

In an approach based on a similar premise to that described
above using S. cerevisiae, a dissolved oxygen probe was cov-
ered with a Teflon membrane onto which POX was subse-
quently immobilized. In the presence of Flavin adenine dinu-
cleotide (FAD) and Mg?", with controlled addition of thiamine,
the POX activity reportedly increased, yielding a greater con-
sumption of dissolved oxygen. This assay yielded a linear re-
sponse to thiamine concentration in the range of 0.025 to
0.5 um. Although thiamine diphosphate is the typical cofactor
for pyruvate oxidase, this sensor apparently responded to the
non-phosphorylated molecule. The differences in enzyme activ-
ity resulting from the phosphorylated or parent forms of thia-
mine would be of specificity interest. Also, a baseline level of
enzyme activity in the absence of exogenous thiamine was ob-
served. Although not suggested within, this system could in-
stead be coupled with horseradish peroxidase and appropriate
substrates, which would allow a directly proportional signal as
a function of the hydrogen peroxide produced through colori-
metric or fluorescence measurements.

5.3. Biorecognition by Other Entities

As thiamine is essential for all life forms, many organisms have
mechanisms in place to allow uptake of thiamine from their
environment, to sequester thiamine from intake, or, in organ-
isms capable of its synthesis, to control the endogenous syn-
thesis of thiamine from its precursors. Riboswitches are RNA
molecules that control gene expression upon binding by
small-molecule targets. These molecules consist of an aptamer
component that provides specific recognition of the target
and a regulatory component, which, upon target binding, can
up- or down-regulate gene expression. In the presence of thia-
mine pyrophosphate (TPP), the TPP riboswitch serves to turn
off genes, resulting in decreased expression of proteins in-
volved in TPP biosynthesis. The kinetics of this are concentra-
tion dependent with high levels of TPP rapidly shutting down
biosynthetic protein production and lower levels doing so less
immediately by tailoring the protein expression to the avail-
able TPP¥ [ts function in plants, bacteria, and fungi is to regu-
late genes responsible for uptake or synthesis of thiamine.®
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The aptamer component of the riboswitch is an 84-nucleotide
sequence (Figure 5a) with a reported K, for TPP of
850 pM.B5! This structure does not recognize the thiazole
portion, but recognizes the 4-amino-5-hydroxymethyl-2-meth-
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Figure 5. a) The TPP-binding aptamer portion of the TPP-dependent ribo-
zyme, b) TPP-binding aptamer modified with fluorophore-modified DNA
(FDNA) and quencher-modified DNA (QDNA) binding sites at the 5’ termi-
nus, and ¢) QDNA and FDNA hybridize to their respective binding sites
within the aptamer sequence. In the absence of TPP, the fluorophore and
quencher are in close proximity and a low fluorescence signal results. In the
presence of TPP, the QDNA is displaced and the fluorescence signal of the
FDNA is restored. Reprinted from Ref. [88] with permission. Copyright (2010)
Wiley-VCH.
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ylpyrimidine (HMP) and the pyrophosphate portions of TPP in
separate binding pockets.®” By using the aptamer component
of the TPP riboswitch, Lau et al. designed a sensor that result-
ed in an increase in fluorescence upon TPP binding by the dis-
placement of a quencher conjugated to a complementary
DNA strand.®® The aptamer was modified on the 5’ terminus
with a quencher DNA (QDNA) binding site, a short spacer se-
quence, and fluorophore DNA (FDNA) binding site (Figure 5b).
In the absence of TPP, a 16-nucleotide QDNA sequence and
20-nucleotide FDNA sequence could hybridize to their respec-
tive sites. In the presence of TPP, the aptamer portion of the
sequence would recognize its target with high affinity, while
concomitantly displacing the quencher sequence (Figure 5c).
The release of the quencher sequence removed the close prox-
imity previously held by the fluorophore and the quencher
and resulted in an increase in fluorescence. The range of this
assay was linear between 1 um and 1 mm TPP, with a signal en-
hancement being four times the background at the maximum
concentration. Owing to the concentration dependence of the
riboswitch in nature, a time dependence is associated with at-
taining the maximum signal in the sensor, for example, requir-
ing 5 min at 1 mm, but 120 min for 10 um TPP. A limit of detec-
tion of 10 nm was noted and, though not specified, was pre-
sumably attainable if the assay time was extended. This assay
yielded high specificity towards TPP versus TMP, thiamine, and
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oxythiamine, demonstrating the excellent binding fidelity of
naturally derived aptamers. One challenge in the broader utili-
ty of this approach, however, is the 1:1 relationship between
the aptamer binding event and the fluorophore signal, which
limits its potential sensitivity.

Artificial constructs have been able to take advantage of na-
ture’s target selectivity combined with synthetic elements to
mediate gene regulation. So-called ‘aptazymes’ have been de-
veloped, which consist of an aptamer binding domain to pro-
vide specific recognition and a ribozyme domain that under-
goes self-cleavage upon target binding. One such artificial ri-
bozyme has been developed by using TPP recognition by the
aptamer domain of its natural riboswitch.®" By utilizing this ar-
tificial construct in conjunction with DNAse | and graphene
oxide (GO), Li et al. developed a novel approach to the detec-
tion of TPP®? DNAse | cleaves phosphodiester bonds of single-
and double-stranded DNA. The TPP hammerhead aptazyme
cleaves itself in the absence of TPP, but remains intact in its
presence. GO has the unique property of being selective for
adsorbing ssDNA, whereas dsDNA or DNA-RNA hybrids are
not retained. GO additionally has a fluorescence quenching
effect on fluorophores attached to adsorbed ssDNA along with
a protective effect on the enzymatic cleavage of ssDNA. These
properties have made GO attractive for sensing applications in
which the fluorescence from the fluorophore linked to the ad-
sorbed probe is restored upon target hybridization forming
dsDNA.®¥ In this assay for TDP (Figure 6), a ssDNA probe la-
beled with a fluorophore was adsorbed onto GO, where the
fluorescence signal undergoes complete quenching.®”

The aptazyme cleaves a segment of the RNA from the TPP ri-
boswitch in the absence of TPP, whereas this cleavage is inhib-
ited in the presence of TPP in a concentration-dependent
manner. The released segment of RNA can then hybridize to
the fluorophore-labeled complementary ssDNA probe, which
causes its release from the graphene oxide and subsequent
rise of the fluorescence signal. Upon release from the GO, the
DNA component of the DNA-RNA hybrid would be degraded
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Figure 6. The TPP-dependent ribozyme undergoes self-cleavage releasing

a small segment of RNA. This RNA can hybridize to fluorophore-labeled
complementary DNA adsorbed onto graphene oxide. The hybridized DNA-
RNA complex is then released from the GO, where the DNA portion is de-
graded by DNAse I. The released RNA can then participate in another cycle
of hybridization, DNA degradation, and fluorophore release yielding an am-
plification event. In the presence of TPP, its binding to the ribozyme inacti-
vates the ribozyme’s self-cleavage and, thus, a reduction in signal results. Re-
printed from Ref. [92] with permission from. Copyright (2013) Elsevier.
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by DNAse |, yielding the release of the fluorophore and the
original RNA segment. This original RNA segment could then
participate in another cycle of hybridization with GO-adsorbed
ssDNA, leading to signal enhancement. Through the inclusion
of DNAse |, this re-hybridization of RNA and release of ssDNA
allows for amplification of the original TPP-aptazyme 1:1 bind-
ing event. The range of this assay was reported to be between
0.5 and 100 um TDP, with little cross-reactivity towards thia-
mine or TMP. The challenge with either of these sensors is the
RNA-based platform. RNA is readily subject to degradation by
RNA nucleases in the environment, thus limiting the utility for
thiamine detection in biological sample matrices. Substituting
DNA bases for RNA nucleotides in synthetic sequences has not
yielded functional aptamers (unpublished results); thus, the de-
velopment of a nuclease-resistant thiamine aptamer is one of
our current interests.

Thiamine binding proteins are found in various life forms, in-
cluding plants, bacteria, and yeasts, which allow storage and
subsequent utilization of the vitamin by an organism. Taking
advantage of this natural requirement, a competitive radioas-
say for thiamine by using Sepharose-immobilized thiamine
binding proteins from Buckwheat seeds was developed.®? In
this assay, thiazole-2-'*C thiamine was used as a competitor
for thiamine in food samples for the immobilized protein. An
assay range of 1-10 um was achieved and could be used for
the analysis of thiamine alone as thiamine phosphates are not
recognized by plant binding proteins.

Periplasmic binding proteins are produced in high quantities
by gram-negative bacteria such as Escherichia coli and Salmo-
nella typhimurium with mediate uptake of small molecules in-
cluding sugars, amino acids, inorganic ions, and vitamins.”¥
These proteins undergo a significant conformational shift upon
target binding, which opens up the possibility for homogene-
ous sensor platforms. Hanes et al. developed a sensor that
took advantage of the conformational change of the E. coli thi-
amine periplasmic binding protein (TBP) to change the local
environment of an environmentally sensitive fluorophore upon
target binding.” In this sensor, the site-specific modification
of the protein via a S62C mutation allowed thiol-modification
with a coumarin or pyrene derivative (Figure 7).

In the presence of thiamine, the fluorescence from either de-
rivative was decreased. A similar approach that took advantage
of the conformational change of E. coli TBP, but relying on fluo-
rescence resonance energy transfer (FRET) between fluorescent
proteins eCFP and Venus, has been reported.”® FRET changes
of up to 25% could be observed upon incubation with 100 um
thiamine in vitro and the system could also be utilized as an in
vitro measurement in E. coli in vivo.

Rather than focusing on the conformational shift, we recent-
ly developed a high-throughput assay by using the E. coli TBP
for specific recognition of thiamine, much in the same way an
antibody would be used in an ELISA (Figure 8)."

Here, the TBP served in lieu of an antibody and fluorescent
dye-encapsulating liposomes provided signal amplification. In
this competitive assay format, a PEGylated thiamine derivative
was immobilized onto the surface of a microtiter plate (Fig-
ure 8a) and served as a competitor to thiamine potentially in
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Figure 7. Measurement of the fluorescence change with MDCC (1) and
pyrene (2) labeled TbpA. a) Fluorescence excitation and emission scans of
200 nm MDCC-TbpA. Upon addition of a saturating concentration of thiamin
(2 pm), the fluorescence is reduced 47 % at 467 nm. b) Fluorescence excita-
tion and emission scans of 200 nm pyrene-TbpA. Upon addition of thiamin,
the fluorescence is reduced 57 % at 375 nm. Reproduced from Ref. [95] with
permission. Copyright (2011) Royal Society of Chemistry.
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Figure 8. Competitive assay for thiamine using fluorescent-dye-encapsulat-
ing liposomes for signal amplification and the thiamine binding protein for
specific biorecognition. a) A thiamine derivative was designed with a long
PEG spacer between thiamine monosuccinate and biotin to accommodate
the binding sites of both TBP used for thiamine recognition and tetrameric
streptavidin used for immobilization. The TBP undergoes a significant con-
formational shift upon binding. b) Competitive assay with thiamine mono-
succinate-PEG-biotin immobilized through streptavidin in microtiter plates
and detected via TBP conjugated to the lipid bilayer of sulforhodamine B en-
capsulating liposomes (left). In the absence of free thiamine in the sample
(top), TBP liposomes bind maximally to the immobilized thiamine derivative;
in the presence of free thiamine in the sample (bottom), owing to competi-
tion, fewer TBP-liposomes can bind to the immobilized thiamine derivative.
After incubation with the sample, unbound materials are removed (middle)
and liposomes remaining bound are lysed to release dye yielding a signal in-
versely proportional to thiamine concentration (right). Reprinted with per-
mission from Ref. [76]. Copyright (2016) American Chemical Society.
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a sample for the available TBP-conjugated liposomes (Fig-
ure 8b). The liposomes entrap hundreds of thousands to mil-
lions of fluorophore molecules, hence providing a significant
amplification of any binding event. A signal inversely propor-
tional to the thiamine concentration resulted, with a limit of
detection of 0.5 nM. This method demonstrated excellent spe-
cificity towards thiamine and its phosphorylated derivatives,
with no cross-reactivity towards constitutive fragments of thia-
mine or most thiamine analogues. Only thiamine impurity E,
which has a thione group between the sulfur and nitrogen
atoms of the thiazole ring, yielded a response, but at concen-
trations 1000-fold higher than thiamine. This compound is an
impurity formed during thiamine manufacturing and would
not be found at such high concentrations in nature. The lipo-
some-based platform provided the needed amplification,
whereas the TBP provided excellent specificity in this assay.

6. Utility of Thiamine in the Detection of Other
Species

Although not assays for the thiamine molecule, thiamine has
been recently used as a probe itself for assaying other ana-
lytes. Examples include the detection of prion proteins,®” uric
acid,®® hypochlorite,®” and thiaminase activity."® It has been
used as a fluorimetric substrate in conjunction with co-immo-
bilized uricase and horseradish peroxidase in an assay for uric
acid®® and, in an assay for hypochlorite, alkaline ferrocyanide
could be reduced by the analyte to ferricyanide, which could
serve to oxidize thiamine.” Thiamine radiolabeled on its thia-
zole ring with ®C is also used in an assay for thiaminase activi-
ty in biological samples.'™ This assay relies on the increased
hydrophobicity of the enzymatically cleaved *C-4-methyl-5-(2-
hydroxyethyl)thiazole and ability to partition this product into
an organic solvent.

7. Summary and Outlook

The profound importance of thiamine to the health of all or-
ganisms and the shortcomings of previous thiamine analysis
methods have together fueled an ongoing interest in improv-
ing methodologies for monitoring thiamine in a variety of ma-
trices. Numerous colorimetric, fluorescence, electrochemical,
and biological-based approaches have been developed, each
with their own inherent benefits and caveats (Table 1). Al-
though colorimetric approaches were once widely used, owing
to the inherently simple detection principle, they have largely
fallen out of favor in lieu of more sensitive fluorometric meth-
ods, owing to their high limits of detection (um) and risk of in-
terferences, especially when biological samples are considered.
As a result, the most commonly employed methodologies
have relied on fluorescence detection following chromato-
graphic separation. These established methodologies offer the
benefit of sensitive quantification of thiamine in multi-compo-
nent mixtures and speciation of thiamine phosphates. Advan-
ces in HPLC separations and improvements in detection capa-
bilities offer the ability to reach impressive pM levels of detec-
tion suited for well-equipped laboratory environments.
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Table 1. Summary of advantages and disadvantages of each strategy using methods with the lowest reported limit of detection.

tion based on suppression of luminol/
KIO, chemiluminescence by thiamine.

voltammetry.

mine yielding consumption of oxygen.

Technique Methodology Limit of ~ Advantages Disadvantages Ref.
Detection
Colorimetric lonic association of thiamine with mi- 66 nm - Spectrophotometric measurements - Interferences with common con- [39]
cellar triphenylmethane dyes. are easy to carry out with widely avail- stituents, including vitamin B,, vita-
able equipment. min B, and vitamin C.
uv HPLC using a C18 column and gradi- 74 nm - HPLC with UV detectors are widely - Level of expertise required. [66]
ent elution. available. - Expense and maintenance of in-

- No derivatization procedure needed. strumentation.
- Ability to simultaneously quantify
other compounds.
Fluorescence HPLC using a C18 column and gradi- 1 nm - Quantification of different thiamine - Derivatization to thiochrome re-  [67]
ent elution. phosphate forms. quired.

Chemiluminescence Flow-injection technique with detec- 1 nm - Rapid analyses. - Mechanism of chemilumines- [101]

Electrochemical Fast Fourier transform square-wave 0.56 nM - Low limit of detection. - Specificity not assessed. [102]

Mass spectrometry  UPLC-MS/MS using a C18 column and 30 pM - Limit of detection applicable to envi- - Expertise required. [68]
gradient elution. ronmental water samples. - Expense and maintenance of in-
- Identity confirmation. strumentation.
NP-based Fluorescence enhancement of 4- 6 fM - Reported limit of detection markedly - Mechanism of association with ~ [72]
approaches amino-6-hydroxy-2-mercaptopyrimi- lower than all other methods. nanoparticles (for example, via
dine gold NPs. - Reported specificity towards thiamine electrostatic or coordination com-
demonstrated versus 10,000-fold plexes) is not specific to only thia-
higher concentrations of possible inter- mine.
ferences including riboflavin, vitamin - Mechanism of fluorescence en-
B12, and ascorbic acid. hancement not investigated.

Whole-cell Growth of the marine algae Monochry- 6 pM - Limit of detection applicable to envi- - Non-specific growth may result  [77]
biosensors sis lutheri. ronmental water samples. from thiamine fragments or other

sults.
- Need to maintain viable microor-
ganisms.
Enzymes Increase in enzymatic activity of pyru- 25 nm - Accessibility of equipment for dis- - Maintenance of immobilized [87]
vate oxidase in the presence of thia- solved oxygen measurements. enzyme activity/long-term stability.

mine.
Riboswitches FRET relying on conformational 10 nm - High specificity towards TPP versus - Strong potential for RNA degra-  [88]
change of RNA aptamer portion upon thiamine, TMP, and oxythiamine. dation limiting utility with real
binding to TPP. sample matrices.
Periplasmic binding Competitive, heterogeneous assay 0.5 nm - High-throughput microtiter plate- - Components not commercially  [76]
proteins using fluorescent-dye encapsulating based platform. available.
liposomes conjugated to the thiamine - Exquisite specificity towards thiamine - Validation in environmental ma-
periplasmic binding protein from E. versus fragments and analogues. trices required.
coli.

- HPLC with fluorescence detec-
tors less commonly available.

cence suppression not elucidated;
thus, specificity for solely thiamine
not proven.

- No further development of this
technique since 2002.

- Reported limit of detection
markedly lower than similar tech-
niques and further validation
would be beneficial.

- Reported limit of detection
markedly lower than similar tech-
niques and further validation
would be beneficial.

molecules in biological matrices.
- Prolonged time periods until re-

- Basal level of enzyme activity in
the absence of exogenous thia-

Looking ahead, simpler high-performing methodologies
now seem attainable in the near future. We consider most
promising the biorecognition-based approaches that have
been developed in recent years. Although RNA-based aptamer
approaches as an affinity recognition system may be a dead-

ChemistryOpen 2017, 6, 178 - 191 www.chemistryopen.org

end strategy, owing to the rapid degradation of RNA when in
contact with environmental or biological samples, such ap-
proaches may be viable with modified RNA or DNA nucleo-
tides. We are currently investigating the possibility of DNA-
based aptamers for thiamine, which would open up a multi-

© 2017 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim


http://www.chemistryopen.org

,@’* ChemPubSoc
D! Europe

tude of field-appropriate biosensors while affording custom
specificity through counter-SELEX measures. The described cat-
alytic enzyme-based approaches could be further coupled with
more sensitive and commonly used enzymatic amplification
strategies such as horseradish peroxidase and result in simple
colorimetric or fluorescence-based high-throughput strategies.
Most interesting and promising is a periplasmic binding ap-
proach, as it can be used similar to antibodies, which shows
immense sensitivity and specificity toward thiamine, and has
also shown potential in real-world samples. Still, as decades of
analytical work with thiamine has demonstrated that, inde-
pendent of any detection strategy, significant emphasis must
still be placed on sample preparation. The reproducible release
of thiamine from sample matrices, as well as its stability, re-
quires careful consideration. This release is usually carried out
under harsh chemical conditions that must be mediated prior
to downstream analysis by using biological entities. Methods
going forward must encompass not only a sensitive and specif-
ic approach to thiamine detection, but one that can withstand
the challenges of sample analysis by using complex environ-
mental and biological matrices.
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