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Pre‑analytical challenges 
from adsorptive losses associated 
with thiamine analysis
Katie A. Edwards 1,2*, Eileen A. Randall 3,4, Patricia C. Wolfe 1,4, Clifford E. Kraft 3 & 
Esther R. Angert 2

Thiamine (vitamin B1) is an essential vitamin serving in its diphosphate form as a cofactor for enzymes 
in the citric acid cycle and pentose-phosphate pathways. Its concentration reported in the pM and 
nM range in environmental and clinical analyses prompted our consideration of the components used 
in pre-analytical processing, including the selection of filters, filter apparatuses, and sample vials. 
The seemingly innocuous use of glass fiber filters, glass filter flasks, and glass vials, ubiquitous in 
laboratory analysis of clinical and environmental samples, led to marked thiamine losses. 19.3 nM 
thiamine was recovered from a 100 nM standard following storage in glass autosampler vials and 
only 1 nM of thiamine was obtained in the filtrate of a 100 nM thiamine stock passed through 
a borosilicate glass fiber filter. We further observed a significant shift towards phosphorylated 
derivatives of thiamine when an equimolar mixture of thiamine, thiamine monophosphate, and 
thiamine diphosphate was stored in glass (most notably non-silanized glass, where a reduction of 
54% of the thiamine peak area was observed) versus polypropylene autosampler vials. The selective 
losses of thiamine could lead to errors in interpreting the distribution of phosphorylated species 
in samples. Further, some loss of phosphorylated thiamine derivatives selectively to amber glass 
vials was observed relative to other glass vials. Our results suggest the use of polymeric filters 
(including nylon and cellulose acetate) and storage container materials (including polycarbonate and 
polypropylene) for thiamine handling. Losses to cellulose nitrate and polyethersulfone filters were far 
less substantial than to glass fiber filters, but were still notable given the low concentrations expected 
in samples. Thiamine losses were negated when thiamine was stored diluted in trichloroacetic acid or 
as thiochrome formed in situ, both of which are common practices, but not ubiquitous, in thiamine 
sample preparation.

Thiamine (vitamin B1) serves in its diphosphate form as a cofactor for enzymes involved in carbohydrate metabo-
lism and amino acid catabolism. As an essential cofactor, it is necessary for the health of all living organisms. 
Thiamine is found at low nM concentrations in human plasma while at low pM concentrations in environmental 
waters1–5. Competition for low levels of thiamine available in the environment is evident among microorganisms 
and is associated with mortality of commercially valuable fish, ruminant mammals and aquatic invertebrates6,7. 
Thiamine deficiency has been a long-standing concern in economically and ecologically important fisheries 
and is often associated with increased consumption of prey fish containing thiaminase, an enzyme that breaks 
down thiamine8–10. In humans, thiamine deficiency is commonly associated with dietary insufficiency or insuf-
ficient absorption in people with primarily rice-based diets or alcoholism11,12. While thiamine supplementation 
of foods is common, overt deficiency due to thiamine omission or breakdown in processed foods in consumers 
largely relying upon a singular dietary source (e.g., companion animals and infants) has been reported13–15. As 
thiamine and its breakdown products are increasingly subject to monitoring and study, consideration of pre-
analytical characteristics is warranted. Within, we report substantial adsorptive losses of thiamine to commonly 
used storage vessels and filters, leading to concern that these losses may impact the interpretation of results in 
environmental and clinical samples.

Adsorption is a reversible surface phenomenon resulting from collective non-covalent interactions. Silanol 
groups in glass can participate in hydrogen bonding and electrostatic interactions with cationic molecules owing 
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to their negative surface charge16–18. In contrast, hydrophobic interactions predominate in various synthetic 
polymeric materials19. Thiamine is a highly water-soluble, base-labile small molecule composed of a substituted 
pyrimidine ring linked to a hydroxyethyl-substituted thiazole ring by a methylene bridge. It is a cation at pH 
values that are environmentally or physiologically relevant (Fig. 1)20.

Cation exchange mechanisms using materials such as Bio-Rex 70 (a macroreticular acrylic polymer matrix 
with carboxylic acid groups) and Decalso (a synthetic inorganic aluminosilicate)21 have been employed for 
thiamine isolation from foods and human urine22–27. Thiamine binding to glass was reported in 195328, and its 
electrostatic interaction with negatively charged silanol groups has provided the basis for separation on silica-
based column packings29. Although this adsorption is not a new or unexplainable phenomenon, investigations 
reporting results from thiamine analysis from environmental samples seldom provide details regarding the 
composition of collection containers, filtration housing, filtersand vials used in preparing standard solutions 
and samples. In our examination of potential thiamine losses, we found unexpectedly large losses to glass HPLC 
autosampler vials and glass fiber filters commonly used in environmental and clinical analyses. Here we report 
comparative losses of thiamine to various modern polymeric and glass laboratory storage materials and filters 
(Table 1), with select comparisons carried out using various holding times, temperatures, pH values, and phos-
phorylated thiamine forms. These losses could be important to understanding the physical conditions responsible 
for low ambient concentrations of thiamine and associated compounds in environmental samples, as well as how 
organisms respond to the availability of these compounds.

Figure 1.   Structures of (a) thiamine, (b) thiamine monophosphate (TMP), and (c) thiamine diphosphate 
(TDP).

Table 1.   Materials investigated for thiamine adsorption.

Composition

Containers Type I borosilicate glass tubes; polypropylene, amber glass, silanized and non-silanized glass autosampler vials; 
polystyrene and polypropylene centrifuge tubes

Filtration apparatus Glass housing with glass frit and glass filtration flask; polysulfone housing with polypropylene filter support and 
polypropylene filter flask

Filters, 47 mm Glass fiber (GF/F (0.7 μm pore size), GF/C (1.2 μm pore size), 0.22 μm polyethersulfone (PES), 0.2 and 0.45 μm cel-
lulose nitrate, 0.2 μm and 0.45 μm cellulose acetate, 0.2 μm nylon, 0.22 μm polycarbonate (PC), 0.2 μm polyamide
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Materials and methods
HPLC autosampler vials were purchased from Waters (LCGC-certified amber glass, 8 × 40 mm), ThermoFisher 
(polypropylene 8 × 40 mm), and National Scientific (non-silanized and silanized, 1.5 mL vials). 15 mL polypro-
pylene and polystyrene centrifuge tubes were manufactured by Becton Dickinson and Sarstedt, respectively. 
The 10 × 75 and 12 × 75 mm borosilicate glass tubes were branded as and purchased from VWR. All glass and 
plastic tubes were new and not previously used. The following 47 mm filters were purchased from Whatman: 
GF/F, GF/C, 0.2 μm nylon, cellulose acetate, cellulose nitrate, and polyamide; 0.45 μm cellulose acetate; and 
cellulose nitrate and those from Millipore were 0.22 μm polyethersulfone (PES) and 0.4 μm polycarbonate 
(Isopore HTTP). HPLC grade water, thiamine hydrochloride, trichloroacetic acid (TCA), sodium hydroxide, 
and potassium ferricyanide were purchased from VWR or Fisher Scientific. All chemicals were ACS grade. 
The polypropylene filter flask was manufactured by Nalgene, and the polysulfone filter housing with integrated 
polypropylene filter support was manufactured by Advantec.

Storage conditions in various laboratory containers
Thiamine (100 nM) was prepared in deionized tap water and stored as a 1 L volume in a 1 L Pyrex media bottle 
before transfer to the listed containers as follows: 1 mL of 100 nM thiamine was stored under static conditions 
in the dark for 1 h at 4 °C and 21 °C in HPLC autosampler vials (8 × 40 mm amber glass or polypropylene, 
1.5 mL silanized and non-silanized glass), 15 mL centrifuge tubes (polystyrene and polypropylene), a 125 mL 
high-density polyethylene (HDPE) bottle, and 10 × 75 and 12 × 75 mm Type I borosilicate glass tubes. 3 × 50 µL 
of the solutions were transferred to a black microtiter plate and converted to thiochrome by the addition of 100 
µL alkaline potassium ferricyanide (75 μL 1% (w/v) potassium ferricyanide diluted to 10 mL with 15% (w/v) 
NaOH). Standards were prepared by making twofold dilutions of thiamine in HPLC grade water, then adding 100 
µL alkaline ferricyanide to 50 µL of standard in triplicate in the same black microtiter plate. Fluorescence detec-
tion was carried out at λex = 360/40 nm, λem = 450/50 nm using a FLX800 fluorescence microplate reader (BioTek 
Instruments, Winooski, VT or at 360/9 nm, λem = 450/15 nm using a SpectraMax i3x fluorescence plate reader 
(Molecular Devices, San Jose, CA), as specified in the figure captions. Two different plate readers, at separate 
sites, were used in these experiments. All fluorescence intensity values were equated to thiamine concentrations 
using calibration curves on each plate. A similar experiment was repeated on a subsequent date using 100 nM 
thiamine, thiamine monophosphate (TMP), and thiamine diphosphate (TDP) as separate solutions in HPLC 
grade water and stored in a 50 mL BD Falcon tube prior to transfer to the same listed containers for 3 h at 21 °C.

Static storage versus storage with mixing
300 to 750 µL of 100 nM thiamine were stored under static or vortexed conditions for 1 h at 21 °C in 10 × 75 mm 
and 12 × 75 mm Type I borosilicate glass tubes and 1.5 mL polypropylene and 5 mL polystyrene tubes. The tubes 
were vortexed moderately every 10 min for 10 s. Results are presented after conversion of the solution to thi-
ochrome using alkaline ferricyanide as described above. The height of the fluid in contact with the tube walls was 
measured while standing and vortexing. Identical experiments (without the height measurements) were carried 
out using 100 nM thiamine diluted in 7.5% (w/v) trichloroacetic acid (TCA) and separately 100 nM thiamine 
converted to thiochrome with alkaline ferricyanide before transfer to storage containers.

Recovery from filters and filtrates
Thiamine solutions (100 pM to 100 nM in a 125 mL to 1 L volume) were passed through a 47 mm vacuum 
filtration device with 0.2 to 0.45 μm pore size filters installed. The filters, water type, volumes, and thiamine 
concentrations were as specified within the description of each trial. The flow rate was dictated by vacuum set 
at 600 mm Hg. The filters were transferred to 15 mL BD Falcon tubes after no further liquid was observed being 
removed under vacuum for 2 min, then 2 mL alkaline ferricyanide (0.0075% (w/v) potassium ferricyanide in 
15% (w/v) sodium hydroxide) was added to the tubes. The tubes were then vortexed vigorously for 3 min, then 
centrifuged at 10,000 × g for 5 min to settle the filter itself or any particulates formed in the process. 3 × 100 µL 
of the supernatant was transferred to a black microtiter plate containing 50 µL HPLC grade water. 3 × 50 μL of 
the initial solutions, filtrates, and thiamine standards were transferred to the same plate, to which 100 μL of 
alkaline ferricyanide was added. The volume ratio of alkaline ferricyanide (100 µL) to water (50 µL) was the 
same for the filter supernatants, filtrates and standards for consistency. To determine total pmol thiamine bound, 
the concentration of the filter sample was multiplied by 20 (2000 μL total volume of alkaline ferricyanide added 
divided by the 100 µL sampled).

HPLC analysis
1 mL of a 100 nM equimolar mixture of thiamine, TMP, and TDP in HPLC grade water was stored under static 
conditions in the dark for 1 h at 21 °C in HPLC autosampler vials (amber, silanized, non-silanized glass, and 
polypropylene). 874 µL of the solution was then transferred to a polypropylene 8 × 40 mm autosampler vial. 
126 µL of an alkaline potassium ferricyanide solution was added and immediately mixed to convert forms 
of thiamine to their respective thiochromes. The composition of this solution, and the separation conditions 
below, were modifications of that reported by Brown et al.30 100 µL of this solution was injected using a Waters 
717 autosampler, onto a Hamilton PRP-1, 5 μm 150 mm × 4.1 mm column, with a Waters 486 UV detector set 
at 372 nm, and Waters 474 fluorescence detector set at λex = 372 nm, λem = 433 nm. A Waters 600 pump and 
controller mediated the gradient between 25 mM ammonium bicarbonate, pH 8.4 (mobile phase A), and 65% 
(v/v) 25 mM ammonium bicarbonate, pH 8.4/35% (v/v) dimethylformamide (mobile phase B). The gradient 
was 3 min mobile phase A, changing to 70% mobile phase B over the next 9 min, then a hold at mobile phase B 
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for 5 min before returning to the original condition over 5 min, followed by a 5-min hold in 100% mobile phase 
A. The flow rate was 1 mL/min. throughout.

Results and discussion
Thiamine is a complex structure with potential positive charges on the nitrogen atoms in both its pyrimidine 
and thiazole moieties (Fig. 1). Adsorption of amine-containing molecules onto glass surfaces and silica-based 
column packing materials has been observed to result in reduced sensitivity and yield carryover in various ana-
lytical methods18,31,32. At a larger scale, adsorption of amine-containing molecules onto glass reactors used in 
drug production and subsequent release has been reported, resulting in impurities in the downstream process18.

Adsorptive losses to containers
We investigated the recovery of a 100 nM thiamine stock solution following storage at 4 °C and 21 °C in various 
laboratory vials and tubes, including those made from polypropylene, polystyrene, silanized glass, and non-
silanized glass. This concentration was chosen to be relevant to analysis in clinical samples and tissues, plus 
losses would be within the quantifiable range of standard fluorescence microplate readers. This concentration 
is approximately 500 to 1000 times higher than in natural environmental water samples; however, such samples 
routinely undergo pre-concentration steps using solid-phase extraction to bring them into the nanomolar range 
from commonly observed concentrations ranging from ten to several hundred picomolar33–35. In this study, we 
assessed losses by using the oxidative conversion of the thiamine standard remaining in solution to its fluorescent 
product thiochrome measured via fluorescence in a microtiter plate format (Fig. 2).

The stock solution of thiamine was stored in a 50 mL polypropylene tube as a control with no apparent losses 
to this initial container. Additional results, including storage for 1 h in an HDPE bottle, are provided in Fig. S1. 
In the experiments shown in Fig. S1, we note that the stock solution used as a control was stored as a 1 L solution 
in a 1 L Pyrex glass media bottle; despite the small surface-area-to-volume ratio of this container, it reduced the 
initial 100 nM concentration to 88.6 nM.

Given their equivalent surface-to-volume ratios, the materials used in 1 mL 8 × 40 mm amber glass and poly-
propylene HPLC vials and, separately, silanized versus non-silanized 1.5 mL autosampler vials, were compared 
directly (Figs. 3, S1). The same comparison was made amongst 15 mL polypropylene and polystyrene centrifuge 
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Figure 2.   Oxidation of thiamine (non-fluorescent) to thiochrome (fluorescent) using potassium ferricyanide in 
alkaline solution.

Figure 3.   Concentration of thiamine recovered following storage of 1 mL 100 nM thiamine in deionized water 
for 3 h at 4 °C or 21 °C in 8 × 40 mm 1 mL amber glass and polypropylene autosampler vials, 1.5 mL clear non-
silanized and silanized glass autosampler vials, polypropylene 1.5 mL centrifuge tubes, polystyrene 5-mL culture 
tubes, glass culture tubes (10 × 75 mm) as compared to a 50 mL stock solution stored in a 50-mL polypropylene 
tube. A vertical dashed line separates materials that may be directly compared based on their surface-to-volume 
ratios. The results are after conversion of the thiamine remaining in the solution to thiochrome using alkaline 
ferricyanide with fluorescence detection at λex = 360/40 nm, λem = 450/50 nm.
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tubes (Fig. S1). Additional materials were tested (Fig. S1), but due to varying surface-to-volume ratios and 
limited container types available, a further direct, quantitative comparison between materials was not possible. 
Our experiments indicated marked losses to all glass containers, most notably non-silanized borosilicate glass 
HPLC vials, which recovered as little as 19.3 nM of the input thiamine solution at 4 °C (a loss of 80.7 nM, Fig. 3). 
We similarly saw significant losses of thiamine when diluted in silanized borosilicate glass autosampler vials 
and Type I borosilicate glass culture tubes. Recovery from silanized glass (25.3 nM recovered) and amber glass 
(composition not specified, 40.8 nM recovered) HPLC vials was improved, although poor relative to polypro-
pylene HPLC vials (88.1 nM). Silanization, or siliconizing, is a process by which silanol groups (SiOH) in glass 
are reacted with an alkylsilane to yield siloxanes (Si–O-Si), resulting in increased hydrophobicity and usually 
reducing the adsorption of polar molecules by blocking electrostatic and nucleophilic interactions36. The losses 
were time-dependent, with more significant losses within the first 30 min of contact time (Fig. S2). The results 
are consistent with those reported previously, indicating significant losses of thiamine to glassware and the need 
to pre-treat glassware with alkaline solutions to prevent adsorption28.

Limited losses to polypropylene or polystyrene tubes or HDPE bottles were observed. Polypropylene 15-mL 
conical tubes had a higher thiamine recovery than polystyrene 15-mL tubes (Fig. S1b), and polypropylene showed 
consistently high recovery across various containers, hence was a preferred storage container material. No clear 
trends of temperature dependence were noted across materials (Figs. 3, S1).

We then assessed the impact of glass surface area contact by storing solutions of thiamine in 10 × 75 mm and 
12 × 75 mm Type I borosilicate glass tubes from the same manufacturer stored either without mixing or with 
vortexing every 10 min over 1 h. The fluid height in each tube was measured, and the surface area in contact with 
the fluid was calculated (Table S1). Polypropylene (1.5 mL) and polystyrene (5 mL) tubes were used as mate-
rial comparators. Losses to the glass tubes maintained statically were greater with smaller tube inner diameter 
(e.g. − 44.0 nM recovered-versus-94.2 nM recovered for 300 µL stored in 10 mm-vs-12 mm outer diameter tubes, 
respectively). We note that at 300 µL volumes, the solution was in contact with only the curved hemisphere 
bottom of the glass tubes for the 12 × 75 mm tubes, whereas this same volume reached the cylindrical sides 
of the 10 × 75 mm tubes (Fig.  S3). Despite a similar surface-area-to-volume ratio, the thiamine losses to the 
10 × 75 mm tubes were much greater than the 12 × 75 mm tubes at this volume. As the volumes increased, the 
fluid in both tube diameters extended further into the cylindrical portion of the tubes, increasing the surface 
area in contact with the fluid and consequent thiamine losses. A detailed consideration of glass composition and 
processing is beyond the scope of this study. For further consideration, readers are directed to extensive studies 
on the properties of glass vials for parenteral formulations and characterization of within lot variability, surface 
imperfections, and heterogeneities in chemical composition37–39. However, the formation of the sealed bottom 
of test tubes includes direct application of a high-temperature flame and injection of air40, which we postulate 
may yield a material with different adsorption characteristics than the cylindrical sides. Indeed, differences in 
the chemical composition and the availability of inorganic elements in regions of glass subjected high heat has 
been demonstrated37.

Upon vortexing, we observed a significant decrease in free thiamine at all volumes and both glass tube diam-
eters, indicating that adsorptive effects increased with greater contact of the solution to the cylindrical walls of 
the tube. Periodically vortexing 750 µL of a 100 nM solution of thiamine in a 12 × 75 mm borosilicate glass tube 
(10 mm inner diameter) allowed for recovery of only 21.9 nM in the solution after 1 h (Fig. 4). The same volume 
maintained stationary for the same period allowed recovery of 52.0 nM. No thiamine losses to polypropylene or 
polystyrene were observed under the conditions tested.

An identical experiment with thiamine diluted in 7.5% (w/v) trichloroacetic acid, a commonly used extraction 
solution for thiamine from tissues, indicated no significant material or vortex-dependent losses (Fig. S4). The 

Figure 4.   Concentration of thiamine recovered after storage of 100 nM thiamine in HPLC grade water in 
10 × 75 mm and 12 × 75 mm Type I borosilicate glass tubes and polypropylene (1.5 mL) and polystyrene (5 mL) 
tubes under static or vortexed conditions for 1 h at 21 °C. The tubes were vortexed moderately every 10 min 
for 10 s. The results are after conversion of the thiamine remaining in the solution to thiochrome using alkaline 
ferricyanide with fluorescence detection at λex = 360/40 nm, λem = 450/50 nm.
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protonation of silanol groups at low pH likely blocks electrostatic interactions with thiamine. It is also possible 
that the positively charged thiamine forms an ion-pairing complex with trichloroacetate41, potentially mitigating 
electrostatic interactions. We further investigated the pH dependence of thiamine adsorption in HPLC-grade 
water in various glass containers, using pH values below 7.0 to ensure that the stability of alkaline-labile thia-
mine was maintained. Extensive losses without any pH dependence were observed on non-silanized glass vials 
(Fig. S5), whereas a slight pH dependence with maximum losses at pH 4.5 was observed in silanized glass vials. 
The pKa values of silanol groups on quartz, as an exemplar of pure glass, have been reported to be 4.8, 8.5–9.3, 
and > 11.042. The structure of thiamine undergoes complex changes with pH43. The reported pKa values of thia-
mine are ~ 4.8 on the pyrimidine N1 nitrogen and 9.2–9.3 on the thiazole nitrogen44,45. At higher pH, thiamine 
undergoes ring opening of the thiazole ring to yield the thiol form with a pKa value of 11.646. At the pH values 
used in this study, some proportion of the more acidic silanol groups would be expected to be negatively charged, 
while thiamine would be net positively charged at one or both sites. Methylene blue, a cationic dye, is reported 
to participate in ion-exchange with sodium and hydrogen ions in glass and thus is commonly used to stain 
glass materials to visualize defects37,38. However, the lack of a strong pH dependence to adsorption suggests that 
electrostatic interactions were not the exclusive mechanism for our observed thiamine losses. In preliminary 
experiments, thiochrome formed in situ through oxidation of thiamine with alkaline ferricyande exhibited no 
notable losses to glass, with only minor losses to polystyrene and polypropylene (Fig. S6). Thiochrome lacks the 
positive charge and increases its hydrophobicity upon ring closure. Losses of aromatic ring containing organic 
molecules to polystyrene have been attributed to hydrophobicity and π–π interactions47–49.

Effect of containers on thiamine speciation
Selected studies in various containers were repeated using thiamine monophosphate (TMP), thiamine diphos-
phate (TDP), or thiamine alone (Fig. S7), and in a mixture (Fig. 5). Stock solutions stored in polypropylene 
tubes served as a comparative material control. The parent molecule thiamine is used in dietary supplements 
and fortification strategies for rice and grains. TDP is the active cofactor form of thiamine for key metabolic 
enzymes, including transketolase in the pentose-phosphate pathway, pyruvate dehydrogenase linking glycolysis 
to the citric acid cycle, and branched chain α-keto acid dehydrogenase and α-ketoglutarate dehydrogenase in the 
latter. The availability of the phosphorylated forms relative to the parent molecule provides insight into dietary 
intake, systemic absorption, and the efficiency of conversion of thiamine to TDP by thiamine pyrophosphokinase, 
which various conditions can impede30,50.
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Compound Thiamine diphosphate Thiamine monophosphate Thiamine

Retention time 3.5 minutes 4.8 minutes 15 minutes

Area % (Peak area)

Amber glass 28.8% (129,400) 26.9% (120,820) 44.2% (198,425)

Non-silanized glass 37.9% (173,350) 32.9% (150,790) 29.2% (133,605)

Silanized glass 34.9% (171,330) 30.1% (147,725) 35.0% (171,010)

Polypropylene 26.3% (153,620) 24.3% (141,915) 49.5% (289,270)

Polypropylene
Amber glass
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Figure 5.   Chromatogram showing recovery of thiamine following storage of 1 mL of a 100 nM equimolar 
mixture of thiamine, TMP, or TDP stored for 1 h at 21 °C in HPLC grade water in Amber glass (red), clear 
non-silanized (blue), clear silanized glass (green), and polypropylene (black) HPLC vials prior to removal of 
the solution and conversion to thiochrome in polypropylene HPLC vials and HPLC analysis with fluorescence 
detection at 374 nm excitation and 433 nm emission. The peak areas and area % after integration are listed in the 
table below the figure.



7

Vol.:(0123456789)

Scientific Reports |        (2024) 14:10269  | https://doi.org/10.1038/s41598-024-60910-0

www.nature.com/scientificreports/

Consistent with prior results, thiamine was largely not lost to polypropylene or polystyrene tubes (Fig. S7). 
This paralleled the findings with TMP and, to a significant extent, TDP. Notably, the substantial observed thia-
mine losses to glass containers were not observed with TMP or TDP. TMP and TDP could maintain the cation 
on the thiazole nitrogen and pyrimidine N1 nitrogen but contribute negative charges due to the attached phos-
phate groups that can be increasingly deprotonated with increasing pH (Fig. 1). Thus, diminished loss of these 
phosphorylated compounds could be attributed to reduced likelihood of electrostatic interactions. Still, amber 
glass vials exhibited moderate losses of TMP and TDP (75–80% recovery).

Likewise, selective losses were seen when the thiamine forms were combined in an equimolar mixture. 
Assuming no losses to polypropylene tubes when thiamine comprised 49.5% of the chromatogram peak area 
(the condition used as a control, peak area 289,270), a marked reduction in the peak area (most notably, with 
non-silanized glass, 29.2%, peak area 133,605) was observed selectively for thiamine stored in all forms of glass 
(Fig. 5). This equated to a loss of 53.8% of thiamine peak area and indicated a greater loss of thiamine relative to 
phosphorylated forms when stored in glass, which could skew the interpretation of sample data and complicate 
comparisons between published studies. The loss of TMP and TDP to amber glass observed for individual com-
pounds was maintained in this mixture, with a 14.9% and 15.8% reduction in peak areas, respectively, relative to 
storage in polypropylene autosampler vials. This suggested that a mechanism beyond electrostatic interactions 
could be present as the losses to amber glass carried over to the phosphorylated derivatives.

Amber glass is commonly made by adding metal oxides such as those from iron and manganese to impart 
protection from UV light51. A previous study found greater breakdown of amitryptiline (a tricyclic antidepres-
sant) when stored in amber glass ampules than in clear glass ampules, attributed to a free-radical oxidation 
process accelerated by the presence of metal ions52. These authors noted the increased concentration of iron in 
the former and found measurable concentrations of extractable iron at low pH and elevated temperature (pH 
3 and 80 °C.) A study with naloxone, nalbuphine, and oxymorphone similarly found higher amounts of their 
oxidation products after storage in amber glass vials versus clear vials, noting the presence of 0.3 ppm iron in 
solutions stored in amber glass vials at ambient temperature for 4 h, but undetectable levels with clear vials53. 
As we assayed the concentration of thiamine remaining in solution after storage by measuring thiochrome 
fluorescence, we cannot exclude the possibility of thiamine degradation by metal ion leachates from the glass 
containers and formation of non-fluorescent products. Thiamine has been shown to exhibit decomposition 
upon storage in the presence of iron, magnesium and copper compounds54–56, and trace metals in glass could 
potentially contribute to thiamine losses.

Losses to filtration devices and filters
We also tested the impact of various filter materials and filtration apparatuses. We observed thiamine loss from 
solutions containing 100 nM thiamine when passed through a standard laboratory 1 L glass filtration vacuum 
apparatus where the filter housing, integrated frit, and collection flask were glass (Fig. S8). Despite limited contact 
time (20 s, Table S2), significant thiamine losses from solutions passed through the glass filtration apparatus alone 
were observed (loss of 10.2 to 12.2 nM) relative to the control stored separately in a polypropylene container 
(Fig. S9). We subsequently employed and recommend using a filter apparatus where the filter housing, integrated 
frit, and collection flask are plastic (polysulfone filter housing, polycarbonate filter support, and polypropylene 
filter flask, Fig. S8). Using this filter device, the losses of thiamine under the same conditions were reduced to 
3.6 nM.

To assess the extent of thiamine losses from solution and adsorption on filters, we passed 100 to 1000 mL 
of water spiked with 100 pM to 100 nM thiamine through 47 mm membrane filters of varying compositions. 
The filters were vortexed in 2 mL alkaline ferricyanide for 2 min to convert adsorbed thiamine to thiochrome, 
centrifuged, and the supernatant was assayed by fluorescence. We previously used alkaline ferricyanide to simul-
taneously release thiamine from an immobilized binding protein and convert it to fluorescent thiochrome57, 
hence, the same strategy was applied for release from filter matrices. We assayed the thiamine recovered in the 
filtrates and the thiamine remaining bound to the filters following conversion to thiochrome. The results for the 
filters themselves are shown in Fig. 6, with the corresponding filtrates in Fig. S9. Tens to hundreds of picomoles 
of thiamine were recovered from the filters through extraction with 2 mL of alkaline ferricyanide, leading to a 
50 to 500-fold concentration factor depending on the initial volume (100 to 1000 mL). This selective binding 
and volume reduction permitted the detection of standards in the micromolar range that were initially in the 
nanomolar range.

Of the 47 mm filter materials tested (Table 1), the greatest recovery of thiamine using alkaline ferricyanide 
was found in the filtrate from filtration through 0.2 μm nylon, 0.2 μm polyethersulfone (PES), and 0.45 μm cel-
lulose acetate. Filtrates from other membranes, most notably glass fiber (0.7 and 1.2 μm) and cellulose nitrate 
(0.2 and 0.45 μm), resulted in significant recovery losses in the filtrate relative to the processed control (Fig. S9, 
125 mL of 100 nM thiamine concentration passed through the filtration apparatus only). Losses in the filtrate 
to filtration from PES, cellulose acetate, and polycarbonate membranes were moderate (3.9 nM, 3.7 nM, and 
7.7 nM, respectively, relative to the processed control). However, the losses to the filtrate from filtration through 
cellulose nitrate and borosilicate glass fiber filters were substantial, equating to losses of as much as 24.8 nM and 
30.3 nM, respectively. We note that in this material screening, we maintained a constant vacuum, but this resulted 
in material-dependent and pore-size dependent flow rates (Table S2). Decreased flow rates would increase the 
contact time and potential for non-specific binding and losses of thiamine in the filtrate. Solely looking at flow 
rates, we would expect the greatest losses to the filters from nylon, which was in contact with the thiamine solu-
tion for the longest period (5 min, 42 s), however, glass fiber filters which were in contact for the least amount 
of time (30–50 s) exhibited the highest losses from the solution.
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Of the filters themselves, glass fiber, PES, and cellulose nitrate filters yielded detectable thiamine retention. 
2.7 μM (Fig. 6b) thiamine was recovered from the GF/C filter, indicating significant retention by this glass fiber 
filter. Moderate retention was observed by PES and cellulose nitrate filters (Fig. 6a, 647 nM and 132 nM, respec-
tively). It is important to highlight that the basis for the up to low μM filter recoveries from the initial 100 nM 
thiamine solution stems from both the filter material-dependent binding of thiamine as well as 50 to 500-fold 
lower volume used to extract the filters. For example, the 2.7 μM thiamine recovered from the GF/C glass fiber 
membranes corresponds to 5.4 nmol thiamine in the 2 mL alkaline ferricyanide extraction volume from an initial 
200 mL of a 100 nM solution (20 nmol). We suggest nylon, cellulose acetate, or polycarbonate membranes for 
routine thiamine analysis of filtrates, as all yielded high recoveries in the filtrates and relatively minor retention 
on the filters. However, we note that we did not conduct further work with these membrane materials, and further 
characterization for pH dependence and capacity may be warranted.

For filter materials exhibiting notable thiamine retention (glass fiber, cellulose nitrate, and polyethersulfone), 
we assessed possible signals from the filters themselves in the absence of thiamine when treated identically with 
alkaline ferricyanide (Fig. S10a). We observed the highest autofluorescence from the extract of PES, followed 
by cellulose nitrate, then at a much lower intensity, from glass fiber membranes, all of which were significant 
relative to unfiltered water. The autofluorescence from cellulose nitrate was not surprising as it has been noted 
to be a factor in signal determination from microarrays, Western blots, and lateral flow assays58,59. However, this 
autofluorescent signal provided a negligible background to the fluorescence signal obtained from membranes in 
the presence of thiamine, indicating that the signal from the filters was due to the presence of thiamine rather 
than a non-specific signal from the membranes (Fig. S10b). The composition of the material was the primary 
influence upon this binding, with binding to glass fiber membranes substantially higher than other materials 
despite a faster flow rate (Table S2) and comparatively large pore sizes.

The high binding exhibited by some materials in our study to understand adsorptive losses prompted in par-
allel an assessment of whether we could leverage the binding by filter materials to pre-concentrate thiamine to 
simplify its analysis in dilute solutions. Glass fiber and PES membranes were studied further for pH dependence 
and capacity as these materials showed notable binding. The results from these experiments are discussed below.

Potential impact on the analysis of environmental samples
As thiamine is present at low levels in the environment (low pM range in lake and water samples) as well as 
in plasma and tissue samples (low nM range)1–5, even minor losses to collection vessels, storage vessels, filters, 
and filtering apparatuses need to be considered when interpreting results. Filters made of various materials, 
including nylon, PTFE, PES, and polypropylene, have been reported as used for particulate removal during 
thiamine sample preparation in a variety of studies33–35,60–63. Following filtration and prior to storage at − 20 °C, 

Figure 6.   Filter retention of 100 nM thiamine in deionized water following passage of (a) 200 mL through 
0.2 µm 47 mm polyamide, cellulose nitrate (CN), polyethersulfone (PES), and nylon filters. Water only 
containing no thiamine was used as a negative control through CN and PES membranes. (b) 200 mL through 
glass fiber (GF/F and GF/C), and 0.4 μm polycarbonate, 0.45 μm CN, and 0.45 μm cellulose acetate membranes. 
The results are after vortexing filters in 2 mL alkaline potassium ferricyanide to convert filter-retained thiamine 
to thiochrome followed by fluorescence detection at λex = 360/40 nm, λem = 450/50 nm. Error bars represent one 
standard deviation of triplicate thiochrome determinations of the membrane extract.
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environmental water samples have been collected in borosilicate glass bottles64, acid-washed plastic bottles, 
including polyethylene33–35,63,65 or in containers with unspecified polymer composition2, though the composition 
of the filtration apparatus and autosampler vials usually is not detailed.

Given the extensive binding of thiamine on glass fiber and, more modestly, PES, we sought to understand 
the impact of these materials on thiamine recovery. Further, given the efficiency of binding and ease of recovery 
of thiamine’s fluorescent oxidation product, we considered whether the losses to these filter materials could be 
leveraged for thiamine isolation to simplify downstream analyses. Currently reported methods for quantifica-
tion of thiamine in environmental water rely on filtration through 0.2 μm pore size membranes, pH adjustment 
to 6.5, followed by solid-phase extraction using C18 cartridges33–35. To maximize binding, we examined the pH 
dependence of thiamine adsorption on PES and glass fiber filters as examples of moderate and high-binding 
materials, respectively (Fig. 7). Adsorption to both filter materials was maximal at pH 4.5, consistent with the 
results obtained in silanized glass autosampler vials. However, the pH dependence of the filters was more dis-
tinct. PES is reported to have a negative charge at pH values tested within and a decreasing zeta potential with 
increasing pH66,67.

Prior efforts relying on cation exchange for thiamine analysis on Bio-Rex 70 or Decalso investigated factors 
including ion exchange material amount, sample flow rate, eluent composition, temperature, and volume22,27. 
In our experiments, the filter diameter was fixed, and the elution volume in alkaline ferricyanide was intention-
ally minimized to maximize the concentration factor. We varied the sample application flow rate, finding ~ 33% 
greater recovery with a 20 min/L flow rate versus a 5 min/L flow rate, indicating that retention was improved on 
glass fiber filters with greater contact time (Fig. S11).

We passed 125 mL of a 100 nM solution of thiamine diluted in commercially bottled HPLC grade water 
adjusted to pH 4.5 through GF/F, GF/C, and PES filters (Fig. 8). Notably, only 1 nM of the original 100 nM 
thiamine stock was detected in the filtrate following passage through either GF/F or GF/C filters, relative to 
75 nM with PES filters (Fig. 6a). GF/C and GF/F borosilicate glass filters are specified as having 1.2 and 0.7 µm 
pore sizes, respectively, while the PES membrane had a pore size specification of 0.2 μm. Thiamine recovery 
from the GF/C and GF/F 47 mm filters was 2.7 μM and 3.1 µM, respectively owing to the membrane retention 
and the significantly lower elution volume, compared to 0.49 μM on PES (Fig. 8b). In these experiments, a total 
of 12.5 nmol of thiamine was passed through the membranes, and as much as 6.2 nmol (49.6%, 3.1 μM in the 
2 mL extraction volume) was recovered on the GF/F filter. The losses of thiamine to the filters may have been 
higher than our results indicate, since we did not obtain quantitative recovery of thiamine between filtrates and 
filter extracts. It is known that oxidative conversion of thiamine to thiochrome is a competitive process with the 
formation of non-fluorescent products20 and we cannot exclude the potential contribution of the filter material 
in this conversion. While the analysis of thiamine remaining in the filtrates from a solution of known concentra-
tion is straightforward, the efficiency of the extraction of the filters with alkaline ferricyanide and simultaneous 
conversion to thiochrome may occur in a filter material-dependent manner.

These experiments were repeated over a range of thiamine concentrations for GF/F and PES filters. For GF/F 
filters, we observed an approximately 50-fold concentration factor, nearing apparent saturation of the filter bind-
ing capacity at 100 nM (Fig. 9a). The thiamine concentration remaining in the filtrate was markedly reduced at 
all introduced concentrations, with notably only 5% of the thiamine from the 25 nM solution detected in the 

Figure 7.   Concentration of thiamine recovered following filtration of 125 mL 100 nM thiamine in 
commercially bottled HPLC grade water pH adjusted to 3.5–6.5 through (a) GF/F glass fiber (0.7 μm pore size) 
and (b) 0.2 µm polyethersulfone (PES) filters after vortexing filters in 2 mL alkaline potassium ferricyanide. 
The results are after conversion of the filter-retained thiamine to thiochrome using alkaline ferricyanide with 
fluorescence detection at (a) λex = 360/40 nm, λem = 450/50 nm and (b) λex = 360/9 nm, λem = 450/15 nm.
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filtrate (Fig. 9b). For PES filters, we found an approximately 12-fold concentration factor and linear response 
through 100 nM (Fig. S12).

Upon further experimentation, we found that PES exhibited notable binding in some trials and less so in 
others, which we can only attribute to possible differences in the source water (house deionized water). When 
applied to environmental water samples, our results indicated that thiamine could still be retained on GF/F filters 

Figure 8.   Recovery of thiamine following filtration of 125 mL 100 nM thiamine in HPLC grade water pH 
adjusted to 4.5 through 0.2 µm polyethersulfone (PES), GF/F glass fiber (0.7 μm pore size) and GF/C glass 
fiber (1.2 μm pore size) membranes relative to the pre-processed sample and that passed through the plastic 
filter housing and flask only. (a) The concentration of thiamine recovered in the filtrate. (b) Concentration of 
thiamine recovered from the filters after vortexing filters in 2 mL alkaline potassium ferricyanide. The results are 
after conversion of (a) thiamine remaining in solution and (b) the filter-retained thiamine to thiochrome using 
alkaline ferricyanide with fluorescence detection at λex = 360/9 nm, λem = 450/15 nm.

Figure 9.   Recovery of thiamine following filtration of 125 mL 0–100 nM thiamine in HPLC grade water 
pH adjusted to 4.5 through 47 mm 0.7 µm pore size glass fiber (GF/F) membranes. (a) The concentration of 
thiamine recovered from the glass fiber filters after conversion to thiochrome in 2 mL alkaline ferricyanide. 
(b) The concentrations of the filtered solutions were determined before (green circles) and after (blue squares) 
filtration. The results are after conversion of (a) the filter-retained thiamine and (b) thiamine remaining 
in solution to thiochrome using alkaline ferricyanide with fluorescence detection at λex = 360/40 nm, 
λem = 450/50 nm. Each point is the average of triplicate wells used for thiochrome fluorescence with error bars 
representing their standard deviation.
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despite a substantially more complicated matrix. River water (250 mL) spiked with 10 nM thiamine yielded 
fluorescence at thiochrome wavelengths that was discernable from the background, but following filtration 
through GF/F filters, this signal was lost (Fig. S13a). When analyzing the filters themselves, an apparent recovery 
of 180 nM (Fig. S13b) was noted relative to 100 nM in the water without the spike. This suggested that even this 
relatively high thiamine concentration could be lost to filtration in a complex matrix. We considered whether 
using GF/F filters may have value in cleaning up natural water samples for thiamine analyses. However, the high 
background fluorescence in natural matrices unrelated to thiamine, the expected variation in flow rates, and the 
variable competitive effects likely from other matrix constituents, such as Ca2+ or Mg2+ ions or other organics, 
precluded further investigation at this time. In addition, preliminary screenings of 1 L lake, creek, and tap well 
waters, unspiked and spiked with 100 pM thiamine (a realistic concentration in environmental water), and filtered 
through GF/F filters did not bring these samples to a detectable range. This did not exclude thiamine retention 
onto the fibers, but thiamine potentially retained and recovered was below the instrumental limit of detection 
(8 nM). In addition, we cannot exclude the likelihood of thiamine sorption to particulates68 smaller than the 
0.7 μm membrane pores that would have been lost to the filtrate.

We cannot generalize the impact of adsorption in published methods due to variations in sample matrices, 
thiamine concentrations, pH values, and contact with filters, collection and storage containers of varied or 
unspecified materials or sources. Thus, we recommend that the impact of adsorptive losses should be determined 
empirically for any given analytical process. Fortunately, the commonly applied method of thiamine extraction 
from tissues in trichloroacetic acid is unlikely to result in significant adsorption losses of thiamine (Fig. S4). 
Similarly, thiochrome formed in situ from thiamine was not notably affected by the storage container composi-
tion in preliminary experiments (Fig. S6). Thus, depending on the requirement of the downstream analysis, we 
suggest that thiamine samples should be stored in polypropylene or polystyrene tubes, in trichloroacetic acid, or 
first converted to thiochrome. Polypropylene exhibited no detectable thiamine adsorption but has additionally 
been reported to be resistant to 100% trichloroacetic acid at 60 °C for several months69. Thiamine adsorption is 
a more substantial concern when the samples are collected in or introduced following a purification procedure 
such as SPE and analyzed in their native form by LC-UV, LC–MS, or LC-MS2 or with a post-column derivatiza-
tion procedure to generate thiochrome in situ following chromatographic separation. In future work, we plan to 
follow up on the losses of thiamine, TMP and TDP to amber glass vials by LC–MS to characterize their potential 
to form oxidized products that are not detectable by routinely used fluorescence-based assays.

Aside from glass28, thiamine adsorption has been investigated in plastic particles of various compositions used 
in food packaging70, onto clays and soils68, and recognition of thiamine by charge-based interactions to various 
nanoparticles in the absence of a specific biorecognition event forms the basis of numerous reported biosensing 
technologies20. When adsorption experiments are carried out on particles, it is critical to consider the container 
and diluent used in the experiments and imperative to include a thiamine standard processed identically at all 
steps to account for losses that are independent of the particles. When sensors based on non-covalent interac-
tions are developed in the absence of a specific biorecognition event, it is critical to examine the specificity of 
these interactions in relevant complex matrices. In microbial growth experiments where the knowledge of the 
thiamine concentration is central to the investigation, it is important to validate the washing protocol to avoid 
carryover71,72. For this purpose, Sannino et al. developed an extensive washing protocol for glassware involv-
ing a commercial cleaning solution, extensive rinsing with water, baking overnight at 200 °C, washing in 0.1 
N sodium hydroxide, followed by water rinsing and baking again71. In future work, we plan to determine how 
impactful adsorption effects are on bacteria cultured under thiamine-limited growth conditions in common 
culture tubes and media bottles.

One universal concern raised by our findings is the accuracy of calibration curves prepared in a clean matrix 
(e.g., HPLC-grade, distilled, or deionized water) relative to the samples. If thiamine standards are prepared in 
purified water either in glassware or subsequently stored in glass autosampler vials, adsorptive losses to the 
containers would result in a lower signal for a given input concentration of thiamine. If the samples analyzed 
using this calibration curve for comparison were in a matrix that prevented significant thiamine adsorption, the 
sample thiamine content could be overestimated. Further, in experiments where speciation of thiamine forms 
is essential, the selective loss of thiamine, relative to TMP and TDP, to glass containers would overestimate the 
proportion of the latter compounds relative to the parent molecule. In future work, we plan to carry out similar 
experiments of other vitamins and biologically relevant phosphorylated small molecule analytes to understand 
the universality of our findings.

Data availability
The datasets supporting the conclusions of this article are available upon reasonable request from the corre-
sponding author.
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