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Abstract
The TPTZ (2,4,6-tripyridyl-s-triazine) method is used to detect monosaccharides from seawater and particulate

matter samples because it is sensitive, precise, rapid and easy to perform. Contrary to mechanisms proposed in
the literature, we provide evidence that the TPTZ method detects hydroxyl as well as aldehyde groups in mono-
saccharides when all reducing groups are fully deprotonated in alkaline medium. We use this insight to develop
an optimized hydrolysis protocol to increase yields from polysaccharides while minimizing the dehydration of
monosaccharides. Compared to the TPTZ method with commonly used hydrolysis protocols and the often-used
phenol–sulfuric acid method, our new optimized method detects a wider range of carbohydrates with a more
consistent yield relative to glucose and much lower coefficient of variation. When applied to phytoplankton
cultures and marine particulate samples, our new method achieves significantly higher bulk carbohydrate
yields.

There is a pressing need for reliable methods to quantify bulk
and specific carbohydrates. Carbohydrates represent a substan-
tial portion of the organic carbon pool, encompassing thousands
of distinct molecules that range from simple sugars to complex
structural components of living organisms. Carbohydrate mole-
cules store energy (Deschamps et al. 2008; Ramli et al. 2020),
fuel the growth and metabolic activities of microorganisms
(Arnosti et al. 2021; Priest et al. 2023), and form crucial struc-
tural components such as cell walls, matrices, and extracellular
transparent exopolymer particles (Passos et al. 2015; Latil de
Ros 2017). In marine ecosystems, phytoplankton carbohydrates,
including mono-, oligo-, and polysaccharides, account for 10–
75% of the total particulate carbon pool (Becker et al. 2020).
Phytoplankton carbohydrate composition varies across species,
growth stages, and environmental conditions (Biersmith and
Benner 1998; Fearon 2014). Extracellular algal glycans may affect
carbon sequestration in the ocean by modulating organic carbon
degradation by bacteria (Bligh et al. 2022). Quantifying phyto-
plankton carbohydrates and their contribution to the organic
carbon pool is essential for researchers to gain a comprehensive
understanding of marine carbon cycling and ecosystem
functioning.

Carbohydrate quantification involves two primary
approaches: specific methods targeting individual carbohy-
drate molecules and assays measuring the overall bulk
(undifferentiated) carbohydrate pool. Targeted methods,
such as high-performance liquid chromatography, high-
performance anion exchange chromatography with pulsed
amperometric detection, gas chromatography–mass spec-
trometry, Fourier-transform infrared spectroscopy, and
nuclear magnetic resonance (NMR) focus on separating and
detecting specific classes of molecules (Schievano
et al. 2017). Newer methods use antibodies or enzymes to
detect specific polysaccharides (Becker et al. 2020; Vidal-
Melgosa et al. 2021). The quantification of bulk carbohy-
drate pool often relies on colorimetric methods, including:
the phenol–sulfuric acid (PSA) method, the 3-methyl-
2-benzothiazolinone hydrazone (MBTH) method, and the
2,4,6-tripirydyl-1,3,5-triazine (TPTZ) method, and more
rarely, methods such as solid-state 13C NMR have been used
(Hedges et al. 2001). The PSA method, initially developed
by Dubois et al. (1951) for analyzing single monosaccha-
rides and later extended to the bulk pool (Romankevich and
Artem’ev 1969), uses concentrated H2SO4 to hydrolyze
oligo- and polysaccharides into constituent monosaccha-
rides. Subsequently, both the free and liberated monosac-
charides undergo dehydration, forming different furfural
derivatives depending on the type of monosaccharide.
These derivatives react with phenol, producing orange–yel-
low–gold-colored compounds with absorbance peaks
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around 480–490 nm. The variable molar absorptivity from
furfural derivatives is compared to one standard, typically
glucose. Therefore, the PSA method often yields substantial
variation in recovery, ranging from 35% for L-fucose to
100% for D-xylose (Handa 1966). Consequently, this
method is prone to substantial mis-quantification (van
Wychen et al. 2017) and is considered semi-quantitative
(van Oijen et al. 2005). Despite these well-known limita-
tions, the PSA method remains widely used due to its sim-
plicity and cost-effectiveness (Tornabene et al. 1985;
Brown 1991; Lee et al. 2016; Becker et al. 2020; Niaz
et al. 2020; Andreeva et al. 2021; Chen et al. 2023).

The MBTH and TPTZ methods are alternative colorimetric
approaches for quantifying monosaccharides, offering more
consistent recoveries of a range of carbohydrates compared to
the PSA method. The MBTH method, as described by Burney
and Sieburth (1977) and Pakulski and Benner (1992), quan-
tifies the blue complex (λmax = 635 nm) formed by MBTH and
formaldehyde following aldehyde reduction by potassium
borohydride, originating from the oxidation of alditols via
periodic acid (Hickey 2012). It generally yields relatively con-
sistent recovery rates between 83% and 107% for most mono-
saccharides. Uronic acid recovery is incomplete due to partial
lactonization of the carboxylic acid moiety, leading to an irre-
producible alditol (Fazio et al. 1982). The TPTZ method,
described by Myklestad et al. (1997), measures a navy blue
complex (λmax = 595 nm) formed through the reaction of
TPTZ and ferrocyanide, following the reduction of ferricyanide
by aldehyde (Avigad 1975; Hickey 2012). While this method
is rapid and generally provides acceptable recovery rates (88–
103%), recovery rates for deoxysugars and uronic acid are low
and the exact reason for this discrepancy is not fully
understood.

Measurement methods targeting specific carbohydrate mole-
cules or bulk carbohydrate with the MBTH and TPTZ methods
only detect monosaccharides. To measure total carbohydrate
content, oligo- and polysaccharides must be hydrolyzed into
their constituent monosaccharides. Mild acid hydrolysis often
falls short in fully releasing monosaccharides from complex bio-
logical or environmental samples, leading to an underestima-
tion of bulk carbohydrates, while concentrated acid hydrolysis
can increase or decrease carbohydrate yield. Studies have shown
that the recovery of monosaccharides decreases with an
increase in acid molarity beyond 0.8 mol L�1 HCl (Engel and
Händel 2011), and the absorbances of mono- and polysaccha-
ride standards decreased after sulfuric acid hydrolysis (Pakulski
and Benner 1992; Chanudet and Filella 2006). Borch and
Kirchman (1997) observed the destruction of ribose and fruc-
tose after 4–24 h of hydrolysis in 0.85 mol L�1 H2SO4, possibly
due to dehydration. A two-step sulfuric acid hydrolysis using
12 mol L�1 H2SO4 (Mopper 1977) has been shown to signifi-
cantly increase carbohydrate recovery from dissolved and par-
ticulate carbohydrates in seawater, relative to hydrolysis by
weak hydrochloric acid (Pakulski and Benner 1992). We

propose that low carbohydrate recovery after hydrolysis might
be due to varying degrees of dehydration during hydrolysis. In
the colorimetric assays, strong acids reduce monosaccharide
functional groups, decreasing the yield of colored complexes,
giving lower molar absorptivity and as a result, lower recovery.
In the methods targeting specific molecules, the loss of func-
tional groups from monosaccharides produces complex deriva-
tives, which are challenging to identify. An understanding of
the chemistry behind carbohydrate hydrolysis is crucial for
developing an optimized method that efficiently cleaves the
glycosidic bonds in oligo- and polysaccharides while preserving
the molecular structure of monosaccharides.

The TPTZ analysis of carbohydrate is based on the forma-
tion of the colored TPTZ-Fe2+ complex produced by ferrocya-
nide reduced from ferricyanide. Myklestad et al. (1997)
proposed that ferricyanide was reduced by aldehyde in reduc-
ing sugars: RCHO + 2Fe(CN)6

3� + 3OH� ! RCO2
� + 2Fe

(CN)6
4� + 2H2O. Since hydrolyzed and unhydrolyzed mono-

saccharides both have a single aldehyde group, recovery
across sugars and hydrolysis conditions should exhibit little
variation with this mechanism. Here, we observe variation in
recovery from different types of monosaccharides, indicating
that the TPTZ method detects hydroxyl groups in addition to
aldehyde. We use the TPTZ method to compare changes in
the number of reducing group lost during different hydroly-
sis protocols. It is important to note that the pH of the
hydrolysate used in the TPTZ method can also affect total
carbohydrate recovery, as complete deprotonation of all
reducing groups is necessary for a complete reduction reac-
tion of ferricyanide.

In this paper, we evaluate our hypothesis that hydroxyl
groups as well as aldehyde contribute to the reduction of ferri-
cyanide to ferrocyanide in the TPTZ method. We investigate
the optimal amount of base required for consistent hydroly-
sate alkalinization to achieve complete color development and
quantitation of the TPTZ-Fe2+ complex. Through UV spectros-
copy, we examine the effects of harsh acid hydrolysis on
monosaccharide dehydration. Subsequently, we develop a
hydrolysis protocol that balances monosaccharide dehydra-
tion and liberation from oligo- and polysaccharides by testing
various hydrolysis conditions (acid type, concentration, dura-
tion, temperature) on common mono-, oligo-, and polysaccha-
rides. We use these results to design an optimized protocol for
hydrolysis and the TPTZ reaction to enable quantitation of
mixed carbohydrate samples that is predictable, repeatable,
and reliable.

Materials and procedures
Glassware and the cleaning procedures

Amber glass vials for the TPTZ reaction (12 mL; B7800-12A;
Thermo Fisher Scientific) and glass centrifuge tubes for hydro-
lysis (10 mL; Corning® 99502-10 PYREX®) were cleaned with
phosphate free detergent then with 5% vol vol�1 hydrochloric
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acid, thoroughly rinsed with reverse osmosis water and then
pre-combusted at 500�C for 6 h before use.

Reagents, carbohydrate standards, and phytoplankton
samples

Water used for standards and phytoplankton media prepara-
tion was purified to 18.2 MΩ using a Direct 16 Millipore unit.
Reagents including concentrated sulfuric acid (18 mol L�1),
sodium hydroxide, sodium carbonate, sodium acetate, ferric
chloride hexahydrate, potassium ferricyanide(III), citric acid
and acetic acid were of ACS grade. TPTZ (2,4,6-tripyridyl-s-tri-
azine, T1253) was obtained from Sigma-Aldrich. Most carbohy-
drate standards were obtained from Sigma-Aldrich, including
D-(+)-glucose (G8270), D-(+)-mannose (63580), D-(+)-galactose
(G0750), D-(�)-fructose (F0127), L-(+)-rhamnose (R3875),
D-(+)-fucose (F8150), D-(+)-xylose (95729), L-(+)-arabinose
(A3256), D-glucuronic acid (G5269), D-(+)-galacturonic acid
(92478), D-mannuronic acid (SMB00280), N-acetyl-D-glucosamine
(A8625), sucrose (S7903), raffinose (83400), α-cellulose (C6429),
laminarin (L9634), amylose (A0512), pectin (P9135), chitin
(C9752), and alginate (A1112). D-(�)-ribose (AC132360050) was
obtained from Fisher Scientific. All carbohydrate standards
were assessed in three replicates with an associated Milli-Q
blank. Three concentrations (500 μL of 100, 200, and
400 μg mL�1) of monosaccharides and water-soluble polysac-
charides (laminarin and alginate) were added to glass centri-
fuge tubes. Around 50, 100, or 200 μg dry powder of
cellulose, amylose, pectin, and chitin was weighed and
suspended in 500 μL Milli-Q.

Particulate carbohydrate was analyzed from three
lab-cultured phytoplankton species: the coccolithophore
Emiliania huxleyi (RCC1266), the diatom Thalassiosira
pseudonana (CCMP1335), and the diatom Minutocellus poly-
morphus (CCMP501). E. huxleyi (RCC1226) was grown at
20�C and 280 μmol photons m�2 s�1 with a 12 : 12 h light–
dark cycle in L/25 medium (Hallegraeff et al. 2004) using an aged
sterilized natural seawater base with 43.8 μmol L�1 nitrate
and 0.896 μmol L�1 phosphate under 41.10 and 2.7 Pa
(1 atm ≈ 10 μatm) pCO2. T. pseudonana (CCMP1335) was grown
at 20�C and 200 μmol photons m�2 s�1 with a continuous light
cycle in an enriched artificial seawater (Berges et al. 2001).
M. polymorphus (CCMP501) was grown at 20�C and 60 μmol
photons m�2 s�1 with a 12 : 12 h light–dark cycle in f/2 medium
(Guillard and Ryther 1962) using an aged sterilized natural sea-
water base. Eight replicate phytoplankton samples were collected
on 25 mm glass fiber filters (GF/F) (pre-combusted at 450�C for
4 h), using gentle vacuum pressure (130 mmHg) at the mid-
exponential phase of growth. Duplicate sample blanks were GF/F
filters with phytoplankton media filtered through them.

Particulate seawater samples were collected in acid-cleaned
sample bottles from 1-m-depth at 44�4103700N, 63�3802500W
(Bedford Basin, NS, Canada) on 31 March 2022. Back in the
lab, 500 mL was filtered on 25 mm GF/F (pre-combusted at
450�C for 4 h), using gentle vacuum pressure (130 mmHg).

Samples were collected in eight replicates. Duplicate pre-
combusted GF/F without sample were used as blanks.

All phytoplankton samples and blanks were flash frozen in
liquid nitrogen and stored at �80�C. Before measurement,
samples were freeze-dried. Samples and their associated blank
filters were then transferred into 10 mL glass centrifuge tubes
and 500 μL Milli-Q was added before hydrolysis. To test if
freeze drying resulted in a loss of carbohydrate, we prepared
standards in solutions, freeze-dried them, and reconstituted
them into solutions for measurement. We observed no change
in the concentration of standards within the assay range we
used. Crompton (2006) also reported complete recovery of
glucose obtained from water after freeze-drying.

Monosaccharide hydrolysis: Sulfuric acid concentration,
duration, and incubation temperature

To identify sulfuric acid concentrations that can cause dehy-
dration in monosaccharide hydrolysis, glucose standards were
vortexed in 6, 9, 12 mol L�1 (commonly used in polysaccharide
pretreatment), and 13.5 mol L�1 (used in the PSA method)
H2SO4 for 15 s. The resulting hydrolysates were loaded into a
96-well microplate (655101; Greiner). The reagent blank is
H2SO4 in the same molarity as in the hydrolysis step (all
250 μL, two replicates). UV/VIS spectra were recorded by Var-
ioskan LUX microplate reader (Thermo Fisher Scientific) from
200 to 800 nm with 2 nm steps. The UV spectra indicate that
sulfuric acid concentrations used in hydrolysis should not
exceed 9 mol L�1 to prevent excessive dehydration.

Glucose, fructose, xylose, galactose, fucose, and galacturonic
acid were mixed with 1.6, 3, 6, and 9 mol L�1 H2SO4 respec-
tively and immediately vortexed for 15 s. The mixtures were
incubated in a water bath at 90�C (used in the PSA method) or
the boiling point (commonly used in other hydrolysis
methods). Triplicates were removed from water bath every
20 min. Hydrolysates were alkalinized and then analyzed by
the TPTZ method.

Polysaccharide hydrolysis: Duration and pretreatment
To determine the optimal acid hydrolysis duration for com-

mon polysaccharides, the water-soluble polysaccharides lami-
narin, alginate, and water-insoluble cellulose, amylose, pectin,
and chitin, and the monosaccharides glucose and fructose
were hydrolyzed in 1.6 mol L�1 H2SO4 at 90�C. To determine
whether hydrolysis with an additional acid pretreatment
could yield higher recoveries from polysaccharides we
repeated the experiment with a 9 mol L�1 H2SO4 pre-
treatment. Five hundred microliters of 18 mol L�1 H2SO4 was
added to 500 μL polysaccharide standards, and then immedi-
ately vortexed for 15 or 30 s (final molarity of H2SO4 in this
pretreatment was 9 mol L�1), then another 4.5 mL of Milli-Q
water was added to dilute H2SO4 into 1.6 mol L�1 without fur-
ther vortexing. The tubes were placed in a 90�C water bath.
Triplicates were removed from water bath at 20-min intervals
during the first hour and then at 60-min intervals from 1 to
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3 h. Hydrolysates were alkalinized and then analyzed using
the TPTZ method.

Other hydrolysis methods
We pretreated glucose by 12 mol L�1 H2SO4 and then

diluted to 1.2 mol L�1 H2SO4 for 3 h at 100�C (Pakulski and
Benner 1992). We evaluated the hydrolysis of oligo- and poly-
saccharide standards by using 0.1 mol L�1 HCl at 100�C for
20 h (Myklestad et al. 1997) and 1.2 mol L�1 H2SO4 for 3 h at
100�C without pretreatment (Hung et al. 2003). After hydroly-
sis, hydrolysate was alkalinized and then measured by the
TPTZ method. We also quantified monosaccharide, oligo- and
polysaccharide standards and microalgae samples using the
PSA method (Laurens et al. 2012).

Optimized hydrolysis procedure
Five hundred microliters of 18 mol L�1 H2SO4 was added

into each centrifuge tube with carbohydrate standards or fil-
ters with phytoplankton samples and then immediately
vortexed for 15 s. Another 4.5 mL of Milli-Q water was added
without further vortex. The tubes were placed in a 90�C water
bath for 3 h.

Influence of hydrolysate pH on TPTZ method
We tested how the pH of the hydrolysate affected the mea-

surement of reducing groups from dehydrated and non-
dehydrated glucose by the TPTZ method. Hydrolysate aliquots
were transferred into amber vials followed by the addition of
12 mol L�1 NaOH and topped up to 1 mL by Milli-Q water.
The ratio between [H+] from hydrolysate and [OH�] from
NaOH was 1.13, 1, 0.9, and 0.82.

The results led to our recommendation that hydrolysate
needs to be alkalinized for a complete measurement of carbo-
hydrate in the TPTZ method. To alkalinize the hydrolysate of
carbohydrate standards or phytoplankton samples, the neces-
sary volume of 12 mol L�1 NaOH was added to achieve a ratio
of [H+] from the hydrolysate to [OH�] from NaOH of 0.82.
The resulting volume of alkalinized hydrolysate was adjusted
to 1 mL by adding Milli-Q water.

TPTZ analysis
Preparation of reagents in the TPTZ method followed

Avigad (1975) and Myklestad et al. (1997). Reagent solutions
were stored at room temperature. The alkaline solution for
Reagent A was a mixture of 400 mg NaOH and 20 g Na2CO3

per liter of solution in Milli-Q water. Reagent A was made by
dissolving 23 mg K3[Fe(CN)6] in 100 mL of the alkaline solu-
tion. The acetate solution for reagent B was made from a mix-
ture of 164 g sodium acetate (anhydrous), 42 g citric acid, and
300 g acetic acid per liter of solution in Milli-Q water. Reagent
B was prepared by dissolving FeCl3�6H2O in the acetate solu-
tion for a final concentration of 54 mg per 100 mL. The acetic
acid solution for reagent C was a solution of 3 mol L�1 acetic

acid in Milli-Q water (180 g L�1). Reagent C was prepared by
dissolving 78 mg TPTZ in 100 mL of the acetic acid solution.

One milliliter of reagent A was added into the alkalinized
hydrolysate. After a 10-min incubation in a boiling water
bath, 1 mL of reagent B and 2 mL of reagent C were added,
and the mixture was vortexed and continuously shaken at
room temperature for 30 min. Then 250 μL of the resulting
mixture was dispensed into duplicate wells of a 96-well micro-
plate (655101; Greiner), column by column. Each column was
covered to avoid light exposure as soon as all eight wells were
loaded. After a 5 s shake, the absorbance at 595 nm was mea-
sured using a microplate reader (Varioskan LUX; Thermo
Fisher Scientific) at room temperature, with a path length
of 5 mm.

Data analysis
The TPTZ standard curve is a regression of the absorbance

of the TPTZ-Fe2+ measured at 595 nm in a microplate reader
at room temperature (corrected by the absorbance from the
reagent blank) as a function of the carbon concentration (μg
C mL�1). The limit of detection (LOD) or quantitation (LOQ)
was calculated as k�Sy=S, where Sy is the standard deviation
of the absorbance from reagent blank, S is the slope of the
standard curve, and k is a constant equal to 3 for LOD and 10
for LOQ recommended by IUPAC (Jochum et al. 1981).

The measured carbon (Cm, μg C mL�1) in a carbohydrate
standard is quantified equivalent to a hydrolyzed glucose stan-
dard under the same hydrolysis conditions with the formula:

Cm ¼ A�Ablank�bHGluð Þ=aHGlu, ð1Þ

where A is the absorbance from the carbohydrate standard in
TPTZ method, Ablank is the absorbance from reagent blank,
bHGlu and aHGlu is the intercept and slope of the standard curve
of hydrolyzed glucose, respectively.

The actual carbon concentration in a carbohydrate stan-
dard solution (Ca, μg C mL�1) is calculated with the formula:

Ca ¼Conc 12:01N=MWð ÞP, ð2Þ

where Conc is the actual concentration of the carbohydrate
standard (μgmL�1), N is the number of carbon atoms in the
molecular formula of the carbohydrate standard compound,
MW is the molecular weight of the standard compound, and
P is the purity of the standard.

The recovery of carbon in a carbohydrate standard (RC) is
calculated with the formula:

RC ¼Cm=Ca: ð3Þ

The colorimetric signal produced by the TPTZ assay is pro-
portional to the number of aldehyde and hydroxyl groups,
collectively referred to as reducing groups. The total number
of reducing groups varies depending on the specific
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monosaccharide and its configuration. Dehydration occurring
during hydrolysis can alter the number of reducing groups
present in the analyte. Moreover, the pH of the analyte affects
the deprotonation of reducing groups, thereby influencing
the reducing activity of the analyte, and resulting in variations
in recovery. The observed number of reducing groups per
sugar is

n¼6�RC, ð4Þ

where RC is the recovery of carbohydrate, and six denotes the
number of reducing groups in acyclic glucose.

Data analyses were performed using the statistical software
R version 4.1.2 and RStudio version 4.1.2. Error estimates pro-
vided in figures, results, and the discussion were one standard
deviation from three replicates, unless otherwise noted.
Chemical structures were drawn by ACD/ChemSketch.

Assessment
We investigated many variations on the hydrolysis and

alkalinization steps in the TPTZ protocol. We present key find-
ings and a recommended optimized procedure for quantifying
bulk carbohydrate. We found that variations in hydrolysis and
alkalinization conditions affected the detection of glucose
and the overall sensitivity of the TPTZ assay. Subsequently, we
explored a variety of hydrolysis steps on mono-, oligo-, and
polysaccharide standards, before applying the optimized
method to biological samples.

Hydrolysis conditions can dehydrate glucose
High concentrations of Brønsted acids, such as HCl and

H2SO4, promote the acid-catalyzed dehydration (Mellmer
et al. 2019) of glucose into 5-(hydroxymethyl) furfural (HMF;
Itagaki 1994; Fig. 1), changing its absorption spectrum in the
UV region. UV spectra for glucose illustrate the influence of
hydrolysis conditions on glucose dehydration (Fig. 2). A 15 s
vortex in 13.5 mol L�1 H2SO4 resulted in a prominent absor-
bance at approximately 320 nm, while the 12 mol L�1 H2SO4

condition showed a moderate absorbance around 300 nm. A
weak absorbance was observed in glucose vortexed in 9 mol L�1

H2SO4, and glucose vortexed for 15 s in 6 mol L�1 H2SO4 dis-
played UV spectra similar to those of unhydrolyzed glucose,
remaining transparent. The peaks in UV spectra indicate the
formation of polymerized HMF and other derivatives, such as

5,50-(oxydimethylene)-di-2-furaldehyde (Gandini 1997; Wang
et al. 2018). This dehydration potentially occurred in some pub-
lished protocols, such as those involving pretreatment with
12 mol L�1 H2SO4 at room temperature for 2 h, followed by
incubation at 100�C for 3 h in 1.2 mol L�1 H2SO4, as described
by Pakulski and Benner (1992). Since glucose remained trans-
parent in the UV region after a 15 s vortex in 9 and 6 mol L�1

sulfuric acid (Fig. 2c,d), we recommend using 9 mol L�1 sulfuric
acid to pretreat carbohydrate samples. Our recommended opti-
mized hydrolysis step (15 s vortex in 9 mol L�1 H2SO4 followed
by a 3 h hydrolysis at 90�C in 1.6 mol L�1 H2SO4) had no

Fig. 1. Scheme of glucose dehydration in H2SO4.

Fig. 2. UV spectra of glucose depicting distinctive absorbance patterns.
Hydrolysis conditions are reported in the title of each panel.
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discernible impact on the glucose structure (Fig. 2e). The faint
absorbance at 280 nm in Fig. 2c,e possibly arises from furanose
with an undehydrated aldehyde (Sarazin et al. 2011) rather
than dehydration.

The importance of alkalinizing the hydrolysate
The pH of the analyte alters both carbohydrate chemistry

and TPTZ color development. Glucose, pretreated with
9 mol L�1 H2SO4 and hydrolyzed by 1.6 mol L�1 H2SO4 at
90�C for 3 h (the optimized hydrolysis) might exist in acyclic,
cyclic or a combination of both forms, resulting in an
expected five to six reducing groups. We find the measured
number of reducing groups varied from 5.6 in acidic solution,
5.4 in a neutralized solution, 5.1 in slightly alkalinized solu-
tion, to 5 in a more alkalinized solution (Fig. 3, black dia-
monds). Acyclic D-glucose solution has a pH of around 8 at
very low concentrations, decreasing to acidic values with
increased glucose concentration (Feng et al. 2013). These
results indicate that acyclic D-glucose is more acidic than cyclic
D-glucose (D-glucopyranose) and can fully deprotonate even in
slightly acidic solutions. The alkalinized medium stabilizes
glucose in a complete cyclic structure, consistently providing
five reducing groups from glucose.

The sensitivity of the assay increased with progressively
large amounts of added hydroxide, leading to enhanced
color development across a range of carbon concentrations.
We observed a linear relationship (R2 = 0.9998) between
blank corrected absorbance at 595 nm for TPTZ-Fe2+ and the
concentration of carbon (μg C mL�1) from glucose hydro-
lyzed in our optimized hydrolysis method (Fig. 4). The abso-
lute absorbance from the reagent blank at 595 nm was 0.05.
The low detection limit (L-LOD) and low quantitation limit
(L-LOQ) were calculated as 5 and 16 ng C mL�1, respec-
tively. The high detection limit (H-LOD) was 10 μg C mL�1.
Alkalinization of the hydrolysate resulted in a 29% increase
in the molar absorptivity (ε) of TPTZ-Fe2+ compared to the
value reported by Myklestad et al. (1997) using hydrolysate

neutralization (3899 � 56 L mol�1 cm�1, pathlength 5 mm
vs. � 3030 L mol�1 cm�1, pathlength 20 mm). The highest
sensitivity (slope of absorbance corrected by the blank
vs. carbon concentration) for detecting hydrolyzed glucose
by TPTZ was obtained from an alkalinized hydrolysate (solid
squares in Fig. 4), in which the ratio of [H+] from hydroly-
sate to [OH�] from 12 mol L�1 NaOH was 0.82. The excess
[OH�] beyond what was needed to neutralize the solution
gave a final pH 13.68, which was higher than the pH of ferri-
cyanide reagent A (measured pH 11.24 at 20�C).

The apparent loss of sugar observed during different neu-
tralization procedures (Panagiotopoulos and Sempéré 2005)
likely arises from the incomplete deprotonation of reducing
groups. This incomplete deprotonation diminishes the molar
absorptivity of the colored complex and therefore carbohy-
drate recovery. The deprotonation of a monosaccharide for
reducing ferricyanide depends on pH and is expected to occur
when the redox potential of R�H�e$R �þHþ falls below
that of the pH-independent ferricyanide-ferrocyanide system
(Speakman and Waters 1955). A fully dehydrated glucose
(HMF) with a pKa value of about 12.82 (Rizelio et al. 2012)
would deprotonate its hydroxyl and aldehyde groups only at
pH levels ≥12.82. We observed the expected two reducing
groups from fully alkalinized hydrolysates with an [H+]/[OH�]
ratio of 0.90 or 0.82 (Fig. 3, red squares), while the neutralized
analyte yielded only one reducing group. Consequently, the
recovery of dehydrated glucose (HMF) in a neutralized hydro-
lysate is only 50% in the TPTZ analysis without alkalinization.
This clarifies why mannuronic acid shows a 51% recovery and
galacturonic acid exhibits a 71% recovery in the TPTZ method
without alkalinization of the monosaccharide solution
(Myklestad et al. 1997). Both uronic acids share a similar struc-
ture, potentially resulting in closer proton affinities compared
to glucuronic acid. We assume the presence of a carboxyl
group may contribute to a higher pKa value. The acidic envi-
ronment from the uronic acid solution may lead to

Fig. 3. Dehydrated glucose in 13.5 mol L�1 H2SO4 (red squares) and
glucose pretreated by 9 mol L�1 H2SO4 followed by hydrolysis in
1.6 mol L�1 H2SO4 at 90�C for 3 h (black diamonds) measured by TPTZ
after the hydrolysate was treated with 12 mol L�1 NaOH. Ratios of [H+]
from the hydrolysate to [OH�] from 12 mol L�1 NaOH were 1.13, 1.00
(vertical dashed line), 0.90, and 0.82. The expected number of reducing
groups for each treatment is depicted with a horizonal dashed line.

Fig. 4. Colorimetric response of TPTZ-Fe2+ complex depends on the
amount of 12 mol L�1 NaOH added. The ratio [H+]/[OH�] is indicated by
the symbol: 1.13 (solid circles), 1.00 (circles), 0.90 (solid triangles), and
0.82 (solid squares). Lines are from linear regression (four treatments, two
replicates). The blue dot-dashed line denotes the optimized alkalinization
treatment while the red dashed line marks the traditionally used
neutralization.
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incomplete deprotonation of all reducing groups, causing
lower recovery than from other monosaccharides.

We recommend alkalinizing the hydrolysate (so that the
ratio of [H+] from the hydrolysate to [OH�] from
the 12 mol L�1 NaOH is equal to 0.82) for two main reasons:
(1) this pH condition promotes the presence of D-glucopyranose
with five reducing groups, ensuring consistent carbon recovery;
(2) it facilitates the complete deprotonation of all carbohydrate
reducing groups, allowing maximum reduction of ferricyanide
to ferrocyanide, thus generating the maximum TPTZ-Fe2+ com-
plex for the highest carbohydrate recovery.

Effect of hydrolysis conditions on glucose recovery
We hydrolyzed the glucose standard using a range of condi-

tions, varying the use of a pretreatment, acid and

concentration, temperature, and duration. The hydrolysate
was alkalinized before measurement using the TPTZ method.
The observed absorbance, relative to unhydrolyzed glucose,
varied from 33% to 89% (Table 1), with the lowest from glu-
cose vortexed in 13.5 mol L�1 H2SO4 and the highest from
glucose hydrolyzed in 1.2 mol L�1 H2SO4 at 100�C for 3 h,
respectively.

Effect of hydrolysis conditions on monosaccharide
recovery

A 1.6 mol L�1 H2SO4 hydrolysis demonstrated superior
recovery compared to 3, 6, or 9 mol L�1 H2SO4 across a set of
representative monosaccharides (galactose, fructose, fucose,
xylose, and galacturonic acid) which are subunits of
aldohexose, ketohexose, deoxysugar, aldopentose, and uronic

Table 1. Influence of hydrolysis conditions on absorbance of hydrolyzed glucose relative to the absorbance of unhydrolyzed glucose
measured by the TPTZ method.

Pretreatment Acid in hydrolysis Temperature (�C) Duration
Absorbance relative to

unhydrolyzed glucose (%)

No 0.1 mol L�1 HCl 100 20 h 63

No 1.2 mol L�1 H2SO4 ATHV 15 s 84

No 1.2 mol L�1 H2SO4 100 3 h 89

12 mol L�1 H2SO4 1.2 mol L�1 H2SO4 100 3 h 75

No 1.6 mol L�1 H2SO4 AT 15 s 85

No 1.6 mol L�1 H2SO4 90 3 h 83

9 mol L�1 H2SO4 1.6 mol L�1 H2SO4 90 3 h 83

No 13.5 mol L�1 H2SO4 ATHV 15 s 33

ATHV, ambient temperature with heating due to vortexing.

Fig. 5. Time course of carbon recovery of galactose, fructose, fucose, xylose, and galacturonic acid equivalent to glucose using different concentrations
of H2SO4 in a 90�C water bath: 1.6 mol L�1 (orange squares), 3 mol L�1 (blue circles), 6 mol L�1 (green triangles), 9 mol L�1 (red diamonds).
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acid (Fig. 5). The acid concentration during the initial 15 s vor-
tex had limited impact on the recovery of individual monosac-
charides, except for a 10% decrease in fructose recovery with
9 mol L�1 compared to 1.6 mol L�1 H2SO4. During the initial
hour of hydrolysis in 1.6 mol L�1 H2SO4 at 90�C, the number
of reducing groups remained stable: approximately six for glu-
cose, fructose, fucose, galactose, and xylose, while galacturonic
acid displayed four reducing groups (Fig. 6). Galacturonic acid
had the lowest recovery (80%) among the assessed monosac-
charides, but its recovery, relative to glucose, increased after
hydrolysis in 9 mol L�1 H2SO4. The decrease in the number of
reducing groups in galacturonic acid is consistent with the
substitution of one hydroxyl group by a carboxylic acid in
uronic acid. Consequently, the anticipated maximum recovery
from uronic acid equivalent to glucose is approximately 80%,
given its four reducing groups compared to the five in D-
glucopyranose.

Fructose exhibited higher sensitivity to both H2SO4 con-
centration and temperature increase, compared to the other
monosaccharides (Figs. 5–7). Fructose recovery declined by 3%
in 1.6 mol L�1 H2SO4, 17% in 3 mol L�1 H2SO4, 67% in
6 mol L�1 H2SO4, and 55% in 9 mol L�1 H2SO4 within the ini-
tial 20 min. After 1 h in 3 mol L�1 H2SO4, the graduate dehy-
dration of fructose resulted in the removal of three reducing
groups, reducing its count from 5.4 to 2.5 (Fig. 6) and its

recovery from 100% to 48% (Fig. 5). Extended hydrolysis
(up to 3 h) in 1.6 mol L�1 H2SO4 at 90�C did not cause further
dehydration of glucose, but the number of reducing groups
from fructose decreased to 2, leading to only 30% recovery
equivalent to glucose (Fig. 8), likely due to fructose dehydra-
tion to levulinic acid (Mulder 1840). At 100�C, the recovery of
fructose decreased by approximately 15% compared to 90�C
in 1.6 mol L�1 H2SO4 after 1 h (Fig. 7). Feng et al. (2013)
noted that fructose exhibits stronger acidic properties com-
pared to glucose, which could contribute to its self-catalyzed
dehydration reactions. Selvendran et al. (1979) and Borch and
Kirchman (1997) noted a decrease in monosaccharide recovery
with prolonged hydrolysis, potentially caused by the loss of
reducing groups. This heightened susceptibility of fructose to
dehydration might elucidate why pentoses are more prone
to partial or complete loss during hydrolysis compared to hex-
oses (Borch and Kirchman 1997).

Our results show how hydrolysis conditions (duration, tem-
perature, and acid concentration) affect recovery of monosac-
charides and the number of reducing groups. We find that a
9 mol L�1 H2SO4 pretreatment for 15 s followed by a
1.6 mol L�1 H2SO4 hydrolysis for 3 h at 90�C is a good com-
promise for C recovery from diverse carbohydrates. Hydrolysis
in 1.2 or 1.6 mol L�1 H2SO4 with no pretreatment at a range
of temperatures and incubation times resulted in significantly
less loss in molar absorptivity from glucose (relative to non-
hydrolyzed glucose) than the 0.1 mol L�1 HCl hydrolysis at
100�C for 20 h (Myklestad et al. 1997), which reduced the
absorbance of glucose to 63% relative to unhydrolyzed glucose
(Table 1). Long duration hydrolysis with diluted HCl at 100�C
leads to low recovery of glucose. Similarly, a 15 s 13.5 mol L�1

H2SO4 treatment reduced glucose absorbance to 33% relative
to unhydrolyzed glucose, but a 15 s 9 mol L�1 H2SO4

Fig. 6. The effect of hydrolysis conditions on the number of reducing
groups as a function of time for glucose, galactose, fructose, fucose,
xylose, and galacturonic acid. Hydrolysis at 90�C and H2SO4 molarity:
1.6 mol L�1 (orange squares), 3 mol L�1 (blue circles), 6 mol L�1 (green
triangles), 9 mol L�1 (red diamonds).

Fig. 7. Time course of carbon recovery of fructose (red diamonds),
fucose (blue circles), galactose (orange squares), galacturonic acid (green
triangles), and xylose (black asterisks) equivalent to glucose under the
same conditions in 1.6 mol L�1 H2SO4 at 90�C or boiling water
bath (100�C).
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pretreatment followed by a 1.6 mol L�1 H2SO4 hydrolysis at
90�C for 3 h only led to moderate absorbance loss. The UV
spectra confirm the highest level of dehydration in the 15 s
13.5 mol L�1 H2SO4 hydrolysis treatment, a lower level of
dehydration at 12 mol L�1, and undetectable levels of dehy-
dration with 15 s 9 and 6 mol L�1 treatment and with the
two-step hydrolysis (pretreatment by 9 mol L�1 H2SO4 and
then incubation at 90�C in 1.6 mol L�1 H2SO4 for 3 h) (Fig. 2).

Contrasting effects of hydrolysis conditions on glucose
compared to other monosaccharides results in complex pat-
terns of monosaccharide recovery since recovery is quantified
relative to glucose. A 15 s hydrolysis with 9 mol L�1 H2SO4

did not induce dehydration in glucose, a finding supported by
UV spectra (Fig. 2c). The brief 15 s vortex of monosaccharides
in 9 mol L�1 H2SO4 resulted in recoveries ranging from 80%
to 90% (Fig. 5); however, prolonged exposure showed signs of
dehydration across all monosaccharides with time (Fig. 6).
Under 1 h hydrolysis in 9 mol L�1 H2SO4 at 90�C, glucose lost
an average of 2.5 hydroxyl groups, while galactose,
galacturonic acid, fucose, fructose, and xylose lost 2.7, 2.7,
3.3, 3.7, and 4.6 hydroxyl groups, respectively. Different
monosaccharides underwent distinct dehydration reactions:
uronic acid dehydrates to 2-furonic acid (Rosenau et al. 2017),

glucose, fucose, and galactose to furfural, and fructose and
xylose to levulinic acid (Hu et al. 2017). This resulted in vary-
ing recovery rates: 80% for galacturonic acid and galactose,
65% for fucose, 50% for fructose, and 15% for xylose (Fig. 5).
Swain and Bratt (1972) reported increased recovery rates of
glucose and mannose by 20% and 10%, respectively, after pre-
treatment of sediments in cold concentrated H2SO4. In con-
trast, Borch and Kirchman (1997) observed decreased recovery
rates for galactose, fucose and rhamnose following strong acid
pretreatment. Understanding the differing dehydration ten-
dencies of various monosaccharides helps clarify how recovery
rates can fluctuate with alterations in hydrolysis conditions.
In our optimized hydrolysis, we recommend a 9 mol L�1

H2SO4 pretreatment for 15 s.

Impact of pretreatment on polysaccharide recovery
Compared to the single-step hydrolysis, the pretreatment

step with 9 mol L�1 H2SO4 enhanced the recovery of tested
polysaccharides, including alginate (+15%), amylose (+13%),
cellulose (+35%), pectin (+9%), and chitin (+37%) (Fig. 8).
The recovery of laminarin (90% � 4%) showed only a mar-
ginal improvement, with a 3% increase compared to no pre-
treatment. This result aligns with the recovery reported by

Fig. 8. Comparison of the carbon recovery of laminarin, amylose, cellulose, pectin, alginate, chitin, and fructose hydrolyzed in 1.6 mol L�1 H2SO4 at
90�C with (red) or without (black) pretreatment by 9 mol L�1 H2SO4. The monosaccharide fructose is included due to its sensitivity to hydrolysis duration,
providing insights into the impact of polysaccharides hydrolysis on overall carbohydrate recovery.
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Pakulski and Benner (1992), who used a 12 mol L�1 H2SO4

pretreatment followed by a 3 h hydrolysis in 1.2 mol L�1

H2SO4 at 100�C. No significant differences in carbohydrate
recovery were observed in most cases between 15 and 30 s of
pretreatment (Fig. 9). The recovery of chitin remained
unchanged after the vortex step but increased by 15% follow-
ing a 1-h incubation when using a 15-s pretreatment com-
pared to a 30-s pretreatment.

The 9 mol L�1 H2SO4 pretreatment increased the water sol-
ubility of various polysaccharides, preventing precipitation in
the two-step hydrolysis of amylose, cellulose, chitin, and pec-
tin. During the single-step hydrolysis, precipitates were evi-
dent in the amylose, cellulose, chitin, and pectin hydrolysate,
but absent following pretreatment. The improvement in
recovery suggests that the pretreatment expedited the cleavage
of glycosidic bonds. The varying recovery rates across polysac-
charides following pretreatment reflect their diverse composi-
tions and bond structures. For instance, laminarin, composed
of glucose units linked by β (1 ! 3) and β (1 ! 6) bonds
showed a recovery limit of approximately 90% due to the
competition between the hydrolysis of the glycosidic linkage
and the protonation of glycosidic O atom (Kamerling and

Gerwig 2007; Fig. 5). In contrast, amylose, comprising glucose
units connected via α (1 ! 4) glycosidic bonds, displayed an
initial recovery acceleration to 95% in 1 h but then remained
constant during secondary reactions in both the amorphous
and crystalline region (Wang and Copeland 2015). Cellulose,
with β (1 ! 4) glycosidic bonds between its glucose units,
exhibited an increased initial solubility with pretreatment, all-
owing greater acid access. However, its hydrolysis rate eventu-
ally stabilized, resulting in a final recovery of 89% � 2%. Our
method’s lower H2SO4 molarity (1.6 mol L�1) limited cellulose
recovery compared to the PSA method (104% � 2%; Table 3).

The recovery of polysaccharides like alginate, pectin, or chi-
tin is partially due to the number of reducing groups in uronic
acid and amino sugar (four to five vs. five to six reducing
groups in glucose), as well as the hydrolysis duration and acid
concentration. Considering fructose’s recovery decrease to
50% in the 3 h two-step hydrolysis (Fig. 8), extending hydro-
lysis is only recommended for samples dominated by polysac-
charides like alginate and cellulose. Complete recovery of
alginate during hydrolysis might be achieved with stronger
acid concentration; however, this approach must be carefully
considered due to potential dehydration and chromophore

Fig. 9. Comparison of the carbon recovery for laminarin, amylose, cellulose pectin, alginate, chitin, and fructose vortexed in 9 mol L�1 H2SO4 for 15 s
(red) or 30 s (black), followed by 1 h hydrolysis in 1.6 mol L�1 H2SO4 at 90�C. The monosaccharide fructose is included due to its sensitivity to hydrolysis
duration, providing insights into the impact of polysaccharides hydrolysis on overall carbohydrate recovery.
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formation (Rosenau et al. 2017). In addition, acid breakdown
may be protected by the glycan structure in alginate (Haug
and Larsen 1965), further complicating the optimization of
the hydrolysis process.

Recovery of carbohydrate standards
Twelve monosaccharide standards were selected to evaluate

our optimized method, encompassing common aldohexoses,
deoxysugars, ketohexoses, aldopentoses, uronic acids, and
amino sugars found in the marine environment. Our assess-
ment compared recovery across three methods: (1) our opti-
mized hydrolysis method followed by alkalinization of
hydrolysate and subsequent TPTZ method (TPTZ-op-H2SO4),
(2) the PSA method, and (3) the TPTZ method with neither
hydrolysis nor alkalinization of sugar solution (as reported by
Myklestad et al. 1997). The optimized hydrolysis method
achieved a mean recovery of 94% from these standards, equiv-
alent to glucose, except for fructose (Table 2). The new TPTZ-
op-H2SO4 method significantly enhances reproducibility and
recovery compared to other methods. The monosaccharides
rhamnose and arabinose exhibited approximately 20% higher
recovery with our optimized hydrolysis and alkalinization of
hydrolysate compared to the method reported by Myklestad
et al. (1997), which lacks both hydrolysis and alkalinization
steps before the TPTZ reaction. Fructose recovery was greatly
reduced relative to Myklestad’s method to only 44% � 5%.

Our optimized method achieved greater recovery for most
deoxysugars, aldopentoses, and uronic acids tested relative to
the results reported by Myklestad et al. (1997). The PSA
method exhibited highly variable recovery from monosaccha-
rides, overestimating fucose (118%) and fructose (162%),
while underestimating many other monosaccharide standards

(21–72%) and failed to detect N-acetyl-D-glucosamine
(Table 2).

Oligo- and polysaccharides, such as sucrose, raffinose, lami-
narin, amylose, cellulose, alginate, pectin, and chitin, were
subjected to three hydrolysis methods for analysis: (1) our
optimized hydrolysis method (TPTZ-op-H2SO4), (2) hydrolysis
in 0.1 mol L�1 HCl for 20 h at 100�C (TPTZ-HCl; Myklestad
et al. 1997), and (3) hydrolysis in 1.2 mol L�1 H2SO4 for 3 h at
100�C (TPTZ-H2SO4; Hung et al. 2003). Each hydrolysis
method was followed by alkalinization of the hydrolysate and
measurement using the TPTZ method. The hydrolysis with
12 mol L�1 H2SO4 pretreatment followed by 1.2 mol L�1

H2SO4 for 3 h at 100�C (Pakulski and Benner 1992) was
excluded from the comparison due to significant dehydration,
as confirmed by UV spectra analysis (Fig. 2b). The PSA method
was included for comparison purposes.

For glucose-based compounds, our optimized hydrolysis
displayed an average of 85% recovery, surpassing TPTZ-HCl
and TPTZ-H2SO4, which showed 74% and 64% recovery,
respectively (Table 3). Using the TPTZ-HCl method, we
obtained comparable sucrose recovery but significantly lower
laminarin recovery (65%) compared to the 94–99% recovery
reported by Myklestad et al. (1997). These findings highlight
that the TPTZ-op-H2SO4 method is better able to break glyco-
sidic bonds to liberate glucose units compared to the TPTZ-
HCl and TPTZ-H2SO4 methods. The PSA method results
exhibited widely variable carbon recovery, ranging from 68%
(laminarin) to 213% (sucrose). The comparable recoveries
observed for laminarin and cellulose using both the TPTZ-HCl
and TPTZ-H2SO4 methods indicate they have a similar effi-
ciency in breaking down glycosidic bonds in glucose-based
compounds. The lower recoveries from sucrose and raffinose

Table 2. Carbon recovery of monosaccharide standards (Rc, mean %, coefficient of variation in parentheses, n=3) hydrolyzed by our
optimized hydrolysis method and measured by TPTZ after alkalinization (TPTZ-op-H2SO4), PSA method, and TPTZ method without
hydrolysis.

Type of carbohydrate Name TPTZ-op-H2SO4 PSA TPTZ*

Aldohexoses D-(+)-Galactose 93.57 (0.97) 58.25 (24.58) 96

D-(+)-Mannose 99.26 (3.39) 66.07 (11.72) 95

Deoxysugars D-(+)-Fucose 79.19 (1.70) 117.81 (2.14) 74

L-Rhamnose 101.37 (3.84) 71.66 (4.43) 79

Ketohexoses D-(�)-Fructose 43.77 (10.28) 162.07 (6.70) 103

Aldopentoses D-Ribose 92.43 (5.00) 38.27 (13.37) 89

D-(+)-Xylose 104.39 (0.89) 74.20 (12.59) 105

L-(+)-Arabinose 102.42 (2.85) 37.67 (35.65) 88

Uronic acid D-(+)-Glucuronic acid 100.2 (0.36) 33.19 (71.98) 95

D-(+)-Galacturonic acid monohydrate 83.61 (7.85) 20.85 (21.61) 71

D-Mannuronic acid 98.47 (2.22) – 51

Amino sugar N-Acetyl-D-glucosamine 88.75 (3.56) <LOD –

Average 90.6 (19.2) 61.8 (74.0) 86 (18.6)

*Reported by Myklestad et al. (1997).
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indicate that TPTZ-H2SO4 might reduce the recovery of fruc-
tose and galactose more than the TPTZ-HCl method. Based on
this observation, the TPTZ-H2SO4 method was excluded from
further tests of the recovery of other polysaccharides. The opti-
mized method exhibited a recovery of 65% from alginate and
89% from pectin, whereas TPTZ-HCl exhibited 23% and 86%
recovery, respectively. PSA generally resulted in lower carbon
recovery from uronic acid-containing polysaccharides, such as
18% from alginate and 39% from pectin. In addition, PSA
could not detect polysaccharides of the amino sugar type, for
instance, chitin.

Microalgae and marine particulate samples
Total particulate carbohydrate, measured as glucose equiva-

lents, retrieved from phytoplankton cultures (diatoms:
M. polymorphus, T. pseudonana; coccolithophore: E. huxleyi)
and Bedford Basin particulate seawater samples ranged from
0.6 to 6.7 times higher using our optimized method compared

to the PSA method (Table 4). The Bedford Basin sample, col-
lected during the March spring bloom dominated by diatoms,
exhibited a similar discrepancy in carbohydrate recovery
between the two methods, mirroring the results observed in
the diatom samples.

Discussion
Carbohydrates represent about 8–10% of particulate

organic carbon in the surface ocean, up to 30% in sediment,
and 15–50% of the carbon in dissolved organic matter/or car-
bon (as reviewed by Bligh et al. 2022). Reliable quantification
of the carbon content of carbohydrate in dissolved and par-
ticulate marine samples is useful for improving our under-
standing of the marine carbon cycle, including organic
carbon production, remineralization, trophic transfer, and
storage, as well as transformations into the dissolved organic
matter pool. The TPTZ method was developed to be a rapid
and precise method for quantifying dissolved carbohydrate,
which has been adapted for use on particulate samples when
coupled with hydrolysis of oligo- and polysaccharides. Car-
bohydrate quantification by TPTZ has similar accuracy com-
pared to the more challenging MBTH method and compared
to the PSA method is much more accurate for carbon recov-
ery from mixtures of sugars. The TPTZ method is thought to
quantify carbohydrates by using the reducing potential of a
single aldehyde group present in reducing sugars to reduce
ferricyanide (Myklestad et al. 1997). Since hydrolyzed and
unhydrolyzed monosaccharides possess a single aldehyde
group, one might expect consistent recovery across sugars
and hydrolysis conditions based on this mechanism. Con-
trary to expectations, we found that the TPTZ method can
detect both hydroxyl and aldehyde groups in monosaccha-
rides. In addition, we observed that the pH of the solution
during the reduction of ferricyanide affects the yield. We var-
ied hydrolysis conditions and the amount of base added
before analysis, testing methodological variants across a

Table 4. Total particulate carbohydrate from laboratory cultures
(pg cell�1) and Bedford Basin field samples (μg L�1) quantitated
by TPTZ-op-H2SO4 (optimized hydrolysis method, hydrolysate
alkalinized and measured by TPTZ), PSA, and their ratio. Values in
parentheses indicate one standard deviation (n = 8).

Sample type TPTZ-op-H2SO4 PSA
TPTZ-op-
H2SO4/PSA

Minutocellus

polymorphus

1.82 (0.02) 1.01 (0.01) 1.8

Thalassiosira

pseudonana

20.43 (0.33) 10.25 (0.96) 2.0

Emiliania huxleyi

(41.10 Pa pCO2)

6.07 (0.17) 3.76 (0.15) 1.6

E. huxleyi (2.7 Pa

pCO2)

23.13 (0.69) 3.00 (0.24) 7.7

Bedford Basin 335.08 (3.56) 190.25 (0.95) 1.8

Table 3. Carbon recovery of oligo- and polysaccharide standards (Rc, mean %, coefficient of variation in parenthesis, n=3) hydrolyzed
by our optimized hydrolysis method and measured by TPTZ after alkalinization (TPTZ-op-H2SO4), hydrolysis by 0.1mol L�1 HCl for 20 h
at 100�C (TPTZ-HCl) and by 1.2mol L�1 H2SO4 for 3 h at 100�C (TPTZ-H2SO4), PSA method.

Name TPTZ-op-H2SO4 TPTZ-HCl TPTZ-H2SO4 PSA

Sucrose 75.26 (5.18) 80.62 (4.92) 62.98 (7.35) 213.03 (1.42)

Raffinose pentahydrate 78.98 (6.41) 60.70 (10.40) 46.08 (12.83) 124.24 (0.85)

Laminarin 90.16 (4.44) 65.28 (10.63) 78.46 (1.08) 68.41 (15.77)

Amylose 92.45 (3.19) 96* – 85.34 (7.92)

a-cellulose 88.59 (2.38) 68.13 (14.59) 68.64 (7.04) 103.89 (2.11)

Alginate 65.38 (2.42) 23.06 (3.04) – 18.25 (87.95)

Pectin 89.00 (1.58) 86.18 (2.21) – 38.85 (45.17)

Chitin 76.68 (1.55) – – <LOD

Average 82.1 (11.5) 68.6 (34.5) 64.0 (21.2) 81.5 (83.3)

*Reported by Myklestad et al. (1997), corrected based on the recovery of glucose.
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range of mono-, oligo-, and polysaccharides to develop our
optimized hydrolysis protocol. Harsh hydrolysis conditions
result in low recovery due to monosaccharide dehydration,
whereas weak hydrolysis conditions lead to low recovery
because polysaccharides are incompletely cleaved into their
monosaccharide subunits. Insufficient alkalinization of the
hydrolysate leads to incomplete recovery of monosaccharides
due to incomplete deprotonation, which prevents the maxi-
mum reduction of ferricyanide, resulting in lower molar
absorptivity.

Acid dehydration of glucose into furfural eliminates three
hydroxyl groups, leaving one aldehyde and one hydroxyl
group on the furan ring (Fig. 1; Ranoux et al. 2013). If TPTZ
solely detects aldehyde groups, we would anticipate no impact
from dehydration. However, we observed a reduced molar
absorptivity of the TPTZ-Fe2+ complex generated from
dehydrated glucose, to approximately one third of the amount
produced from unhydrolyzed glucose (Fig. 2a; Table 1). The
observed reduction in molar absorptivity strongly suggests
that the loss of hydroxyl groups results in the loss of colored
TPTZ-Fe2+ complex. We propose that both aldehyde and
hydroxyl groups contribute to the reduction of ferricyanide:

R O :ð Þnn�þn Fe CNð Þ6
� �3� !R O�ð Þnn�þn Fe CNð Þ6

� �4�, ð5Þ

where the variable n in Eq. 5 is the number of ferricyanide mol-
ecules reduced in the reaction, that is, the number of reducing
groups in the reducing sugar. Myklestad et al. (1997) reported
varying glucose-equivalent recovery rates when using the TPTZ
method with hydrolysis: 96–103% from aldohexoses, 103%
from ketohexoses, 74–79% from deoxysugars, 88–105% from
aldopentoses, and 51–95% from uronic acids. These sugars pos-
sess different numbers of reducing groups: aldohexoses and
ketohexoses have 5–6, deoxysugars, aldopentoses and uronic
acids have 4–5, depending on their cyclic or acyclic structures.
This observed recovery pattern is consistent with the hypothe-
sis that both aldehyde and hydroxyl groups contribute to the
reduction of ferricyanide. Yields from the MBTH method are
also affected by glucose dehydration. Pretreatment with
12molL�1 H2SO4 followed by hydrolysis in 1.2molL�1 H2SO4

at 100�C for 3h resulted in a 50% decrease in the measured
molar absorptivity by MBTH relative to undehydrated glucose
(see fig. 1 in Pakulski and Benner 1992).

Hydrolysis is required to break oligo- and polysaccharides
into their constituent monosaccharides for analysis, but harsh
hydrolysis conditions will dehydrate carbohydrates, decreas-
ing the number of reducing groups, production of the TPTZ-
Fe2+ complex and recovery of carbohydrate, demonstrating a
need for an optimized hydrolysis protocol for the analysis of
total and dissolved particulate carbohydrate. Our optimized
hydrolysis along with the alkalinization of hydrolysate before
TPTZ analysis achieved an average recovery of monosaccha-
rides quantified relative to glucose of 94% and a more

consistent recovery (80–100%) from 11 out of 12 tested mono-
saccharides. Our optimized hydrolysis broke more glycosidic
bonds in polysaccharides compared with using 0.1 mol L�1

HCl for 20 h at 100�C (Myklestad et al. 1997) and 1.2 mol L�1

H2SO4 for 3 h at 100�C (Hung et al. 2003) resulting in
increased recovery. The mild concentration of HCl
(0.1 mol L�1) used by Myklestad et al. (1997) effectively broke
α (1 ! 4) glycosidic bonds in amylose and did not cause sub-
stantial dehydration in fructose. It resulted in similar recovery
from sucrose and raffinose compared to our optimized hydro-
lysis; however, its low molarity was insufficient to fully liber-
ate glucose from laminarin and cellulose. Alginate had the
lowest recovery among the polysaccharide standards using
the optimized method (65%), but this recovery was signifi-
cantly higher than the 23% obtained using 0.1 mol L�1 HCl at
100�C for 20 h (TPTZ-HCl). There are no perfect hydrolysis
conditions for all sugars; our choice is a trade-off aimed at
increasing total carbohydrate recovery, ensuring adequate
recovery for most sugars, and limiting the loss of alginate and
fructose.

Carbohydrate recovery is predictably influenced by factors
such as the number of carbon atoms and reducing groups in a
sugar and the composition of monosaccharides within an
oligo- or polysaccharide. For example, the recovery of pectin
using both the optimized method (89% � 2%) and
0.1 mol L�1 HCl at 100�C for 20 h (TPTZ-HCl, 86% � 2%)
aligned closely with the recovery of galacturonic acid, the
principal component of pectin (84% � 8%). This similarity
supports the hypothesis that the maximum recovery is con-
strained by the four reducing groups in cyclic galacturonic
acid. Self-catalyzed dehydration of fructose resulted in a 50%
decrease in the number of reducing groups and only 44% �
5% recovery relative to glucose (Fig. 8). The dehydration of
fructose during the hydrolysis stage limits recovery of sucrose
and raffinose (Table 3). Complete hydrolysis of sucrose (into
glucose and fructose) and raffinose (into galactose, glucose,
and fructose) leads us to predict recoveries of 72% and 79%,
respectively, based on the 44% and 94% observed recovery of
fructose and galactose equivalent to glucose (Table 2). These
predictions closely matched the observed recoveries of 75% �
5% and 79% � 6%.

The optimized method improves recovery of many mono-
saccharides in neutralized solutions (Table 2, relative to
Myklestad et al. 1997) by alkalinizing hydrolyzed carbohy-
drates before the TPTZ reaction. We attribute this result to the
complete deprotonation of reducing groups and complete
color development of the TPTZ-Fe2+ complex. The ferricya-
nide reduction activity of hydroxyl groups depends on the
proton affinity and acidity constant. Feng et al. (2013) demon-
strated complete deprotonation of cyclic D-β-glucopyranose in
an alkaline solution (pH 11), which is like the alkaline envi-
ronment of the ferricyanide reagent in the TPTZ method. As a
result, all the hydroxyl groups in glucose will exhibit similar
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reductive properties to the aldehyde group in reducing ferricy-
anide. Variation in carbohydrate quantitation also arises since
monosaccharides are quantified relative to glucose. Cyclic
D-β-glucopyranose can only reduce 83% (5/6) of the ferricya-
nide that would be reduced by the six reducing groups in
acyclic D-glucose. The alkalinized medium stabilizes glucose in
a complete cyclic structure, consistently providing five reduc-
ing groups from glucose. Even if no hydrolysis is required,
such as in the TPTZ analysis of dissolved monosaccharide, we
recommend alkalinizing carbohydrate samples to ensure equal
yields across diverse monosaccharides (Hu and Finkel 2022a).

Our optimized method showed significant improvement
compared to the PSA method which gave highly variable
recovery from oligo- and polysaccharides, ranging from 38%
for pectin to 213% for sucrose (Table 3). The concentrated
H2SO4 used in the PSA method resulted in a more compre-
hensive hydrolysis of cellulose but not amylose and lami-
narin. This disparity may be attributed to the polymerization
of furan derivatives from more easily broken glycosidic
bonds. The PSA method generally yields lower recovery from
uronic acid and fails to detect polysaccharides of the amino
sugar type, such as chitin. We expect that our optimized car-
bohydrate hydrolysis along with hydrolysate alkalinization
will enhance the TPTZ-based carbohydrate analysis, resulting
in increased carbohydrate yield and reproducibility com-
pared to both PSA method and TPTZ method measuring car-
bohydrates hydrolyzed by common hydrolysis (Tables 2, 3).
We obtain greatly increased carbohydrate yields from phyto-
plankton cultures and field samples (Table 4). The diatom
T. pseudonana contains chrysolaminarin (a linear polymer of
β (1 ! 3) and β (1 ! 6) linked glucose units) and a chitin-
based scaffold associated with the frustule (Brunner
et al. 2009). Laminarin recovery increased 30% with our
method relative to PSA and chitin was undetectable with
PSA. The coccolithophore E. huxleyi is known to have uronic
acids (Lee et al. 2016) which are poorly recovered by PSA
(21–38%) compared to our optimized method (84–100%).
The carbohydrate matrix in E. huxleyi grown at 2.7 Pa pCO2

shifts from glucose to mannose, galactose and arabinose
compared with cultures grown at high pCO2 (Borchard and
Enge 2012). The carbohydrate composition of E. huxleyi and
low recovery from galactose (58%), mannose (66%), arabi-
nose (38%), and uronic acid (21–38%) using the PSA method,
may explain the twofold to eightfold increase in carbohy-
drate recovery in this species with our method relative to
PSA. Similarly, we anticipate increased yield of carbohydrates
in Phaeocystis due to its pectin-like polysaccharides
(Alderkamp et al. 2007) and bacteria-produced alginic acids
(Usov 1999) relative to PSA.

We did not investigate the quantitation of sulfated carbo-
hydrates. Acid hydrolysis might cleave the sulfate ester
linkages in sulfated glycans (Kim et al. 2023), liberating mono-
saccharides and potentially restoring reducing groups. The
efficiency of desulfation during hydrolysis can vary, so further

research is needed to determine the applicability and accuracy
of methods investigated here for these compounds.

Conclusions
TPTZ analysis measures both hydroxyl and aldehyde

groups, contingent upon full deprotonation in an alkaline
medium for complete color development. Dehydration during
hydrolysis reduces the number of reducing groups, resulting
in lower molar absorptivity and recovery. Insufficient alkalini-
zation before TPTZ analysis results in incomplete and variable
recovery of monosaccharide mixtures. To address these chal-
lenges, we recommend an optimized method for quantifying
total particulate carbohydrate: (1) vortex samples in 9 mol L�1

H2SO4 for 15 s, (2) dilute to 1.6 mol L�1 H2SO4 and hydrolyze
at 90�C for 3 h, (3) add 12 mol L�1 NaOH to the hydrolysate
for a final ratio of 0.82 ([H+] from hydrolysate to [OH�] from
NaOH), (4) conduct TPTZ analysis. Our optimized method
(Hu and Finkel 2022a,b) significantly improves the recovery of
various mono-, oligo-, and polysaccharides relative to previ-
ously published TPTZ protocols measuring carbohydrates
hydrolyzed by common hydrolysis, enhancing average recov-
ery rates to 90% and results in improved reproducibility com-
pared to the PSA method. The enhanced accuracy of our
method will facilitate better estimates of particulate and dis-
solved carbohydrates in biological and environmental
samples.
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