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AćĘęėĆĈę

D-Psicose/allulose, a rare sugar, is an essential raw material in the pharma-
ceutical and food industries. It is scantly found in nature and to meet its
demand in industries, D-Psicose is generated enzymatically using D-fructose
as a substrate. In these conversions, it is important to monitor D-Psicose,
in order to control the process impurities to optimize the reaction time and
reduce the process cost. The available analytical methods have their limi-
tations in quantifying D-psicose and D-fructose mixtures. Hence there is a
need for the development of a routine, sensitive, quick and precise analyti-
cal method for D-psicose production on-line monitoring of reaction mixer. In
the presentwork, a simpliϐied reverse phaseHPLC technique is developed and
validated for the quick reactionmonitoring of D-psicose fromD-fructose, dur-
ing enzymatic conversions procedures. The analysis is conducted at different
concentrations ranging from 0.05 % to 0.5 % of the standard solutions of the
D-psicose and D-fructose, by using water and Acetonitrile (at a ratio of 20:80)
as eluent with a ϐlow rate of 1.0 mL/min on isocratic HPLC-RID system with
an aminopropyl silane stationary phase [ZORBAX SIL 4.6 x 150mm, 5µmpar-
ticle size column (USP-L8)]. The applicability of this method is illustrated in
reaction monitoring, where D-fructose (substrate) is converted to D-psicose
(product) in the presence of the enzyme: D-Tagotose 3- epimerase. Separa-
tion of D-psicose and D-fructose is achieved within 8 minutes with a resolu-
tion ≥ 4 which is the key advantage for reaction monitoring and linearity is
established with regression of ≥ 0.99. Additionally, the current method uses
a simple mobile phase, without any buffers. It can be used routinely for reac-
tion monitoring.
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INTRODUCTION

D-psicose, a rare sugar, is turning to be a poten-
tial pharmaceutical rawmaterial formany industrial
applications viz; as additive for pharma products (Li
et al., 2013), food processing and in the beverages
production, etc. (Zeng et al., 2013; Smythe et al.,
2017) Due to its properties such as low calories and
low energy content. D-psicose (D-allulose/ D-ribo-
2-hexulose/ C6H12O6) is a hexoketose monosaccha-
ride sweetener with low-caloriϐic value and is a C-
3 epimer of D-fructose (Bosshart et al., 2016). It
is rarely found in nature (Yagi and Matsuo, 2009)
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and it is one of the rare sugars with a potential
advantage of using as a precursor and sweetener
for pharmaceutical use. It has 0.3 % energy and
70 % relative sweetness of the table sugar (Chung
et al., 2012; Chattopadhyay et al., 2014) and is a per-
fect sucrose alternate for food products. It exhibits
signiϐicant physiological functions, such as neuro-
protective effect, reactive oxygen species scaveng-
ing activity (Sun et al., 2008) and blood glucose
suppressive effect (Hayashi et al., 2010). It also
produces high-quality ϐlavor during food processing
and enhances gelling performance (Mu et al., 2012).

Current existing methods

D-psicose can be enzymatically generated from a
cheaper substrate, D- fructose. Because of the
position of the thermodynamic equilibrium (Wag-
ner et al., 2015), the enzymatic reactions yield an
epimeric mixture of a substrate (D-fructose) and
product (D-psicose) (Takeshita et al., 2000; Lee et al.,
2006). It is important to monitor the conversion of
substrate to the product in the reaction in order to
control the process to avoid the process impurities
and to optimize the reaction time and also to reduce
the process cost (Pazourek, 2019; Kuligowski et al.,
2012). Therefore, the development of a routine, sen-
sitive, quick and precise method for the determi-
nation of D-psicose content in a reaction mixer is
required for the mass production of D-psicose. Cur-
rently, there are many methods that are reported
in the literature. Chromatographic separation is
one of the techniques of choice; it includes High
pH anion-exchange chromatography coupled with
pulsed amperometric detection (HPAEC-PAD), Thin
Layer Chromatography (Kim et al., 2008), GC (Gas
chromatography) and other HPLCmethodswith dif-
ferent detectors and different column chemistries.
Recently electrophoresis method is also reported
using Capillary Electrophoresis (CE) (Surapureddi
et al., 2019).

The major disadvantage with HPAEC-PAD analysis
is the co-elution of D-psicose and D-fructose, where
both the sugars elute as a merged peak. Hence, the
technique is not selective enough and also do not
serve the purpose. Additionally, the high pH of the
mobile phase in the method results in the partial
conversion of D-fructose to D- psicose. This makes
it difϐicult and ineffective method for reaction mon-
itoring (Oshima et al., 2006).

HPLC with RID (Refractive index detector) and
ELSD (Electro light scattering detectors) methods
reported for D-psicose analysis suffers from long
run time of 20 to 30 min (Morimoto et al., 2006;
Men et al., 2014; Qi et al., 2017)Only short methods
allow the researcher to decide on the process devel-

opment, especially during the enzymatic reactions.
Moreover, this method is based on the size and ion
interactions, which make the technique less pre-
ferred ones, as both the D- psicose and D-fructose
have a same molecular size (as they are isomers).

GC method with FID is one of the sensitive methods
reported for sugar analysis. Though this method is
sensitive enough to quantify the sugars, there are
a couple of major disadvantages. Long preparation
time (5 to 6 hours) due to the derivatization of the
sugars makes the method not a good choice for.

HPLC (2 AB labeling Fluorescence-basedmethod) is
one of the sensitive methods reported in the liter-
ature (Hasehira et al., 2010) where the sugars are
labeled with ϐluorescence dye. The common disad-
vantages of themethodare similar to theGCmethod,
where the labeling step is cumbersome and time-
consuming. Fluorescence labeling in the crude sam-
ple is again challenging to recovery.

One of the recently reported electrophoresis (Sura-
pureddi et al., 2019) method using Capillary elec-
trophoresis has taken care of most of the above-
discussed disadvantages. In the CE method that is
reported, UV detection is used for the identiϐication
and quantiϐication of rare sugars alongwith the pro-
cess impurities and the run time is 20 min. There is
always a growing demand for cost-effective, better
analytical methods with further less run time, espe-
cially for in-process sample analysis. Moreover, the
method should be economical enough, with simple
instrumentation.

This investigation pertains to the separation of D-
psicose from D-fructose by HPLC with RID, using
a novel stationary phase, Amino-propyl Silane
bonded to ZORBAX SIL, which is not reported till
date for monitoring of D-psicose in the presence
of D-fructose in the enzamatic conversion reac-
tions. The current method reduces the run time
by 2.5 fold in comparison with the most recent
method (Surapureddi et al., 2019). The current
isocratic separation method on an amino-propyl
silane phase bonded column make it possible to
resolve D-psicose and D-fructose from other poten-
tial by-products within 8 minutes, using acetoni-
trile and water (80:20) as a mobile phase and
with simple instrumentation of HPLC with RI detec-
tor (Tihomirova et al., 2016). The method is illus-
trated by applying to quick real-time monitoring of
the reaction mixture.

MATERIALS ANDMETHODS

The Analytical Reagent (AR) grade chemicals were
used. Acetonitrile (Merck), D-psicose, D-glucose and
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D-fructosewere acquired from Sigma. Milli-Q/ Puri-
ϐied water was employed for the mobile phase and
other standard solution preparations.

HPLC System with RI detector (Shimadzu – Promi-
nence i / Nexera X2) was purchased from Shimadzu.
The column Amino-propyl Silane phase bonded to
ZORBAX SIL 4.6 x 150 mm, 5 µm particle size col-
umn (USP-L8) was purchased from Zorbax.

Of the various stationary phases tested from the
viewpoint of the chemical structure of the ana-
lytes, Amino-propyl Silane was found to be sensitive
towards these sugars. Hence in this work, the said
stationary phase was used.

Various solvents and their blends were tested for
isocratic elution for the said separation. It was
observed that the blend of acetonitrile and water in
the ratio 80:20 without buffer was found to be opti-
mum. As the content of water was increased above
20%, the resolutions of the sugars were decreased
and the column material was getting deteriorated
due to the hydrolysis of the silica, though the run
time was reduced.

The ϐlow rate of themobile phasewas optimized and
it was found to be 1.0 mL/min. When the ϐlow rate
was increased by more than 1.0 mL/min, the reso-
lution of peaks was not satisfactory, though the run
time was reduced. Moreover, it was creating back
pressure that was causing the destruction of the col-
umn material and thereby affecting the column life-
time. When the ϐlow rate was reduced to less than
1 mL/min, though the resolution was good, it was
increasing the run time beyond reasonable time lim-
its of the experiment.

Hence, the optimal conditions for the successful res-
olution of the three sugars were found to be: iso-
cratic elution with the mobile phase having compo-
sition: Acetonitrile and water (80:20% v/v); ϐlow-
rate 1.0 mL/min; column compartment tempera-
ture: 35◦C; injection volume: 20 µL; RID ϐlow cell
temperature: 40◦C. The said experimental condi-
tions were used in this investigation for monitoring
the conversion of D-fructose to D-psicose.

RESULTS AND DISCUSSION

In the present investigation, D-glucose is also
included in the mixture with D-fructose and D-
psicose as in most of the enzymatic conversions
after the lapse of a certain time of Chromatographic
elution. The former may appear as an impurity.

The conversion of Fructose (substrate) to D-Psicose
(product) is presented in Figure 1.

The separation method

Figure 1: Schematic representation of reaction,
where D-fructose is converted to D-psicose in
the presence of Epimerase enzyme

Separation of mixtures of D-psicose, D- fructose and
D-Glucose were carried by an HPLC method at the
optimum conditions as was described in Sec 2. Res-
olution and the peak separation are represented in
Figure 2.

Figure 2: Schematic representation of
Separation, where D-psicose peak is obtained at
4.81 min, D-fructose peak is obtained at 6.17
min and the D-glucose peak is obtained at 7.44
min

The resolution was found to be > 4.4 between D-
psicose–D-fructose and > 2.3 between D-fructose–
D-glucose, when the mixture of the three pure sug-
ars was analyzed.

The present developed method has different chem-
istry, involving polarity and ion exchange nature,
which is unique for reaction monitoring. The amino
column has -NH2 group in the terminal of the car-
bon chain and the lone pair available on Nitro-
gen provides sufϐicient binding afϐinity towards the
three sugars. Due to the structural differences
between these three sugars, the molecular inter-
actions (mainly hydrogen bonding) between the -
NH2 groups of the Colum metrical and three sug-
ars varies (Dashnau et al., 2005; Hewetson et al.,
2014). D-psicose with just two hydroxyl groups
structurally oriented towards the NH2 has the least
afϐinity towards the column when compared with
the fructose, which has three hydroxyl groups avail-
able for the interactions. As a consequence of this,
D-psicose is eluted faster than the D- fructose. In the
case of D-glucose, the presence of an additional-CHO
group impartsmore binding nature towards the col-
umn and hence it is retained more time in the Col-
umn than the rest of the two sugars.
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Table 1: Method validation in terms of linearity, range, the limit of detection, the limit of
quantiϐication, reproducibility, retention times, resolution and recovery of sugars
Analyte Linear

Range
(%)

Correlation
coefϐi-
cient
r2

LOD/LOQ %RSD
Day
1(n=6)

%RSD
Day
2(n=6)

Rt’s Resolution Recovery

D-
psicose

0.05-0.5 0.9993 0.007 /
0.02

1.85 2.14 16.78 4.4 96 to 98

D-
fructose

0.05-0.5 0.9998 0.006 /
0.018

1.38 1.95 19.09

Table 2: Applications
S.No. Monitoring of D-psicose in enzymatic conversion from D-fructose

Sample collected at times: % of D-psicose conver-
sion

1 0 hrs 0 From 100mM
D-fructose2 48.0 hrs 8.0 mM

3 60.0hrs 20.0 mM

Figure 3: Overlay of different concentrations of
D-psicose and D-fructose. D-psicose peak is
obtained at 4.4 min and the D-fructose peak is
obtained at 6.2 min

Figure 4: Reaction monitoring for 48 hours.
D-psicose peak is obtained at 4.41 min,
D-fructose peak is obtained at 6.2 min and the
D-glucose peak is obtained at 7.4 min

So far, existing HPLC methods available in literature
used different chemistries, which are based on Size
or ion exchange or in combination, which is one of
the major reasons for extended run time. Column
chemistry used in the current method reduces the
run time to less than 8 min.

The current method is the ϐirst of its kind HPLC
based method with a simple mobile phase without
any salts in the current study makes it an adapt-
able method for mass analysis. Other existing meth-
ods either use salt buffers or derivatization tech-
niques or tag the molecules with ϐluorescent dyes.
The use of a simple mobile phase will also help
in sample recovery, which is not possible with all
the reported methods. Though the method pub-
lished by (Surapureddi et al., 2019) using CE is sen-
sitive and uses simple buffers, sample recovery is
not possible, as the CE instrument does not have the
option for sample collection. Additionally, the cur-
rent method reduces the run time from 18 min to
less than 8 min in comparison with the CE method.
The current method can also be optimized to ELSD
to further increase the sensitivity.

Validation

To ϐind out the range of the method, different con-
centrations (ranging from 0.05% to 0.5%) of D-
fructose and D-psicose were subjected for the anal-
yses using the present developed method. Linearity
was established with regression of 0.99 for both D-
psicose and D-fructose within the worked out con-
centration range. Overlay of different concentration
data is represented in Figure 3. The method repro-
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ducibility was established with a variation of less
than 5% at 0.5% concentrations for both the sugars
when injected multiple times (n=6). Reproducibil-
ity, LOD, LOQ, recovery and the regression data are
presented in Table 1.

Application of the method to monitor D-psicose
formation from D-fructose

To exhibit the applicability of the present developed
technique, we carried out the conversion reaction
using amodiϐied (Itoh et al., 1995) method. Puriϐied
D-Tagatose Isomerase was immobilized onto Chito
pearl beads. The immobilized beads were poured
into a glass column. Substrate solution (Fructose)
was passed through the column. Eluted productwas
collected at different time points (data was repre-
sented only at 0 min, 48 hrs and 60 hrs). The reac-
tion was carried out at 30oC. Samples that were col-
lected were subjected to the analysis using the cur-
rent method. Reaction monitoring was performed
till 60 hours, where the increasing concentration of
D-psicose was maximal at 48 hours. Further, pro-
cessing of reaction to 60 hours resulted in the for-
mation of Glucose. Reaction monitoring data is rep-
resented in Figure 4 and Table 2.

CONCLUSION

An accurate, simple, fast and precise technique
based on HPLC with RID has been developed with
less run-time by employing themobile phase of ace-
tonitrile and water in the ratio 80:20% (v/v). All
the published methods till date have many disad-
vantages viz, longer run time, derivitization or tag-
ging of the molecule of interest, usage of salt-based
buffers and the usage of high-end equipment, where
the technical expertise is the bottleneck. The cur-
rent method has overcome all the shortfalls of the
existing methods, where the analysis can be com-
pleted within 8 min, a sample can be recovered eas-
ily and there is no requirement for complex instru-
mentation andnoprocessing of the sample. The cur-
rentmethod can be an ideal choice for the identiϐica-
tion and quantiϐication of D-psicose, D-fructose and
D-glucose. Themethod can be the best choice for in-
process sample analysis, where reactionmonitoring
within a short time helps the researches to optimize
process parameters effectively.
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