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Abstract: By applying the hydrophilic ionic liquid, 1-butyl-3-methylimidazolium chloride ([C4mim]Cl),
and inorganic salts (K3PO4), an ionic liquid aqueous two-phase system (ILATPS) was established
for the separation of Dendrobium huoshanense polysaccharides (DhPs) and proteins. The effects of
inorganic salt concentration, IL quantity, crude DhPs concentration, pH value and temperature were
studied to achieve the optimal condition. With the best combination of ILATPS (1.75 g K3PO4, 1.25 g
[C4mim]Cl, 10 mg crude DhPs and 5.0 mL ddH2O at pH 7.0 under 25 ◦C), the extraction efficiency
rates for DhPs and proteins were 93.4% and 90.2%, respectively. The processed DhPs retrieved from
the lower salt-rich phase comprised mannose, glucose, galactose, arabinose, and galacturonic acid
with a molar ratio of 185:71:1.5:1:1 and the molecular weight was 2.14 × 105 Da. This approach
is fast, simple and environmentally friendly. It provides a new insight into purifying functional
polysaccharides of plant origin.

Keywords: Dendrobium huoshanense; ionic liquid; polysaccharides; aqueous two-phase system

1. Introduction

As a type of macromolecular polymer, polysaccharides are present in all living cells [1].
With the typical composition of more than 10 monosaccharides bounded together by
glycosidic linkages, the structure can be linear or highly branched and the molecular
weight ranges from tens of thousands to a million Dalton and more [2]. According to
the species of monosaccharide as building blocks, polysaccharides can be divided into
two forms: homopolysaccharides and heteropolysaccharides [3]. Regarding plants, the
function of polysaccharides is mainly related to structure, e.g., cellulose, or storage, e.g.,
starch. However, they also play an important role in other biological processes such as cell
communication, molecular recognition, cell adhesion, responding to cold stress, drought
stress and so forth [4–7]. In terms of therapeutic applications, plant polysaccharides have
been tested and proven throughout history to have anti-inflammatory, anti-oxidation,
immunomodulation, anticancer and anti-diabetic effects [8–10]. For example, oxygen
as the indispensable ingredient for most living organisms on Earth is highly reactive
and can damage cellular components including DNA and proteins. Finding antioxidant
metabolites such as plant polysaccharides to counteract excessive oxidation is meaningful
in preventing and treating certain diseases. As a result, pachman, fucoidan, polysaccharides
from Panax ginseng, Coriolus versicolor as well as Astragalus memeranaceus are now drugs
sold in drugstores. In contrast, with ample evidence of polysaccharides’ efficacy, the
number of commercial products is limited [11], partially due to difficulties in separation
and purification.
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Among the various approaches applied to extract, separate and purify plant crude
polysaccharides, extraction using water and ethanol remains the most common and classic
method and is adopted widely in scientific research laboratories and industry. This method
involves cleaning, homogenization, separation and centrifugation steps [12]. After the pow-
dered raw material is extracted in hot water, the supernatant containing polysaccharides is
aspirated to mix with absolute ethanol at a certain ratio to yield precipitate that will then be
centrifuged and collected for purification. In practice, gradient precipitation by ethanol is
frequently used. Nevertheless, the contents of precipitated protein also increase with raised
ethanol volume [13]. To decipher the structure and to assess the function of polysaccharides,
proteins have to be removed before downstream operations such as ion exchange, dialysis,
gel filtration and affinity chromatography, etc. Conventionally, deproteinization requires
organic solvents that are usually hazardous with the operation laborious. Taking Sevag
reagent, for example, chloroform-n-butanol can be added to the crude extract and after
shaking vigorously, colloidal denatured protein will form between the water and organic
solvent layer for subsequent removal. However, such an approach often suffers a major
drawback of repetitive operation and low efficiency as well [14].

Compared with conventional separation operations, the aqueous two-phase system
(ATPS) as a liquid–liquid fractionation method has attracted considerable attention recently
because its characteristics include its low cost, ease to scale up, capability of continuous
operation and being environmentally friendly [15,16]. Since its discovery in 1896 by
the Dutch botanist Martinus Beijerinck who accidentally mixed the aqueous solution of
gelatin and starch, ATPS has evolved from mixing a wide range of chemicals in water to
two-polymer or polymer-salt systems, which are being intensively studied for efficient
purification of biomolecules [17]. Concerning ATPS, water is the main constituent in both
phases to provide a gentle environment for the separation of distinct molecules with the
polymers stabilizing their structure [18]. To ensure effective separation, suitable polymers
must be considered carefully for most phase-forming polymers with high viscosity create
a nontransparent solution obstructing the determination of target compounds. As an
alternative approach, Rogers et al., established a novel ATPS adopting hydrophilic ionic
liquid (IL) in the presence of certain inorganic salts [19]. The new system excels in the
following aspects: high extraction efficiency, usage of innocuous solvent, low viscosity,
swift phase separation and less emulsion formation [14,20]. Several experiments were
successfully undertaken by following the principle of this method to separate antibiotics,
proteins and alkaloids [21,22]. Furthermore, this system was also proven to be efficient in
separating carbohydrates and proteins with the upper IL-rich layer containing most of the
proteins and the lower salt-rich phase holding the majority of the polysaccharides [23].

In this study, water solution containing inorganic salts K3PO4 was added to 1-butyl-
3-methylimidazolium chloride ([C4mim]Cl) to form an IL aqueous two-phase system
(ILATPS) for the purpose of separating polysaccharides (DhPs) and proteins extracted from
stems of Dendrobium huoshanense, a folk medicine originated from China with polysaccha-
ride as its main active compound. The extraction efficiency was first tested using bovine
serum albumin (BSA) and parameters affecting the final yield of polysaccharides were
interrogated in order to pinpoint the optimal separation conditions. The composition
and preliminary structure of the purified polysaccharides were also analyzed. The results
demonstrated that ILATPS featuring [C4mim]Cl as well as K3PO4 under related optimal
conditions successfully separates D. huoshanense polysaccharides from proteins.

2. Results and Discussion
2.1. Optimal Conditions for ILATPS
2.1.1. Determination of the Suitable Salt Type and Its Concentration Using BSA Solution

The appropriate type of inorganic salt at a suitable concentration is indispensable for
ILATPS, which does not automatically form two layers. The addition of NaCl, KCl, K2SO4,
Na2SO4 or KH2PO4 failed to cause phase separation. Due to stronger acting forces with
water molecules, anions including PO4

3−, HPO4
2−, CO3

2− and OH− help to form two
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phases in ILATPS. Meanwhile, ionic Gibbs free energy of hydration also plays an important
role in forming layers concerning the interactions between inorganic salts and [C4mim]Cl.
Our study tested relevant salts and demonstrated their phase-forming ability followed
such order: K3PO4 > K2HPO4 > Na2CO3 > KOH. This was in line with a previous report
that mainly focused on phosphate-based salts whose ability to induce the formation of
liquid –liquid biphasic systems in presence of IL was considerable [21].

BSA was used in various IL systems including AmmoengTM 110, [C6mim]Br and
[C8mim]Br to evaluate the protein partitioning capability of the ionic liquids [24]. To
simplify our experiments in the search for suitable extraction parameters, we chose BSA as
the starting material to test whether [C4mim]Cl was capable of extracting proteins from
the lower salt-rich phase. By using 10 mg BSA, 5.0 mL ddH2O, 1.0 g [C4mim]Cl and
1.75 g inorganic salts under room temperature, protein extraction efficiency was as follows:
K3PO4 > K2HPO4 > Na2CO3 > KOH (Figure 1A). All the four tested salts helped the ILATPS
to extract more than 80% of BSA, with K3PO4 showing an extraction efficiency of 85.7%
(Figure 1A). Because a fixed amount of inorganic salts will cause distinct pH values in the
aqueous system, in the subsequent test, pH values for the four salts were adjusted to 9.0
and it was found that K3PO4 performed better (87.6%) in contrast with the other three
salts (Figure 1B). Compared with less-charged anion species under suitable pH values (e.g.,
pH > 12.3), the hydrogen bond formed between K3PO4 and water was indeed stronger.
Therefore, K3PO4 was chosen as the salting out reagent for the following studies.

Figure 1. Comparison of protein extraction efficiency using different inorganic salts (A), different
inorganic salts with pH values adjusted to 9.0 (B), different concentrations of K3PO4 with the
following experimental condition: 1.0 g IL, 10 mg BSA and 5.0 mL ddH2O under room temperature
with pH values not controlled (C), and different concentrations of K3PO4 with pH values adjusted to
9.0 (D). All data in Figure 1 are presented as mean with SD and n = 3 per group.

To evaluate the influence of salt quantity on extraction efficiency, different concen-
trations of K3PO4 from 30% to 60% (w/v) were analyzed. Concentrations less than 30%
(w/v) resulted in poor phase separation. For the tested range, when pH values were not
controlled, the highest extraction capacity for BSA was observed at 35% (w/v) with an
extraction efficiency of 83.1% (Figure 1C). When the pH values of ILATPS with different
concentrations of K3PO4 were adjusted to 9.0, protein extraction efficiency was generally
better (Figure 1D) compared with uncontrolled groups, suggesting lower pH values favor
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protein extraction in ILATPS containing K3PO4. From Figure 1C,D, it was found that K3PO4
at a concentration of 35% (w/v) performed best in extracting the tested proteins. Further-
more, with increased K3PO4 concentration, the solubility of carbohydrates would decrease
due to competition among K+, PO4

3− and DhPs for water molecules by intermolecular
hydrogen bonds. The intensifying competition caused fewer polysaccharides allocated into
the lower salt-rich phase and therefore jeopardized the extraction efficiency from the aspect
of carbohydrate [25]. Based on the findings above, ILATPS containing 35% (w/v) K3PO4
was determined.

2.1.2. Determination of Optimal IL Quantity Using Crude DhPs Solution

By searching Sigma-Aldrich’s official website using the keyword “ionic liquid”,
350 products were retrieved. More and more ionic liquids are also being synthesized
for their versatile applications. In this study, we chose [C4mim]Cl as the subject for its
relatively low price and easy availability. Figure 2A showed the influence of IL quantity
in ILATPS on DhPs and protein extraction efficiency. For both DhPs and proteins, similar
trends were observed regarding extraction efficiency, which rose with an increased amount
of [C4mim]Cl in ILATPS and then dropped with even more IL added to the system. The
highest extraction efficiency for DhPs and proteins was 90.2% and 86.9%, respectively,
when the IL proportion was 25% (v/w) in the system. Imidazolium cation of [C4mim]Cl
features the aromatic π system and the π− π interaction between the aromatic residues
of the proteins and the imidazolium cation may well be the driving force for the success-
ful separation of proteins [26]. With the increased amount of IL in the upper layer, free
space available to allocate the proteins in that phase will decrease. As a rule of thumb,
[C4mim]Cl traps up to 15% of water. That is to say, every 1.0 g [C4mim]Cl absorbs 0.15 mL
ddH2O. The observed decreasing extraction efficiency for DhPs at concentrations of 30%
and 35% could be because the water in the upper IL-rich layer contains a small number of
DhPs and interferes with protein extraction. Follow-up studies are needed in probing the
in-depth mechanisms of ILATPS. Taken together, 25% (w/v) IL was used to resolve other
optimal parameters.

Figure 2. Determination of optimal quantity of [C4mim]Cl (A), crude DhPs concentration (B), pH
value (C) and temperature (D) using the ILATPS system for extraction of polysaccharides and proteins
from crude DhPs. All data in Figure 2 are presented as mean with SD and n = 3 per group.
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2.1.3. Determination of Suitable Crude DhPs Concentration

Hydroxyl groups of DhPs interact with and weaken the hydrogen bonds that naturally
hold different water molecules. A newly emerged hydrogen bond system between hydroxyl
groups of DhPs and H2O will in turn decrease the number of water molecules capable
of interacting with, and dissolving, protein molecules that are forced to enter the upper
layer consisting of [C4mim]Cl. The inter-molecular hydrogen bonding between DhPs
and H2O keeps polysaccharides in the lower phase. DhPs concentrations at both 0.5%
(w/v) and 1.0% (w/v) achieved high carbohydrate extraction efficiency of 89.0% and 88.2%,
respectively (Figure 2B). Nevertheless, concentrations at 1.5% (w/v) and 2.0% (w/v) resulted
in decreased extraction efficiency for DhPs. A suitable amount of DhPs forms hydrogen
bonds with H2O adequately, while excessive carbohydrates cause the aggregation of DhP
molecules and the growing intra-molecular hydrogen bonds sabotage the interactions
between DhPs and water molecules. Concerning extraction efficiency for proteins, different
concentrations of crude DhPs showed less impact compared with that of polysaccharides;
although, slight declination was observed with the addition of extra DhPs. With similar
extraction efficiency, a higher concentration of initial crude polysaccharides was preferred.
The suitable DhPs concentration in ILATPS was set to 1.0% (10 mg/mL).

2.1.4. Determination of Optimal pH

For the separation system containing K3PO4, ILATPS does not form two layers with
pH below 7.0 or above 13.0, and therefore pH values at 7.0, 9.0, 11.0 and 13.0 were prepared
for investigation. The reagent for adjustment of pH was H3PO4 to avoid the introduction
of unrelated ions. The extraction efficiency for DhPs was stable and above 86.0% at all
designated conditions. However, extraction efficiency decreased rapidly for proteins with
increased pH values (Figure 2C). Isoelectric points of D. huoshanense proteins and the pH of
the solution determine the charged state of the proteins. Electrostatic interactions between
the ionic groups of [C4mim]Cl and the charged groups of protein have a vital influence
in determining the optimal pH of the aqueous solutions for the best extraction efficiency.
The main purpose of this study was to find an efficient approach to removing proteins that
came along with the bioactive D. huoshanense polysaccharides. Therefore, optimal pH was
controlled at 7.0.

2.1.5. Determination of Optimal Temperature

The temperature could be a significant factor regarding extraction efficiency for various
biomolecules adopting ILATPS [26,27]. Different temperatures (25, 35, 45 and 55 ◦C)
were tested to evaluate their impact on the separation efficiency of DhPs and proteins.
For the extraction of DhPs, the highest efficiency was found at 25 ◦C, indicating room
temperature facilitated separation of DhPs in ILATPS using [C4mim]Cl compared with
higher temperatures. This was also in line with the previous report by Tan et al. [28]. As far
as protein extraction was concerned, contents of protein remained in the lower salt-rich
phase and slightly decreased at higher temperatures with extraction efficiency increasing
from 90.2% at 25 ◦C to 92.6% at 55 ◦C (Figure 2D). Despite the trend, the extraction efficiency
for D. huoshanense protein under various temperatures showed no statistical significance
(p = 0.089). Judging from the result, the process for extracting proteins is endothermic and
higher temperatures raise protein extraction efficiency to a limited extent. However, DhPs
were more stable under room temperature, and high temperatures significantly sabotage
DhPs extraction (Figure 2D). Hence, partitioning procedures were undertaken at 25 ◦C.

2.2. DPPH Scavenging Capacity of Crude and Processed DhPs

DPPH (2,2-Diphenyl-1-picrylhydrazyl) free radicals have strong absorption at 517 nm
and based on this, DPPH scavenging capacity tests on both crude and processed DhPs
were established [29]. With the presence of free radical scavengers, single-electron pairing
causes decreased absorption at 517 nm, and the fading degree is correlated with the number
of electrons scavengers provide [30]. Therefore, quantitative analysis can be performed
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using a spectrophotometer. The scavenging capacity of crude, processed DhPs, as well
as vitamin C (Vc) on DPPH free radicals, is demonstrated in Figure 3. As the positive
control, the clearance effect of Vc was remarkable, starting with 75.8% at the concentration
of 0.1 mg/mL and achieving 89.4% at 0.8 mg/mL. It was found that after purification,
polysaccharides from D. huoshanense retained their bioactivity as far as DPPH scavenging
capacity was concerned. Both crude and processed DhPs displayed a scavenging effect;
although, their capacity was not as strong as that of Vc. At low concentrations, the
scavenging capability of crude DhPs was higher than processed DhPs. At the concentration
of 0.8 mg/mL, the scavenging rates of crude and processed DhPs were 60.3% and 67.2%,
respectively. The above results suggested that the DPPH free radical scavenging capacity
of DhPs was enhanced in a certain concentration range (0.4, 0.6 and 0.8 mg/mL) after
purification adopting ILATPS.

Figure 3. Determination of DPPH free radical scavenging capacity. All data in Figure 3 are presented
as mean with SD and n = 3 per group.

2.3. Preliminary Structural Determination for DhPs

Under optimal conditions, DhPs extracted from the lower phase were partially purified
with dialysis, precipitation by adding 5 volumes of absolute ethanol, centrifugation and
freeze-drying. High-performance gel permeation chromatography (HPGPC) was adopted
for the evaluation of homogeneity as well as the molecular weight of the processed DhPs.
The HPGPC profile demonstrated a single and symmetrical peak, indicating the tested
compound was homogeneous (Figure 4). The weight (Mw), the number-average molecular
weight (Mn) and the molecular weight distribution (Mw/Mn) of the processed DhPs in
0.05 M NaCl solution were 2.14 × 105 Da, 1.54 × 105 Da and 1.38, respectively. Including
fucose (Fuc), rhamnose (Rha), arabinose (Ara), galactose (Gal), glucose (Glc), xylose (Xyl),
mannose (Man), fructose (Fru), ribose (Rib), galacturonic acid (Gal-UA), glucuronic acid
(Glc-UA), mannuronic acid (Man-UA) and guluronic acid (Gul-UA), thirteen monosaccha-
ride standards were used to establish the reference chromatography (Figure 5A). The purity
of all standard substances was ≥97%. Monosaccharide composition analysis suggested
that the processed DhPs were comprised of Man, Glc, Gal, Ara and Gal-UA with a molar
ratio of 185:71:1.5:1:1 (Figure 5B). This is in line with the previous report in which types
of monosaccharides in different parts of D. huoshanense varied, but mannose and glucose
were the most common components in all studied organs [31].
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Figure 4. Elution pattern of the processed DhPs in 0.05 M NaCl solution at 40 ◦C using HPGPC.

Figure 5. Ion chromatographic profile of monosaccharide standards (A) and the processed DhPs (B).
Peaks: Ara (Rt: 7.76 min); Gal (Rt: 9.77 min); Glc (Rt: 11.22 min); Man (Rt: 14.08 min); Gal-UA (Rt:
34.87 min). Note that the chromatographic peak at ca 30 min represents sodium acetate (NaAc).

From the FT-IR spectrum of processed DhPs (Figure 6), three typical absorption peaks
of polysaccharides were detected. The first was a wide and strong stretching peak at
3423.99 cm−1 indicating the O-H stretching vibration. The second and the third were
the weak absorption peaks at 2931.50 cm−1 and 2891.14 cm−1, respectively, for the C-H
(-CH3 and -CH2) stretching vibration. Peaks ranging from 1450 to 1200 cm−1 (1420.82 cm−1,
1378.38 cm−1 and 1250.50 cm−1) indicated C-H deviational vibration. Peaks at 1066.11 cm−1
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and 1035.07 cm−1 proved again the existence of pyranoside. The peak at 893.78 cm−1 was
ascribed to the β-type glycosidic linkages in the polysaccharides.

Figure 6. The FT-IR spectrum of the processed DhPs.

2.4. Recovery of [C4mim]Cl

[C4mim]Cl concentrated at the upper layer in ILATPS will cause pollution to the
sewage system if it is left untreated. Because of its water solubility and low biodegradability,
[C4mim]Cl is a potential long-lasting aquatic pollutant. At the same time, recycling the
IL will reduce the cost substantially especially when such efforts are conducted on an
industrial scale because the price for IL is still very high compared with old-fashioned
extractants. The solution (20 mL) collected from the upper layer was dried in a water
bath and the residue was dissolved in 80 mL dichloromethane (CH2Cl2) solution that was
subsequently evaporated to obtain [C4mim]Cl with a recovery rate of 92.8%. In doing so,
we have to admit that recovering [C4mim]Cl is at the cost of releasing CH2Cl2, which, in
turn, has a significant environmental impact. Different volumes of CH2Cl2 were tested and
it was found that when 45 mL dichloromethane was used to process 20 mL IL solution, a
recovery rate of >90% could still be achieved.

3. Materials and Methods
3.1. Materials and Chemicals

Three-year-old stems of D. huoshanense were sampled from the greenhouse of An-
hui University of Chinese Medicine. Stems were freeze-dried on an LGJ-10 lyophilizer
(Songyuan, China) and then ground to fine powder for extraction of crude DhPs accord-
ing to Chinese Pharmacopoeia [32]. [C4mim]Cl with ≥99% purity, DPPH (≥97% purity),
vitamin C (≥99% purity), dextran polymers and monosaccharide standards (all ≥96%
purity) including fucose (Fuc), rhamnose (Rha), arabinose (Ara), galactose (Gal), glucose
(Glc), xylose (Xyl), mannose (Man), fructose (Fru), ribose (Rib), galacturonic acid (Gal-UA),
glucuronic acid (Glc-UA), mannuronic acid (Man-UA) and guluronic acid (Gul-UA) were
obtained from Sigma-Aldrich, St. Louis, MO, USA. BSA (≥99% purity); Coomassie Brilliant
Blue G-250 (≥90% purity) and trifluoroacetic acid (TFA, ≥99% purity) were purchased
from Sangon Biotech, Shanghai, China. All other solvents and chemicals, such as K3PO4,
K2HPO4, NaOH and HCl, were of laboratory grade.

3.2. Extraction of Crude DhPs

Stem powder (50 g) of D. huoshanense was treated with refluxing petroleum ether for
4 h to eliminate pigments and lipids. After the residue was freeze-dried, the hot water
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extraction method was applied [33]. In brief, 1 g of dried D. huoshanense residue was added
to 300 mL double-distilled water (ddH2O) and extracted thrice at 100 ◦C for 4 h each. The
mixture was centrifuged at 6000× g for 20 min to collect the supernatant, which was then
concentrated and precipitated with 5 volumes of absolute ethanol and kept overnight at
4 ◦C. The precipitate was collected after centrifugation and dialyzed in ddH2O for 36 h,
which was finally freeze-dried to produce crude DhPs. The contents of carbohydrates and
protein were analyzed and calculated to be 82.9% and 8.7%, respectively.

3.3. Separation of DhPs and Proteins Using ILATPS

In order to assess the ability of [C4mim]Cl to extract proteins, different amounts of
IL and inorganic salts (KOH, K3PO4, Na2CO3 and K2HPO4), and 1.0 mL BSA solution of
different concentrations were mixed with 4.0 mL ddH2O in a 10 mL centrifuge tube. A
blank control with all the constituents except for BSA was set for calibration. A vortex
mixer was applied to ensure complete dissolution of all ingredients. The mixture was then
incubated at a certain temperature for 1 h before subjected to centrifugation at 8000× g for
10 min to form two distinct phases. As a result, IL and proteins were concentrated in the
upper layer comprising a small volume. On the other hand, the lower phase, occupying
a large volume, was a salt-rich solution capable of dissolving carbohydrates. The two
layers were separated using pipettes and the respective volumes recorded. The presence of
remaining BSA in the lower phase was quantified to calculate the extraction efficiency of
[C4mim]Cl.

With the best combination of extraction conditions in place, BSA was substituted with
crude DhPs for further study. The lower phase of the solution was dialyzed (molecular
weight cut off 8 kDa) in deionized water for 36 h before precipitated by absolute ethanol.
The precipitate was freeze-dried to yield processed DhPs for subsequent physical and
chemical analysis. Given the fact that polysaccharides are the main bioactive substance
in D. huoshanense, analysis of the antioxidant activity was carried out for both crude and
processed DhPs. Figure 7 as well as Figure 8 demonstrated the experimental pipeline of
ILATPS and the mechanisms ensuring efficient separation of target compounds.

Figure 7. Flowchart for separation of D. huoshanense polysaccharides and proteins.
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Figure 8. Extraction procedure and mechanisms of DhPs and protein separation in ILATPS.

3.4. Assessment of DhPs and Protein Concentrations in ILATPS

Concentrations of both DhPs and proteins were determined by phenol-sulfuric acid and
the Bradford approach, respectively [34,35]. The method to prepare the Coomassie Brilliant
Blue G-250 solution was slightly modified. The dye (25 mg) was dissolved in 25 mL methanol
to make a dark blue solution to which 42.5 mL phosphoric acid was added and, subsequently,
432.5 mL ddH2O was mixed with the previous solution. The extraction efficiency of DhPs
was determined by calculating the total amount of carbohydrate (mc-total) in the crude DhPs
solution, concentration of DhPs (Cc-low) as well as volume (Vlow) in the lower phase using
the following equation: [(Cc-low × Vlow)/mc-total] × 100%. Regarding protein extraction
efficiency, the total amount of D. huoshanense protein (mp-total) in the crude DhPs solution,
and the concentration of protein (Cp-low) and volume (Vlow) in the lower phase were used for
calculation adopting this equation: [1-(Cp-low × Vlow)/mp-total] × 100%.

3.5. Analysis of Crude and Processed DhPs Antioxidant Activity

An amount of 4.0 mg DPPH was weighed and dissolved in a 100 mL volumetric
flask filled with a suitable amount of absolute ethanol to achieve a concentration of 0.004%
DPPH. The solution was kept in the dark at 4 ◦C. Different concentrations of crude and
processed DhPs (0, 0.1, 0.2, 0.4, 0.6 and 0.8 mg/mL) were prepared. For each reaction,
DPPH solution (2.0 mL) was added to 2.0 mL DhPs samples and mixed thoroughly. Vc
and ddH2O were used as the positive and blank control, respectively. The mixtures were
kept in the dark for 30 min before their absorbance (Abs) was recorded at 517 nm. The
scavenging capacity was calculated with the following equation: [(Abs of blank − Abs of
sample)/Abs of blank] × 100%.

3.6. Determination of DhPs Homogeneity and Molecular Weight

The homogeneity and molecular weight of processed DhPs were analyzed using
HPGPC conducted on a Waters 1515 GPC system equipped with a Waters 2410 refractive
index detector (Waters, Milford, MA, USA) and a Shodex OHpak SB-804 HQ column
(8 × 300 mm, 7µm). The following are the chromatographic conditions: a 45 min isocratic
elution was applied with the flow rate of 0.6 mL/min; mobile phase was NaCl solution
(0.05 M) with the column temperature set to 40 ◦C. NaCl solution (0.05 M) was used to
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dissolve processed DhPs whose final concentration was made to 5 mg/mL for analysis.
Dextran polymer standards (Sigma-Aldrich, USA) with different molecular weights (1, 5,
12, 25, 50, 80 and 670 kDa) were used for molecular weight estimation. Data acquisition and
determination were performed utilizing Empower Software (Waters, Milford, MA, USA).

3.7. DhPs Monosaccharide Composition Analysis

Processed DhPs (5 mg) were hydrolyzed with 1 mL of 2.0 M TFA at 120 ◦C for
2 h in a sealed tube and the solution was then dried with nitrogen. After rinsing with
methanol 3 times, residue of hydrolyzed DhPs was dissolved in ddH2O for analysis. The
samples and standards were analyzed using an ICS5000 ion chromatography system
(Thermo Fisher, Waltham, MA, USA) equipped with a pulsed amperometric detector. The
column was Dionex CarboPac PA20 (150 × 3.0 mm, 10 µm) and the column temperature
was 30 ◦C. An A solvent containing 0.1 M NaOH in water and B solvent containing
0.1 M NaOH and 0.2 M NaAc in water were used to produce a gradient profile from
5-20-40-40-5-5 % B from 0.0-30.0-30.1-45.0-45.1-60.0 min, at a flow rate of 0.5 mL/min. After
analysis, chromatographic peaks of respective monosaccharides were manually integrated
and the concentrations were calculated using an external calibration curve fitted with
linear regression.

3.8. FT-IR Spectra Analysis

Processed DhPs (2.0 mg) were ground thoroughly with 200 mg KBr (Aladdin, Shang-
hai, China), which was then pressed into a disk for analysis. A Nicolet 6700 Fourier-
transform infrared (FT-IR) spectrometer (Thermo Fisher, USA) was applied to determine FT-
IR spectra of the target compounds with the wavenumber ranging from 400 to 4000 cm−1.

3.9. [C4mim]Cl Recycling

To avoid environmental contamination, the IL-rich upper layer was extracted with
CH2Cl2 to recover [C4mim]Cl. In this study, the IL-rich phase containing [C4mim]Cl was
first concentrated using a water bath with the temperature set to 98 ◦C to remove the water,
and then the residue was dissolved into a CH2Cl2 solution, which will be evaporated in a
ventilator to recover the IL. CH2Cl2 causes denaturation and precipitation of protein, so
the recycled IL can be reused for the separation of protein and polysaccharides.

3.10. Data Analysis

Statistical analysis was conducted using GraphPad Prism 7.00 software. Student’s
t-test or one-way analysis of variance (ANOVA) was used to determine statistical signifi-
cance with a p value less than or equal to 0.05 deemed as statistically significant.

4. Conclusions

Efficient separation of proteins and polysaccharides extracted from D. huoshanense
using [C4mim]Cl-based partitioning system was achieved. By vortexing, water and the
IL are mixed thoroughly. Hydrogen bonding interactions occur between water molecules
and DhPs, and electrostatic or hydrophobic interactions let the IL stick together with
proteins [25]. After incubation and centrifugation, proteins and carbohydrates are separated
into the upper and lower phases respectively (Figure 8).

With the optimal conditions of ILATPS (1.75 g K3PO4, 1.25 g [C4mim]Cl, 10 mg crude
DhPs and 5.0 mL ddH2O at pH 7.0 under 25 ◦C), extraction efficiency rates for DhPs
and proteins were 93.4% and 90.2%, respectively (Figure 2D). The DhPs retrieved were
further purified by dialysis, ethanol precipitation, freeze-drying and subjected to physical
and chemical analysis. The processed DhPs contained Man, Glc, Gal, Ara and Gal-UA
with a molar ratio of 185:71:1.5:1:1 and the Mw was 2.14 × 105 Da. This approach is fast,
simple and environment friendly. It provides a new insight into purifying functional
polysaccharides of plant origin.
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6. Wilmowicz, E.; Kućko, A.; Alché, J.D.D.; Czeszewska-Rosiak, G.; Florkiewicz, A.B.; Kapusta, M.; Karwaszewski, J. Remodeling of
cell wall components in root nodules and flower abscission zone under drought in yellow lupine. Int. J. Mol. Sci. 2022, 23, 1680.
[CrossRef]

7. Han, R.; Xie, D.; Tong, X.; Zhang, W.; Liu, G.; Peng, D.; Yu, N. Transcriptomic landscape of Dendrobium huoshanense and its genes
related to polysaccharide biosynthesis. Acta Soc. Bot. Pol. 2018, 87, 3574. [CrossRef]

8. Cho, C.-W.; Han, C.-J.; Rhee, Y.K.; Lee, Y.-C.; Shin, K.-S.; Shin, J.-S.; Lee, K.-T.; Hong, H.-D. Cheonggukjang polysaccharides
enhance immune activities and prevent cyclophosphamide-induced immunosuppression. Int. J. Biol. Macromol. 2015, 72, 519–525.
[CrossRef]

9. Chang, C.-J.; Lin, C.-S.; Lu, C.-C.; Martel, J.; Ko, Y.-F.; Ojcius, D.; Tseng, S.-F.; Wu, T.-R.; Chen, Y.-Y.M.; Young, J.D.; et al. Ganoderma
lucidum reduces obesity in mice by modulating the composition of the gut microbiota. Nat. Commun. 2015, 6, 7489. [CrossRef]

10. Kakar, M.U.; Naveed, M.; Saeed, M.; Zhao, S.; Rasheed, M.; Firdoos, S.; Manzoor, R.; Deng, Y.; Dai, R. A review on structure,
extraction, and biological activities of polysaccharides isolated from Cyclocarya paliurus (Batalin) Iljinskaja. Int. J. Biol. Macromol.
2020, 156, 420–429. [CrossRef]

11. Yu, Y.; Shen, M.; Song, Q.; Xie, J. Biological activities and pharmaceutical applications of polysaccharide from natural resources: A
review. Carbohydr. Polym. 2018, 183, 91–101. [CrossRef] [PubMed]

12. Liu, C.; Cui, Y.; Pi, F.; Cheng, Y.; Guo, Y.; Qian, H. Extraction, purification, structural characteristics, biological activities and
pharmacological applications of acemannan, a polysaccharide from Aloe vera: A review. Molecules 2019, 24, 1554. [CrossRef]
[PubMed]

13. Mao, Y.; Mao, J.; Meng, X. Extraction optimization and bioactivity of exopolysaccharides from Agaricus bisporus. Carbohydr. Polym.
2013, 92, 1602–1607. [CrossRef] [PubMed]

14. Kao, T.H.; Chen, B.H. Functional components in Zizyphus with emphasis on polysaccharides. Polysaccharides 2015, 795–827.
[CrossRef]

15. Van Berlo, M.; Luyben, K.C.A.; van der Wielen, L.A. Poly (ethylene glycol)-salt aqueous two-phase systems with easily recyclable
volatile salts. J. Chromatogr. B Biomed. Sci. Appl. 1998, 711, 61–68. [CrossRef]

16. Ruiz-Ruiz, F.; Benavides, J.; Aguilar, O.; Rito-Palomares, M. Aqueous two-phase affinity partitioning systems: Current applications
and trends. J. Chromatogr. A 2012, 1244, 1–13. [CrossRef]

17. Iqbal, M.; Tao, Y.; Xie, S.; Zhu, Y.; Chen, D.; Wang, X.; Huang, L.; Peng, D.; Sattar, A.; Shabbir, M.A.B.; et al. Aqueous two-phase
system (ATPS): An overview and advances in its applications. Biol. Proced. Online 2016, 18, 1–18. [CrossRef]

18. Hatti-Kaul, R. Aqueous two-phase systems. A general overview. Mol. Biotechnol. 2001, 19, 269–277.

http://doi.org/10.1038/s41598-022-11661-3
http://www.ncbi.nlm.nih.gov/pubmed/35581215
http://doi.org/10.3389/fphar.2020.00349
http://www.ncbi.nlm.nih.gov/pubmed/32265719
http://doi.org/10.3390/molecules27093027
http://doi.org/10.1038/s41598-019-49812-8
http://doi.org/10.1016/j.jbiomech.2015.10.016
http://www.ncbi.nlm.nih.gov/pubmed/26520913
http://doi.org/10.3390/ijms23031680
http://doi.org/10.5586/asbp.3574
http://doi.org/10.1016/j.ijbiomac.2014.09.010
http://doi.org/10.1038/ncomms8489
http://doi.org/10.1016/j.ijbiomac.2020.04.022
http://doi.org/10.1016/j.carbpol.2017.12.009
http://www.ncbi.nlm.nih.gov/pubmed/29352896
http://doi.org/10.3390/molecules24081554
http://www.ncbi.nlm.nih.gov/pubmed/31010204
http://doi.org/10.1016/j.carbpol.2012.11.017
http://www.ncbi.nlm.nih.gov/pubmed/23399195
http://doi.org/10.1007/978-3-319-16298-0_15
http://doi.org/10.1016/S0378-4347(97)00627-0
http://doi.org/10.1016/j.chroma.2012.04.077
http://doi.org/10.1186/s12575-016-0048-8


Molecules 2022, 27, 5284 13 of 13

19. Gutowski, K.E.; Broker, G.A.; Willauer, H.D.; Huddleston, J.G.; Swatloski, R.P.; Holbrey, A.J.D.; Rogers, R.D. Controlling the
aqueous miscibility of ionic liquids: Aqueous biphasic systems of water-miscible ionic liquids and water-structuring salts for
recycle, metathesis, and separations. J. Am. Chem. Soc. 2003, 125, 6632–6633. [CrossRef] [PubMed]

20. Wang, H.; Wang, J.; Zhang, S.; Pei, Y.; Zhuo, K. Ionic association of the ionic liquids [C4mim][BF4], [C4mim][PF6], and [Cnmim]
Br in molecular solvents. Chemphyschem 2009, 10, 2516–2523. [CrossRef]

21. Pei, Y.; Wang, J.; Wu, K.; Xuan, X.; Lu, X. Ionic liquid-based aqueous two-phase extraction of selected proteins. Sep. Purif. Technol.
2009, 64, 288–295. [CrossRef]

22. Freire, M.G.; Neves, C.M.S.S.; Marrucho, I.M.; Lopes, J.N.C.; Rebelo, L.P.N.; Coutinho, J.A.P. High-performance extraction of
alkaloids using aqueous two-phase systems with ionic liquids. Green Chem. 2010, 12, 1715–1718. [CrossRef]

23. Pei, Y.; Li, Z.; Liu, L.; Wang, J.; Wang, H. Selective separation of protein and saccharides by ionic liquids aqueous two-phase
systems. Sci. China Ser. B Chem. 2010, 53, 1554–1560. [CrossRef]

24. Dreyer, S.; Salim, P.; Kragl, U. Driving forces of protein partitioning in an ionic liquid-based aqueous two-phase system. Biochem.
Eng. J. 2009, 46, 176–185. [CrossRef]

25. Yan, J.-K.; Ma, H.-L.; Pei, J.-J.; Wang, Z.-B.; Wu, J.-Y. Facile and effective separation of polysaccharides and proteins from Cordyceps
sinensis mycelia by ionic liquid aqueous two-phase system. Sep. Purif. Technol. 2014, 135, 278–284. [CrossRef]

26. Ventura, S.P.M.; Silva, F.A.E.; Quental, M.V.; Mondal, D.; Freire, M.G.; Coutinho, J.A.P. Ionic-Liquid-Mediated Extraction and
Separation Processes for Bioactive Compounds: Past, Present, and Future Trends. Chem. Rev. 2017, 117, 6984–7052. [CrossRef]

27. Sas, O.G.; Domínguez, I.; González, B.; Domínguez, Á. Liquid-liquid extraction of phenolic compounds from water using ionic
liquids: Literature review and new experimental data using [C2mim] FSI. J. Environ. Manag. 2018, 228, 475–482. [CrossRef]

28. Tan, Z.-J.; Li, F.-F.; Xu, X.-L.; Xing, J.-M. Simultaneous extraction and purification of aloe polysaccharides and proteins using ionic
liquid based aqueous two-phase system coupled with dialysis membrane. Desalination 2012, 286, 389–393. [CrossRef]

29. Chen, F.; Huang, G.; Yang, Z.; Hou, Y. Antioxidant activity of Momordica charantia polysaccharide and its derivatives. Int. J. Biol.
Macromol. 2019, 138, 673–680. [CrossRef]

30. Liu, M.; Zhang, W.; Yao, J.; Niu, J. Production, purification, characterization, and biological properties of Rhodosporidium
paludigenum polysaccharide. PLoS ONE 2021, 16, e0246148. [CrossRef]

31. Liu, B.; Shang, Z.-Z.; Li, Q.-M.; Zha, X.-Q.; Wu, D.-L.; Yu, N.-J.; Han, L.; Peng, D.-Y.; Luo, J.-P. Structural features and anti-gastric
cancer activity of polysaccharides from stem, root, leaf and flower of cultivated Dendrobium huoshanense. Int. J. Biol. Macromol.
2020, 143, 651–664. [CrossRef] [PubMed]

32. Commission of Chinese Pharmacopoeia. Chinese Pharmacopeia; The Medicine Science and Technology Press of China: Beijing,
China, 2020; pp. 94–95.

33. Luan, F.; Zou, J.; Rao, Z.; Ji, Y.; Lei, Z.; Peng, L.; Yang, Y.; He, X.; Zeng, N. Polysaccharides from Laminaria japonica: An insight into
the current research on structural features and biological properties. Food Funct. 2021, 12, 4254–4283. [CrossRef] [PubMed]

34. Bradford, M.M. A rapid and sensitive method for the quantitation of microgram quantities of protein utilizing the principle of
protein-dye binding. Anal. Biochem. 1976, 72, 248–254. [CrossRef]

35. DuBois, M.; Gilles, K.A.; Hamilton, J.K.; Rebers, P.A.; Smith, F. Colorimetric Method for Determination of Sugars and Related
Substances. Anal. Chem. 1956, 28, 350–356. [CrossRef]

http://doi.org/10.1021/ja0351802
http://www.ncbi.nlm.nih.gov/pubmed/12769563
http://doi.org/10.1002/cphc.200900438
http://doi.org/10.1016/j.seppur.2008.10.010
http://doi.org/10.1039/c0gc00179a
http://doi.org/10.1007/s11426-010-4025-9
http://doi.org/10.1016/j.bej.2009.05.005
http://doi.org/10.1016/j.seppur.2014.03.020
http://doi.org/10.1021/acs.chemrev.6b00550
http://doi.org/10.1016/j.jenvman.2018.09.042
http://doi.org/10.1016/j.desal.2011.11.053
http://doi.org/10.1016/j.ijbiomac.2019.07.129
http://doi.org/10.1371/journal.pone.0246148
http://doi.org/10.1016/j.ijbiomac.2019.12.041
http://www.ncbi.nlm.nih.gov/pubmed/31821827
http://doi.org/10.1039/D1FO00311A
http://www.ncbi.nlm.nih.gov/pubmed/33904556
http://doi.org/10.1016/0003-2697(76)90527-3
http://doi.org/10.1021/ac60111a017

	Introduction 
	Results and Discussion 
	Optimal Conditions for ILATPS 
	Determination of the Suitable Salt Type and Its Concentration Using BSA Solution 
	Determination of Optimal IL Quantity Using Crude DhPs Solution 
	Determination of Suitable Crude DhPs Concentration 
	Determination of Optimal pH 
	Determination of Optimal Temperature 

	DPPH Scavenging Capacity of Crude and Processed DhPs 
	Preliminary Structural Determination for DhPs 
	Recovery of [C4mim]Cl 

	Materials and Methods 
	Materials and Chemicals 
	Extraction of Crude DhPs 
	Separation of DhPs and Proteins Using ILATPS 
	Assessment of DhPs and Protein Concentrations in ILATPS 
	Analysis of Crude and Processed DhPs Antioxidant Activity 
	Determination of DhPs Homogeneity and Molecular Weight 
	DhPs Monosaccharide Composition Analysis 
	FT-IR Spectra Analysis 
	[C4mim]Cl Recycling 
	Data Analysis 

	Conclusions 
	References

