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ility and stability studies of beta
cyclodextrin used for cholesterol removal from
shrimp lipid

Navaneethan Raju, Avtar Singh and Soottawat Benjakul *

Beta cyclodextrin (b-CD) was used for cholesterol removal from shrimp lipid using ethyl acetate and water

as solvents. The cholesterol incorporating b-CD complex (b-CD–CL) was collected and b-CD recovery was

performed using a b-CD–CL : ethanol mixture (1 : 15 ratio) with the aid of ultrasonication and a water bath

at 55 �C for 40 min. Recycled b-CD (R-b-CD) was compared with pure b-CD (P-b-CD) for the reusability of

cholesterol removal from shrimp lipid. R-b-CD showed 94% cholesterol removal, while 95% was achieved

for P-b-CD. Differential Scanning Calorimetry (DSC) showed a slight decrease in the melting point of R-b-

CD. Nevertheless, FTIR and NMR results revealed that functional groups and the proton spectrum of R-b-

CD was negligibly altered. Fatty acid contents of treated oil were slightly higher when treated with R-b-CD

than those of the lipid subjected to P-b-CD treatment. Reusability of b-CD could be achieved as confirmed

by the maintained capacity in cholesterol removal and unaltered structure.
1 Introduction

Cyclodextrins (CDs) belong to the class of cyclic oligosaccha-
rides composed of seven glucopyranose units. CDs mainly
consist of a-cyclodextrin (a-CD), b-cyclodextrin (b-CD), and g-cyclo-
dextrin (g-CD).1,2 The salient features of CDs are the structural
complex with an inner hydrophobic and outer hydrophilic nature.1,3

Among the three CDs, b-CD is mostly used due to its lowest price
andwide range of applications.4 b-CD is produced from starch using
Bacillus macerans via amylase degradation.5 A b-CD inclusion
complex is formed with hydrophobic compounds and further used
in food applications such as encapsulation, oxidative protection and
removal of undesirable taste.4 Although other CDs also consist of
inner hydrophobic and outer hydrophilic parts, b-CD has an inner
hydrophobic cavity diameter which is more suitable for the inclu-
sion of aromatics, especially cholesterol.4 Since the presence of
cholesterol in food is considered to be detrimental for health, it has
been removed or reduced from the foods.6 The cholesterol entrap-
ment capability of b-CD is considered to be vital in food applications
for improvement of the nutrition of processed food product. b-CD
was used for cholesterol removal from milk, pork lard, egg and
ghee.7–9 The entrapment of target molecules was made by several
techniques such as co-precipitation, slurry complexation, paste
complexation, damp mixing and heating.4 During the complex
formation by b-CD, several treatments such as homogenizing,
heating and grinding have been employed to ensure the proper and
effective entrapment of target molecule.4
ood Science and Innovation, Faculty of
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Based on our previous study, b-CD: shrimp lipid ratio at
10 : 1 was used, followed by homogenization at high speed for
10 min, in which 97% of cholesterol from shrimp lipid was
removed.10 This process required high amount of b-CD to
remove cholesterol at a maximum level. Since b-CD has the
tendency to complex with other components such as phos-
pholipids, large amount of b-CD was employed for cholesterol
removal. Although cholesterol was removed effectively from
shrimp lipid, the huge amount of b-CD (10-fold of oil) was
used.10 Therefore, high cost associated with b-CD would
increase the operational cost for industries. This can further
lead to the elevated market price of commercialized cholesterol
removed shrimp lipid. Additionally, the used b-CD can cause
environmental pollution, when its management is not appro-
priate. Hence, the reuse of the used b-CD would aid to alleviate
such a drawback. Li et al. (2017) reported that b-CD aer the
cholesterol removal of duck egg powder can be activated for
reuse purpose with the aid of ultrasonication.11 Cholesterol
inclusion method used by Li et al. (2017) was slurry method
using a blender.11 Generally, with mechanical homogenizer, the
larger particles tend to breakdown into smaller size. This may
disrupt the structure and physical properties of b-CD. The
process used could therefore affect the efficacy of b-CD.
However, the reuse or recycling of b-CD is necessary, in which b-
CD can be fully exploited. Also operation cost for cholesterol
removal could be reduced. No information of appropriate
treatment of used b-CD to obtain the b-CD with quality equiv-
alent to pure b-CD exists. This study was aimed to recycle the
used b-CD aer cholesterol removal process and to elucidate
physical and structural properties of the obtained recycled b-
CD.
RSC Adv., 2021, 11, 23113–23121 | 23113

http://crossmark.crossref.org/dialog/?doi=10.1039/d1ra03282h&domain=pdf&date_stamp=2021-06-29
http://orcid.org/0000-0001-8439-581X
http://orcid.org/0000-0001-9433-3671
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ra03282h
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA011037


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 3

0 
Ju

ne
 2

02
1.

 D
ow

nl
oa

de
d 

on
 6

/2
4/

20
25

 2
:0

1:
29

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
2 Materials and methods
2.1 Chemicals

All the chemicals used in the experiment were analytical grade
and purchased fromMerck (Darmstadt, Germany). Pacic white
shrimp (Litopenaeus vannamei) cephalothorax (shrimp head)
were gied from Sea Wealth Frozen Food Co., Ltd., Songkhla
province, Thailand.
2.2 Cholesterol inclusion with b-CD in shrimp lipid

Shrimp lipid was rstly extracted by solvent extraction
method.12 The extracted shrimp lipids were mixed with ethanol,
in which polar and non-polar fractions were separated.13

Around 10 g of shrimp lipid was mixed with 50 mL of ethanol
and allowed to crystallized at �20 �C for 2 h. The crystallized
lipid was centrifuged at 3600 � g at 4 �C for 15 min (Hitachi
Koki Co., Ltd, Tokyo, Japan). The above mentioned process was
repeated twice for the complete separation of polar lipids from
non-polar counterparts. The supernatant containing polar
lipids such as phospholipids, cholesterol and pigments were
collected. The solvent in polar lipid fraction was further
Fig. 1 Flowchart of recycling of b-CD after cholesterol removal process

23114 | RSC Adv., 2021, 11, 23113–23121
evaporated using a rotary evaporator (EYELAN-1000, Tokyo
Rikakikai, Co., Ltd., Tokyo, Japan).

The obtained polar lipid aer ethanol removal (5 g) was
mixed with 50 g of b-CD. The mixture was dispersed in 100 mL
of ethyl acetate and 100 mL of water.10 The mixture was
homogenized using a homogenizer (IKA Labortechnik, Selan-
gor, Malaysia) for 10 min and centrifuged at 8000� g for 20 min
at 15 �C. The upper layer consisting of un-trapped compounds
(ethyl acetate fraction with lowered cholesterol) was collected
and subjected to solvent evaporation at 40 �C using a rotary
evaporator. The aforementioned fraction was determined for
cholesterol and fatty acid contents. b-CD bound with choles-
terol situated in the pellet termed as ‘b-CD–CL’ was used for
recycling study.
2.3 Recycling of used b-CD

b-CD recycling was performed using the modiedmethod of Li
et al. (2017).11 About 10 g of b-CD–CL was mixed with 150 mL of
ethanol followed by the pH adjustment to 7.0 using 1.0 M
KOH. The prepared suspension was poured in an airtight
container and subjected to sonication using sonication bath
.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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(Elmasonic S 70H, Singen, Germany) for 40 min at 55 �C and
then ltered using a Whatman lter paper no. 1 (Whatman
plc, Madison, UK). The retentate was washed with 75 mL of
ethanol to remove the cholesterol residues in b-CD–CL.
Finally, the recycled b-CD (R-b-CD) was air-dried to remove the
solvent and stored under vacuum (Fig. 1). To test efficiency for
reuse of recycled b-CD, cholesterol removal of shrimp lipid
was conducted using the inclusion complex formation as
mentioned in section 2.2. Lipid treated with recycled b-CD was
characterized in comparison with lipid treated with the pure b-
CD (P-b-CD).
2.4 Cholesterol and fatty acid contents in shrimp lipid
treated with P-b-CD and R-b-CD

Shrimp lipids subjected to cholesterol removal using P-b-CD
and R-b-CD was analyzed.

2.4.1 Determination of cholesterol content. The choles-
terol contents in shrimp polar lipid before and aer treatment
with P-b-CD and R-b-CD were determined by the method of Raju
and Benjakul, (2020).13 To determine cholesterol, high pressure
liquid chromatography system (Waters 2695 series, Milford,
MA, USA) equipped with photo diode-array detector was used.
The peak separation was done using Diamonsil TM-C18 column
(5 mm; 250 mm � 4.6 mm) with methanol–acetonitrile (50 : 50)
mixture as mobile phase. The cholesterol peak was observed in
201 nm at 11 min. The peaks were identied and conrmed
with cholesterol standards and the removal of cholesterol was
expressed in percentage, relative to that found in initial shrimp
lipid (untreated).

2.4.2 Residual cholesterol content in R-b-CD. Cholesterol
removal from b-CD–CL complex was determined using spec-
trophotometric method as tailored by Luzia et al. (2003) by
comparing the amount of retained cholesterol in b-CD–CL and
R-b-CD.14 Around 100 mg of sample was added to 6 mL of
saturated solution of ferrous sulphate prepared in glacial acetic
acid. The mixture was further added with 2 mL of concentrated
sulfuric acid (H2SO4). The absorbance of resulting solution was
read at 490 nm using a spectrophotometer (Shimadzu UV-1800,
Kyoto, Japan). Cholesterol standards from Sigma were used for
the preparation of standard curve. Cholesterol residues were
calculated for R-b-CD in comparison with that of b-CD–CL.

2.4.3 Fatty acid analysis. Fatty acid prole was analyzed by
the method of Raju and Benjakul (2020).13 The lipid samples
(0.1 g) were esteried with 200 mL of 2 M methanolic sodium
hydroxide and neutralized with 200 mL of 2 M methanolic
hydrochloric acid. Fatty acid methyl esters obtained by above
mentioned process were analyzed by a gas chromatography
(Agilent GC 7890B; Santa Clara, CA, USA). The GC conditions
maintained for the analysis were 250 �C of injection tempera-
ture followed by the initial column temperature of 80 �C, which
was programmed as follows: 4 �C min�1 ramp for 40 min to
220 �C and further increased to 240 �C. The separated
compounds were detected at 270 �C detector (FID) temperature.
Authentic standards (Supelco FAME mix, Bellefonte, PA, USA)
were used for the identication of peak and expressed as g/
100 g.
© 2021 The Author(s). Published by the Royal Society of Chemistry
2.5 Characterization of R-b-CD in comparison with P-b-CD

2.5.1 Attenuated total reection (ATR)-Fourier transform
infrared (FTIR). FTIR spectra of both samples were analyzed by
Bruker Model Equinox 55 FTIR spectrometer (Bruker Co.,
Esslingen, Germany) following the method of Singh et al.,
(2020).15 An empty cell was used for normalization at 25 �C with
the wavenumber range of 4000–400 cm�1. OPUS 8.5 data
collection soware (Bruker Co. Billerica, MA, USA) was used.

2.5.2 Differential scanning calorimetry (DSC). Thermal
properties of both samples were measured using a differential
scanning calorimetric device (Perkin Elmer, Model DSC7, Nor-
walk, CA, USA) following the method of Mura et al. (2003).16 The
samples were heated at the rate of 10 �C min�1 from 30 to
300 �C using an empty pan as the reference.

2.5.3 Hydrogen nuclear magnetic resonance (1H NMR). 1H
NMR Cryoprobe prodigy mm BBO 500 MHz (Bruker Co., Swit-
zerland) was used for the determination of proton shi of both
samples. DMSO and D2O were used as solvents.17
2.6 Statistical analysis

Completely Randomized Design (CRD) was used for the whole
study. Samples were analyzed in triplicates. Statistical analysis
was performed using one-way analysis of variance (ANOVA)
using SPSS 11.0 for windows (SPSS Inc., Chicago, IL, USA). t-test
was used for pair comparison.
3 Results and discussion
3.1 Cholesterol removal from b-CD-cholesterol inclusion
complex (b-CD–CL)

Firstly, b-CD–CL complex including cholesterol was subjected to
ultrasonication in the presence of ethanol. Via this process, 97%
of cholesterol was removed from b-CD cavity. The appropriate
concentration of ethanol resulted in the diffusion of cholesterol
and enhanced its mass transfer and solubilize cholesterol from
the complex (b-CD–CL). When ultrasound was introduced, the
migration of solvent into b-CD cavity via cavitational effect was
enhanced and the interactions between ethanol and cholesterol
were augmented.11 Li et al. (2017) used b-CD to remove choles-
terol from duck egg and studied the b-CD recovery or recycling
from b-CD-cholesterol complex.11 The optimum condition
proposed by Li et al. (2017) was 10 mL g�1 of ethanol/b-CD–CL
followed by sonication at 56 �C for 36 min.11 Increasing choles-
terol removal was attained with increasing ethanol volume as
well as ultrasonication power. Since shrimp lipids contained high
amount of phospholipids and other hydrocarbons,18 the method
developed in the present study was modied to increase the
efficiency of cholesterol removal from the complex by extending
the time to 40min and the ethanol volume to 15mL g�1 of b-CD–
CL. Increasing volume of solvent could favor the augmented
release of guest molecules bound to b-CD.11 Yamamoto et al.
(2005) used foam separation method to dissociate cholesterol
(44%) from b-CD–CL complex under elevated temperature and
time.19 The cholesterol removal was increased with increasing
temperature (from 298 K to 353 K) and time (from 0 to 180 min).
The synergistic effect of bubbling and temperature aided the
RSC Adv., 2021, 11, 23113–23121 | 23115
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cholesterol to dissociate from its complex with b-CD.19 Tahir et al.
(2013) used chemically modied b-CD to conjugate on the
surface of glass beads for the cholesterol removal in milk. The
modied b-CD aided to remove 73.6% of cholesterol with reus-
ability of b-CD for multiple times.20

Previously, the cholesterol removal was done in shrimp
lipids with b-CD using two different methods. First method was
done by direct addition of b-CD in shrimp lipid.12 However, loss
of some fatty acids was noticed for this method.12 Another
method of cholesterol removal was developed to conquer the
Fig. 2 HPLC 3D PDA chromatograms of shrimp polar lipid (a), cholestero
shrimp polar lipid using R-b-CD (c), (P-b-CD: pure b-CD and R-b-CD: r

23116 | RSC Adv., 2021, 11, 23113–23121
drawback of the aforementioned method. For this method,
ethanolic fraction of shrimp polar lipid was separated rst and
b-CD was added. This method provided the improved choles-
terol removal with augmented astaxanthin and lowered loss in
fatty acids.10 Nevertheless, an excessive amount of b-CD was
used for the second method to favor the additional binding of
phospholipids and other sterols present in shrimp polar lipid.10

For the second process, the b-CD–CL was considered as
byproduct and remained underutilized. The exploitation of b-
CD–CL could be achieved by recovering b-CD. As a consequence,
l removed shrimp polar lipid using P-b-CD (b) and cholesterol removed
ecycled b-CD).

© 2021 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ra03282h


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 3

0 
Ju

ne
 2

02
1.

 D
ow

nl
oa

de
d 

on
 6

/2
4/

20
25

 2
:0

1:
29

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
the recycled b-CD could be used for cholesterol removal in
shrimp lipid.
3.2 Reusability of R-b-CD

There was nomajor change in cholesterol removal ability of R-b-
CD when compared with P-b-CD (Fig. 2). Approximately, 95%
(Fig. 2b) and 94% (Fig. 2c) of cholesterol was removed from
shrimp polar lipid using P-b-CD and R-b-CD, respectively.
Alternation in R-b-CD structure might occur to some degree
during the recycling process. Additionally, the presence of 3%
retained cholesterol in b-CD might bring about slightly lower
efficiency of R-b-CD, compared to P-b-CD. Based on efficiency in
cholesterol removal of R-b-CD, it can be deduced that b-CD
could be reused for the entrapment of aromatic molecules such
as cholesterol. The stability of b-CD could be due to the pres-
ence of low number of functional groups and mono layer chain,
thus providing high b-CD stability and capacity of recycling for
cholesterol removal.20 The reusability of b-CD could be
Fig. 3 DSC thermogram of P-b-CD (a) and R-b-CD (b), (P-b-CD: pure

© 2021 The Author(s). Published by the Royal Society of Chemistry
a promising means with cost effectiveness via reducing the
usage of fresh b-CD in cholesterol removal process.
3.3 Thermal stability of P-b-CD and R-b-CD

Thermal stability of P-b-CD and R-b-CD was analyzed based on
DSC thermogram (Fig. 3). P-b-CD showed melting peak at the
onset temperature of 77.22 �Cwith the end at 123.57 �C. For R-b-
CD, onset temperature was noted at 64 �C and ended at
112.84 �C. The phase transition of P-b-CD and R-b-CD was
found at 107.1 �C and 99.83 �C, respectively. The phase transi-
tion of compounds provide the information about vaporization,
sublimation and adsorption of the tested compounds.1

Thermal studies of b-CD with aceclofenac inclusion complex
supports the present study that b-CD exhibited a melting peak
at 109 �C.21 Although both the peaks were found in the same
range, slight reduction was noted in the R-b-CD. The tempera-
ture difference indicated that b-CD might undergo slight
modication aer cholesterol removal and during recycling
b-CD and R-b-CD: recycled b-CD).

RSC Adv., 2021, 11, 23113–23121 | 23117
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Fig. 4 FTIR spectra comparison of P-b-CD and R-b-CD, (P-b-CD: pure b-CD and R-b-CD: recycled b-CD).
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process. b-CD encountered harsh process such as high speed
homogenization in the presence of ethyl acetate and water
during inclusion of cholesterol. The peak shiing might be
associated with the hydration of b-CD taken place during the
cholesterol removal process from inclusion complex process22 It
also resembled the initial stage of b-CD degradation. Bothara
and Singh, (2012) reported that difference in thermal property
occurred in natural polysaccharides was due to the degrada-
tion.23 However, Hădărugă et al. (2006) reported that b-CD
showed the melting temperature with the range of 70–115 �C,24

which was less than that of P-b-CD in the current study but was
similar to that of R-b-CD. These results suggested that the
difference in melting point obtained in R-b-CD could be due to
alternation in the hydrophilic and hydrophobic moieties during
the cholesterol removal and b-CD recovery or recycling process
to some extent. However, those changes in R-b-CD were
minimal. Hence, R-b-CD was considered to be reusable for the
cholesterol removal, although slight alterations in thermal
stability of b-CD occurred.
3.4 FTIR spectra of P-b-CD and R-b-CD

FTIR spectra revealed the functional groups of P-b-CD and R-b-
CD (Fig. 4). The spectra of both the samples were similar and no
additional peaks were observed in R-b-CD. The absence of
additional peaks in R-b-CD revealed that cholesterol and
phospholipids in the inclusion complex were effectively
removed during recovery or recycling process. The dominant
peak in both samples were observed at 1025 cm�1, representing
the OH bending vibration and OH symmetric, while asymmetric
stretching was noted at 3300–3400 cm�1.25 The C–O–C vibration
was noted at 1153 cm�1 and C–H vibration was also found at
1153 and 1029 cm�1.26 These functional groups were found to
be similar between P-b-CD and R-b-CD. For asymmetric vibra-
tions of C–H groups, which were found at 2880 cm�1, slight
23118 | RSC Adv., 2021, 11, 23113–23121
increase in wavenumber was found for R-b-CD. This peak
represents the methyl group of cholesterol, suggesting the
presence of trace amount of cholesterol in R-b-CD. This nding
reconrmed 97% cholesterol removal from b-CD–CL complex
and the remaining cholesterol at 3%. Overall, FTIR spectra
revealed that R-b-CD was mostly similar to P-b-CD. No changes
in functional groups took place and the reusability of b-CD was
conrmed.
3.5 1H NMR of P-b-CD and R-b-CD

The structural modication of P-b-CD and R-b-CD was observed
by NMR. Nowadays, NMR has become a vital tool for structural
interpretation of several organic compounds. Fig. 5 represents
the NMR spectra of P-b-CD and R-b-CD with different solvents
including D2O and DMSO. The intramolecular exchange
between water and b-CD occurs faster in NMR, leading to the
restricted observations of OH groups.27 To detect OH group,
DMSO was used as solvent and the OH 2, 3 and 6 were found in
NMR spectra (Fig. 5). b-CD generally binds with the guest
molecules with inner hydrophobic cavity. The protons of b-CD
(shown inside Fig. 5) locating in the inner hydrophobic cavity
are H3, H5 and H6,25 whereas the other two are situated at the
outer ring of the b-CD. Based on spectra (Fig. 5) using D2O and
DMSO as solvents, the identical spectra were observed between
P-b-CD and R-b-CD spectra.

Chemical shis (Dd) (Table 1) occurring in protons dene
the modications of the recovered b-CD. Chemical shi varia-
tions were known to occur in protons present in free and bound
states.28 The chemical shis of DMSO soluble protons showed
a minute difference in H2 and H4, whereas the inner cavity
hydrophobic protons were unaltered (Table 1). However, water
soluble protons showed a slight chemical shi in both inner
H3, H5 and H6 (0.001, 0.002 and 0.002 ppm, respectively) and
outer protons H1, H2 and H4 (0.002, 0.002 and 0.002,
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 NMR spectra of P-b-CD and R-b-CD using D2O and DMSO as solvents, (arrow sign indicates OH), (P-b-CD: pure b-CD and R-b-CD:
recycled b-CD).
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respectively) (Table 1). The chemical shi found in the water
molecule could be due to the presence of some guest molecules
that bound to b-CD in both inner and outer structure. Shan et al.
(2019) prepared b-CD inclusion complex and analyzed for NMR
spectra using DMSO as a solvent.26 The spectra of b-CD before
and aer inclusion suggested the chemical shi for H3 (0.011
ppm), H5 (0.006 ppm) and H6 (0.009 ppm), more likely due to
the complex formation with b-CD. Inclusion complex between
b-CD and phenylphosphonicdiamide showed the shi of H3,
H5 and H6 protons around 0.002, 0.002 and 0.001 ppm,
respectively.26 DMSO and water exhibited different chemical
shis to the protons. It conrmed that the recovered or recycled
© 2021 The Author(s). Published by the Royal Society of Chemistry
b-CD (R-b-CD) was mostly free of the guest molecule. Never-
theless, trace amount of molecules bound to b-CD in random
manner was still detected. Overall, NMR spectra indicated that
P-b-CD and R-b-CD were identical with minimum chemical
changes. Thus it was deduced that R-b-CD had the potential for
reusability.
3.6 Fatty acid prole of shrimp polar lipid treated with P-b-
CD and R-b-CD for cholesterol removal

Fatty acid prole of shrimp polar lipid aer the cholesterol
removal with the aid of P-b-CD and R-b-CD are shown in Table
2. During cholesterol removal, some of the phospholipids could
RSC Adv., 2021, 11, 23113–23121 | 23119
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Table 1 Chemical shift (Dd) of P-b-CD and R-b-CD using different solvent (a) D2O and (b) DMSOa

Samples H1 (ppm) H2 (ppm) H3 (ppm) H4 (ppm) H5 (ppm) H6 (ppm)

(a) D2O
P-b-CD 4.998 3.567 3.78 3.491 3.587 3.889
R-b-CD 5.000 3.569 3.781 3.493 3.589 3.891
Dd 0.002 0.002 0.001 0.002 0.002 0.002

(b) DMSO
P-b-CD 4.831 3.295 3.62 3.328a 3.639 3.657
R-b-CD 4.831 3.296 3.62 3.329 3.639 3.657
Dd 0 0.001 0 0.001 0 0

a P-b-CD: pure b-CD and R-b-CD: recycled b-CD.

Table 2 Fatty acid profile of cholesterol removed shrimp polar lipid
treated with P-b-CD and R-b-CDa

Fatty acids (g/100
g) P-b-CD R-b-CD

C14:0 1.17 � 0.01a 1.25 � 0.02a
C15:0 0.58 � 0.02a 0.64 � 0.01a
C16:0 6.88 � 0.10a 6.99 � 0.04a
C16:1 0.86 � 0.03a 0.87 � 0.01a
C17:0 0.82 � 0.03a 0.86 � 0.04a
C18:0 3.22 � 0.06a 3.25 � 0.03a
C18:1n9c 4.30 � 0.06a 4.34 � 0.03a
C18:2n3c 3.56 � 0.07a 3.94 � 0.02a
C20:1 0.63 � 0.02a 0.65 � 0.00a
C18:3n3c 0.60 � 0.00a 0.64 � 0.00a
C20:2n6c 0.76 � 0.02a 0.85 � 0.02a
C23:0 1.83 � 0.02a 2.16 � 0.03b
C20:5n3c 3.00 � 0.06a 3.92 � 0.06b
C22:6n3c 2.93 � 0.01a 3.06 � 0.04a

a P-b-CD: pure b-CD and R-b-CD: recycled b-CD.
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bind with outer portion of b-CD due to the hydrophilic nature.
Raju and Benjakul (2019) reported that phospholipid was
reduced aer cholesterol removal process in shrimp lipid using
b-CD.12 In addition, phospholipids were found to be conjugated
with fatty acids, regardless of saturated, monounsaturated and
polyunsaturated forms via their hydrophobic tails.18 Moreover,
the cavity size of b-CD was appropriate for the heterocyclic
structure rather than linear structure such as fatty acids.4 Fatty
acid prole comparison revealed slightly higher fatty acid
content in lipid treated with R-b-CD. This result showed that the
binding between phospholipid and R-b-CD was lessened.
Phospholipids have been reported to be rich in polyunsaturated
fatty acids (PUFA).18 During cholesterol removal process, b-CD
was used in the presence of water and ethyl acetate. Through
this process, b-CD underwent interaction with water, in which it
was hydrated to high degree. The hydration effect during the
initial cholesterol removal and b-CD recovery or recycling
process could lower the binding capacity of phospholipids,
which had the hydrophobic tail. This led to the increased fatty
acid prole of resulting treated shrimp polar lipid. Phospho-
lipids could bind to the hydrophilic portion of b-CD due to its
23120 | RSC Adv., 2021, 11, 23113–23121
amphiphilic nature. Since ethyl acetate and water are immis-
cible in nature, the hydrated b-CD could not bind phospho-
lipids effectively and favored the movement of phospholipids
towards the ethyl acetate phase. The fatty acid proling
conrmed that the R-b-CD could be reused for the cholesterol
removal. However, the multiple usage could reduce the effi-
ciency in binding ability with phospholipids due to continuous
hydration of b-CD. To overcome the hydration, b-CD should be
dried under elevated temperature before further use.
4 Conclusion

Cholesterol was removed using b-CD from shrimp lipid. b-CD
incorporated with cholesterol (b-CD–CL) was further processed
using ethanol with the aid of ultrasound to obtain cholesterol
free b-CD (R-b-CD). R-b-CD could remove 94% of cholesterol
from shrimp polar lipid, which was comparable to P-b-CD (95%
removal). DSC result showed a slight decrease in melting point
of R-b-CD. FTIR and NMR results suggested that R-b-CD func-
tional group and proton spectrum remained unaltered. Slight
increase in fatty acid content of shrimp polar lipid was noticed
when treated with R-b-CD. Overall results conrmed the reus-
ability of b-CD aer appropriate treatment. However, increased
fatty acid prole with decreased cholesterol removal suggested
that b-CD was slightly modied during recycling process.
Although R-b-CD can be reused, continuous usage for choles-
terol removal could have the lower efficiency.
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