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Abstract: In this work, linear dextrins (LDs) with the fragment F-40 (DP = 31.44) were fabricated
from waxy potato starch through pasteurization and enzymatic debranching by pullulanase and then
separated and extracted by ethanol solutions with different concentrations. The LDs were used to
encapsulate hydrophobic ligand curcumin to develop a controlled release system that would increase
its flavor in food and functions in medicines. The physicochemical properties and the encapsulation
mechanism of the inclusion complexes were investigated. It was found that the loading capability for
curcumin, the encapsulation rate, and the yield of the complexes depended on the molecular weight
of LD. The yield of the LD-Cur comple, its encapsulation rate, and loading of curcumin were 19.86%,
25.81%, and 29.52 pg/mg, respectively, while the yield of the F-40-Cur complex, its inclusion rate,
and loading curcumin reached up to 75.98%, 29.97%, and 37.52 pg/mg, respectively. There were
both hydrogen bonding and hydrophobic interactions between LD and curcumin, while hydrogen
bonding interactions were predominant between F-40 and curcumin. Curcumin was presented in
the complex in an amorphous form. The photothermal stability of curcumin increased after being
complexed with LD and further enhanced significantly with F-40. The release of curcumin in the
intestine was achieved much more effectively.

Keywords: curcumin; encapsulation; LD; inclusion complexes; potential curcumin delivery system

1. Introduction

Turmeric is a spice that has attracted a lot of interest from the medical, scientific, and
culinary communities. Turmeric is traditionally used as a medicinal herb in Asian cultures
due to its antioxidant, anti-inflammatory [1,2], antimutagenic, antibacterial [3,4], and
anticancer properties [5,6]. Curcumin, the principal constituent of turmeric, is a polyphenol
that can target a variety of signaling molecules while exhibiting activity at the cellular
level, which explains its multiple health benefits [7]. However, the challenge with ingestion
of curcumin is its poor bioavailability [8], which results in its malabsorption and rapid
metabolism and clearance [7,9].

To overcome these limitations, the application of appropriate release systems, such as
hydrogels, dendrimers, liposomes, and micro- and nanoparticles, have been used for the
delivery of curcumin [10,11]. In recent years, targeted and triggered drug delivery systems
accompanied by nanoparticle technologies have become prominent solutions for improving
therapeutic drug bioavailability [12]. Nanoparticle-based drug delivery systems will likely
be suitable for highly hydrophobic drugs, such as curcumin, thus avoiding the drawback
of poor water solubility. Nanoparticle-based curcumin delivery systems are still in their
infancy, and there is still much progress to be made in this field [13,14]. Bisht et al. reported
the synthesis, structural characterization, and applications of curcumin nanoparticles with
a particle size under 100 nm [15]. Tiyaboonchai et al. [16] developed and characterized
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solid lipid nanoparticles (SLNs) loaded with curcumin for topical application. The results
showed that curcumin-loaded SLNs with a particle size of 450 nm were stable at room
temperature for 6 months and prolonged the in vitro release of curcumin up to 12 h. In
addition, by adding curcumin to this unique dosage form, the light and oxygen sensitivity
of curcumin was greatly reduced. Sun et al. [17] from Jiangnan University performed an
ethanol-hydrochloric acid pretreatment of common corn starch followed by pullulanase
debranching and phase separation in a DMSO-ethanol binary system after which selected
fragments were used to embed curcumin. Linear dextrin (LD)/curcumin complexes were
prepared by the coprecipitation method. The effects of reaction time were investigated,
including weight ratio, degree of polymerization (DP), encapsulation rate, and complex
yield. For LD with longer DP, the yield, curcumin payload, and inclusion rate reached
73.98%, 28.76 pg/mg, and 23.81%, respectively. Overall, longer LDs produced higher yields
and better retained the activity of curcumin compared to shorter LDs. However, lower
complex yields were produced. Linear dextrin (LD) was prepared using waxy potato
starch debranched with pullulanase. Various LDs were separated on the basis of their
differential solubility in aqueous/ethanol solutions of different volumetric ratios. Three
LD products—LD fabrications with 40% ethanol (F-40); LD fabrications with 50% ethanol
(F-50); and LD fabrications with 60%, 70%, and 80% ethanol (F-M)—were obtained with an
average degree of polymerization (DP) values of 31.44, 21.84, and 16.10, respectively. This
was the origin of F-40 according to our previous work [18].

In this study, F-40 with a narrower molecular weight and an average polymerization
degree of 31.44 was used to encapsulate curcumin to prepare F-40-curcumin nanocom-
plexes. Moreover, the light stability and in vitro release properties of the nanocomplexes
were investigated in order to characterize potential improvement in the bioavailability
of curcumin. The method we used includes pullulanase and ethanol, and it is a green
method. The results of this study may provide valuable data for research on encapsulation
mechanism for curcumin and linear dextrin with different, narrower molecular weights.
Moreover, the results may help to expand the commercial potential and application of
starch-based nanocarriers in the pharmaceutical and food industries.

2. Materials and Methods
2.1. Materials

Curcumin (purity > 98%) was obtained from Guangzhou LES Biological Technology
Co., Ltd. (Guangzhou, China). Trypsin (pancreatin, P7545) was supplied by Sigma-Aldrich
Corporation (Shanghai, China). Pepsin (pepsin, P7000) was supplied by Sigma-Aldrich
Corporation (Shanghai, China). Other chemical reagents of analytical grade purity were
purchased from Tianjin Damao Chemical Reagent Factory (Tianjin, China). Sample F-40
was prepared according to Xie et al. [18] with minor modification.

2.2. Preparation of Linear Dextrin-Curcumin Nanocomplexes

LD-curcumin complexes were prepared using the coprecipitation method described
by Marcolino et al. [19] with slight modifications. Curcumin (4 mg/mL) was dissolved in
pure anhydrous ethanol to prepare a stock solution. LD (10 mg/mL) powder was dissolved
in distilled water to achieve a concentration of 10 mg/mL. The resulting suspension was
heated to 100 °C for 30 min and then cooled to 80 °C. Then, different volumes of the
curcumin-ethanol solution (at a ratio of 1:10) were added to the LD solution with gentle
mixing at 80 °C for 2 h. The mixture was then allowed to stand for 12 h at 4 °C. The
resulting precipitate was centrifuged (12,000 g, 10 min, 4 °C), washed 3 times with 50%
(v/v) ethanol, and then dried in an oven at 40 °C. As a control sample, LD solutions without
curcumin were also prepared and used for further analysis. All samples were prepared in
triplicate, and the resulting complexes were stored in brown glass vials. The yield of the
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complex was calculated by dividing the weight of the complex from the total weight of
curcumin and LD using Equation (1):

W
Yield = ————— x 100% 1
T WL W, @
where W1, W5, and W are the masses (g) of LD, curcumin, and LD-curcumin complexes,
respectively. The blank sample was the pure LD solution, and the control sample was the
LD-curcumin physical mixture.

2.3. Determination of Curcumin Loading and Encapsulation Rate

To determine the curcumin content of the LD-curcumin complex, a fixed amount of
each powder was diluted in anhydrous ethanol and then mixed for 5 min. The mixture
was then treated in an ultrasonicator for 10 min to extract the curcumin and centrifuged at
5000x g for 10 min. The extraction process was repeated three times, and the curcumin-
containing supernatant was combined. Then, the concentration of curcumin in the super-
natant was measured by a TU-1900 UV-visible spectrophotometer at 419 nm. The effective
loading (X, pg/mg) and the encapsulation rate of curcumin (Y, %) were calculated by
Equations (2) and (3), respectively:

_ CxNxV

X x 100% @)

Y = M % 100% 3)
m2

where C (ug/mL) is the curcumin content of the dilute composite solution determined
from the curcumin standard curve (y = 0.1490, x-0.0001, R? = 0.9998; x and y correspond
to the curcumin concentration and absorbance in png/mg, respectively), N is the dilution
factor of the supernatant, V (mL) is the total volume of anhydrous ethanol, m0 (mg) is the
mass of the weighed complex sample, m1 (mg) is the mass of the LD-curcumin complex,
and m2 (mg) is the mass of added curcumin.

2.4. XRD Analysis

X-ray diffractograms (XRD) of powdered curcumin, LD, LD-curcumin physical mix-
ture, and LD-curcumin complex as well as F-40, F-40-Cur mixture, and F-40-Cur complex
were collected using an X-ray diffractometer (D8 Advance, Bruker Co., Germany) operating
at 30 kV and 10 mA and using Cu-K« radiation (1.5406 A). The samples were scanned from
3 to 60° (20) at a scan rate of 4°/min, and the resulting data were analyzed using MDI Jade
5.0 software (Materials Data Inc., Livermore, CA, USA).

2.5. FT-IR Analysis

The intermolecular interactions of the sample curcumin, LD, LD-curcumin physical
mixture, and LD-curcumin complex as well as F-40, F-40-Cur mixture, and F-40-Cur complex
were analyzed by FI-IR (Vector 33, Bruker Co., Germany). Specifically, the samples were
mixed with KBr at a ratio of 1:100 to 1:50, and the dried samples were pressed into pellets for
spectral acquisition. Next, scanning was performed, and the test was performed with a KBr
slice as a blank background. The scan range was generally chosen from 400 to 4000 cm ™!, the

number of scans was set to 64, and the resolution of the test was set to 4 cm 1.

2.6. TEM Analysis

The morphology of the complexes was observed using transmission electron mi-
croscopy (TEM; JEM1400 Plus, JEOL, Tokyo, Japan) at an accelerating voltage of 80 kV. The
0.01% (w/v) sample suspension was sonicated at room temperature for 5 min and then
drop-cast onto a copper mesh coated with carbon film for observation.
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2.7. Thermal Stability Analysis

The thermal properties of pure curcumin, LD, LD-curcumin physical mixture, and
LD-curcumin complex as well as F-40, F-40-Cur mixture, and F-40-Cur complex were char-
acterized using a thermogravimetric analyzer (TG-DSC, STA449F3, Selb, Germany). The
instrument was operated in a nitrogen atmosphere with a nitrogen flow rate of 20 mL/min
and a heating rate of 10 °C/min in the range of 50 to 500 °C.

2.8. Photochemical Stability Analysis

The photochemical stability of the pure curcumin sample, LD, LD-curcumin mixture,
and LD-curcumin complex as well as F-40, F-40-Cur mixture, and F-40-Cur complex powder
was evaluated according to the procedure described by Patel, Hu, Tiwari, and Velikov [20]
with some modifications. Powdered samples of curcumin and LD-curcumin complexes
were subjected to UV light (368 nm) for 2, 5, 10, 24, 48, and 60 h in a dark box. The distance
between the sample and the UV block was set to 8 cm. The curcumin content in the samples
was measured by UV-visible spectroscopy at 419 nm.

2.9. In Vitro Simulation of Gastrointestinal Digestion Characterization

The preparation of gastric and small intestinal fluids was carried out as previously
described [21], maintaining the entire simulated gastrointestinal environment isolated from
oxygen and at a constant temperature of 37 °C. The release of curcumin from the com-
plex under gastrointestinal stimulation conditions was assessed according to the method
described by Pereira et al. [21] with some modifications. Briefly, 100 mg of sample LD-
curcumin complex and 20 mg of F-40-Cur complex were incubated separately in 25 mL
of simulated gastric fluid (SGF, containing 0.05% Tween 80, and 9 mg/mL pepsin) while
stirring at 37 °C (95 rpm). After 60 min of incubation, the digestion solution was adjusted to
pH 6.8 using 0.5M NaOH, and simulated intestinal digestion (60-180 min) was initiated by
the addition of simulated intestinal fluid (SIF, containing 0.05% Tween 80 and 7.2 mg/mL
trypsin). Throughout the digestion, reaction mixtures were collected at the following time
intervals: 5, 15, 30, 45, 60, 90, 120, 150, and 180 min. Curcumin was extracted from these
mixtures, and the in vitro simulated release profiles of the samples were determined as
described above.

2.10. Statistical Analysis

Differences between multiple group means were analyzed by one-way analysis of
variance (ANOVA) using SPSS 17.0 and Origin 9.0, and Duncan’s multiple range tests were
performed. p < 0.05 for ANOVA data was considered statistically significant. The means
were from three experiments.

3. Results and Discussion
3.1. XRD Results

In the presence of suitable complexing agents, straight-chain starches can form a
single-helix conformation with 6, 7, and 8 glucose units per turn, similar to the stacking
of o-, B-, and y-cyclodextrins, respectively. For -cyclodextrin (3-CD), complexes are
formed between curcumin and (3-cyclodextrin or poly(3-CD), where the aromatic ring
of curcumin is contained in the cavity of 3-CD [22]. Considering the similarity of the
helical structure of 3-CD and straight-chain starch, curcumin can enter the helical cavity of
straight-chain starch and form a complex with straight-chain starch. Therefore, in order to
fully understand the interaction of LD and curcumin, the crystalline properties of curcumin
in the LD matrix were detected by X-ray diffraction.

Figure 1A shows the XRD patterns of LD, curcumin, LD-curcumin mixture, and
LD-curcumin complex, while the XRD patterns of F-40, F-40-Cur mixture, and F-40-Cur
complex are shown in Figure 1B. As shown in Figure 1A,B, both LD and F-40 showed
characteristic diffraction peaks at 5.6, 17.0, 22.0, and 24.2°, indicating the presence of B-
type crystal structures. This result is in agreement with the findings of previous studies
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that a B-type crystalline structure is typical for retrograded straight-chain starch [23]. In
addition, the XRD pattern of the pure curcumin sample showed many spikes (8.9, 12.2,
14.6,17.3, and 24.5°), which reflected its crystallinity. The characteristic diffraction peaks of
the LD-curcumin complex appeared at 7.2, 8.3, 10.1, 14.2, 19.8, and 22.1°, which indicated
that curcumin was still present in the LD-curcumin complex in crystalline form. The
main crystalline form of the LD-curcumin complex resembled the crystalline structure
of curcumin, even though the diffraction pattern of the LD-curcumin complex contained
faint diffraction peaks characteristic of the V crystalline structure (26 = 7.5, 13.3, and 14.4°),
presumably due to the low loading of LD on curcumin. However, the F-40-Cur complex did
not show a distinct curcumin crystalline peak, indicating that curcumin had been converted
to the amorphous form. A similar phenomenon was observed by Cohen et al. [24]. For the
LD-curcumin complex, the B-peaks dominated, although characteristic V-shaped peaks
(26 = 7.5, 13.3, and 14.4°) were also present. By comparison, the characteristic V-type
crystalline structure in the F-40-Cur complex was found to be significantly stronger than
that of the LD-curcumin complex, which was consistent with the results for curcumin
loading capacity and directly indicated that the molecular chain length of F-40 was more
favorable for the formation of its complexes. This difference can be mainly attributed to the
different molecular weights of LD.

(B)
®) ettt

—— F-40-Cur Complexes
—— F-40-Cur Mixtures
—F-40
Curcumin

—— LD-Cur Complexes
—— LD-Cur Mixtures
—LD
Curcurmin

Diffraction angle(26) Diffraction angle(26)

Figure 1. The XRD patterns of (A) curcumin, LD, LD-Cur mixtures, and LD-Cur complexes and
(B) F-40, F-40-Cur mixtures, and F-40-Cur complexes.

3.2. FT-IR Results

The FTIR spectra of the pure curcumin sample, LD, LD-curcumin mixture, and LD-
curcumin complex as well as F-40, F-40-Cur mixture, and F-40-Cur complex are shown
in Figure 2. F-40 and LD exhibited the same FI-IR pattern due to similarities in their
molecular structure. The broad peaks at 3385 and 2929 cm~! were attributed to the -OH
stretching vibration and the asymmetric stretching of CH originating from CHy, respec-
tively. Moreover, the strong peak at 1652 cm™~! corresponded to the bending vibration
of -OH. In the curcumin spectrum, the most obvious carbonyl region (1800 to 1650 cm 1)
had no band, indicating that curcumin existed in the keto-enol interconversion isomeric
form. The curcumin spectrum showed a sharp peak at 3509 cm~! due to the phenol-OH
stretching vibration. In addition, stretching vibrations at 1628 (vibrational C=O and C=C),
1604 (stretching vibration of the curcumin benzene ring), 1508 (CO and CC vibrations),
1429 (bending vibration of olefin CH), 1282 (stretching vibration of aromatic CO), and
1026 (stretching vibration of COC) cm ™! were noted.
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Figure 2. (A) The FI-IR patterns of curcumin, LD, LD-Cur mixtures, and LD-Cur complexes. (B) An
enlargement of (A) at a wavelength range of 1800-200 cm~!. (C) The FT-IR patterns of F-40, F-40-Cur
mixtures, and F-40-Cur complexes. (D) An enlargement of (C) at a wavelength range of 1800~1000 cm ™.

The FI-IR spectra of the physical mixture of LD-curcumin complex exhibited charac-
teristic peaks corresponding to LD and curcumin. In contrast, the spectrum of the F-40-Cur
complex showed some significant changes compared to the spectrum of the F-40-Cur mix-
ture, which usually corresponds to the interaction of curcumin with the wall material [25].
Although peaks were observed at 1628 and 1508 cm ™!, the 3509 cm ™! spike belonging to
the curcumin phenol -OH disappeared in the spectrum of the LD-curcumin complex.

Previous studies have suggested that hydrogen bonding is the main intermolecular
interaction force between phenolic compounds and starch [26]. In our study, the phenol-OH
group of curcumin and the OH group of the glucose unit may be involved in the formation
of hydrogen bonds, as shown in the FI-IR spectral results. However, the phenol-OH of
curcumin disappeared from the spectra of the F-40-Cur mixture and complexes. One
possible reason for this may be due to the low weight ratio of curcumin to F-40, resulting in
the characteristic peak of curcumin being covered by F-40. Notably, the peak at 1604 cm ™!
corresponded to stretching of C=C of the aromatic ring of curcumin, which showed a
shoulder peak at 1589 cm ™! in the spectrum of the F-40-Cur complex. This result suggests
that the interaction seems to have occurred due to the entry of one or both benzene rings of
curcumin into the helical cavity of F-40 (Figure 3).

Similar phenomena in curcumin--cyclodextrin complexes were reported by Tang et al. [27]
and Mangolim et al. [2]. As for the differences in the FT-IR spectra of LD-curcumin
complexes, they can be attributed to the degree of polymerization of LD. In summary, the
intermolecular interactions between LDs and curcumin were mainly related to the benzene
ring of curcumin, and it was speculated that hydrophobic interactions and hydrogen
bonding were mainly between LD and curcumin, while the hydrogen bonding interactions
were mainly between F-40 and curcumin.
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Figure 3. Molecular structure diagram of the F-40-Cur inclusion compound. The front view of the

F-40-Cur inclusion compound, with dashed lines ( ) representing hydrogen bonding.

3.3. TEM Results

Figure 4 shows the transmission electron microscopy patterns of the LD-curcumin com-
plex (left) and the F-40-Cur complex (right). Figure 4 (left) shows that the complexes of
ungraded LD with curcumin were in the nanoparticle state, and the LD-curcumin complexes
(left) were similarly close to containing nanoparticles with a roughly spherical shape and
a diameter of about 50-80 nm. A small portion of nanoparticles aggregated and formed a
grape-like structure, which is consistent with previous findings [28]. For F-40, its complex
with curcumin was pale yellow in color and did not exhibit a distinct granular structure. In
addition, Figure 4 (right) shows that the particle shape of the complex formed by long-chain
F-40 and curcumin was larger, and the surface adhesion was more serious (about 70-80 nm).
This difference was mainly related to the water solubility of LD. Klaochanpong et al. reported
that debranched starch samples containing shorter linear chains showed higher solubility [29].
Therefore, the nongranular structure of F-40 complexes may be related to the molecular weight
of LD. The LD sample had a higher percentage of shorter chains compared to the F-40 sample.
Thus, LD exhibited excellent dispersion in water but a low ability to wrap curcumin molecules
to form particle complexes.

100 nm 100 nm

Figure 4. The TEM of LD-Cur complexes (left) and F-40-Cur complexes (right).

3.4. DSC-TG Results

The thermodynamic properties of the sample curcumin, LD, LD-curcumin mixture,
and LD-curcumin complex as well as F-40, F-40-Cur mixture, and F-40-Cur complex are
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shown in Figure 5. The LD and F-40 samples showed heat absorption peaks at 208.9 and
275.6 °C, respectively, corresponding to their melting points. This difference was related to
differences in molecular size and arrangement, further confirming the effect of DP. The DSC
spectrum of curcumin showed a heat absorption peak at 185 °C, which is the melting point
of curcumin crystals [19]. While the heat absorption peak of curcumin was still present
in the temperature spectrum of the LD-curcumin complex, the peak corresponded to the
melting process of the amorphous LD in which LD is hardly complexed with curcumin
during the coprecipitation process. This result was consistent with the graphical analysis of
the previous XRD tests.

— B (Mass/%)
—— C (DSC/(mW/mg))

s 0, i ;
0) D (DTG/(%/min)) Exothermic 9
r -5
100 - Q - Mass change rate: -4.05% B
ﬁ/Mass change rate: -10.28% -8 I
i. i e N L7 -0
80 i g e |
Peak: 186.5°C . . L
1 Peak: 297.9°C ") -6
| ) o N:-=’ Mass change rate: | [ -5
60 Comprehensive analysis of peaks: Peak: 396.0°C -46.33% -5
1 Enthalphy Energy: 180.6J/g L |
Peak: 185.0°C Comprehensive analysis of peaks: 4
40 4 Initial temperature: 182.0°C Enthalphy Energy: 160.3J/g  Mass residual rate: | 10
Heat flow change: Peak: 377.3°C 39.43% (499.7°C) 3
1 3.481mW/mg Initial temperature: 321.4°C B N
204 Heat flow change: I
0.3826mW/mg Comprehensive analysis of peaks: -2 --15
7 Enthalphy Energy: 5.568J/g
Peak: 428.3°C -1 |
0 Initial temperature: 424.0°C L
Heat flow change: 0.1298mW/mg
r— 1 T T T T ‘T T T T T T T T T T T 0 --20
50 100 150 200 250 300 350 400 450
A (Temp./°C)
—— B (Mass/%)
—— C (DSC/(mW/mg))
(13 D (DTG/(%/min)) ,
1 Exothermic
Comprehensive analysis of peaks: Comprehensive analysis of peaks: -4
160 - Enthalphy Energy: -17.89J/g Enthalphy Energy: -32.56J/g i i
J Peak: 208.9°C Peak: 303.3°C H
140 4 Initial temperature: 180.6°C Initial temperature: 256.2°c 0.5
Temperature Change: 39.2°C(37%) Temperature Change: 57.4°c(37%) -2
B flow change: 0.09961mW/mg flow change: 0.1181mW/mg r
120 0.0 I
| -0
100 : PR ]
| Mass change rate: ..~ +
-21.25% e
80 051 5
Peak: 78.5°C /
60 Mass changde rate: -8.21% \ Mass change rate: -51.95% 1.0
1 Y r1O0 Ly
40 K
SN, Mass residual rate: F
] Peak: 238.4°C<" 18.59% (503.4°C) r
20 —=_ 1L15 | ¢
l Peak: 297.1°C"

T T T T T T T
50 100 250 300 350 400 450 500

A (Temp./°C)

T T
150 200

Figure 5. Cont.



Compounds 2022, 2

—— B (Mass/%)
—— C (DSC/(mW/mg))
........... D (DTG/(%/min))

Exotherl-n ic

omprehensive analysis of peaks: rl.
c hensi lysis of peak 1.0
i Enthalphy Energy: 10.2J/g Comprehensive analysis of peaks: C'ompLehensive analysis
| of peaks: L
160 Peak: 184.6°C Enthalphy Energy: 42.46J/g Enthalphy Energy: 8.878Jg
_ Initial temperature: 181.0°C Peak: 246.6°C Peak: 441.4°C 05
140 Heat flow change: Initial temperature: 212.0°C Initial temperature: 427.1°C .
N 0.2262 mW/mg Heat flow change: Heat flow change:
i 0.2091 mWimg 0.07599mW/mg B
120 + 0.0
o Mass change rate: I
100 /(~.;].82% ,,,,,, e
] ——r N Mass change rate: __.---==""""" --0.5
y 21.51%
801 Peak: 78.5°C Y 3
1 / ~-1.0
60 | ;
i Mass change rate: |
] ; -47.62% ™
40+ Lo ' 15
1 Peak: 235.4°C*" L
20+ Peak: 291.8°C4  Mass residual rate: 23.05% (503.4°C)
—— e 1 20
50 100 150 200 250 300 350 400 450 500
o
A (Temp./°C)
— B (Mass/%)
—— C (DSC/(mW/mgq))
- D (DTG/(%/min))
1 (3 Exothermic [ 9
Mass change rate: -6.23% -
100 ’ 8
i Mass change rate:
i -12.00% I
I N 7
'! ___,.’ .. |
1/
¥ -6
60 - e I
| Peak: 298.4°C . 5
Comprehensive analysis of peak — I
40 - Comprehensive analysis of peaks: . o
Enthalphy Energy: 178.2J/g Peak: 382.7°C -4
1 Peak: 184.8°C 3
20 Initial temperature: 182.6°C " idual -3
A Final . 188.0° ass residual rate:
inal temperature: 188.0°C 33.79% (499.7°C) |
| Heat flow change: Comprehensive analysis of peaks: 2
3.65 mW/mg Enthalphy Energy: 457.6J/g
0 Peak: 377.3°C r
i Initial temperature: 252.9°C -1
Final temperature: 429.4°C |
-20 - Heat flow change: 0.7636 mW/mg 0
T T T T T T T T T T T T T T T T T T
50 100 150 200 250 300 350 400 450
o
A (Temp./°C)

Figure 5. Cont.




Compounds 2022, 2

362

— B (Mass/%)
C (DSC/(mW/mg ))Comprehensive analysis of peaks:
(4) S D (DTG/(%/mln)) Enthalphy Energy: 53.35J/g Exothermic

Peak: 275.6°C ~ 40
160 - Initial temperature: 26.7°C -
Heat flow change: -0 B
0.4288 mW/mg Comprehensive analysis of peaks: [ 30
140 + Enthalphy Energy: -35.75J/g -1 |
1 Peak: 309.4°C L
120 - Initial temperature: 304.2°C -2 20
Mass chande rate: Heat flow change: | |
1 4.05% g’ : 0.5809mW/mg L3
100 H ! L 10
Mass change rate
. —-6.28% 4 |
804 - i
------ e T P -5 0
] SN i L L
. o \ ;
60 Peak: 90.6°C pegay. 273.8°C Y \/ R
1 Y Mass change rate: ~_ r
N Lo -64.02% L7t
40 ¥ I
- Peak: 311.2°C> [ [0
20 - Mass residual rate: __ -
23.72% (503.9°C)
T T T T T T T T T —-9 L.30
0 100 200 300 400 500
A (Temp./°C)
— B (Mass/%)
— C (DSC/(mW/mg))
B D (DTG/(%/min
(5 ( (%/min)) Exothermic _g &
100 + TI/ Mass change rate: -11.77% 3 I
4 : -7.08%
e /Mass change rff.e-“j“(ié-}-_"_--_--_"_“-“_“_M_ 5 Lo
80 L o =
i \ / A} :" L I
: oCh ! : L.
60 Peak: 79.9°C Peak: 274.2°C L\ Mase hange rate: ___ 9 5
40 - Comprehensive analysis of peaks: comprehensive analysis of peak;.; B --10
Enthalphy Energy: 11.79J/g Enthalphy Energy: 13.23J/g ‘ : |
1 Peak: 184.3°C Peak: 275.2°C b -3
20 < Initial temperature: 182.0°C Initial temperature: 265.3°C i Peak: 313.4°C | --15
| Heat flow change: Final temperature: 280.0°C !
0.2866 mW/mg Heat flow change: - 2 I
0 - -20
1995 mW/m, Mass residual rate: -
1 Comprehensive analysis of peaks: 24.04% (499.7°C) r |
-20 - Enthalphy Energy: -54.50J/g
Peak: 322.0°C -1 --25
1 Initial temperature: 306.9°C |
-40 4 Final temperature: 333.8°C i
Heat flow change: 0.5632 mW/mg I~ -30
— o charge: 0%002mmg - 1o
50 100 150 200 250 300 350 400 450
A (Temp./°C)

Figure 5. Cont.



Compounds 2022, 2

363

—— B (Mass/%)
—— C (DSC/(mW/mg))
N D (DTG/(%/min))

(6)

Exothermic

- -7 20
100 + ‘/ Mass change rate: -8.86% L |
80 - -6 r10
B Mass change rate: ~__| L
-67.03%
60 + L 5
e A — -0
4 - .= ‘~-..\. —————————
“ | |
40- Peak: 68.3°C
| Comprehensive analysis of peaks:y, /. -4 --10
Comprehensive analysis of peaks: omprehensive analysis of peaks: \ ; Mass residual rate: —~
20 T Enthalphy Energy: 29.34J/g Enthalphy Energy: 77.82J/g \i 24.08% (499.7°C) | |
Peak: 307.1°C
q Peak: 185.2°C . o
° Initial temperature: 266.7°C Peak' 31 5'7 C | 3
0 —| Initial temperature: 182.1°C o ~ -20
o Final temperature: 329.0°C
Final temperature: 189.8°C
- Heat flow change: o L
20 Heat flow change: 0,3589 mW/mg
4V 0.6205 mWimg -2 - -30
-40 - I I
— T '+ T T T T+ T T T T T T+ T T T T 1 ~-40
50 100 150 200 250 300 350 400 450
o
A (Temp./°C)

Figure 5. The thermal properties of (0) Curcumin, (1) LD, (2) LD-Cur mixtures, (3) LD-Cur complexes,
(4) F-40, (5) F-40-Cur mixtures, and (6) F-40-Cur complexes.

The DSC spectrum [30] for the F-40-Cur complex showed two heat absorption peaks.
The first heat absorption peak at 185.2 °C represented the heat absorption process of
curcumin, which may also be caused by the amorphous part of F-40 or its interaction with
the curcumin molecule. The second heat absorption peak near 307 °C represented the
melting heat absorption process of the F-40-Cur complex. The heat absorption peak at
307 °C was higher than that of pure curcumin, F-40, the physical mixture of F-40-curcumin,
and the LD-curcumin complex, indicating a stronger interaction between the two. More
importantly, this observation demonstrates that LD could protect curcumin. A similar
phenomenon was found in various cyclodextrin-curcumin complexes, and these complexes
also provided better thermal protection of curcumin [31].

The thermogravimetry curves (TG) as well as the derivative thermogravimetry (DTG) of
the pure curcumin sample, LD, LD-curcumin mixture, and LD-curcumin complex as well as
F-40, F-40-Cur mixture, and F-40-Cur complex are shown in Figure 5. In the TGA curves of
curcumin, no water loss was observed, probably due to its high hydrophobicity. For both the
F-40 and LD samples, there were two stages of weight loss evident in the curves. The first
one was observed near 100 °C, which was caused by the evaporation of water adsorbed on
the LD, while the second stage of weight loss occurred in the range of 150 to 400 °C and was
mainly characterized by the thermal degradation of LD and the evaporation of decomposition
compounds. For LD, two narrow peaks were observed on the DTG curve, while for F-40, two
broad peaks were observed in the range of 270 to 340 °C that were not separable. In addition,
the degradation behavior of the F-40-Cur complex showed significant differences from that
of the free curcumin and the LD-curcumin physical mixture, especially in the second phase,
where degradation started at higher temperatures and occurred in a narrower temperature
range. This phenomenon was consistent with the data from the DSC analysis, confirming the
higher thermal stability of the LD-curcumin complex. The molecular interactions between
LDs and ligands, the crystalline structure, and the aggregation behavior were strongly related
to the molecular weight as well as the solubility.
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3.5. Light Stability Analysis

The photodegradation curves of curcumin and LD-curcumin complexes as well as
F-40-Cur complexes are shown in Figure 6. Curcumin contains a diketone structure, which
is highly sensitive to light. Light can induce the degradation of active compounds. How-
ever, encapsulation techniques can improve the photostability of the active compound
during storage. The photostability of the composites was evaluated under UV light con-
ditions. After 60 h of UV irradiation, about 31% of curcumin in the pure sample was
degraded, while only 13.9% of the curcumin complexes complexed with LD and 11.5% of
the curcumin complexes complexed with F-40 were degraded after the same time period.
The improved photochemical stability originated from the formation of intermolecular
hydrogen bonds between curcumin and LD, which is consistent with the results reported
by Mangolim et al. [2]. In addition, the retention of curcumin in the F-40-Cur complex was
greater than that in the LD-curcumin complex. This result is consistent with the findings of
Sun et al. [17]. Thus, the strength of the hydrophobic interaction between curcumin and
LD significantly affects the photochemical stability of the complexes.
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Figure 6. Detection of the optical stability of free curcumin, LD-Cur complexes, and F-40-Cur complexes.

3.6. In Vitro Simulation of Gastrointestinal Digestion Analysis

The in vitro release patterns of free curcumin, LD-curcumin complexes, and F-40-Cur
complexes in simulated gastrointestinal fluid are shown in Figure 7. Curcumin possesses
biological and pharmacological activities, especially in cancer proliferation and preven-
tion [32]. Although curcumin has great efficacy in antitumors, its limited solubility and
instability limit its application. The bioavailability of curcumin can be improved by its
encapsulation [8]. While the release behavior of the LD-curcumin complex and the F-40-Cur
complex in gastric juice was essentially stable, its release behavior in the intestinal fluid was
noticeably different. As digestion proceeded, both complexes gradually released curcumin
during stimulated gastric digestion, but the amount of curcumin in the stimulated gastric
juice suggested different release profiles. The LD-curcumin complex released approxi-
mately 7.47% of curcumin after 1 h of stimulated gastric digestion, reached up to 11.37%
after another 30 min of stimulated intestinal digestion, then decreased to 6.6% after a total
of 180 min. Meanwhile, the F-40-Cur complex released about 7.90% of curcumin after 1 h of
stimulated gastric digestion, reached up to 9.80% after another 30 min of stimulated intesti-
nal digestion, and then decreased to 7.20% after a total of 180 min. Curcumin is known to be
very unstable in aqueous environments, especially in media with pH values near or above
7. For this reason, it was inferred that the degradation of curcumin in simulated gastric
juice leads to a decrease in cumulative release. The results of the in vitro release behavior
are consistent with previously reported results [17]. Sun et al. confirmed the controlled
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release performance of LD-curcumin composites, and the structural and physicochemical
properties of the composites were related to the wall material, including chain length [17].

124 | I Curcumin 9
[ LD-Cur complexes f
[ F-40-Cur complexes

Cumuative release(%)

5 15 30 45 60 90 120 150 180
Time(min)

Figure 7. In vitro release patterns of pure curcumin, LD-Cur complexes, and F-40-Cur complexes. At differ-
ent time points, different letters shown above the bars represent significant differences (p < 0.05). Conversely,
bar graphs with the same letter marked at different time points represent no significant differences.

4. Conclusions

In conclusion, this work has demonstrated a facile strategy for preparing linear dextrin
and curcumin complexes to improve the stability of curcumin. The molecular weight
of LD directly affected the loading of curcumin, the encapsulation rate, and the yield of
the complexes. Hydrogen bonding and hydrophobic interactions were the predominant
interactions between LD and curcumin, whereas hydrogen bonding interactions were
predominant between F-40 and curcumin. The molecular chain length facilitated the
formation of their complexes. Curcumin was present in the complex in an amorphous form,
and the thermal stability of curcumin to light was significantly enhanced in the complex
after LD encapsulation. Compared to LD, long-chain F-40 was more effective at enhancing
the photothermal protection of curcumin, allowing for a more efficient release of curcumin
in the simulated intestinal fluid. More importantly, the thermal and photochemical stability
of curcumin was dramatically enhanced with the formation of the complexes, and the
curcumin was slowly released during gastrointestinal digestion in vitro.
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