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Abstract: It is necessary to prepare porous lactose in order to improve the dissolution behavior of
insoluble active ingredient. In this study, polyvinylpyrrolidone K30 (PVP K30) was firstly utilized as
a templating agent with different use levels in preparing porous lactose. Then, the physical properties
were profoundly characterized. Finally, the porous lactose was also employed as a health functional
food/drug carrier to explore the effect on the dissolution behavior of curcumin. The results confirmed
that (i) porous lactose was successfully prepared using PVP K30 as templating agent; (ii) PVP K30
significantly improved the yield of lactose in the spray drying; (iii) the improved powder properties
of porous lactose were more conducive to the downstream operating process for the preparation of
health functional food or drug; and (iv) the porous lactose significantly improved the dissolution
behavior of curcumin. Therefore, the results obtained are beneficial to boosting the development of
porous materials.
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1. Introduction

Natural medicine and health functional foods, commonly originating from natural
plants, have developed steadily over the years and have a long history of clinical prac-
tice [1,2]. The most common and classic health functional foods in China are also from
natural plants [3], e.g., ginger, codonopsis pilosula, etc. Nowadays, natural medicine and
health functional food receive an increasing acceptance because of their vital role in disease
prevention [4–6]. Moreover, the occurrence of an aging society and the current health
needs of people have further led to the improvement of the natural medicine and health
functional food market and the promotion of the development of the natural medicine and
health functional food industry [7,8].

Lactose is the most commonly used food and/or pharmaceutical excipient with its cost
effectiveness, excellent physical/chemical stability, water solubility, light flavor, and low
sweetness, caloric value, and glycemic index [9,10]. However, the major drawback in using
lactose as a carrier for health functional food/drug loading purposes is its poor porosity
and loading, as it has a low specific surface area [11] and thus a relatively poor dissolution
behavior [12]. However, dissolution behavior is an important property affecting therapy
efficacy of health functional foods and drugs [13,14]. Therefore, porous lactose is needed to
be prepared in order to increase the loading capacity and improve the dissolution behavior
of insoluble active ingredients [15,16].

Over the past decades, porous materials have been widely used in many applications
where their unique properties include high surface-to-volume ratios [17,18]. Nowadays,
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co-spray drying assisting a templating agent is the most popular method for the production
of porous material [11,19,20]. Spray drying is a typical technique to fabricate non-toxic
microparticles using sugars in food and pharmaceutical particle engineering. In fact, the
preparation process of the porous lactose contains two steps, i.e., spray drying and ethanol
washing. Spray drying is mainly to prepare composite particles containing templating
agent, while ethanol washing is mainly to remove the templating agent [19].

There are two key points in the process: (i) both lactose and the templating agent are
soluble in water; (ii) lactose is insoluble in ethanol, while the templating agent is soluble
in ethanol. Nowadays, the most commonly templating agents mainly focus on sucrose,
citric acid, D-maltose monohydrate, D-fructose, D-glucose anhydrous, etc. [11,19–22], but
attention is rarely paid to polyvinylpyrrolidone (PVP), which is soluble in both water and
ethanol. Moreover, PVP can prevent the wall sticking during the spray drying process and
therefore improve the yield.

In light of the above, this study aimed to (i) study the possibility of using PVP K30
as a templating agent, (ii) develop porous lactose, and (iii) explore the effect of porous
lactose on the dissolution behavior of the insoluble active ingredient curcumin, which was
extracted from ginger.

2. Materials and Methods
2.1. Materials

PVP K30 (Ashland, Wilmington, DE, USA), lactose (MEGGLE Excipients & Technology
Group, Wasserburg am inn, Germany), and curcumin (Xi’an Hao-Xuan Bio-Tech Co., Ltd.,
Xi’an, China).

2.2. Preparation of Materials
2.2.1. Porous Lactose

PVP K30 was chosen as the templating agent. The samples were carried out by
varying the templating agent (1%, 2%, 3%) (w/w) of the aqueous solution, with the lactose
concentration kept constant at 10% (w/w). All solutions were magnetically stirred at a
room temperature of 25 ◦C for at least 30 min, so a clear solution was obtained without
any visible particles being present. The clear solutions were then spray-dried. The freshly
spray-dried powder was collected, and some of the powder was mixed with enough
ethanol, and the suspension was magnetically stirred for 24 h at the room temperature of
25 ◦C to remove PVP K30. Then porous lactose was separated from ethanol containing
PVP K30 by centrifugal force, and dried in a vacuum chamber (−0.1 MPa) at 45 ◦C for 6 h.

Yield (%) was calculated with the following equation:

Yield =
m1

m0
(1)

where m1 (g) was the actual mass of freshly spray-dried powder, m0 (g) was the mass of
the raw lactose for Lactose-0 and the mass of raw lactose and PVP K30 for Lactose-P1,
Lactose-P2, and Lactose-P3.

2.2.2. Raw Lactose and Non-Porous Lactose

The raw lactose was also characterized in this study. The non-porous lactose (Lactose-0)
was processed without PVP K30, and the process was same with the porous lactose
(Section 2.2.1).

2.3. Physical Characterizations
2.3.1. Surface Morphology

The morphology of materials was examined under scanning electron microscope
(SEM) (Quanta FEG 250, Philips Ltd., Eindhoven, The Netherlands) at an acceleration
voltage of 20 kV. Samples were sputter coated (Leica EM ACE600, Leica Biosystems,
Vienna, Austria) with gold-palladium and observed at different magnifications.



Pharmaceutics 2021, 13, 814 3 of 12

2.3.2. Surface Areas, Pore Volumes, and Pore Diameter

Surface areas (SA), pore volumes (PV), and pore diameter (PD) of samples were char-
acterized by surface area and pore volume analyzer (TriStar3000, Micromeritics Instrument
Corp., Norcross, GA, USA). Nitrogen adsorption isotherms of samples were recorded at
the temperature of liquid N2 (77 K). Consequently, SA was calculated from the Brunauer–
Emmet–Teller (BET) equations and Barrett–Joyner–Halenda (BJH) method, respectively.
PV and PD were calculated from BJH method.

2.3.3. Particle Size (d0.5) and Size Distribution (Span), and Uniformity (Un)

The d (0.5), span, and Un values were determined by laser diffraction (Malvern 2000,
Malvern Instruments Ltd., Malvern, UK; dry method). Each sample was tested three times.

2.3.4. Carr’s Index (CI) and Hausner Ratio (HR)

The bulk density (ρb) and tapped density (ρt) were determined by a powder charac-
teristics tester (BT-1000, Bettersize Instruments, Ltd., Shanghai, China). The measuring
cylinder was exactly 100 mL. The tapped time was 6 min for each material. The CI and HR
were calculated with the following equations:

CI =
ρt − ρb

ρt
× 100 (2)

HR =
ρt

ρb
(3)

2.3.5. X-ray Diffraction (XRD)

XRD structural patterns of materials were characterized by an X-ray diffractometer
(D8 Advance, A25, Bruker Ltd., Berlin, Germany). The crystal form of Lactose, Lactose-0,
Lactose-P1, Lactose-P2 and Lactose-P3 was detected and analyzed by an X-ray diffractome-
ter with Cu Kα1 radiation at 30 mA and 40 kV, and the samples were scanned from 3 to
80◦ at a scanning rate of 1 step/s with a 0.02◦ step size.

2.3.6. Fourier Transform Infrared Spectrometer (FTIR)

FTIR Spectrum Two (PerkinElmer, Liantrisant, UK) was used to investigate the com-
ponents of lactose. Samples were prepared by mixing with potassium bromide (KBr) at
a ratio of 1:10 and then compressed with hydraulic press at a pressure of 7 tones. The
samples were scanned against a blank KBr disk ranging from 4000 to 400 cm−1 with a
resolution of 1.0 cm−1.

2.3.7. Thermal Gravity (TG) and Differential Thermal Gravity (DTG) Analysis

The thermal kinetic studies of samples were performed using an Exstar TG/DTA6300
TG analyzer (SII Nano, Japan). For this purpose, about 8 mg of the samples were taken in
the pre-balanced ceramic pan and heated from 30 to 800 ◦C at heating rates of 10 ◦C/min
under a flow of nitrogen of 200 mL/min.

2.4. Drug Loading and In Vitro Dissolution Behavior
2.4.1. Drug Loading

100.0 mg curcumin was dissolved in 30.0 mL ethanol to obtain the drug solution,
which was then mixed with 5.0000 g porous lactose for 4 h with a magnetic stirrer. After
centrifugation, the curcumin-loaded lactose was pre-dried by inert nitrogen gas and oven-
dried at 60 ◦C to a constant weight.

2.4.2. In Vitro Dissolution Behavior

100.0 mg curcumin-loaded lactose was put into capsule to explore the dissolution
behavior. The dissolution behavior was characterized with intellective dissolution analyzer
(ZRS-8G, TIANDA TIANFA pharmaceutical testing instruments, Ltd., Tianjin, China). The
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basket-stirring method was employed. Aqueous solution with 5% Tween 80 (900 mL) was
used as the dissolution medium. The temperature was 37 ± 0.5 ◦C. The speed was 100 rpm.
Samples (2.5 mL) were taken and replaced with fresh dissolution medium immediately at
5, 10, 15, 30, 45, 60, and 90 min. The samples were filtered through a 0.45 mm filter and
analyzed at 424.5 nm using a UV-vis spectrometer (UV-2600, Shimadzu Co., Kyoto, Japan).

3. Results and Discussion
3.1. Yield and Surface Morphology of Materials

The yield of porous lactose was shown in Table 1. Compared with the non-porous
lactose processed without PVP K30 (Lactose-0), the yield of porous lactose processed
with 1% PVP K30 (Lactose-P1), 2% PVP K30 (Lactose-P2), and 3% PVP K30 (Lactose-P3)
increased 23.6%, 24.0%, and 29.1%, respectively. This demonstrated that PVP K30 could
significantly prevent the wall sticking during the spray drying process. It may be due to
the PVP K30 forming a thin coat over lactose.

Table 1. The characterization of the materials studied in this work.

Materials Yield
(%) ρb (g/mL) ρt (g/mL) CI HR AR (◦ ) d (0.5)

(µm) Span Uniformity SA-BET
(m2/g)

SA-BJH
(m2/g)

PV
(cm3/g)

PD
(nm)

Lactose 0.458 ± 0.007 0.864 ± 0.004 47.0 ± 1.0 1.89 ± 0.04 56.7 ± 0.7 42.5 ± 0.5 2.69 ± 0.07 0.927 ± 0.202 1.11 ± 0.02 1.25 0.00133 42.5
Lactose-0 69.0 0.329 ± 0.003 0.558 ± 0.005 41.0 ± 0.0 1.70 ± 0.00 45.3 ± 1.7 45.9 ± 0.2 3.40 ± 0.03 1.010 ± 0.011 3.44 ± 0.01 3.62 0.00447 49.4
Lactose-P1 85.3 0.398 ± 0.008 0.583 ± 0.007 31.7 ± 1.5 1.46 ± 0.03 42.2 ± 1.4 30.3 ± 0.1 2.21 ± 0.02 0.710 ± 0.012 1.58 ± 0.28 2.11 0.03010 570.0
Lactose-P2 85.5 0.397 ± 0.003 0.557 ± 0.011 28.7 ± 1.2 1.40 ± 0.02 40.5 ± 0.8 34.8 ± 0.1 2.11 ± 0.01 0.657 ± 0.007 1.56 ± 0.43 2.12 0.01720 323.0
Lactose-P3 89.1 0.376 ± 0.004 0.555 ± 0.007 32.3 ± 0.6 1.48 ± 0.01 40.0 ± 1.3 27.1 ± 0.1 2.04 ± 0.00 0.615 ± 0.002 2.03 ± 0.29 2.94 0.01870 254.0

Lactose, the raw material; P, polyvinylpyrrolidone (PVP K30); Lactose-0, processed without PVP K30; Lactose-P1, processed with 1% PVP
K30; Lactose-P2, processed with 2% PVP K30; Lactose-P3, processed with 3% PVP K30; ρb, bulk density; ρt, tapped density; CI, Carr’s
index; HR, Hausner ratio; AR, angle of repose; d (0.5), median particle size; span, particle size distribution; SA-BET, the surface area
characterized by BET; SA-BJH, the surface area characterized by BJH; PV, BJH. Adsorption cumulative volume of pores between 17.000 nm
and 3000.000 nm diameter; PD, BJH Adsorption average pore diameter.

3.2. Physical Characterization of Materials
3.2.1. Powder Properties

The powder properties of materials were summarized in Table 1. Porous lactose was
successfully prepared in this study. Furthermore, the higher porosity and surface area
enabled a more homogeneous particle size distribution, better flowability, and more fluffy
structure that were all conducive to the downstream operating process for the preparation
of health functional foods/drugs [23,24].

Firstly, the values of SA-BET, SA-BJH, PV, and PD quantificationally confirmed that co-
spray drying assisted with PVP K30 as templating agent, then ethanol washing PVP K30 did
prepare porous lactose successfully. Compared to raw lactose, (i) the SA-BET of Lactose-P1,
Lactose-P2, and Lactose-P3 increased 41.9%, 40.0%, and 82.8%, respectively; (ii) similarly,
the SA-BJH of Lactose-P1, Lactose-P2 and Lactose-P3 increased 68.3%, 69.4%, and 134.2%,
respectively; (iii) Lactose-P1, Lactose-P2, and Lactose-P3 exhibited 21.6-fold, 11.9-fold, and
13.0-fold higher PV, respectively; and (iv) Lactose-P1, Lactose-P2, and Lactose-P3 exhibited
12.4-fold, 6.6-fold, and 5.0-fold higher PD, respectively. Compared to raw lactose-0, the
SA-BET and SA-BJH of Lactose-P1, Lactose-P2, and Lactose-P3 did not increase; however,
(i) the PV of Lactose-P1, Lactose-P2 and Lactose-P3 increased 5.7-fold, 2.8-fold, and 3.2-fold,
respectively; and (ii) the PD of Lactose-P1, Lactose-P2, and Lactose-P3 increased 10.6-fold,
5.5-fold, and 4.1-fold, respectively.

The surface morphology of particles was summarized in Figure 1, which apparently
demonstrated that porous lactose was prepared successfully through spray drying with
employing PVP K30 as templating agent. Compared to raw lactose (Figure 1a), the surface
morphology of porous lactose (Figure 1c–e) changed significantly. First, the porous lactose
exhibited a spheroidal shape. Second, the porous lactose showed a porous and fluffy
structure. Third, the hollow pore structure appeared with increasing the amount of PVP
K30 (Figure 1d,e). These changes are often conducive to improved dissolution behavior
of health functional foods and drugs, which was discussed in detail in Section 3.3. As
Lactose-0 was prepared without PVP K30 during spray drying, thus, the particles couldn’t
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exhibit a complete spherical structure, but a flake hemispherical shape. Possibly due to the
impact of the solvent effect on the structure, some heterogeneous pores were observed in
the Lactose-0.
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Secondly, it is interesting to find that the porous lactose showed smaller particle size
and more homogeneous particle size distribution simultaneously when compared with
raw lactose and Lactose-0. The smaller the values of span and uniformity are, the more
uniform the particle size distribution of the material is. Commonly, the smaller the particle
size, the more heterogeneous the particle size distribution [25,26]. However, compared
to raw lactose, the d (0.5), span and uniformity values simultaneously decreased 28.7%,
17.7%, and 23.4% for Lactose-P1, 18.1%, 21.6%, and 29.1 for Lactose P2, 36.2%, 24.1%, and
33.7% for Lactose P3, respectively. When compared to Lactose-0, these values of porous
lactose dropped more significantly. This might be attributed to the following aspects: (i) the
particle size of material was mainly determined by the processing method; (ii) it has been
reported that the spray-dried material consisted of porous, spherical agglomerates of solid
particles that were fairly uniform in size because of the spherical nature of liquid particles
after evaporation of water. Meanwhile, the particle size distribution of the spray- dried
material was controlled by the atomization process and the type of drying chamber [27,28],
and (iii) the addition of PVP K30 reduced the surface tension of the solution [29], thus,
resulting in smaller and more uniform particles during spray drying.

Thirdly, it is also intriguing that porous lactose exhibited better flowability when compared
with raw lactose and Lactose-0. AR, CI, and HR were often utilized as the indicators to
characterize and describe the flowability of materials [29,30]. Generally, the smaller the values,
the better the flowability of the material [25]. Compared to raw lactose, the AR, CI, and HR of
porous lactose decreased 25.6–29.4%, 31.2–39%, and 21.7–25.7%, respectively. Similar results
were found when they were compared with Lactose-0. The better flowability of porous lactose
could be due to the spheroidal shape and homogeneous particle size distribution. Relatively
spheroidal shape and uniform particle size are conducive to improving the flowability and
decreasing the values of AR, CI, and HR [31–33]. Small particles often led to poor flowability,
but porous lactose exhibited the opposite phenomenon. This illustrated that the particle shape
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and particle size distribution of materials showed stronger influence on the flowability than
the particle size in a certain particle size range.

Fourthly, the porous lactose exhibited lower ρb and ρt, indicating that they were
fluffier, and exhibited better filling ability and health functional food/drug loading ability.
This was due to the high porosity and surface area. Moreover, these are also conducive to
the downstream operating process for the preparation of health functional foods/drugs, as
it has been reported that (i) the high porosity could strengthen the mechanical interlocking
between particle surfaces under pressure, thus resulting in strong compacts; and (ii) high
surface area could provide strong adhesion sites for particles, hence resulting in less
segregation within the powder mixtures [3,34,35].

3.2.2. XRD

The XRD results, summarized in Figure 2, demonstrated that the crystal form of
lactose was changed during the spray drying.
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Figure 2. Representative X-ray diffractograms of materials. Lactose, the raw material; Lactose-0,
processed without PVP K30; Lactose-P1, processed with 1% PVP K30; Lactose-P2, processed with 2%
PVP K30; Lactose-P3, processed with 3% PVP K30.

First, the both the Lactose-0 and porous lactose changed crystal form during spray
drying. It has been reported that spray drying process itself could lead to the formation
of amorphous parts and change the crystallinity of obtained particles by rearrangement
of the physical state [19,25,36,37]. In general, the specific diffraction angles (2θ) are 12.5◦,
16.4◦, and 20.0◦ for α-lactose monohydrate, respectively. Those for anhydrous β-lactose are
10.5◦ and 20.9◦, respectively. Those for the mixture of α- and β-lactose are 19.1◦ and 20.0◦

(α:β molar ratio 5:3) and 19.5◦ (α:β molar ratio 4:1), respectively [38]. Therefore, it can be
seen from Figure 2 that raw lactose is α-lactose monohydrate. While the 12.5 degree peak
disappears, it is replaced by a peak of 10.5 degrees for all spray-dried samples, indicating
that the crystal phase has changed for all spray-dried lactose, and both of them exhibit an
anhydrous β-lactose structure.

Second, the porous lactose also exhibited a different crystal form when compared with
Lactose-0. Specifically embodied in the peak with an angle of 2θ = 19.96 disappears. The
crystal form of materials is mainly affected by the crystal habit, which can be modified by
the presence of small amounts of a crystal modifier in the crystallization medium. Some
hydrophilic polymers, such as PVP and hydroxypropyl cellulose, are commonly used for
such a purpose [25,32]. Therefore, we speculate that in this study the hydrophilic polymer
PVP K30 acts as a crystal modifier during the spray-drying process, so that porous lactose
and Lactose-0 have different crystal types.

Third, it is well known that lactose exists in two isomeric forms, α-lactose and β-lactose,
and can be either crystalline or amorphous [28]. However, compared to a crystal, the amor-
phous material is generally unstable and has a tendency tend to form crystalline material.
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In summary, the spray-dried lactose (Lactose-0, Lactose-P1, Lactose-P2, and Lactose-P3)
was mainly in crystalline structure and changed the crystal form, which was consist
with Figure 2.

3.2.3. FTIR

The FTIR spectrogram for materials were compared in Figure 3. Similar with the
results of XRD, the results of FTIR confirmed that (i) Lactose-P1, Lactose-P2, and Lactose-
P3 showed similar infrared spectrogram, (ii) the raw lactose, Lactose-0, and porous lactose
exhibited different infrared spectrograms. As can be observed from Figure 3, different
characteristic peaks among raw lactose, Lactose-0, and porous lactose were found around
3500–2800 cm−1 and 1750–500 cm−1. The raw lactose showed an apparent absorption peak
at 3520 cm−1, which was due to the free O-H vibrations from the water molecules, and
was the characteristic band for pure α-lactose monohydrate. Moreover, it seems that the
three peaks at 920 cm−1, 900 cm−1, and 875 cm−1 were merged together to give a broad
peak at 892 cm−1. The high value for the peak areas at these characteristic peak positions
indicates that raw lactose was amorphous lactose. This observation was in good agreement
with understanding that (i) spray-dried lactose changed crystal form, and (ii) the porous
lactose exhibited different crystal form with Lactose-0. FTIR spectrogram of PVP K30
measured under the same conditions was added in the FT-IR picture. It could be observed
that PVP K30 exhibited an obvious absorption peak near 1278 cm−1, which belongs to O-H
in-plane bending vibration. while all other lactose samples showed no absorption peak
at all. It is also very interesting that all samples have a peak near at 1654 cm−1, which
respectively represents the bending vibration of the hydroxyl groups of the crystalline
water for Lactose (1650 cm−1) [39], and C = C stretching vibration in alkene bonds for PVP
K30 [40], besides Lactose-0. That’s because Lactose-0 loses the crystalline water after the
spray-drying process.
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3.2.4. TG and DTG

The thermal stability of materials was investigated by TGA. As observed from Figure 4,
the raw lactose exhibited a pattern of three-step weight loss in the temperature range of
0–500 ◦C. The first sharp weight loss was in the range of 100–150 ◦C, which corresponded
to the loss of the water bound in the crystalline lattice; then a slower step degrade weight
loss appeared between 210 ◦C and 240 ◦C; and a faster weight loss appeared until 255 ◦C
and obtained a mass balance at 310 ◦C, corresponding to the crystal water in α-lactose
monohydrate. However, the porous lactose and Lactose-0 showed a pattern of two-step
weight loss in the same temperature range. A slight weight loss first appeared in the range
of 225–245 ◦C; then a fast weight loss appeared at 265 ◦C and obtained a mass balance
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at 300 ◦C, which corresponded to the melt peaks of β-lactose. Moreover, the weight loss
of porous lactose, as a whole, was less than Lactose-0, which was probably due to the
form of crystals in porous lactose. The crystalline state has better thermal stability than the
amorphous state. That was to say, porous lactose showed good thermal stability.

Pharmaceutics 2021, 13, x  8 of 12 
 

 

 
Figure 3. The FTIR of materials. Lactose, the raw material; Lactose-0, processed without PVP K30; 
Lactose-P1, processed with 1% PVP K30; Lactose-P2, processed with 2% PVP K30; Lactose-P3, pro-
cessed with 3% PVP K30. 

3.2.4. TG and DTG 
The thermal stability of materials was investigated by TGA. As observed from Figure 

4, the raw lactose exhibited a pattern of three-step weight loss in the temperature range of 
0–500 °C. The first sharp weight loss was in the range of 100–150 °C, which corresponded 
to the loss of the water bound in the crystalline lattice; then a slower step degrade weight 
loss appeared between 210 °C and 240 °C; and a faster weight loss appeared until 255 °C 
and obtained a mass balance at 310 °C, corresponding to the crystal water in α-lactose 
monohydrate. However, the porous lactose and Lactose-0 showed a pattern of two-step 
weight loss in the same temperature range. A slight weight loss first appeared in the range 
of 225–245 °C; then a fast weight loss appeared at 265 °C and obtained a mass balance at 
300 °C, which corresponded to the melt peaks of β-lactose. Moreover, the weight loss of 
porous lactose, as a whole, was less than Lactose-0, which was probably due to the form 
of crystals in porous lactose. The crystalline state has better thermal stability than the 
amorphous state. That was to say, porous lactose showed good thermal stability. 

 
Figure 4. The (a) TG and (b) DTG analysis of materials. Lactose, the raw material; Lactose-0, pro-
cessed without PVP K30; Lactose-P1, processed with 1% PVP K30; Lactose-P2, processed with 2% 
PVP K30; Lactose-P3, processed with 3% PVP K30. 

3.3. In Vitro Dissolution Behavior 
The in vitro dissolution behavior of capsules containing curcumin-loaded lactose was 

evaluated in Figure 5. The curcumin-loaded Lactose-0 exhibited a comparable dissolution 
behavior with raw lactose. Both them showed a very slow dissolution speed. Moreover, 

Figure 4. The (a) TG and (b) DTG analysis of materials. Lactose, the raw material; Lactose-0, processed without PVP K30;
Lactose-P1, processed with 1% PVP K30; Lactose-P2, processed with 2% PVP K30; Lactose-P3, processed with 3% PVP K30.

3.3. In Vitro Dissolution Behavior

The in vitro dissolution behavior of capsules containing curcumin-loaded lactose was
evaluated in Figure 5. The curcumin-loaded Lactose-0 exhibited a comparable dissolution
behavior with raw lactose. Both them showed a very slow dissolution speed. Moreover, the
cumulative dissolution percentage of capsules containing curcumin-loaded raw lactose and
Lactose-0 at 60 min were 15% and 19%, respectively. At 90 min, the cumulative dissolution
percentage of capsules containing curcumin-loaded raw lactose and Lactose-0 were still
only 23% and 26%, respectively.
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Compared to raw lactose and Lactose-0, the capsules containing curcumin-loaded
porous lactose exhibited a significantly improved dissolution behavior. All of them showed
a very fast dissolution speed from 5 min to 15 min. The capsules containing curcumin-
loaded Lactose-P1 and Lactose P3 had almost reached the dissolution equilibrium at
45 min, and capsule containing curcumin-loaded Lactose-P2 also reached the dissolution
equilibrium at 60 min. The cumulative dissolution percentage of capsules containing
curcumin-loaded Lactose-P1, Lactose-P2, and Lactose-P3 at 90 min were 86%, 98%, and
93%, respectively.

The similarity factor (f2) (Table 2) was also calculated based on the first six points
to compare the effect of different lactose on the dissolution behavior of curcumin. When
the f2 < 50 is taken as the criterion for inequivalence, and the 50 ≤ f2 ≤ 100 is meaning
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equivalence for the dissolution behavior [41]. The f2 also demonstrated that (i) it was
equivalent for the dissolution behavior of curcumin-loaded raw lactose and Lactose-0; (ii) it
was inequivalent for the dissolution behavior of curcumin-loaded porous lactose and raw
lactose/Lactose-0; (iii) it was equivalent for the dissolution behavior of curcumin-loaded
Lactose-P2 and Lactose-P1/-P3; and (iv) the f2 between Lactose-P1 and -P3 was slightly
less than 50, meaning it, to a certain degree, was inequivalent for the dissolution behavior
of curcumin-loaded Lactose-P1 and -P3.

Table 2. The f2 of capsules containing curcumin-loaded lactose studied in this work.

f2 Lactose Lactose-0 Lactose-P1 Lactose-P2 Lactose-P3

Lactose 100.0
Lactose-0 77.9 100.0

Lactose-P1 12.6 13.6 100.0
Lactose-P2 10.3 11.2 51.5 100.0
Lactose-P3 9.3 10.0 44.1 50.3 100.0

Generally, the dissolution rate of a solid in solvent is positively related to SA [42], and
is written by the Noyes–Whitney equation, as follows:

dC
dt

=
DSw

Vh
(CS − C) (4)

where C and Cs represent the concentration of the dissolved substance at a given time t
and the solubility concentration of the substance, respectively. D, Sw, V, and h represent
the diffusion coefficient of the substance, the surface area of exposed solid, the volume of
solution, and the thickness of the diffusion layer, respectively [43].

Therefore, it was reasonable that the capsules containing curcumin-loaded porous
lactose exhibited significant faster dissolution behavior than raw lactose and Lactose-0
because of the higher SA, PV, and PD, which was discussed in detail in Section 3.2.1.

However, intriguingly, an opposite result was also observed in the dissolution behav-
ior of capsules containing curcumin-loaded raw lactose and Lactose-0. That is, although
Lactose-0 showed three times higher SA and PV than raw lactose, curcumin-loaded Lactose-
0 and raw lactose exhibited similar dissolution behavior. This might be attributed to the
small PD and inhomogenous particle size distribution of Lactose-0. In fact, the PD of
raw lactose and Lactose-0 were similar. Meanwhile, the high SA and PV were because of
the hollow or porous structure due to the inhomogenous particle size distribution, which
contains the smallest-sized particles.

Furthermore, the dissolution behavior of capsules containing curcumin-loaded porous
lactose was also compared. As a whole, the dissolution behavior of capsule containing
curcumin-loaded porous lactose was improved with increasing the use level of PVP K30
and surface area. Although Lactose-P1 had the biggest PV and PD among the porous
lactose, the capsule containing curcumin-loaded Lactose-P1 showed the lowest dissolution
behavior among the three. With increasing the use level of PVP K30, the porous structures
of lactose increased, and some hollow structures of lactose also appeared, e.g., the red
arrow in Figure 1. As the hollow structures were not considered pore structures, they were
not counted in PV and PD; they can, however, be counted in SA, and contributed to the
improved dissolution behavior.

4. Conclusions

As is known to all, lactose is the most common excipient in health functional food and
pharmaceutical industry, and it is needed to prepare porous lactose in order to increase
the loading capacity and improve the dissolution behavior of insoluble active ingredients.
Nowadays, the co-spray drying assisted with templating agent is the most popular method
for the production of porous material.
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In this study, PVP K30 was firstly utilized as templating agent with different use level
to prepare porous lactose. Then, the surface morphology, surface area, pore volumes, pore
diameter, powder properties, X-ray diffraction, Fourier transform infrared spectrometer,
thermal gravity, and differential thermal gravity were profoundly characterized. Finally,
the porous lactose was also employed as a health functional food carrier to explore the effect
on the dissolution behavior of curcumin. The results demonstrated that (i) porous lactose
was successfully prepared using PVP K30 as templating agent; (ii) PVP K30 significantly
improved the yield of lactose in the spray-drying; (iii) the improved powder properties
of porous lactose were more conducive to the downstream operating process for the
preparation of health functional foods/drugs; and (iv) the porous lactose significantly
improved the dissolution behavior of curcumin.

The results obtained could provide new perspectives, theoretical support, and guid-
ance on the development of porous materials. Therefore, this study might be significant in
facilitating the development of health functional food.

5. Patents

There is a patent (ZL202011585742.7) resulting from the work reported in this manuscript.

Author Contributions: Conceptualization, W.-F.Z. and Z.L.; methodology, L.Z.; software, W.-T.W.;
validation, L.Z.; formal analysis, L.Z., W.-T.W., and Z.-X.M.; investigation, Y.-M.G. and L.-H.C.;
resources, L.-S.M. and Z.L.; data curation, L.Z.; writing—original draft preparation, Z.L.; writing—
review and editing, W.-F.Z. and L.-S.M.; visualization, Z.L.; supervision, Z.L.; project administration,
L.-S.M. and Z.L.; funding acquisition, L.-S.M. and Z.L. All authors have read and agreed to the
published version of the manuscript; revision, Z.L., L.-S.M., L.Z., and W.-T.W.

Funding: This research was funded by the National Natural Science Foundation of China (82003953),
China; China Postdoctoral Science Foundation (2019M662278), China; National Natural Science
Foundation of Jiangxi Province (20202BAB216039), China; Science and Technology Research Project
of Jiangxi Provincial Department of Education (GJJ190688, GJJ201252), China; Postdoctoral Science
Foundation of Jiangxi Province, China (2019KY42, 2020RC15); 2020-2022 Young Talents Support
Project of Chinese Society of Chinese Medicine (2020-QNRC2-07); and Program of Jiangxi University
of Chinese Medicine, China (2004/538200010402).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The raw/processed data required to reproduce these findings cannot
be shared at this time due to technical or time limitations. Data will be made available on request.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Luo, J.; Wang, J.P.; Zhao, Y.L.; Chen, T.Q. Scare Behavior Diffusion Model of Health Food Safety Based on Complex Network.

Complexity 2018, 2018, 14. [CrossRef]
2. Ikegami, S. Effectiveness and Safety of “Food for Specified Health Uses” and Health Foods. Food Hyg. Saf. Sci. 2010, 51, J404–J407.
3. Li, Z.; Wu, F.; Zhao, L.; Lin, X.; Shen, L.; Feng, Y. Evaluation of fundamental and functional properties of natural plant product

powders for direct compaction based on multivariate statistical analysis. Adv. Powder Technol. 2018, 29, 2881–2894. [CrossRef]
4. Fazlzadeh, M.; Rahmani, K.; Zarei, A.; Abdoallahzadeh, H.; Nasiri, F.; Khosravi, R. A novel green synthesis of zero valent iron

nanoparticles (NZVI) using three plant extracts and their efficient application for removal of Cr(VI) from aqueous solutions.
Adv. Powder Technol. 2017, 28, 122–130. [CrossRef]

5. Yang, W.; Zhang, Y.; Wu, W.; Huang, L.; Guo, D.; Liu, C. Approaches to establish Q-markers for the quality standards of traditional
Chinese medicines. Acta Pharm. Sin. B 2017, 7, 439–446. [CrossRef] [PubMed]

6. Han, X.; Jiang, H.; Han, L.; Xiong, X.; He, Y.; Fu, C.; Xu, R.; Zhang, D.; Lin, J.; Yang, M. A novel quantified bitterness
evaluation model for traditional Chinese herbs based on an animal ethology principle. Acta Pharm. Sin. B 2018, 8, 209–217.
[CrossRef] [PubMed]

7. Luo, J.; Ma, B.C.; Zhao, Y.L.; Chen, T.Q. Evolution Model of Health Food Safety Risk Based on Prospect Theory. J. Healthc. Eng.
2018, 2018, 12. [CrossRef] [PubMed]

8. Katan, M.B. Health claims for functional foods—Regulations vary between countries and often permit vague claims.
BMJ Br. Med. J. 2004, 328, 180–181. [CrossRef]

http://doi.org/10.1155/2018/5902105
http://doi.org/10.1016/j.apt.2018.08.009
http://doi.org/10.1016/j.apt.2016.09.003
http://doi.org/10.1016/j.apsb.2017.04.012
http://www.ncbi.nlm.nih.gov/pubmed/28752028
http://doi.org/10.1016/j.apsb.2017.08.001
http://www.ncbi.nlm.nih.gov/pubmed/29719781
http://doi.org/10.1155/2018/8769563
http://www.ncbi.nlm.nih.gov/pubmed/30425821
http://doi.org/10.1136/bmj.328.7433.180


Pharmaceutics 2021, 13, 814 11 of 12

9. Sanchez-Garcia, Y.I.; Gutierrez-Mendez, N.; Orozco-Mena, R.E.; Ramos-Sanchez, V.H.; Leal-Ramos, M.Y. Individual and combined
effect of pH and whey proteins on lactose crystallization. Food Res. Int. 2019, 116, 455–461. [CrossRef] [PubMed]

10. Fan, F.; Roos, Y.H. X-ray diffraction analysis of lactose crystallization in freeze-dried lactose-whey protein systems. Food Res. Int.
2015, 67, 1–11. [CrossRef]

11. Ebrahimi, A.; Saffari, M.; Dehghani, F.; Langrish, T. Incorporation of acetaminophen as an active pharmaceutical ingredient into
porous lactose. Int. J. Pharm. 2016, 499, 217–227. [CrossRef]

12. Weerapol, Y.; Limmatvapirat, S.; Takeuchi, H.; Sriamornsak, P. Fabrication of spontaneous emulsifying powders for improved
dissolution of poorly water-soluble drugs. Powder Technol. 2015, 271, 100–108. [CrossRef]

13. Bhattachar, S.N.; Wesley, J.A.; Fioritto, A.; Martin, P.J.; Babu, S.R. Dissolution testing of a poorly soluble compound using the
flow-through cell dissolution apparatus. Int. J. Pharm. 2002, 236, 135–143. [CrossRef]

14. Macheras, P.; Iliadis, A.; Melagraki, G. A reaction limited in vivo dissolution model for the study of drug absorption: Towards a
new paradigm for the biopharmaceutic classification of drugs. Eur. J. Pharm. Sci. 2018, 117, 98–106. [CrossRef] [PubMed]

15. Tan, S.; Ebrahimi, A.; Liu, X.; Langrish, T. Hollow flower-like lactose particles as potential drug carriers: Effect of particle size and
feed concentration. Powder Technol. 2017, 320, 1–6. [CrossRef]

16. Ebrahimi, A.; Saffari, M.; Langrish, T. Improving the dissolution rate of hydrophobic drugs through encapsulation in porous
lactose as a new biocompatible porous carrier. Int. J. Pharm. 2017, 521, 204–213. [CrossRef] [PubMed]

17. Tan, S.; Ebrahimi, A.; Liu, X.; Langrish, T. Role of templating agents in the spray drying and postcrystallization of lactose for the
production of highly porous powders. Dry. Technol. 2018, 36, 1882–1891. [CrossRef]

18. Jiang, N.; Wang, S.; Cheng, Z.; Liu, W. In vitro and in vivo evaluation of porous lactose/mannitol carriers for solubility
enhancement of poorly water-soluble drugs. Dry. Technol. 2020, 38, 889–902. [CrossRef]

19. Tan, S.; Jiang, T.; Ebrahimi, A.; Langrish, T. Effect of spray-drying temperature on the formation of flower-like lactose for
griseofulvin loading. Eur. J. Pharm. Sci. 2018, 111, 534–539. [CrossRef]

20. Tan, S.; Ebrahimi, A.; Langrish, T. Template-directed flower-like lactose with micro-meso-macroporous structure. Mater. Des.
2017, 117, 178–184. [CrossRef]

21. Saffari, M.; Ebrahimi, A.; Langrish, T. A novel formulation for solubility and content uniformity enhancement of poorly
water-soluble drugs using highly-porous mannitol. Eur. J. Pharm. Sci. 2016, 83, 52–61. [CrossRef] [PubMed]

22. Ebrahimi, A.; Saffari, M.; Langrish, T. Spray drying and post-processing production of highly-porous lactose particles using
sugars as templating agents. Powder Technol. 2015, 283, 171–177. [CrossRef]

23. Li, Z.; Zhao, L.; Lin, X.; Shen, L.; Feng, Y. Direct compaction: An update of materials, trouble-shooting, and application.
Int. J. Pharm. 2017, 529, 543–556. [CrossRef] [PubMed]

24. Ito, V.C.; Lacerda, L.G. Black rice (Oryza sativa L.): A review of its historical aspects, chemical composition, nutritional and
functional properties, and applications and processing technologies. Food Chem. 2019, 301, 125304.

25. Li, Z.; Lin, X.; Shen, L.; Hong, Y.; Feng, Y. Composite particles based on particle engineering for direct compaction. Int. J. Pharm.
2017, 519, 272–286. [CrossRef] [PubMed]

26. Li, Z.; Xian, J.; Wu, F.; Lin, X.; Shen, L.; Feng, Y. Development of TCM-based composite particles for direct compaction by particle
design. Powder Technol. 2018, 338, 481–492. [CrossRef]

27. Vromans, H.; Boer, A.H.D.; Bolhuis, G.K.; Lerk, C.F.; Bosch, H.J.P.W. Studies on tableting properties of lactose. Pharm. Weekbl.
1985, 7, 186–193. [CrossRef] [PubMed]

28. Alderborn, G.; Nystrom, C. Pharmaceutical Powder Compaction Technology; Marcel Dekker, Inc.: New York, NY, USA, 1996;
Volume 42, p. 302.

29. Li, Z.; Zhou, M.; Wu, F.; Shen, L.; Lin, X.; Feng, Y. Direct compaction properties of Zingiberis Rhizoma extracted powders coated
with various shell materials: Improvements and mechanism analysis. Int. J. Pharm. 2019, 564, 10–21. [CrossRef]

30. Li, Z.; Wu, F.; Hong, Y.; Shen, L.; Lin, X.; Feng, Y. The Fundamental and Functional Property Differences Between HPMC and PVP
Co-Processed Herbal Particles Prepared by Fluid Bed Coating. AAPS Pharm. Sci. Tech. 2020, 21, 1–7. [CrossRef]

31. Maghsoodi, M.; Taghizadeh, O.; Martin, G.R.; Nokhodchi, A. Particle design of naproxen-disintegrant agglomerates for direct
compression by a crystallo-co-agglomeration technique. Int. J. Pharm. 2008, 351, 45–54. [CrossRef]

32. Kaialy, W.; Maniruzzaman, M.; Shojaee, S.; Nokhodchi, A. Antisolvent precipitation of novel xylitol-additive crystals to engineer
tablets with improved pharmaceutical performance. Int. J. Pharm. 2014, 477, 282–293. [CrossRef]

33. Dong, Q.; Zhou, M.; Lin, X.; Shen, L.; Feng, Y. Differences in fundamental and functional properties of HPMC co-processed fillers
prepared by fluid-bed coating and spray drying. Eur. J. Pharm. Sci. 2018, 119, 147–158. [CrossRef] [PubMed]

34. Ebrahimi, A.; Saffari, M.; Langrish, T. Developing a new production process for high-porosity lactose particles with high degrees
of crystallinity. Powder Technol. 2015, 272, 45–53. [CrossRef]

35. Swaminathan, V.; Kildsig, D.O. The effect of particle morphology on the physical stability of pharmaceutical powder mixtures: The effect
of surface roughness of the carrier on the stability of ordered mixtures. Drug Dev. Ind. Pharm. 2000, 26, 365–373. [CrossRef]

36. Takahashi, H.; Chen, R.; Okamoto, H.; Danjo, K.J.C.; Bulletin, P. Acetaminophen particle design using chitosan and a spray-drying
technique. Chem. Pharm. Bull. 2005, 53, 37–41. [CrossRef]

37. Sadeghi, F.; Torab, M.; Khattab, M.; Homayouni, A.; Garekani, H.A. Improvement of Physico-mechanical Properties of Partially
Amorphous Acetaminophen Developed from Hydroalcoholic Solution Using Spray Drying Technique. Iran. J. Basic Med. Sci.
2013, 16, 1100–1108. [PubMed]

http://doi.org/10.1016/j.foodres.2018.08.061
http://www.ncbi.nlm.nih.gov/pubmed/30716968
http://doi.org/10.1016/j.foodres.2014.10.023
http://doi.org/10.1016/j.ijpharm.2016.01.007
http://doi.org/10.1016/j.powtec.2014.10.037
http://doi.org/10.1016/S0378-5173(02)00027-3
http://doi.org/10.1016/j.ejps.2018.02.003
http://www.ncbi.nlm.nih.gov/pubmed/29425862
http://doi.org/10.1016/j.powtec.2017.07.033
http://doi.org/10.1016/j.ijpharm.2017.02.052
http://www.ncbi.nlm.nih.gov/pubmed/28232266
http://doi.org/10.1080/07373937.2018.1445096
http://doi.org/10.1080/07373937.2019.1596948
http://doi.org/10.1016/j.ejps.2017.10.040
http://doi.org/10.1016/j.matdes.2016.12.077
http://doi.org/10.1016/j.ejps.2015.12.016
http://www.ncbi.nlm.nih.gov/pubmed/26687442
http://doi.org/10.1016/j.powtec.2015.05.026
http://doi.org/10.1016/j.ijpharm.2017.07.035
http://www.ncbi.nlm.nih.gov/pubmed/28720538
http://doi.org/10.1016/j.ijpharm.2017.01.030
http://www.ncbi.nlm.nih.gov/pubmed/28109898
http://doi.org/10.1016/j.powtec.2018.07.014
http://doi.org/10.1007/BF02307575
http://www.ncbi.nlm.nih.gov/pubmed/4069972
http://doi.org/10.1016/j.ijpharm.2019.04.021
http://doi.org/10.1208/s12249-020-01739-4
http://doi.org/10.1016/j.ijpharm.2007.09.033
http://doi.org/10.1016/j.ijpharm.2014.10.015
http://doi.org/10.1016/j.ejps.2018.04.001
http://www.ncbi.nlm.nih.gov/pubmed/29626592
http://doi.org/10.1016/j.powtec.2014.11.033
http://doi.org/10.1081/DDC-100101242
http://doi.org/10.1248/cpb.53.37
http://www.ncbi.nlm.nih.gov/pubmed/24379968


Pharmaceutics 2021, 13, 814 12 of 12

38. Li, J.; Zeng, X.-A.; Brennan, C.S.; Chen, X.-D. Micron-size lactose manufactured under high shear and its dispersion efficiency as
carrier for Salbutamol Sulphate. Powder Technol. 2019, 358, 39–45. [CrossRef]

39. McDonagh, A.F.; Tajber, L. Crystallo-co-spray drying as a new approach to manufacturing of drug/excipient agglomerates:
Impact of processing on the properties of paracetamol and lactose mixtures. Int. J. Pharm. 2020, 577, 119051. [CrossRef] [PubMed]

40. Huang, B.B.; Liu, D.X.; Liu, D.K.; Wu, G. Application of Solid Dispersion Technique to Improve Solubility and Sustain Release of
Emamectin Benzoate. Molecules 2019, 24, 4315. [CrossRef] [PubMed]

41. Zhou, M.; Wang, Y.; Wu, F.; Shen, L.; Lin, X.; Feng, Y. Development on porous particles of Pueraria lobatae Radix for improving
its compactibility and dissolution. RSC Adv. 2018, 8, 24250–24260. [CrossRef]

42. Yokoyama, R.; Kimura, G.; Schlepuetz, C.M.; Huwyler, J.; Puchkov, M. Modeling of Disintegration and Dissolution Behavior of
Mefenamic Acid Formulation Using Numeric Solution of Noyes-Whitney Equation with Cellular Automata on Microtomographic
and Algorithmically Generated Surfaces. Pharmaceutics 2018, 10, 259. [CrossRef]

43. Hattori, Y.; Haruna, Y.; Otsuka, M. Dissolution process analysis using model-free Noyes-Whitney integral equation.
Colloids Surf. B Biointerfaces 2013, 102, 227–231. [CrossRef] [PubMed]

http://doi.org/10.1016/j.powtec.2018.08.050
http://doi.org/10.1016/j.ijpharm.2020.119051
http://www.ncbi.nlm.nih.gov/pubmed/31981704
http://doi.org/10.3390/molecules24234315
http://www.ncbi.nlm.nih.gov/pubmed/31779169
http://doi.org/10.1039/C8RA04125C
http://doi.org/10.3390/pharmaceutics10040259
http://doi.org/10.1016/j.colsurfb.2012.08.017
http://www.ncbi.nlm.nih.gov/pubmed/23010115

	Introduction 
	Materials and Methods 
	Materials 
	Preparation of Materials 
	Porous Lactose 
	Raw Lactose and Non-Porous Lactose 

	Physical Characterizations 
	Surface Morphology 
	Surface Areas, Pore Volumes, and Pore Diameter 
	Particle Size (d0.5) and Size Distribution (Span), and Uniformity (Un) 
	Carr’s Index (CI) and Hausner Ratio (HR) 
	X-ray Diffraction (XRD) 
	Fourier Transform Infrared Spectrometer (FTIR) 
	Thermal Gravity (TG) and Differential Thermal Gravity (DTG) Analysis 

	Drug Loading and In Vitro Dissolution Behavior 
	Drug Loading 
	In Vitro Dissolution Behavior 


	Results and Discussion 
	Yield and Surface Morphology of Materials 
	Physical Characterization of Materials 
	Powder Properties 
	XRD 
	FTIR 
	TG and DTG 

	In Vitro Dissolution Behavior 

	Conclusions 
	Patents 
	References

