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Abstract

Solubility is one of the most important physicochemical properties affecting drug
bioavailability. One of the approaches to improve drug solubility is the preparation of
solid dispersions (SDs) where the active pharmaceutical ingredients (APIs) are dispersed
within (a) hydrophilic carrier(s) such as cyclodextrins, celluloses and their derivatives.

Curcumin (CUR), a diarylheptanoid consisting of two aromatic rings joined by a
seven-carbon chain, exhibits numerous pharmacological properties such as anticancer,
antioxidant, anti-inflammation, anti-tumor, anti-invasion, and wound healing. The
efficient first-pass and intestinal metabolism of CUR might explain its poor systematic
availability, and a daily oral dose of 3.6 g of CUR might be sufficient to exert
pharmacological activity.

It is suggested that there are three majors approaches to overcome the bioavailability
problems of CUR: (1) pharmacokinetics approach done by synthesizing its derivatives;
(2) pharmaceutical approach realized by modifying formulation, manufacturing processes
or physicochemical properties (e.g. complexation, and nano-formulation); and (3)
biological approach by altering route of administration (e.g. intravenous, inhalation, and
dermal delivery).

Particularly, converting crystalline drug to amorphous drug is a remarkable
technique to achieve faster dissolution rate and higher apparent solubility due to changing
physicochemical characteristic of API. There are two types of amorphous solids: pure
amorphous drug and amorphous solid dispersion (ASD). Amorphous forms show a
tendency towards crystallization to reduce the total energy content and pure amorphous
forms convert to crystalline forms more rapidly than ASD’s. Therefore, dispersing APIs

within polymers to form an ASD might improve drug dissolution rate and solubility while
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assuring the thermodynamic stability of drugs.

Enhancing the solubility of curcumin using a solid dispersion system with
hydroxypropyl-B-cyclodextrin prepared by grinding, freeze-drying and common
solvent evaporation methods

Cyclodextrins are cyclic oligosaccharides consisting of six, seven, or eight a-(1,4)
linked glucopyranoside units, corresponding to a-, B-, and y-CD, respectively. The CDs
can increase the solubility of drugs that are entrapped within their hydrophobic cavity
because of their superior hydrophilic exterior when exposed to water. Moreover, modified
CDs using hydrophilic functional groups express a superior possibility of improving drug
solubility than conventional CDs.

In this study, SDs of CUR and modified B-CD (hydroxypropyl-B-CD, HPBCD) were
prepared using the grinding, freeze drying (FD), and common solvent evaporation (CSE)
methods, and their physicochemical properties were evaluated with solubility, PXRD,
FTIR, DSC, and dissolution studies. The second or higher order complex of CUR-HPBCD
indicated the co-existence of inclusion complexes (ICs) and/or non-ICs, known as the SD
system. When comparing the soluble drug amount with CUR crystals, the solubility of
SDs were increased by up to 299-, 180-, and 489-fold, corresponding to the ground
mixtures (GMs), FDs, and CSEs, respectively. The total transformation into the
amorphous phase of CUR were observed in GMs and several ratios of CSEs. The drug
was well dispersed within HPBCD in GMs and CSEs. The melting temperature of CUR
in SDs increased in order of CUR in 1:2 ICs (CUR: HPBCD = 1:2), CUR in 1:1 ICs (CUR:
HPBCD = 1:1), and CUR crystals. The dissolution rate of CUR increased with increase
in the amount of HPBCD in SDs. The SD system consisting of CUR and HPBCD

significantly increased the drug solubility compared to ICs.
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Preparation and characterization of solid dispersions composed of curcumin,
hydroxypropyl cellulose and/or sodium dodecyl sulfate by grinding with vibrational
ball milling

Hydroxypropyl cellulose (HPC) has been used in SD formation to improve drug
solubility. In this study, vibrational ball milling, a dry milling method was used to develop
ground and co-ground CUR. It is applicable not only in laboratory research but also in
pilot and industrial scale studies. During the grinding process, various parameters can
influence the efficiency of grinding, such as the frequency of the vibration, type of
grinding jar (volume, material), type of grinding media (quantity, material, and diameter),
amount of powder filling, percentage of components, and grinding time.

Here, amorphization of CUR and CUR SDs consisting of CUR, HPC and/or SDS
were developed by the vibrational ball milling. The resulting ground samples were
characterized using PXRD, FTIR, DSC, and a dissolution study. The 60-min GM
containing 90% HPC significantly increased the CUR solubility. Presence of SDS in GMs
containing 90% HPC reduced grinding time from 60 min to 30 min in forming a ground
SD which significantly increased the drug dissolution rate. This amorphous state was
stable for 30 days when stored at 40 °C/ relative humidity 75%.

Effects of polymer molecular weight on curcumin amorphous solid dispersion: at-
line monitoring system based on attenuated total reflectance mid-infrared and near-
infrared spectroscopy

An at-line process analysis is defined as a method characterized by manual sampling
followed by discontinuous sample preparation, measurement, and evaluation. Analytical
instruments (e.g. near-infrared, mid-infrared, and ultra-violet spectroscopy) and

chemometric techniques (e.g. multivariate analysis, principal components analysis (PCA),



and partial least-squares) are applied in pharmaceutical science for at-line monitoring
process. Chemometrics is used in learning the relationships and structure of the system
by analyzing very huge and highly complex datasets.

In this study, a ternary SD system containing CUR, HPC (HPC-SSL, HPC-L, or
HPC-M), and SDS were prepared with grinding method, and the physicochemical and
mechanochemical properties of this system were characterized. The grinding process,
such as the grinding time and HPC Mw could be monitored by analyzing data obtained
from MIR and NIR spectra. There were two steps in SD formation: (1) simple dispersion
with grinding time under 30 min and (2) random dispersion of mixtures with grinding
time from 30 to 120 min. The critical Mw of HPC (700,000 Da) could help select HPC(s)
for more effectively forming SD systems.

[Conclusion]

CUR SDs were developed using grinding, FD, and CSE method and
physicochemically characterized using PXRD, FTIR, DSC, dissolution study as well as
scanning electron spectroscopy, particle size measurement, near- infrared. The carrier(s)
where the drug was dispersed could influence the SD forming process due to its (their)
chemical structure, molecular weight, proportion, and interactions with other components.
The CUR-HPBCD SD consists of ICs and non-ICs and significantly increased the
dissolution rate of CUR. Particularly, the grinding method with vibrational ball milling
performed a total transformation from crystalline to the amorphous phase. The HPC in
ground SDs could significantly increase CUR solubility at 90%. Also, the small amount
of SDS might reduce the grinding time up to 30 min to manifest a significant enhancement
in drug solubility. The forming of SDs can be at-line monitored using simple techniques

such as MIR, NIR associated with chemometric.
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Chapter 1.  Introduction

Solubility is one of the most important physicochemical properties affecting drug
bioavailability. According to Biopharmaceutical Classification System (BCS), active
pharmaceutical ingredients (API) are classified into four classes due to their solubility and
permeability. It is estimated that approximately 70% of the currently new drug candidates
are BCS class IT and I'V which have poor solubility [1]. One methodology that can enhance
the solubility of poorly water-soluble drugs and their bioavailability is amorphization [2-
5]. Indeed, the solubility of amorphous drugs can be up to a 1000-fold higher than that of
their crystalline forms [6-9].

Amorphous substances can be classified into two categories: molecularly pure drug
and solid dispersions (SDs) where the API is dispersed within (a) carrier(s). The SDs are
divided into crystalline and amorphous SDs according to the physical state of the carrier(s)
which is (are) crystalline or amorphous. Vo et al. has demonstrated that SDs can be
categorized into four distinct subcategories [10]: (1) SDs that use a crystalline carrier such
as urea [11-13]Jor sugar [11]; (2) SDs that use a polymeric carrier such as povidone [14],
polyethylene glycol [15], hydroxypropyl cellulose (HPC) [16], or cyclodextrins (CDs)
[17-21]; (3) SDs that use a carrier with surface activity such as surfactant(s) or a mixture
of polymers and surfactants [22]; (4) controlled release SDs or SDs that use
swellable/water insoluble polymers such as Eudragit® [23] and Carbopol® [23]. As the
result, the amorphous SDs containing APIs, a polymer or a mixtures of a polymer and
surfactant are considered.

Various methods have been used to prepare the SDs with an aim to enhance solubility
and dissolution rate of drugs. Aftab et al. investigated valdecoxib SD with polyvinyl

pyrrolidone (PVP) using kneading technique [24]. Anant et al. developed curcumin-PVP



SDs by spray-drying [25]. Melting method and hot-melt extrusion method has been used
in forming carbamazepine-nicotinamide cocrystal SDs [26]. Solvent evaporation method
was applied in piroxicam SDs [27] and in carbamazepine SDs [28]. Betageri et al.
described the preparation of SDs by melt and solvent methods following by lyophilization
[29] and reported that the dissolution of lyophilized SDs further increased the dissolution
of glyburide significantly. Ball milled aripiprazole SD increased the drug solubility over
100-fold in comparison with pure drug [30].

Curcumin (CUR), an API of BCS IV, was selected as a model of water poorly soluble
API. CUR is a diarylheptanoid consisting of two aromatic rings joined by a seven-carbon

chain. CUR compound exists both keto-enol forms and di-keto forms [31,32] (Figure 1.1).
The di-keto forms are higher energy than the keto-enol forms by approximately 5~7

kcal/mol in different conditions [33].

O OH
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Figure 1.1. Curcumin compound exists both (A) keto-enol form; and (B) di-keto form
CUR exhibits various pharmacological properties such as analgesic, anti-
inflammatory, anti-oxidant, anti-malarial, and insect repellant activities [34-40]. Because
CUR is low aqueous soluble (~28.9 ng/mL) and dramatically metabolized through the first
pass in liver (maximum serum concentration at 1 h: 0.006 = 0.005 pg/mL) [41].
Particularly, CUR has been used in accelerating wound healing process. Kulac et al.

described CUR as a wound dressing agent that protects wound tissue from microbial



infection, reduces inflammation, and stimulates cell proliferation to re-build damaged
tissue [42]. Cianfruglia et al. reported that CUR at high concentration (> 20 uM) reduced
the cell viability of human dermal fibroblast (HDF) with regard to the control of 57% [43].
Protective effect on HDF from UVA was recorded at 5 uM CUR pretreated for 2 h prior
to 10 J/m? UVA irradiation exposure [44].

Mohanty et al. summarized different topical formulation of CUR for wound healing
[45]. They are films (collagen films [46], methoxy poly(ethylene glycol)-graft-chitosan
composite film containing CUR nanoformulation [47]), fibers (poly(e-caprolactone)
nanofibers [48]), emulsion (gel-core bioadhesive emulsion [49], nanoemulsion gel [50]),
hydrogel (nanocomposite hydrogel [51], hydrogel system containing micellar CUR [52]),
and different nanoformulations (hyalurosomes [53], CUR-loaded poly (lactic-co-glycolic
acid) nanoparticles [54]).

Numerous pharmaceutical activities of CUR encouraged researchers to develop the
CUR SDs to attain a significant enhancement in CUR solubility. Seo et al. prepared CUR
SDs with Solutol® HS15 using solvent evaporation method [55]. The same method
following by lyophilization was applied in forming CUR SDs with Eudragit® E PO which
revealed a sustain release in solutions at various pH [56]. Hu et al. reported a novel SD
system of CUR with Cremophor RH40, poloxamer 188, and polyethylene glycol 4000
using melt mixing methods [57]. A complexation agent: an arabinogalactan was
demonstrated to form an SD with CUR using ball miller and host-guest complexes were
present in this SD system [58]. An up-to-date method preparing CUR SDs was developed
by Dharmalingam et al. using microwave-induced diffusion [59].

The fact of loading CUR SDs on a dermal delivery system instead of CUR helps in

improving the CUR bioavailability and administration convenience. However, several



studies have been reported. Loading CUR SDs on hydrogels was studied for local
treatment of injured vaginal infection [60]. Du et al. demonstrated an in situ forming
hydrogel loading CUR-phospholipid complex which revealed wound healing effect [61].
An SD system consisting of CUR and monomethyl poly(ethylene glycol)-poly(e-
caprolactone) copolymer was loaded on thermosensitive hydrogels based on
poly(ethylene glycol)-poly (e-caprolactone)-poly(ethylene glycol) copolymer, which
applied in colorectal peritoneal carcinomatosis [62].

The basic purpose of this study is to improve CUR solubility by forming an SD
system. CUR SDs were developed with hydroxypropyl-p-cyclodextrin and hydroxypropyl
celluloses of various grades, using freeze-drying, solvent evaporation or ball milling
methods. The prepared SDs were then evaluated their physicochemical characterizations
to reveal the effects of selected carriers and preparation methods on the SD formation
process. During this, the role of sodium dodecyl sulfate, a surfactant demonstrated its
power in increasing the drug solubility and in shortening the SD formation time even with
a very small amount. Moreover, the characteristic evaluation methods were computer-
assisted using software such as Design Expert and Unscrambler X which base on
mathematical analysis. As a result, the global figures of SD formation were revealed, and
valuable information of all factors was obtained. Therefore, the SD formation process is
completely monitored to economize and validate resources before industrial

manufacturing.



Chapter 2.  Evaluation of curcumin solid dispersion with
hydroxypropyl- S8 -cyclodextrin prepared by milling, freeze-drying, and

common solvent evaporation methods [63]

2.1. Introduction

From their first isolation in 1891, cyclodextrins (CDs) have been introduced as
powerful substances to enhance drug solubility by forming host—guest inclusion
complexes (ICs) [64-72]. CDs are cyclic oligosaccharides consisting of six, seven, or eight
a-(1,4) linked glucopyranoside units, corresponding to a-, -, and y-CDs, respectively.
They have toroid shapes with a larger and a smaller opening.

The CDs can increase the solubility of drugs that are entrapped within their
hydrophobic cavity because of their superior hydrophilic exterior when exposed to water.
For decades, CD ICs have been prepared using co-precipitation, freeze-drying, solvent
evaporation, and supercritical antisolvent method [73-75]. However, a drug/CD system
not only consists of ICs but non-ICs as well [76,77]. In other words, the host—guest ICs
are dispersed in the matrix of “empty” CDs as an SD system, which further enhances the
solubility of ICs due to the hydrophilic exterior of CDs. Moreover, modified CDs using
different functional groups express a superior possibility of improving drug solubility than
conventional CDs [78,79].

Akbik et al. proved that the ability of CDs to enhance CUR solubility gradually
increased in the order of y-CD, B-CD, methyl-B-CD, and hydroxypropyl-B-cyclodextrin
(HPBCD) [80]. HPBCD is a derivative of B-cyclodextrin and its water solubility is over
500 mg/mL at room temperature [81]. Besides, the amorphous nature of HPBCD helps

with the amorphization when dispersing drugs or drug/HPBCD ICs in the matrix of



HPBCD in the SD system [82].

Here, CUR-HPBCD SDs were developed at molar ratio CUR:HPBCD 1:1, 1:2,
1:4, and 1:8, using common solvent evaporation (CSE), freeze-drying (FD), and grinding
methods. The obtained SDs were characterized using PXRD, FTIR, DSC, and dissolution
study to access their physicochemical properties, and to evaluate the ability of
CUR:HPBCD molar ratio and preparation methods on enhancement of CUR solubility and
dissolution rate. Instead of the only presence of ICs in CUR-HPBCD mixtures, we also
supposed the coexistence of non-ICs which further enhance the drug solubility than

conventional ICs.

2.2. Materials

CUR was purchased from Tokyo Chemical Industry Co. Ltd (Tokyo, Japan).
HPBCD was purchased from Nihon Shokuhin Kako Co. Ltd (Tokyo, Japan). Methanol
(MeOH) (purity min 99.5%) was purchased from Kanto Chemical Co., Inc. (Tokyo, Japan).
Ammonia (10% solution) was purchased from Wako Pure Chemical Industries, Co. Ltd

(Osaka, Japan).

2.3. SD preparation methods
2.3.1. Grinding method

The defined weights of CUR and HPBCD were mixed in a 30-mL glass sample
tube with a vortex mixer for 60 sec to obtain the physical mixtures (PMs). Each PM (500
mg) was transferred to a 5 mL stainless steel jar on a mixer mill (MM400, Retsch, Haan,
Germany) containing a ball (stainless steel, ®7 mm). The jar was immersed in liquid
nitrogen for 5 min and then the material was ground using the MM400 for 15 min at 30

Hz. The stroke immersion for 5 min in liquid nitrogen and the grinding was repeated twice,



thus corresponding to 30 min of grinding time. Following this, the ground mixtures were
passed through a 36-mesh sieve and stored in a desiccator until further evaluation.
2.3.2. Freeze-drying (FD) method

The definite weights of HPBCD were dissolved in 20 mL DW with a small
amount of 10% ammonia solution (pH = 10). Once CUR was added to the solution, the
dispersions were stirred at 500 rpm for 15 min at 30°C. Next, the dispersions were
sonicated for 4 h at a temperature under 30°C. The samples were then dried overnight
using a freeze-dryer (EYELA DFU-2110, Tokyo Rikakikai Co, Ltd., Tokyo, Japan) with
a cold trap temperature -80°C, in a dry chamber (EYELA DRC-1N, Tokyo Rikakikai Co,
Ltd., Tokyo, Japan). The samples were passed through a 36-mesh sieve and stored in a
desiccator until further evaluation.
2.3.3. Common solvent evaporation (CSE) method

The defined weights of HPBCD and CUR were dissolved in 50 mL MeOH. The
mixtures were stirred at 30°C, 400 rpm until a clear solution was obtained. The solvent
was evaporated using a rotary vacuum evaporator (EYELA, Tokyo Rikakikai Co. Ltd,
Tokyo, Japan) at 40°C at a speed of 50 rpm. Then, the samples were placed in a vacuum
dryer (vacuum sample drying oven HD-120, Ishii Laboratory Works Co. Ltd, Osaka,
Japan) for 24 h to completely evaporate the solvent. The dried samples were passed

through a 36-mesh sieve and stored in a desiccator until further evaluation.

2.4. Characteristic evaluation methods
2.4.1. Quantification of curcumin

The CUR content was analyzed using Ultraviolet (UV)-visible spectroscopy at
432 nm (Shimadzu 1800 UV-visible spectrophotometer, Shimadzu Co. Ltd., Kyoto, Japan).

The analytical method was validated for specificity, linearity, accuracy, and precision [83].

7



The standard CUR solution used for quantification was prepared in 50% v/v
MeOH/distilled water (DW).
2.4.2. Phase solubility analysis

The phase solubility analysis was conducted according to the method of
Higuchi and Connors [84]. Several concentrations of HPBCD (0, 5, 10, 15, and 20 mM)
were dissolved in 10 mL DW in 20 mL L-tubes. CUR (20 mg) was added to the solution.
Each tube was capped and shaken continuously for 72 h in a water bath at 30 £ 1 °C. These
samples were filtered through a 0.45-pm membrane filter (Captiva, Agilent technologies
Inc.) and assayed for the CUR content using UV-visible spectroscopy at 432 nm as
described in the section 2.4.1. The results were represented as mean + standard deviation
(std) of three measurements.
2.4.3. Solubility

Prepared samples containing 5 mg CUR were dispersed in 10 mL DW in 20-mL
L-tubes. These tubes were capped and shaken continuously for 2 h in a water bath at 30 +
1°C. Supersaturated solutions were filtered through a 0.45-um membrane filter and further
diluted with MeOH 50% v/v to obtain a suitable concentration within the calibration range.
The content of CUR was analyzed using UV-visible spectroscopy at 432 nm as described
in the section 2.4.1. The results were represented as mean + std of three measurements.
2.4.4. Powder X-ray diffraction (PXRD)

PXRD were performed using a diffractometer (RINT 2000, Rigaku Co. Ltd.,
Tokyo, Japan) using CuKa radiation, an X-ray tube voltage of 40 kV, and an X-ray tube
current of 40 mA. The range (20) of the scans was from 5° to 30° at a speed of 2°/min.
2.4.5. Fourier transform infrared (FTIR)

The attenuated total reflection (ATR) method was used, and FTIR spectra were



recorded using a Fourier transform infrared spectrometer Frontier T-UATR (KRSS5)
(Perkin-Elmer Inc., Shelton, CT, USA). The scanning range was 4000-500 cm™ with 16
times the accumulation count, a sample thickness of 1 mm, and a resolution of 1 cm™'. The
obtained spectra were normalized by the standard normal variate (SNV) method [85].
2.4.6. Differential scanning calorimetry (DSC)

DSC measurements were obtained using a DSC-60 Plus Differential Scanning
Calorimeter (Shimadzu Co. Ltd., Kyoto, Japan) connected to a TA-60WS thermal analyzer
(Shimadzu Co. Ltd., Kyoto, Japan) and an FC-60A flow controller (Shimadzu Co. Ltd.,
Kyoto, Japan). Approximately 3-5 mg of samples were weighed in aluminum pans and
were sealed. An empty pan was used as the reference. The samples were scanned at
10°C/min from 25°C to 250°C under N> gas with a flow rate of 50 mL/min.

2.4.7. Dissolution test

The dissolution profiles of CUR in the samples were evaluated using the
dissolution apparatus specified in the 17" Japanese Pharmacopoeia [86]. Samples of SD
containing 5 mg of CUR were accurately weighed and poured into a vessel containing 500
mL of DW. The temperature was controlled at 37°C £ 0.5°C, and the rotating speed of the
paddle was set at 100 rpm throughout the study. At defined time intervals (1, 3, 5, 10, 15,
30, 45, 60, 90, and 120 min), 5-mL aliquots were withdrawn and replaced with an equal
volume of fresh DW. The sample solutions were filtered through a 0.45-um membrane
filter (Captiva, Agilent technologies, Inc) and assayed for CUR content using UV-visible
spectroscopy at 432 nm, as described in the section 2.4.1. The results were presented as

the mean =+ std of three measurements.



2.4.8. Dissolution efficiency (DE)

Khan and Rhodes suggested DE as a suitable parameter for the evaluation of in
vitro dissolution [87]. The term DE for a pharmaceutical dosage form is defined as the
area under the dissolution curve up to a certain time t, expressed as a percentage of the
area of the rectangle described by 100% dissolution at the same time. It can be calculated
using the following equation:

fotyxdt
=2 x

DE =
Y100 X t

100 2.1

where y is the drug percent dissolved at time t.
Although the CUR SD formation can increase the solubility of drug, the DE hardly
attains 100%. As a result, we define DE to be the percentage of soluble drug at the same
time. Therefore, the DE over 120 min of dissolution study was calculated as a comparative

parameter to evaluate the variation of drug kinetic solubility.

2.5. Results and discussion
2.5.1. Phase solubility analysis

The phase solubility diagram of CUR and HPBCD is presented in Figure 2.2. The
plot shows that the aqueous solubility of CUR increases with increasing HPBCD
concentration up to 20 mM. According to Higuchi and Connors [84], this diagram is
classified as Ap-type, indicating formation of second and/or higher order complexes with
regard to HPBCD. However, the profile is not fitted to any equations which are used to
calculate the stability constant of complex. It has been suggested that Ap_type profiles are
strongly similar to phase solubility diagrams of lipophilic water insoluble drugs in aqueous

surfactant solution [77].
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Figure 2.2. Phase solubility diagram of curcumin in various concentration of hydroxypropyl-p-

cyclodextrin from 0 to 20 mM suggested Ap-type profile according to Higuchi and Conor [63]

Figure 2.1. Inclusion complex scheme of (A) 1:1 curcumin (CUR): B-cyclodextrin (BCD), and (B) 1:2
CUR: BCD [88]

Using 'H nuclear magnetic resonance (NMR) and 2D rotating frame overhause effect
spectroscopy, Jahed et al. reported that one or two aromatic rings of CUR entered the -
CD cavity [88] corresponding to 1:1 or 1:2 host-guest ICs (Figure 2.1A and Figure 2.1B),
respectively. Because of the existence of ICs and non-ICs in CUR/HPBCD SD system, it
1s supposed that the SD consists of free CUR molecules, CUR in ICs, CUR in non-ICs,
and “empty” HPBCD molecules. Thus, the components of CUR-HPBCD SD are observed
as in Figure 2.3. Moreover, the number of these components is belonging to the molar
ratio of CUR-HPBCD and the preparation methods. For example, if there is an excess
amount of HPBCD and dispersed force from preparation method is large enough to form

the ICs, the free CUR crystals and 1:1 ICs will disappear.
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Free curcumin molecule

Curcumin included in HPBCD cavity

Curcumin in a non-inclusion complex

“Empty” HPBCD

0000

Inclusion complex 1:1
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Figure 2.3. Components of curcumin/hydroxypropyl-B-cyclodextrin (HPBCD) solid dispersion: free
curcumin (CUR), inclusion complex (IC) 1:1, IC 1:2, and “empty” HPBCD [63]

2.5.2. Solubility

The CUR solubility results are shown in Table 2.1. As the HPBCD molar was
increased from 1 to 8 while the CUR molar ratio was kept constant at 1, the solubility
ranged from 0.89-6.61, 0.27-5.23, and 2.64-14.16 pg/mL, corresponding to the grinding
mixtures (GMs), freeze-drying mixtures (FDs), and common solvent evaporation mixtures
(CSEs) methods, respectively. An increase in the amount of HPBCD enhanced the
solubility of CUR regardless of the preparation method. When comparing the soluble drug
amount with CUR crystal, the solubility was enhanced by up to 299-, 180-, and 489-fold

corresponding to GMs, FDs, and CSEs, respectively.
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Table 2.1. Molar ratio of different samples, their solubility (ug/mL) in water at 30°C and their

dissolution efficiency (%) calculated from dissolution data [63]

Sample !CUR:2HPBCD ratio (mol/mol) Solubility (ug/mL) 3DE (%)
CUR - 0.03+0.01 0.36+0.02
GM11 1:1 0.89 £ 0.17 0.66+0.12
GM12 1:2 1.25+£0.25 2.55+0.13
GM14 1:4 255+0.24 4.17+0.26
GM18 1:8 6.61+0.15 4.31+£0.10
SFD11 1:1 0.27 £0.02 1.48+0.27
FD12 1:2 0.54+0.01 2.30£0.31
FD14 1:4 1.61+£0.13 4.02+0.46
FD18 1:8 5.23+0.18 4.69+0.60
6CSE11 1:1 2.64+0.11 2.82+0.18
CSE12 1:2 3.08 £0.19 10.00+0.45
CSE14 1:4 4.70+£0.29 31.27+0.31
CSE18 1:8 14,16 £ 1.27 52.21+0.75

Li et al. reported that the CUR-HPBCD IC prepared by cosolvency-lyophilization

had a drug loading capacity of 1:7 of the drug:CD molar ratio [89]. Thus, the aqueous

solubility of CUR was enhanced to 15.2 mg/mL. Because two benzene groups of one

molecule of CUR will be entrapped within two molecules of CD, corresponding to 1:2 of

the CUR/CD molar ratio, Li et al. formed an SD system consisting of ICs and non-1Cs but

named it an IC only.

1 CUR, Curcumin

HPBCD, Hydroxypropyl- 5 -cyclodextrin
DE, Dissolution efficiency

GM, Ground mixture

FD, Freeze-drying mixture

CSE, Common solvent evaporation mixture

o g b~ w
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2.5.3. PXRD

Figure 2.4A presents the PXRD patterns of CUR crystals, HPBCD, and PMs of
CUR-HPBCD with various molar ratios. CUR crystals show prominent peaks at 20 = 8.88,
12.3, 14.54, 17.26, 21.2, 23.32, and 24.72°, whereas HPBCD showed two broad peaks in
the range of 10-15° and 15-20° suggesting its amorphous nature. In PMs, the
characteristic peaks of CUR are visible, but there are reductions in the intensity as the

amount of HPBCD in the SDs increased.

(A) (B)
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—CUR ——HPBCD PM11
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Figure 2.4. X-ray patterns in the range 20 of 5-10° for (A) curcumin (CUR), hydroxypropyl-f-
cyclodextrin (HPBCD), and physical mixtures (PMs) which showed crystalline, amorphous, and
crystalline nature, respectively; (B) ground mixtures (GMs) which showed amorphous form of CUR;
(C) freeze-drying mixtures (FDs) showed decreases in the intensity of CUR prominent peaks as the
amount of HPBCD increased; and (D) common solvent evaporation mixtures (CSEs) showed some

prominent peaks of CUR for CSE11 and amorphous forms of CUR for other CSEs [63]
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Figure 2.4B halo patterns of CUR-HPBCD SDs prepared by the grinding method,
indicating a total transformation from a crystalline form to an amorphous form. In Figure
2.4C, some prominent peaks of CUR were observed at 20 = 8.92, 12.34, and 17.32°.
However, peaks in the FDI18 sample almost disappeared, thus demonstrating the
amorphization of CUR. Figure 2.4D shows that in the PXRD patterns of the CSE11 sample,
a peak at 20 = 13.86° was observed, resulting in the crystalline form of CUR. However,
in the CSE12, CSE14, and CSE18 samples, the prominent peaks of CUR are invisible,
which suggests CUR exists as amorphous phase in the system.

2.54. FTIR

The prominent peaks observed in CUR are as follows: (1) 1602 cm™ for the stretching

(A) (B)
2000 1750 1500 1250 1000 2000 1750 1500 1250 1000
Wavenumber (cm-1)
Wavenumber (cm-1)
CUR HPBCD PM11 GM11 GM12 GM14 GM18
(C) (D)
o
e
>
>
pd
N
2000 1750 1500 1250 1000 2000 1750 1500 1250 1000
Wavenumber (cm-1) Wavenumber (cm-1)
FD11 FD12 FD14 FD18 ———CSEll ——CSE12 ——CSE14 CSE18

Figure 2.5. FTIR spectra of (A) curcumin (CUR), hydroxypropyl-p-cyclodextrin (HPBCD), and
physical mixtures (PMs) in considering peaks at 1506 and 1275 cm™! corresponding to carbonyl group
(C=0) and benzyl methyl ether (OCH3), respectively; (B) ground mixtures (GMs) showing appearance
of new peaks at 1506 cm!; (C) freeze-drying mixtures (FDs) showing similar profiles to PMs; and (D)
common solvent evaporation mixtures (CSEs) showing appearance of new peaks at 1506 cm!

suggesting the hydrogen bond formation between CUR and HPBCD [63]

15



vibration of the benzene ring skeleton; (5) 1506 cm™ for the mixed (C=0) and (C=C)
vibrations; and 1275 cm™ for the methyl aryl ether (O-CH3) stretching vibrations [90].
Representatively, the peaks at 1506, 1602, and 1275 cm™ were analyzed. Figure 2.5A
shows the FTIR spectra of CUR crystals, HPBCD and PMs of CUR-HPBCD with various
molar ratios at wavelength from 2000-1000 cm™. As the amount of HPBCD in PMs
increased, CUR peaks were obscured by HPBCD spectra.

New peaks could be observed at 1506 cm™ in case of GMs and CSEs (Figure 2.5B
and Figure 2.5D respectively), whereas FDs showed the similar peaks as PMs (Figure
2.5C). It was supposed that CUR was well dispersed within HPBCD in GMs and CSEs
and the dispersed behavior of FDs was similar to that of PMs. Additionally, the intensity
of these new peaks positively decreased as the amount of HPBCD in mixtures increased.
These new peaks were suggested to due to hydrogen bond formation between the oxygen
of the CUR carbonyl group and the hydrogen of the HPBCD hydroxyl group.

2.5.5. DSC

The DSC curve for CUR crystals showed one endothermic peak at 188°C,
corresponding to the melting point of CUR. An endothermic peak at 222°C was observed
in the DSC curve of HPBCD, thus indicating its decomposition peak (Figure 2.6A). In
thermograms of PMs, the melting peaks of CUR and decomposition peaks of HPBCD
were detected, but they were shifted to lower temperatures because the mixtures of CUR
and HPBCD are considered impure substances [91]. Furthermore, the shift range
positively corresponds to the amount of HPBCD in PMs. On the other hand, the impurity
of the 1:2 IC is considered to be lower than that of the 1:1 IC. Therefore, the endothermic

peak of the 1:2 IC might be detected at a lower temperature than that of the 1:1 IC.
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Figure 2.6B shows the DSC thermograms of GMs at various molar ratios. In the

GM11 curve, it is supposed that the small and broad endothermic peak at 167.5°C

indicates the formation of ICs. It is well known that some sublimable drug is included in

CD cavities, the endothermic peak corresponds to the formation of inclusion complex was

observed. In this study, though this small endothermic peak might be due to the formation

of ICs, it should need further study. In the case of GM12, there were two glass transitions
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Figure 2.6. DSC curves of (A) curcumin (CUR) showing its melting temperature at 188°C,

hydroxypropyl-B-cyclodextrin (HPBCD) showing its decomposition temperature at 222°C, and physical

mixtures (PMs) showing shifts in the temperature of endothermic peaks for CUR and HPBCD; (B)

ground mixtures (GMs); (C) freeze-drying mixtures (FDs); and (D) common solvent evaporation

mixtures (CSEs) referring to 4 endothermic peaks for CSE11 corresponding to that of inclusion complex

(IC) 1:2, IC 1:1, CUR, and HPBCD [63]
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at 163 and 188.9°C, which correspond to the 1:2 and 1:1 complexes, respectively. In the
GM14 curve, one glass transition was identified at 147°C, which corresponds to the 1:2
complexes. However, in the GM18 graph, the glass transition is invisible because of a
large amount of HPBCD, which may over-impose the signal of the transition peak.

Figure 2.6C and Figure 2.6D reveal the DSC figures of FDs and CSEs, respectively.
Because the melting point of a pure substance is higher and has a smaller range than the
melting point of an impure substance [91], the melting temperature of CUR crystals is
higher than that of 1:1 complexes and 1:2 complexes. Therefore, four endothermic peaks
in CSE11 (Figure 2.6D) at 154.7, 171.7, 181.5, and 240.9°C corresponded to the 1:2
complex, 1:1 complex, CUR crystals, and HPBCD, respectively.

2.5.6. Dissolution study

The dissolution profiles of CUR crystals and SDs that were prepared by the
grinding, FD, and CSE methods were depicted over a 120 min period (Figure 2.7). In
general, mixtures containing a higher amount of HPBCD were expected to release a higher
concentration of CUR and at the same molar ratios, CSEs had a higher dissolution rate
than GMs and FDs.

According to the dissolution profiles of PMs (Figure 2.7A), CUR was gradually
released, and its concentration tended to increase over 120 min of this study. However,
SDs prepared by the grinding method exhibit different behavior as the molar ratios of
components differ. With molar ratios 1:1 and 1:2, the released CUR peaks at 3 min, and
then slightly decreases before plateauing over the remaining time (5-120 min) in the GMs.
Alternatively, in GM14 and GM18, the soluble CUR rapidly peaks after one minute,
decreases from 3-30min, and plateaus over the remaining time (45-120 min) (Figure 2.7B).

It is observed that there is a similarity in the dissolution behavior of GM14 and GM18.
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% released CUR

The dissolution profiles of the FDs (Figure 2.7C) showed the fast release of CUR
concentration over 1-5 min, a slight variation over 10-60 min and stable release over the
remaining time (90-120 min). For SDs prepared using the CSE method, CUR is released
very quickly during the first minute and continues to increase its concentration up to 15

min (Figure 2.7D). However, the concentration of released CUR slightly decreases over

the remaining time (30-120 min).
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Figure 2.7. Dissolution behaviors of (A) curcumin (CUR), and physical mixtures (PMs) which showed
higher dissolution rate in mixtures containing higher amount of hydroxypropyl-p-cyclodextrin; (B)
ground mixtures (GMs) with the highest released CUR percentage of 9.71% for GM18 ; (C) freeze-
drying mixtures (FDs) with the highest released CUR percentage of 5% for FD18; and (D) common
solvent evaporation mixtures (CSEs) showing the superior dissolution rate of CUR compared to that

of FDs and GMs with the same molar ratio and the greatest data 58.18% for CSE18 [63]

2.5.7. DE

The DEs of CUR crystals and SDs prepared using the grinding, FD, and CSE

methods are displayed in Table 2.1. As the HPBCD molar was increased from 1 to 8 while
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the CUR molar was kept constant at 1, the DE increased from 0.66 to 4.31% in GMs, from
1.48 to 4.69% in FDs, and from 2.82 to 52.21% in CSEs. The similarity in the dissolution
profile of GM14 and GM18 was due to their DEs of 4.02 and 4.69, respectively. The
CSE18 sample gave the best DE of 52.21%, 145-fold better than DE of CUR crystals
(0.36%).

Because the CSE method was supposed to form ICs with the molar ratio of
CUR:HPBCD = 1:2, the SD of CSE12 consisted of 1:2 ICs only. In other words, there was
no CUR crystal, “empty” HPBCD, and 1:1 IC in the CSE12 whose DE was 10%. When
the amount of HPBCD increased (in CSE14 and CSE18), the SD system was obtained and
the DEs of CSE14 and CSE18 were 31.27 and 52.21%, respectively. This indicated that
the dispersion of ICs in the matrix of HPBCD significantly increased the drug solubility

compared to ICs.

2.6. Conclusion

The CSE method could realize a total formation of CUR-HPBCD SDs which
consisted of 1:2 ICs and HPBCD “empty” and in which the 1:2 ICs were thoroughly
dispersed in the matrix of HPBCD. When the molar ratio of drug: HPBCD was larger than
1:2, this proper CUR-HPBCD SD was obtained. The much greater than 1:2 of drug:
HPBCD molar ratio, the more significantly increased the drug solubility compared to

conventional 1:2 ICs.
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Chapter 3.  Preparation and characterization of solid dispersions
composed of curcumin, hydroxypropyl cellulose and/or sodium dodecyl

sulfate by grinding with vibrational ball milling [92]

3.1. Introduction

Hydroxypropyl cellulose (HPC) has been used in SD formation to improve drug
solubility. Yamada et al. demonstrated that the co-ground mixtures (consisting of 3, 9-
bis(N, N-dimethylcarbamoyloxy)-5H-benzofuro[3, 2-c]quinoline-6-one and HPC)
increased the dissolution rate and maintained the high drug solubility by increasing
particles surface area and forming amorphous state [93].

Sodium dodecyl sulfate (SDS) is an anionic surfactant widely used to improve drug
wettability, solubility, and dissolution rate of poorly soluble APIs. Small amount of SDS
resulted in a significant increase in the dissolution rate of fenofibrate samples obtained by
salt assisted milling [94]. For prolonged contact with human skin, SDS concentrations
should not excess 1% to avoid irritation [95].

For decades, to enhance CUR solubility, numerous methodologies forming CUR SDs
with polymers have been accessed. Li et al. ameliorated CUR solubility by forming spray-
dried SDs of CUR in cellulose derivative matrices [96]. Satomi et al. developed CUR SDs
with HPC-SL and HPMC AS using wet milling and freeze-drying methods [97].

Among methods that formed SDs in previous chapter, vibrational ball milling was
considered to develop ground and co-ground CUR because it is applicable not only in
laboratory research but also in pilot and industrial scale studies [98]. This study focused
on the effects of grinding time, role of HPC, and SDS in solubility enhancement of ground
and co-ground CUR using vibrational ball milling.

Here, the amorphization was observed in molecularly pure drug, SDs that consist of
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a drug and a polymer, and SDs that consist of a drug, a polymer, and a surfactant. The
interactions between CUR-CUR and CUR-HPC after grinding were evaluated. The CUR
formulations that significantly improved the drug dissolution rate were detected.

During the grinding process, various parameters can influence the efficiency of
grinding, such as the frequency of the vibration, type of grinding jar (volume and material),
type of media (quantity, material, and diameter), amount of powder filling, percentage of
components, and grinding duration. Design of experiment (DoE) is an approach that can
determine cause and effect relationships by introducing all possible inputs / factors acting
on the process and all output(s) / response(s) based on the aims and statistical test
performed. Then, the experimental resources are optimized while considering all the

restrictions and limitations of the resources.

3.2. Materials

CUR was purchased from Tokyo Chemical Industry Co. Ltd (Tokyo, Japan). HPC-L
(Mw 140,000 Da, viscosity 6.0-10.0 mPa.s at 20 °C/2% aq. solution) was purchased from
Nippon Soda Co. Ltd (Tokyo, Japan). SDS (min 95.0%) was purchased from Wako Pure

Chemical Industries Co. Ltd. (Osaka, Japan).

3.3. Preparation and characterization methods
3.3.1. Ground mixtures (GMs) preparation

The defined weight ratios of CUR, HPC and SDS were added to a 30-mL glass
tube and mixed using a vortex mixer for 60 s to obtain the physical mixtures (PMs). A
total of 300 mg of each PM was transferred to a 5-mL stainless steel jar that would fit the
MM400 mixer mill (Retsch, Haan, Germany), and that contained a ball (stainless steel,

®7 mm). The jar was immersed in liquid nitrogen for 5 min and then the material was
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ground in the MM400 for 15 min at 30 Hz. The complete immersion for 5 min in liquid
nitrogen and grinding process was repeated 1, 2, 3, and 4 times corresponding to 15, 30,
45, and 60 min of grinding time, respectively. Following this, the GMs were sieved
through a 36-mesh sieve and stored in a desiccator until further evaluation.

3.3.2. Design of experiment (DoE)

For the DoE study, 6 levels of HPC (0, 10, 25, 50, 75, and 90%), 5 different
grinding times (0, 15, 30, 45, and 60 min) and 2 levels of SDS (without-0 and with-1)
were selected as inputs (Table 3.1). SDS amount was 1% of total amount of CUR and
HPC. Design-Expert ® software version 11 and a full factorial design were utilized. These
variables were set as categorical factors. The experimental design space consisted of 60
experiments. All the DoE runs were performed randomly, using similar process conditions.
The output data was the dissolution efficiency (DE), with the goal being to achieve the

highest DE.

Table 3.1. Samples of experiment based on factors and a response of DoE

Factor Factor
1 Factor 2 | Factor 3 | Response L Factor 2 | Factor 3 | Response
Grinding Grinding
"HPC _ Presence HPC _ Presence
Run time °DE (%) | Run time DE (%)
(%) ) of 8SDS (%) ) of SDS
(min) (min)
10 30 0 0.78 31 25 30 0 1.47
0 15 0 0.40 32 25 45 1 1.20
75 60 1 12.16 33 90 60 1 23.97
10 15 0 2.69 34 0 30 0 0.47
50 45 0 2.72 35 75 15 0 0.64

" HPC, Hydroxypropyl cellulose
8 SDS, Sodium dodecyl sulfate
® DE, Dissolution efficiency
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6 0 45 0 0.52 36 10 60 2.02
7 0 60 0 0.55 37 50 60 2.78
8 90 15 1 10.24 38 90 15 7.92
9 10 45 1 1.00 39 0 45 0.87
10 75 45 0 7.39 40 10 30 0.81
11 90 60 0 18.59 41 25 30 1.20
12 10 60 1 2.04 42 25 60 243
13 75 60 0 8.62 43 50 15 2.77
14 25 45 0 1.44 44 50 30 2.90
15 50 30 0 2.55 45 75 15 7.35
16 90 45 0 11.25 46 75 30 8.79
17 75 30 0 4.95 47 75 45 11.54
18 90 30 0 9.76 48 90 45 20.64
19 10 45 0 0.83 49 0 0 0.23
20 50 45 1 2.96 50 10 0 0.53
21 90 30 1 17.99 51 25 0 0.54
22 0 15 1 0.61 52 50 0 0.61
23 25 60 0 2.53 53 75 0 0.69
24 25 15 0 1.31 54 90 0 0.72
25 0 30 1 0.77 55 0 0 0.29
26 0 60 1 0.92 56 10 0 0.53
27 10 15 1 0.79 57 25 0 0.77
28 50 15 0 191 58 50 0 0.85
29 25 15 1 1.08 59 75 0 1.10
30 50 60 1 6.80 60 90 0 0.95

3.3.3. PXRD, FTIR, DSC, and dissolution test

2.4.4,24.5, and 2.4.6 section, respectively.

The PXRD patterns, FTIR spectra, and DSC curves were recorded according to

The dissolution profiles of CUR in the GMs were evaluated as described in 2.4.7
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section. Each sample was carried out in triplicate. The results were represented as mean +
std.
3.3.4. Fit factors

Moore and Flanner proposed procedures including different factor and similar
factor to compare dissolution profiles in a pairwise fashion [99]. The difference factor (f1)
measures the percent error between two curves over all time points (Eq 2.1). The similarity
factor (f2) is a logarithmic transformation of the sum-squared error of differences between

the test Ti and reference samples R over all time points (Eq 2.2).

f, = 2R, 400 3.1
t=1Re
f, = 50 x log [ ——=_ 3.2
(1+%2(Rt_Tt)2)

where n: number of time points.
R¢: the mean dissolution value (%) for the reference product at time t.
Ti: the mean dissolution value (%) for the test product at the same time t.

The different factor fi is 0 when the test and reference profiles are identical and
increase proportionally with the dissimilarity between two dissolution profiles. The
similar factor f; fits the result between 0 and 100. It is 100 when the test and the reference
profiles are identical and tends to O as the dissimilarity increases. In general, fi values
lower than 15 (0-15) and f> values higher than 50 (50-100) show the similarity of the
dissolution profiles [100].

In this study, to identify the formulations and conditions of the grinding method
that can significantly enhance the kinetic solubility of drug, the fi and f; represented the

dissimilarity of the dissolution profiles. In other words, f1 value higher than 15 and f>
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values lower than 50 are noticed.
3.35. DE

DEs of 60 GMs were calculated as described in 2.4.8 section. The sample having
the highest value of DE is the best formulation under the best conditions of grinding. The
DEs were submitted in DoE as an output.
3.3.6. Stability

To evaluate stability, the 60-min GM containing 90% HPC and SDS was stored
for 60 days at 40°C/ relative humidity (RH) 30% RH and 40°C/ RH 75%. The PXRD and
dissolution profiles were examined at predetermined time intervals over this period (0, 7,

14, 30, and 60 days).

3.4. Results and discussion
3.4.1. PXRD

The PXRD patterns of 60 different ground mixtures (GMs) were examined. CUR
crystals showed characteristic peaks at 20 = 8.86, 12.28, 14.52, and 17.24° which
represented their crystalline nature (data are not shown). PXRD pattern of HPC was
observed as an amorphous form, whereas that of SDS showed a prominent peak at 6.8°
(data are not shown).

The CUR characteristic peaks could be observed irrespective of the grinding time,
but the peak intensity was decreased (Figure 3.1A). Colombo et al. [98] described that
solid materials being processed in a mill received mechanical energy in pulse form. The
transfer of mechanical energy through means of normal and shear stresses acting on solid
material surfaces created growth of a strain field in the solid bulk. The strain field
manifested atoms shift from equilibrium stable positions at lattice nodes or lattice collapse.

Hence, the crystal transformation to amorphous phase could be explained and the
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reduction in the peak intensity was greater as the grinding time was prolonged.
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Figure 3.1. X-ray patterns of (A) ground curcumin (CUR) crystals at various grinding time showing
prominent peaks of CUR; (B) ground mixtures (GMs) containing CUR and 50% hydroxypropyl
cellulose (HPC) showing decreases in the intensity of peaks as the grinding time increased; (C) GMs
containing CUR and 75% HPC showing dramatical decreases in the intensity of peaks ; and (D) GMs
containing CUR and sodium dodecyl sulfate (SDS) showing one prominent peak of SDS at 6.8° for
physical mixture (0 min) but disappearance of the such peak for other GMs [92]

In binary ground mixtures (GMs) containing CUR and HPC (10, 25, and 50%), the
characteristic peaks of CUR were visible but the reduction in the peak intensity clearly
corresponded to the grinding time (Figure 3.1B). In GMs containing CUR and 75% HPC,
some prominent peaks were observed at 26 =17.24 and 24.76° for 15-min and 30-min GM.
However, these peaks disappeared in the 45-min and 60-min GM (Figure 3.1C). In GMs

containing CUR and 90% HPC, the characteristic peaks of CUR disappeared following
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15 min of grinding (Figure S1F). Total transformation into amorphous nature of GMs
showed that CUR was well dispersed within the matrix of HPC as the amount of HPC was
triple that of CUR.

In ternary PMs (containing CUR, HPC, and SDS), regardless of the HPC amount,
the prominent diffraction peak of SDS at 6.8° was observed (Figure 3.1D). However, this
peak disappeared in all GMs ( Figure S1 from D to L). Since the SDS amount in mixtures
was very small, its dispersion was easily attained. In other words, the presence of SDS did
not clearly influence the crystallinity of CUR in GMs. As a result, the crystallinity
transformation behavior of ternary GMs was similar to that of binary GMs.

34.2. FTIR

The FTIR spectra of the 60 samples were examined. The prominent peaks
observed in CUR were as follows [31]: (1) 3502 cm™ for phenolic (-OH) vibrations; (2)
3017 cm™! for aromatic C-H stretching vibrations; (3) 1626 cm™ for conjugated alkene
(C=C) stretching; (4) 1602 cm™ for the stretching vibration of the benzene ring skeleton;
(5) 1506 cm! for mixed (C=0) and (C=C) vibrations; 1274 cm™! for methyl aryl ether (C-
O) stretching vibrations (data are not shown).

In ground CUR crystals, there were increases in peaks intensity at 1507 cm™ and
1275 cm™! corresponding to carbonyl and ether group of CUR, respectively (Figure 3.2A).
Also, peaks at 1274 cm™! were shifted to 1276, 1280, 1281, and 1281 cm™! corresponding
to data of 15, 30, 45, and 60-min GMs, respectively. The increase in the intensity of peaks
at 1507 cm™ was due to the intra-molecule hydrogen bond of keto-enol forms (Figure 3.3).
In addition, the shift of peaks at approximately 1274 cm™' was due to the inter-molecule
hydrogen bond of CUR and CUR (Figure 3.4a). However, it was impossible to observe

the FTIR spectra of phenolic OH (at 3017 cm™!) of CUR because they were over-imposed
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by the broad peaks -OH group of HPC (at approximately 3200 — 3700 cm™).

2000 1800 1600 1400 1200 1000 2000 1800 1600 1400 1200 1000

Wavenumber (cm-1) Wavenumber (cm1)
=0 min =15 min 30 min =0 min 15 min 30 min
45 min 60 min 45 min =60 min

2000 1800 1600 1400 1200 1000 2000 1800 1600 1400 1200 1000

Wavenumber(cm) Wavenumber (cm-1)
=0 min 15 min 30 min ——O0min ——15min 30 min
45 min 60 min 45 min  ——60 min

Figure 3.2. FTIR spectra of (A) ground curcumin (CUR) crystals in considering peaks at 1506 and 1275
cm’! corresponding to carbonyl group (C=0) and benzyl methyl ether (OCH3), respectively;; (B) ground
mixtures (GMs) showing increases in the intensity of peaks at 1506 and 1275 ¢cm™! containing CUR and
50% HPC; (C) GMs containing CUR and 75% HPC showing appearance of new peaks at 1506 and 1275
cm’!' suggesting the formation of hydrogen bond between CUR and hydroxypropyl cellulose and (D)
GMs containing CUR and sodium dodecyl sulfate [92]

CHj CHj

Figure 3.3. Intra-molecule hydrogen bond of curcumin keto-enol form
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As the amount of HPC in mixtures increased up to 50%, the variation of these
peaks was also observed (Figure 3.2B). In addition to the CUR-CUR hydrogen bond, the

hydrogen bonds between CUR-HPC were co-existed (Figure 3.4b).

a

H-o H
[GIREN
AL
H3CO = =
O OH

OCH;

OH O N N O OH
H3CQ OCH3

Figure 3.4. Estimated hydrogen bonds in ground mixtures between: (a) curcumin-curcumin; and (b)

curcumin-hydroxypropyl cellulose

Particularly, in GMs containing over 75% HPC (Figure 3.2C), new peaks at 1507
cm™! and 1275 cm™ were observed and became more intensive when the grinding time
increased. This suggests that the drug was thoroughly dispersed in the HPC and the only
hydrogen bond between CUR and HPC was formed. In other words, the hydrogen bond
between CUR and CUR did not exist. The SDS in both ternary PMs and GMs did not
influence the FTIR spectra of these GMs (Figure 3.2D and Figure S2 from D to L) because
of its small amount and being over-imposed by spectra of CUR and HPC.

3.4.3. DSC

DSC curve of CUR crystals shows one endothermic at 187 °C, due to the melting
and that of HPC shows one endothermic peak at 206°C, due to its decomposition [101]
(data are not shown). DSC thermograms of ground CUR crystals all showed melting peaks
at approximately 190°C (Figure 3.5A). These peaks were stable regardless of the grinding
time. However, exothermic peaks at approximately 80°C were observed. It indicated the
recrystallization of CUR since the grinding method transformed CUR from crystalline to
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amorphous phase [98]. In addition, the longer the grinding time, the higher the exothermic
peaks were.

In GMs, DSC curves revealed both peaks of CUR and HPC, but they all were shifted
to lower temperature because the mixtures of CUR and HPC are considered as impure
material [91]. As the percentage of HPC in GMs increased, the melting peaks of CUR
were broadened and more shifted to lower temperature (Figure 3.5B and Figure 3.5C).

The recrystallization peaks could be observed in GMs containing up to 50% HPC.

(A)
50 100
z z
g g
:
§ § T ture (°C)
° emperature
T ——0 min Tempféarg%e (°C) 30 min ——0 min p15 min 30 min
45 min ——60 min 45 min =——60 min
(C) (D)
[ L
50 100 250 50 100
s =
g 3
w g )
£ Temperature (°C) I Temperature (°C)
_25mrlr?in _(15(5) m:ﬂ 30 min 0 min 15 min 30 min

Figure 3.5. DSC curves of (A) ground curcumin (CUR) crystals showing endothermic peaks at
approximately 190°C corresponding to their melting temperature and exothermic peaks at
approximately 80°C corresponding to their recrystallization; (B) ground mixture (GMs) containing
CUR and 50% hydroxypropyl cellulose (HPC) showing also the recrystallization phenomenon;
(C) GMs containing CUR and 75% HPC showing the disappearance of CUR recrystallization; and
(D) GMs containing CUR and sodium dodecyl sulfate (SDS) showing that the presence of SDS
raised the right shoulders of CUR melting peaks and the recrystallization was visible [92]

In case of ternary GMs, the presence of SDS raised the right shoulders and un-

stabilized the CUR melting peaks (Figure 3.5D). However, the recrystallization
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phenomenon of ground CUR was similar to that of binary GMs. In other words, the CUR
crystallization was prevented as the HPC amount in GMs over 75%.

3.4.4. Dissolution study
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Figure 3.6. Dissolution profiles of (A) ground curcumin (CUR) crystals showing that the % released
CUR positively increased to the grinding time; (B) ground mixtures (GMs) containing CUR and 50%
hydroxypropyl cellulose (HPC); and (C) GMs containing CUR, 90% HPC, and (D) GMs containing
CUR, 90% HPC, and sodium dodecyl sulfate. The presence of HPC and SDS significantly increased
the released rate of CUR [92].

Dissolution profiles of ground CUR crystals are shown in Figure 3.6A. As grinding
time increased, the dissolution rate was enhanced, since CUR was partly transformed into
an amorphous phase whose solubility was higher than crystalline phase. Indeed, the
percentage of released CUR over 120 min was ameliorated from 0.25 (ground for 0 min)

to 0.68 (ground for 60 min).
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Presence of HPC in PMs (0 min GMs) positively correlated with the dissolution rate
of CUR (Figure 3.6B and C). Indeed, the released amounts of CUR over 120 min were
0.25, 0.55, 0.60, 0.64, 0.79, and 0.82% corresponding to 0, 10, 25, 50, 75, and 90% HPC,
respectively. In addition, presence of SDS in ternary PMs could increase these numbers to
0.34, 0.65, 0.76, 0.95, 0.99, and 1.55%, correspondingly. The hydrophilicity of HPC and
the surfactant characteristic of SDS can increase drug wettability and solubilization, thus,
improve the CUR dissolution rate.

The dissolution rate of CUR in GMs increased as the amount of HPC increased and
as the grinding time prolonged. Also, the presence of SDS in ternary GMs enhanced the
CUR dissolution compared to corresponded binary GMs. The greatest dissolution rate of
CUR was observed in the 120-min GMs containing 90% HPC and SDS: 25% (Figure
3.6D).

3.4.5. Fit factors

Fit factors are used to evaluate the significant differences in dissolution rate of
CUR between formulations and their corresponding PM. The dissolution data of PMs were
adopted as the reference during samples testing, which have the same amount of HPC and
SDS. The difference factor (f1) and similarity factor (f2) values were calculated and are
shown in Table 3.2. All samples had f; values > 15, indicating that ground samples and
presence of SDS and / or HPC in samples led to a significant difference in CUR dissolution
rate. In addition, an f> value of < 50 was observed in four GMs, namely, 60-min binary
GM containing 90% HPC (40.6) as well as 30-min, 45-min, and 60-min ternary GMs
containing 90% HPC (corresponding to 40.4, 37.5, and 34.9 respectively). There were
significant differences the dissolution rate of these GMs. Therefore, the presence of SDS

helped reduce the grinding time from 60 min to 30 min in order to develop a ground SDs
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which significantly enhanced drug solubility.

Table 3.2. Fit factors of all samples with various percentage of HPC at various grinding time calculated
from the dissolution data. The reference was CUR bulk and the dissimilarity in the dissolution rate of

other samples with the reference was found when f; > 15 and £, <50 [92]

Without °SDS

Grinding time | "HPCO0% | HPC10% | HPC25% | HPC50% | HPC 75% | HPC 90%
(min) fy f fi | b | | 6 | f | R || f|f |6
15 54.8 | 99.6 |48.4 | 99.1 |70.8|93.7|77.2|885|81.7 (823|919 |59.8
30 56.6 | 99.5 |58.3 | 98.2 | 66.0 | 92.3 | 82.0 | 83.3 | 90.3 | 68.2 | 93.5 | 54.9
45 635 | 99.2 |59.8 | 97.8 | 72.9 | 92.6 | 84.0 | 81.3 | 93.1 | 59.9 | 94.3 | 51.8
60 632 | 99.2 | 816 | 87.7 | 84.8 | 82.2|83.7 | 81.5|93.8 |57.0 | 96.6 | 40.6
With SDS

Grinding time HPC 0% HPC 10% | HPC 25% | HPC 50% | HPC 75% | HPC 90%

(min) ol B | | | B | | B || f|f|f|f&

15 50.1 | 98.8 | 54.8 | 983 | 47.8 | 97.6 | 782 | 81.8 | 66.2 | 65.9 | 92.0 | 535

30 67.4 | 97.7 | 551|982 | 549 | 96.4 | 78.9 | 80.9 | 71.1 | 60.8 | 955 | 40.4

45 732 | 96.8 | 63.4 | 96.8 | 545 | 965 | 79.0 | 80.8 | 75.7 | 54.7 | 96.1 | 37.5

60 740 | 965 | 825 |86.8 | 78.1 | 845 | 90.8 | 61.5 | 76.4 | 53.4 | 96.3 | 34.9
3.4.6. DE

DE (%) 1s a parameter reflected the area under the dissolution curve. The DEs of
the 60 samples were calculated and are shown in Table 3.1; the values were in the ranged
between 0.23 and 23.97; the smallest value corresponded to the DE of CUR crystals, and
the highest value corresponded to the DE of 60-min GM containing 90% HPC and SDS.

Hence, the DE value of later formulation increased 104-time as comparing to the DE of

10 SDS, Sodium dodecyl sulfate
11 HPC, Hydroxypropyl cellulose
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CUR crystals.

In addition, because the DEs are comparative parameters to evaluate the differences
among formulations, they were submitted into DoE as an output data whereas inputs were
A-HPC (amount of HPC, %), B-grinding time (min), and C-presence of SDS. Following
this, an analysis of variation was accessed to estimate the significance of DoE model.
3.4.7. DoE analysis

The half-normal plot of effects helps to observe what factor is significant. The
vertical (y) axis displays the cumulative probability of getting a result and the horizontal
(x) axis reveals the absolute value of effect [102]. In the half-normal plot (Figure 3.7), a
model consisting of A-HPC, B-grinding time, and C-presence of SDS are shown as small
squares on the right-hand side of the red line referring to their positive effects on the
response. In addition, the distances from these three factors to the red line were in order
of A-HPC, B-grinding time, and C-presence of SDS. This indicates that the influence of

A-HPC on the DE was higher than that of B-grinding time and C-presence of SDS.

95.0

o
90.0 A-HPC

80.0 3 o

70.0

o B-Grinding time

50.0 - B ¢_presence of SDS

Half-Normal % Probability

30.0 2
200§ @
10.0 -

[u)
0032 @

I I I I I
0.00 236 4.72 7.09 945

Figure 3.7. Half normal plot showing the positive effects of hydroxypropyl cellulose (A-HPC), B-
grinding time, and C-presence of sodium dodecyl sulfate (SDS) factors on the response (dissolution
efficiency). The distance from the factors to the red line showed the degree of their influence on

the response [92]
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The half-normal plot of effects helps to observe what factor is significant. The
vertical (y) axis displays the cumulative probability of getting a result and the horizontal
(x) axis reveals the absolute value of effect [102]. In the half-normal plot (Figure 3.7), a
model consisting of A-HPC, B-grinding time, and C-presence of SDS are shown as small
squares on the right-hand side of the red line referring to their positive effects on the
response. In addition, the distances from these three factors to the red line were in order
of A-HPC, B-grinding time, and C-presence of SDS. This indicates that the influence of
A-HPC on the DE was higher than that of B-grinding time and C-presence of SDS.

A model F-value of 13.77 implies model significance; there was only a 0.01% chance
that such an F-value could occur due to noise (Table 3.3). Because p-values > 0.05 indicate
that model terms are significant, A-HPC, B-grinding time, and C-presence of SDS were
significant model terms whose p-values were <0.0001, 0.0002, and 0.0465, respectively.
In other words, A-HPC, B-grinding time, and C-presence of SDS factors significantly
influenced on the DE. The smaller p-value is the greater influence of factor on DE is. This
fact illustrated the mentioned analysis observed from the half-normal plot.

Table 3.3. Result of ‘analysis of variation’

Sum of Mean
Source 12gf F-value | p-value
Squares Square
Model 1314.82 10 131.48 13.77 <0.0001 | significant
A-BHPC 1008.40 5 201.68 21.12 <0.0001
B-Grinding time 266.59 4 66.65 6.98 0.0002
C-Presence of *SDS 39.84 1 39.84 4.17 0.0465

The interactions of the three factors are shown in Figure 3.8. Samples grounded for

longer time expressed higher DE while samples containing larger amount of HPC showed

12 df, degree of freedom
13 HPC, Hydroxypropyl cellulose
14 SDS, Sodium dodecyl sulfate
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better DE. Moreover, the presence of SDS in GMs significantly increased DE compared

to GMs in the absence of SDS (p-value < 0.05).

(A) (B)

30.08 | B: Grinding time (min)

30.08 _| B: Grinding time (min)

2022 _] B gio 2022 ]
A B215 °

037

DE (%)

0.52 |

033 | -9.33 _|

. 9
A HPC (%) A: HPC (%)

Figure 3.8. Interactions among factors of: (A) Ground mixtures (GMs) without sodium dodecyl sulfate
(SDS), and (B) GMs with SDS. There were stronger interactions in GMs containing SDS compared to
GMs without SDS.

B1 0, 0-min grinding; B2 15, 15-min grinding; B3 30, 30-min grinding, B4 45, 45-min grinding; and
B5 60, 60-min grinding

3.4.8. Stability
To explore the effect of the storage time and HPC under high temperature and
low/high humidity condition on 60-min GMs containing 90% HPC and SDS, the PXRD
patterns and dissolution profiles over 7, 14, 30, and 60 days at 40°C/ 30% RH and 40°C/
75% RH were recorded as in Figure 3.9. The halo patterns of samples were stable up to
30 days in both two stored conditions (Figure 3.9A). However, CUR characteristic peaks
appeared in samples after 60 days of storing. HPC may have protected the drug from
crystallization for up to 30 days in the stored conditions.
After 7 days of storing, the dissolution rate of CUR was decreased (Figure 3.9B). In
the condition of RH 30%, the CUR was continuously released over the initial period

ranging from 0 to 15 min and gradually decreased over the remaining time (from 30 to
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120 min). However, samples stored in RH 75% released the drug very slowly during the
0-15 min initial time followed by a gradual increase. Since the HPC can easily absorb
water from the atmosphere, the samples become lumpy and slowly decomposed.

After 14 days of storing, the dissolution rate of CUR in RH 30% was higher than that
in RH 75%. During the initial 15 min, CUR was gradually released, then decreased over
the remaining time (from 30 to 120 min). The samples stored at RH 75% released CUR
continuously over 120 min.

However, after 30 days of storing, the samples in RH 30% progressively released
CUR over 15 min, fluctuated during the period of 15 and 60 min, and then decreased over
the remaining time. Whereas the samples in RH 75% released drug continuously over 60
min then decreased over the remaining time. In addition, after 60 days of storing, the
samples in both RH 30% and RH 75% released CUR gradually over 120 min. Nevertheless,
the sample dissolution rate in RH 75% was lower than that in RH 30%.

Obviously, the moisture in the stored environment had prominent effects on CUR
crystallinity and dissolution rate and the temperature at 40°C accelerated the storage
process. The presence of HPC in samples absorbed such water and protected the drug from
the influence of moisture and heat. It was suggested that the sample should be stored at
room temperature (25°C) and RH under 30% to assure the drug stability over 30 days.

Concerning restraints of this study, we used the DoE as a statistical equipment in
analyzing data and did not confer to its capacity of design experiments. Indeed, the
accessed full factorial design of DoE required 60 runs of experiment. Instead, a fractional
factorial design should be used, and the number of samples could be reduced to at least
twice the number of runs. This could reduce resources, but error effects and a power loss

due to the reduction in runs are inevitable consequences [102].
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Figure 3.9. Stability results of 60-min ground mixtures containing 90% hydroxypropyl cellulose

(HPC) and sodium dodecyl sulfate (SDS) after 0, 7, 14, 30, and 60-day storage at 40°C/ 30% RH and
40°C/ 75% RH, showing (A) X-ray patterns, and (B) dissolution profiles
3.5. Conclusion

In this study, amorphization of CUR and CUR SDs consisting of CUR, HPC and /
or SDS were developed by the vibrational ball milling. The resulting ground samples were
characterized using PXRD, FTIR, DSC, and a dissolution test. The 60-min GM containing
90% HPC significantly increased the CUR solubility. Presence of SDS in GMs containing
90% HPC reduced grinding time from 60 min to 30 min in forming a ground SD which
significantly increased the drug dissolution rate. This amorphous state was stable for 30

days when stored at 40°C/ RH 75%.
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Supplementary Materials

Figure S1. PXRD patterns of (A) ground curcumin (CUR) crystals; (B) ground mixtures
(GMs) containing CUR and 10% hydroxypropyl cellulose (HPC); (C) GMs containing
CUR and 25% HPC, and SDS; (D) GMs containing CUR and 50% HPC; (E) GMs
containing CUR and 75% HPC; (F) GMs containing CUR and 90% HPC; (G) GMs
containing CUR and sodium dodecyl sulfate (SDS), (H) GMs containing CUR, 10% HPC,
and SDS; (I) GMs containing CUR, 25% HPC, and SDS; (J) GMs containing CUR, 50%
HPC, and SDS; (K) GMs containing CUR, 75% HPC, and SDs; (L) GMs containing CUR,
90% HPC, and SDS

Figure S2. FTIR spectra of (A) ground curcumin (CUR) crystals; (B) ground mixtures
(GMs) containing CUR and 10% hydroxypropyl cellulose (HPC); (C) GMs containing
CUR and 25% HPC, and SDS; (D) GMs containing CUR and 50% HPC; (E) GMs
containing CUR and 75% HPC; (F) GMs containing CUR and 90% HPC; (G) GMs
containing CUR and sodium dodecyl sulfate (SDS), (H) GMs containing CUR, 10% HPC,
and SDS; (I) GMs containing CUR, 25% HPC, and SDS; (J) GMs containing CUR, 50%
HPC, and SDS; (K) GMs containing CUR, 75% HPC, and SDs; (L) GMs containing CUR,
90% HPC, and SDS

Figure S3. DSC curves of (A) ground curcumin (CUR) crystals; (B) ground mixtures
(GMs) containing CUR and 10% hydroxypropyl cellulose (HPC); (C) GMs containing
CUR and 25% HPC, and SDS; (D) GMs containing CUR and 50% HPC; (E) GMs
containing CUR and 75% HPC; (F) GMs containing CUR and 90% HPC; (G) GMs
containing CUR and sodium dodecyl sulfate (SDS), (H) GMs containing CUR, 10% HPC,
and SDS; (I) GMs containing CUR, 25% HPC, and SDS; (J) GMs containing CUR, 50%

HPC, and SDS; (K) GMs containing CUR, 75% HPC, and SDs; (L) GMs containing CUR,
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90% HPC, and SDS

Figure S4. Dissolution profiles of (A) ground curcumin (CUR) crystals; (B) ground
mixtures (GMs) containing CUR and 10% hydroxypropyl cellulose (HPC); (C) GMs
containing CUR and 25% HPC, and SDS; (D) GMs containing CUR and 50% HPC; (E)
GMs containing CUR and 75% HPC; (F) GMs containing CUR and 90% HPC; (G) GMs
containing CUR and sodium dodecyl sulfate (SDS), (H) GMs containing CUR, 10% HPC,
and SDS; (I) GMs containing CUR, 25% HPC, and SDS; (J) GMs containing CUR, 50%
HPC, and SDS; (K) GMs containing CUR, 75% HPC, and SDs; (L) GMs containing CUR,

90% HPC, and SDS
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Figure S1. PXRD patterns of various samples
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Chapter 4. Effects of polymer molecular weight on curcumin
amorphous solid dispersion: at-line monitoring system based on
attenuated total reflectance mid-infrared and near-infrared

spectroscopy [103]

4.1. Introduction

Many strategies were demonstrated to form a CUR ASD system with hydrophilic
polymers such as cellulose derivatives [104,105], polyvinylpyrrolidone [106], Soluplus®
[107], and Eudragit® [108]. Moreover, addition of a surfactant in a polymer-drug SD
facilitated fast dissolution of poorly water-soluble drugs and prevention of drug
precipitation [109]. Qi et al. suggested that the ASD consisting of a nonionic polymer and
an anionic surfactant significantly contributed to the solubilization and stabilization of
supersaturated solution of poorly water-soluble drug via the adsorption of surfactant
clusters on the polymer chain [109].

Hydroxypropyl cellulose (HPC) is a nonionic water-soluble cellulose ether and plays
important roles in ASD such as attaining and maintaining supersaturation, preventing API
from crystallization, and controlling the hygroscopicity of the amorphous API [110].
Sodium dodecyl sulfate (SDS) is an anionic surfactant widely used to improve drug
wettability, solubility and dissolution rate, due to prevent a hydrophobic barrier forming
on contact with water or agglomeration of recrystallized drug particles after dispersion
[111]. Many studies investigated the combination of HPC and SDS in drug SD formation
[112-115].

An at-line process analytical technology helps in understanding and monitoring a

preparation process. Dagge et al. defined it as a method characterized by manual sampling
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followed by discontinuous sample preparation, measurement, and evaluation [116].
Analytical instruments (e.g. near-infrared, mid-infrared, and ultra-violet spectroscopy)
and chemometric techniques (e.g. principal components analysis-PCA, partial least-
squares-PLS, and hierarchical cluster analysis-HCA) are applied in pharmaceutical
science for at-line monitoring process [117-119]. Chemometrics is an approach that uses
mathematical, statistical methods to design procedures and experiments, and to provide
maximum relevant chemical information by analyzing chemical datasets [120].

Particularly, PCA is a dimensionality-reduction approach that simplifies the
complexity in high-dimensional datasets [121] by transforming a large set of variables
into a smaller one [122] while minimizing information loss [123]. PCA can be obtained
from the singular value decomposition (SVD) of the data matrix. Principal components
(PCs) are vectors but they are not chosen at random. The first PC (PC1) accounts for the
greatest amount of variance in the dataset. The second component (PC2) which is
orthogonal to the first accounts for the greatest amount of variance left after the PC1, and
so on. As considering the significance of PCs, some components are kept while others are
discarded. As the result, the data matrix is simplified (i.e., 100-dimensional dataset can be
reduced up to 2-dimensional one).

Zidan et al. monitored tacrolimus crystallization behavior in SDs with HPMC using
Fourier transformation-Raman and NIR datasets using PCA approach [124]. Otsuka et al.
investigated effect of (polyvinyl pyrrolidone and SDS) and relative humidity on ASD
rebamipide based PCA of powder X-ray patterns and NIR spectra [113]. Leimann et at.
developed an SD system consisting of CUR, polymers and Tween 80, evaluated particles
and color stability after heating using PCA technique [125].

Additionally, PCA can also be performed via singular value decomposition (SVD) of
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the data matrix A. SVD is the factorization of A into three matrices A = UXVT where U
and V are orthogonal and X is square diagonal. The matrix U is called the scores matrix,
the matrix V is called the loadings matrix, and 2'is called singular values [126]. Overfitting
is modeling error that occurs when a function is too closely fit to a limited set of data
points. Model validation is a most frequently preventative measure against overfitting
[127].

Here, an ASD system consisting of CUR, HPC, and SDS was developed using
vibration ball milling. The aim of this study was to investigate the effects of the molecular
weight (Mw) of HPC and grinding time on SD formation and the accompanying
physicochemical characteristics of SDs. To the best of our knowledge, based on the
obtained datasets of mid-infrared and near-infrared spectra, chemometrics analysis was

performed to at-line monitor the formation process of these ternary ASDs.

4.2. Materials

CUR was purchased from Tokyo Chemical Industry Co. Ltd (Tokyo, Japan).
HPC-SSL (Mw 40,000 Da, viscosity 2.0-2.9 mPa.s at 20 °C/2% agq. solution), HPC-L (Mw
140,000 Da, viscosity 6.0-10.0 mPa.s at 20 °C/2% aq. solution), and HPC-M (Mw 700,000
Da, viscosity 150-400 mPa.s at 20 °C/2% aq. solution) were purchased from Nippon Soda
Co. Ltd (Tokyo, Japan). SDS (min 95.0%) was purchased from Wako Pure Chemical

Industries Co. Ltd. (Osaka, Japan).

4.3. Preparation and characterization methods
4.3.1. Preparation method
The defined weight ratios of CUR, HPC, and SDS at 30%, 69%, and 1%,

respectively, were gently mixed using a glass mortar and pestle for 60 s to obtain PMs.
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This weight ratio was the result of previous experiment in chapter 3 [92] where the ground
CUR, binary SDs and ternary SDs were evaluated. This chapter demonstrated that the
HPC concentration was at about 70% and presence of SDS could increase the solubility
and dissolution rate of CUR. The used amount of SDS (1%) assured not to create irritation
in case of long usage.

Then, 700 mg of each PM was transferred to a 10-mL stainless steel jar of
appropriate size for the MM400 mixer mill (Retsch, Haan, Germany) containing a ball
(stainless steel, @12 mm). The jar was immersed in liquid nitrogen for 5 min, and then the
material was ground in the MM400 mixer mill for 15 min at 30 Hz. The complete
immersion for 5 min in liquid nitrogen and grinding process was repeated 1, 2, 3, 4, 6, and
8 times, corresponding to 15, 30, 45, 60, 90, and 120 min of grinding time, respectively.
Following grinding, the GMs were sieved through a mesh 36 sieve, stored in a desiccator,
and protected from light exposure until further evaluation. All samples were nominated as

in Table 4.1.

Table 4.1. Samples used in the experiment [103]

Grinding time (min) Ingredients
pMm1 0 CUR, "HPC-SSL, SDS
¥GM1-15 15 CUR, HPC-SSL, SDS
GM1-30 30 CUR, HPC-SSL, SDS
GM1-45 45 CUR, HPC-SSL, SDS
GM1-60 60 CUR, HPC-SSL, SDS
GM1-90 90 CUR, HPC-SSL, SDS

15 PM, Physical mixture

16 CUR, Curcumin

17 HPC, Hydroxy propyl cellulose
18 SDS, Sodium dodecyl sulfate
¥ GM, Ground mixture
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GM1-120 120 CUR, HPC-SSL, SDS
PM2 0 CUR, HPC-L, SDS
GM2-15 15 CUR, HPC-L, SDS
GM2-30 30 CUR, HPC-L, SDS
GM2-45 45 CUR, HPC-L, SDS
GM2-60 60 CUR, HPC-L, SDS
GM2-90 90 CUR, HPC-L, SDS
GM2-120 120 CUR, HPC-L, SDS
PM3 0 CUR, HPC-M, SDS
GM3-15 15 CUR, HPC-M, SDS
GM3-30 30 CUR, HPC-M, SDS
GM3-45 45 CUR, HPC-M, SDS
GM3-60 60 CUR, HPC-M, SDS
GM3-90 90 CUR, HPC-M, SDS
GM3-120 120 CUR, HPC-M, SDS

4.3.2. Scanning electron microscopy (SEM)

Samples were attached on a brass specimen club using double-side adhesive tape
and made electrically conductive by coating in a vacuum (6 Pa) with platinum (6 nm/min)
using an auto-fine coater JFC-1600 (Jeol Ltd., Tokyo, Japan) for 300s at 20 mA. The
microscopic features were observed using an analytical SEM (JSM-6060 LA; Jeol Ltd.,
Tokyo, Japan) at 7 kV, connected to a low-temperature CoolAce circulator EYELA CA-
1112 (EYELA Ltd., Tokyo, Japan) at 22°C.

4.3.3. Particle size measurement

Five mg of samples were dispersed in 10 mL ultrapure water, then sonicated for 1
min using an Ultrasonic Homogenizer (Microtec Co. Ltd., Chiba, Japan). The particle size
was evaluated using a Zeta potential and particle size analyzer (ELSZ-2000, Otsuka

Electronics Co. Ltd., Osaka, Japan) at 25°C. The results are presented as the mean =+ std
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of three measurements.
4.3.4. PXRD, DSC, MIR, dissolution test

The PXRD patterns, MIR spectra, and DSC curves were recorded according to
2.4.4,2.4.5, and 2.4.6 section, respectively. The obtained MIR and DSC spectra were
normalized by the standard normal variate (SNV) method.

The dissolution profiles of CUR in the GMs were evaluated as described in 2.4.7
section. The results were represented as mean + std of six measurements.
4.3.5. Near-infrared (NIR)

NIR spectra of samples were obtained in the range of 900-1700 nm using an NIR
spectrometer NIR-S-G1 (InnoSpectra Co., Hsinchu, Taiwan). The measurements were
performed using the reflectance mode in a glass bottle at 25°C. Wavelength resolution was
4 nm. The obtained spectra were normalized by the SNV method.

4.3.6. Chemometric techniques
Unscrambler X (ver. 10.5.1) software was used to access SNV, PCA, and SVD

techniques.

4.4. Results and discussion
Not all samples were physicochemically characterized. The procedure of

characterization was summarized in Table 4.2.

Table 4.2. Procedure of physicochemical characterization. Not all samples were
characterized [103]

Grinding time (min) 0 15 30 45 60 90 120
2SEM O ]
Particle size 0 0]

2 SEM, Scanning electron microscopy
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2IPXRD 0] @) O
22DSC @) O
Dissolution ) 0]
ZMIR 0] @) @ @) @ @) O
2NIR 0] O

44.1. SEM

SEM images of raw materials, PMs, and 120-min GMs are shown in Figure 4.1.
CUR nparticles (Figure 4.1A) exhibited rectangular and parallelepiped morphologies in
three-dimensional view: 45-75 pm, 15-20 pm, and 4-5 pm in height. SDS particles (Figure
4.1B) had a multilayer, oval-like shape, with a maximum length of approximate 175 pm
and a maximum width of approximate 90 um. The particles of HPC-SSL (Figure 4.1C)
were multilayered, whereas those of HPC-L and HPC-M were round angled and stone-
like (Figure 4.1D and Figure 4.1E, respectively). The dimensions of PMs involving CUR
particles and the three types of HPC (SSL, L, and M) are shown in Figure 4.1F, Figure
4.1G, and Figure 4.1H, respectively. CUR particles were slightly larger than HPC-SSL
particles ((Figure 4.1F) but were smaller than HPC-L and HPC-M particles.

At a magnification of 1000x, Figure 4.11, Figure 4.1J, and Figure 4.1K show the
particles after grinding for 120 min. However, it was impossible to differentiate between
CUR and HPC particles. All particles were much smaller (<10 um) than before they were
ground. Dry milling can significantly reduce the particle size of ingredients; thus, API
solubility can be remarkably increased by increasing the surface area and improving

wettability.

2L PXRD, Powder X-ray diffraction

22 DSC, Differential scanning calorimetry
23 MIR, Mid-infrared

24 NIR, Near-infrared
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18ku 1,868

Figure 4.1. Scanning electron microscopy images of (A) curcumin (CUR); (B) sodium dodecyl
sulfate (SDS); (C) hydroxy propyl cellulose (HPC)-SSL; (D) HPC-L, (E) HPC-M, and (F) physical
mixture (PM) of CUR, HPC-SSL, and SDS; (G) PM of CUR, HPC-L, and SDS; (H) PM of CUR,
HPC-M, and SDS; (I) 120-min ground mixture (GM) of CUR, HPC-SSL, and SDS; (J) 120-min
GM of CUR, HPC-L, and SDS; and (K) 120-min GM of CUR, HPC-M, and SDS. The size of

particles was minimized up to 10 pm after 120-min grinding [103]
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4.4.2. Particle size

Median particle size and particle size distribution for PMs and 120-min GMs were
shown in Table 4.3 and Figure 4.2, respectively. When dispersed in water, the HPC and
SDS in mixtures were soluble. Thus, the particle size of CUR reflected that of mixtures.
The particle size was greatly reduced after 120 min of grinding. Indeed, as compared to
its corresponding PM, the particle size of GM1-120, GM2-120, and GM3-120 decreased

139-, 118-, and 139-fold, respectively.

Table 4.3. Particle size and polydispersity index of samples (n = 3) [103]

Sample Particle size (nm) Polydispersity index
BpM1 30546 + 5573 1.978 +£ 0.822
PM2 41447 +3857 2.039 £ 0.882
PM3 69948 + 7013 1.683 +0.581
%GM1-120 266.2 +33 0.215+0.031
GM2-120 350.2 £ 60 0.23 £0.029
GM3-120 502.5+ 16 0.204 + 0.032

Interestingly, the particle size was greater when the viscosity of HPC was higher.
Because CUR is poorly aqueous soluble, the PMs or GMs are dispersed in water as a
suspension. In this case, the CUR is rapidly precipitated, and only the floating particles of
CUR were screened. The higher viscosity of the liquid is, the larger size of floating
particles is. Hence, the particle size of mixtures containing HPC-M was larger than that of

HPC-L, and HPC-SSL, respectively (viscosity of HPC: -M > -L > -SSL)

% PM, Physical mixture
% GM, Ground mixture

50



A
A 100 D, 00 _
T < ] £
z 75 2 > =
‘@ @ £ 5 1 75 £
[= c o 7]
2 £ 5 5
E E 84 2
5 s 50 3 £ {50 E
- > = [
= =1 3 >
5 s 2 =
& % 3 g2 125 3
£ 3 2 E
a o E 1 S
0 0 o o
RR2ReIEe 31083380925 ¢ Nogn o o
- N T DO NON®D WD e N MW~ OO
=N~ - - N
pa E o
B Particle size (nm) & F Particle size (nm) 7 100
15 - 100 - -
—_ = 5
S S = 5t 75 <
e < J =
= = ? B
7 7] R c
g 10 5 7] o
= = = c
E L 50 E £ 3t 1850 %
T @ 8 >
K] 2 £, E
[~ 5 ® < r =
] t25 S 5 125 2
£ E £ 9t E
=) f 3 o o
0 0 ol 0
O MO~ Gmoo~oBSt a~O O~ -
VB38EgERI BRI ERNEES NNTeROQ8eRERRIEEREE
— e MNOMOoOMm ~ O - - N MU0 M N
fmmﬁmvag = &N
Particle size (nm) Particle size (nm)
c F s, 1 100
15 100 _
z 752 z 17 =
210 2 2 g
c [— (=
g g g 3t s
& 50 = £ 150 E
= L] = [
g = g ot =
55 3 € g
2 25 3 o 3
2 £ ] 125 E
= =] =N | S
o o o 18]
0 0
R RNR = i R R R 0 0
N MWD ONO NGOG NO M S O O @O OO OEO MO~ Moo 0
— N OO W O = — 0o T T N MW RO 0@ U WD DR W)
— N Y OO0 mno e N OO N~ T M0
— v ON — = N M=
Particle size (nm) Particle size (nm)

Figure 4.2. Particle size distribution of (A) physical mixture (PM) containing curcumin (CUR),
hydroxypropyl cellulose (HPC)-SSL, and sodium dodecyl sulfate (SDS); (B) PM containing CUR,
HPC-L, and SDS; (C) PM containing CUR, HPC-M, and SDS; (D) 120-min ground mixture (GM)
of CUR, HPC-SSL, and SDS; (E) 120-min GM of CUR, HPC-L, and SDS; and (F) 120-min GM of
CUR, HPC-M, and SDS [103]

4.4.3. PXRD

PXRD patterns of the raw materials are presented in Figure 4.3A. CUR crystals
displayed prominent peaks at 20 = 8.86, 12.28, 14.54, 17.24, 18.18°, 21.2, 23.32, 24.72,
and 25.74°, which represent their crystalline nature. The pattern of SDS also indicated a
crystalline form, with some prominent peaks at 26 = 6.82, 9.00, 11.52, 13.78, and 18.42°.
The spectra of HPC revealed amorphous features, which were characterized by two halos

centered at approximately 26 =9 and 21°. Figure 4.3B showed the PXRD profiles of PMs
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which reflected one prominent peak of SDS at 6.8° and characteristic peaks of CUR.
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Figure 4.3. X-ray diffraction patterns of (A) raw materials, (B) physical mixtures, and (C) 90- and
120-min ground mixtures showing the transformation from crystalline forms to amorphous forms of

curcumin after beine eround

After grinding for 120 min, the prominent peaks of CUR in the GMs were hardly

visible (Figure 4.3C). Colombo et al.[98] described that solid materials being processed
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in a mill received mechanical energy, which manifested atoms shift from equilibrium
stable positions at lattice nodes or lattice collapse. Hence, the crystal transformation to
amorphous phase could be explained. There was a formation of ASD after 120 min of
grinding.
44.4. DSC

The DSC thermograms of raw materials, PMs, 90-min GMs, and 120-min GMs
are shown in Figure 4.4. In the thermogram of CUR crystals, an endothermic peak
attributed to melting was observed at 191°C. The DSC curve of HPC-SSL had a broad
endothermic peak at 110 - 170 °C, an exothermic peak at 170 —210°C, and an endothermic
peak at 202 °C; whereas that of HPC-L had a broad endothermic peak at 120 — 170°C, an
exothermic peak at 170 — 205°C, and a visible endothermic peak at 221 °C. Moreover, the
curve of HPC-M showed a broad exothermic peak at 170 — 185°C, an exothermic peak at
189 °C, and an endothermic peak at 209 °C. In this study, although the cause of these
thermal behaviors could not be fully clarified, in general, the amorphous region of HPCs
(observed from PXRD patterns) shows the glass transition temperature [ 128]. Hence, it is
supposed that the broad exothermic peaks were the glass transition, following the
crystallization (corresponding to exothermic peaks) and melting temperature.

In PMs (Figure 4.4B, Figure 4.4C, and Figure 4.4D; the green lines), the glass
transition temperatures (the red circle) were observed at 75, 76, and 81 °C corresponding
to mixtures containing HPC-SSL, HPC-L, and HPC-M, respectively. Because these
mixtures are considered to impure materials [91], the observed peaks will shift to lower
temperatures. Moreover, the melting peaks of CUR also shifted to 161, 156, and 168°C;
whilst the decomposition peaks of HPC shifted to 189, 197, and 198°C corresponding to

PM1, PM2, and PM3, respectively.
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As shown in Figure 4.4B, Figure 4.4C, and Figure 4.4D, the crystallization
temperatures (the blue circles) were 119-130°C for 90-min GMs and 112-140°C for 120-
min GMs. We supposed these temperatures corresponding to CUR because the grinding

process will transform the crystalline to amorphous form of drug [98] and they differed

from that of HPCs.
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Figure 4.4. DSC curves of (A) raw materials; (B) physical mixture (PM), 90-min ground mixture
(GM), and 120-min GM of curcumin (CUR), hydroxypropyl cellulose (HPC)-SSL, and sodium
dodecyl sulfated (SDS); (C) PM, 90-min GM, and 120-min GM of CUR, HPC-L, and SDS; and (D)
PM, 90-min GM, and 120-min GM of CUR, HPC-M, and SDS [103]

4.4.5. Dissolution study

The dissolution profiles of CUR crystals, PMs, and 120-min GMs were obtained

for a period of 120 min (Figure 4.5). The rate of CUR release from PMs was always greater
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than that from CUR crystals (Figure 4.5A). PM1 showed a gradual increase in drug
concentration, whereas PM2 and PM3 showed fluctuations over the measurement period
(120 min).

The 120-min GM had a superior dissolution rate of CUR than the PMs over the
measurement period (120 min). An explanation for this is that after 120 min of grinding,
the particle size of the components was reduced, leading to a large increase in the surface
area of the particles, which enhanced the wettability and solubility of the drug. In addition,
API particles were well dispersed in the HPC matrix; thus, the hydrophilic nature of HPC

possibly increased the dissolution rate of the drug.
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Figure 4.5. Dissolution profiles of (A) curcumin, physical mixtures, and (B) 120-min ground

mixtures (mean = standard deviation, n = 6) [103]
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Over the first minute of the study, the amount of CUR released from GM1-120
(187.13 pg/mL) was 3.1-fold greater than that released from GM2-120 (59.22 ug/mL) and
GM3-120 (60.72 pg/mL) (Figure 4.5B), and this continuously increased over a period of
120 min from 247.53 pg/mL to 412.01 pg/mL. A similar drug-release profile was noted
from GM2-120 and GM3-120 over a period of 1-5 min, corresponding to 59.22-98.86
pg/mL and 60.72-99.53 ng/mL, respectively. However, over the period of 10-120 min,
CUR release from GM2-120 increased slowly from 113.45 pg/mL to 197.23 pg/mL,
whereas that from GM3-120 increased rapidly from 144.15 pg/mL to 391.82 pg/mL.
4.4.6. MIR spectroscopy

The MIR spectra of CUR, HPCs, and SDS were shown in Figure 4.6A at
wavelength 2000 to 1000 cm™!. The prominent peaks observed in CUR spectra (yellow
line) were as follows: (1) 1602 cm™ corresponding to the stretching vibration of the
benzene ring skeleton; (2) 1506 cm™ corresponding to the mixed (C=0) and (C=C)
vibrations; and (3) 1275 cm™ corresponding to the methyl aryl ether (O-CHj3) stretching
vibrations [31]. The spectra of HPCs displays a prominent peak at 1042 cm™ and a small
peak at 1375 cm™! corresponding to C-O stretching and O-H bending [129]. Additionally,
the spectra of SDS (blue line) exhibits a prominent peak at 1215 cm™ corresponding to
S=0 stretching of sulfonate.

The MIR spectra of GM1, GM2, and GM3 with their corresponding PMs were scored
in Figure 4.6B, Figure 4.6C, and Figure 4.6D respectively. In general, after grinding, some
characteristic peaks of CUR were covered by that of HPCs, resulting in the disappearance
of peaks at 1507-1137 cm’!. However, the peaks at around 1280 cm™ increased their
intensity. Interestingly, a new broad peak at 1606-1534 cm™ and a new sharp peak at 1512

cm’! were observed. The reason for the increase in the intensity and the appearance of two
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new peaks were supposed to be the formation of hydrogen bonds (see also 3.4.2).
Because the percentage of SDS in the system was very low (1%), it was totally
dispersed within the matrix of HPC and its interaction with CUR and HPC could not

clearly observed.
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Figure 4.6. Mid-infrared spectra of (A) raw materials, (B) mixtures of curcumin (CUR), hydroxy
propyl cellulose (HPC)-SSL, and sodium dodecyl sulfate (SDS); (C) mixtures of CUR, HPC-L, and
SDS; and (D) mixtures of CUR, HPC-M, and SDS [103]
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4.4.7. Analysis of MIR spectra

The SVD results of MIR spectra in the range from 2000 to 1000 cm™ are shown
in Table 4.4. We assumed that the value was sufficient to explain the variance in the MIR
spectra. To prevent overfitting [127], the PC number was estimated for two. The validation
values for PC1 and PC2 were 63.81% and 92.15%, respectively. In general, the PC1 shows
bulk CUR spectra and implies a simple dispersion with grinding time under 30 min, while
the PC2 shows CUR molecules randomly dispersed into HPC. To address this, Figure 4.7

was observed and analyzed.

Table 4.4. Cumulative explanatory variance based on mid-infrared spectra dataset [103]

2’pC1 PC2 PC3 PC4 PC5 PC6 PC7

Singular value | 20.78 6.50 0.93 0.35 0.08 0.03 0.02
Calibration 72.33 94.96 98.20 99.42 99.69 99.80 99.85
Validation 63.81 92.15 96.08 98.16 98.69 98.87 98.88

Figure 4.7 displays loadings and scores of PC1 and PC2 obtained from the MIR
spectra in the range from 2000 to 1000 cm™'. The loading of PC1 (blue line) in Figure 4.7A
revealed the characteristic peaks of CUR at 1627, 1604, 1484, 1428, 1231, 1202, 1182,
1153, 1114, and 1027 cm™!, as shown in the bulk CUR spectra (Figure 4.7A). Interestingly,
a peak of loading at 1534 cm™ was not correlated with any peak of CUR, SDS, or HPC
MIR spectra (data not shown). It was considered to be a new peak associated with the
formation of SDs.

Moreover, the loading of PC2 (orange line) in Figure 4.7A reveals some characteristic
peaks at 1628, 1507, and 1261 cm™! corresponding to the peak shift, mixed vibrations of

(C=0) and (C=C) of CUR, and new peak, respectively. This loading suggested a change

21" PC-Principle component
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in the second step of SD formation; thus, the microcrystals of CUR were randomly solid-

dispersed in HPC to promote amorphization.
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Figure 4.7. (A) Loadings, (B) score of principle component (PC)1, and (C) score of PC2 based on the
mid-infrared spectra dataset [103]

The time-course profiles of the score for PC1 are shown in Figure 4.7B. Data at 0
min corresponded to the PMs which were used for reference. The score values of PC1
decreased for all samples at the initial period of mechanochemical synthesis from 0-30
min. This indicated that there was a dramatical reduction in the crystallinity of CUR after
30 min of grinding. We supposed that there were two steps in the SDs formation process:
before and after 30 min of grinding, which corresponded to simple and randomized
dispersion, respectively.

As shown in Figure 4.7C, the score of PC2 at 0 min was random. Over the 30-min
grinding time, the PC2 score of GMs gradually decreased as the grinding time increased.
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In addition, the PC2 score of GM3 was higher than that of GM2 and GM1 and there was
a similarity in the PC2 values of GM2 and GM1. We assumed that the My of HPC
influences the formation of SDs in GMs. Indeed, for the high-My, HPC-M (700,000 Da)
(in GM3), a superior dispersion formation was obtained while the My of HPC-SSL
(40,000) and HPC-L (140,000 Da) (in GM1 and GM2, respectively), the degree of
dispersion formation was similar.
4.4.8. NIR spectroscopy

The SNV-transformed NIR spectra of bulk materials and GMs are shown in Figure

4.8. The prominent peaks observed for CUR (yellow line in Fig. 8A) are as follows: 1005
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Figure 4.8. Near-infrared spectra of (A) raw materials; (B) ground mixtures (GMs) of curcumin (CUR),
hydroxypropyl cellulose (HPC)-SSL, and sodium dodecyl sulfate (SDS); (C) GMs of CUR, HPC-L,
and SDS; and (D) GMs of CUR, HPC-M, and SDS [103]
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nm for the ROH third overtone, 1136 nm for the CH3 second overtone, 1461 nm for the
ROH second overtone, and 1686 nm for the CH3 overtone. In the spectra of HPC-L, HPC-
M, and HPC-SSL (orange, gray, and green line in Figure 4.8A, respectively), there were
pronounced peaks at 1100-1300 nm owing to presence of CH, CHz, and CH3 second
overtones; at 1398-1536 nm owing to the CH, CH», CH3, and ROH second overtones; and
at 1658-1700 nm owing to CH, CHz, and CHj third overtones. SDS spectra (blue line in
Figure 4.8A) displays pronounced peaks at 1217, 1398, and 1700 nm, which were
attributed to the carbonyl chain second, second, and third overtones, respectively.

The time-course NIR spectra of GMs are shown in Figure 4.8B, Figure 4.8C, and
Figure 4.8D. The pronounced peaks at 1464 nm, which indicate the ROH second
overtones of CUR, are broadened as the grinding time increased. The peak of CUR at 1686
nm, corresponding to the CH3 overtone, showed a red shift in mixtures with HPC and SDS,
regardless of the grinding time.

4.4.9. Analysis of NIR spectra

The SVD results of NIR spectra for GMs are presented in Table 4.5. We assumed
that the value was sufficient to explain the variance in the NIR spectra. To prevent
overfitting [127], the PC number was estimated for two. The validation values for PC1

and PC2 were 83.42% and 91.66%, respectively.

Table 4.5. Cumulative explanatory variance based on near-infrared spectra dataset [103]

2pC-1 | PC-2 | PC-3 | PC-4 | PC-5 | PC-6 | PC-7
Singularvalue | 708 | 0.69 | 044 | 011 | 005 | 0.03 | 001

Calibration 84.09 9225 | 9749 | 98.77 | 99.31 | 99.71 | 99.80
Validation 83.42 91.66 | 97.30 | 98.67 | 99.19 | 99.68 | 99.76

28 PC-Principle component

61



Figure 4.9 exhibits the loadings and scores of PC1 and PC2 based on NIR spectra of
GMs. The loading of PC1 (blue line in Figure 4.9A) shows a remarkable peak at 1697 nm
owing to the carbon chain third overtone of HPC, whereas the loading of PC2 (red line in
Figure 4.9A) exhibits a noticeable peak at 1461 nm owing to the ROH second overtones

of CUR. We supposed that PC1 and PC2 showed respectively randomized dispersion of

HPC and CUR.
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Figure 4.9. (A) Loadings, (B) score of principal component (PC)1, and (C) score of PC2 based on the

near-infrared spectra dataset [103]

The time-course profiles of scores for PC1 and PC2 are shown in Figure 4.9B and
Figure 4.9C, respectively. The PC1 score values for GM1 and GM2 increased at initial
period of grinding time from 0-15 min, then gradually decreased during 15-120 min.
Difterently, the PC1 score value for GM3 increased for grinding times of 0-30 min and

then decreased during 30-120 min. These variances suggested that two steps were
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involved in SD formation: before and after 15 min for GM1 and GM2 and before and after
30 min for GM3. The score of PC2 (Figure 4.9C) decreased in GMs for grinding times
between 0 and 120 min. Because the loading of PC2 resembles the spectrum of CUR, the
reduction in score of PC2 was considered to indicate the decrease in the crystallinity of
CUR. In other words, the CUR was amorphized and the degree of amorphization was
increased as the grinding time prolonged.

The NIR spectroscopy is a non-destructive approach and demands a relatively
inexpensive hand-held piece of equipment. The NIR spectra can be easily manipulated
and scored. Associated with MIR spectroscopy, using chemometrics, IR spectra help at-
line monitor mechanochemical transformation of samples during SD formation which

obtained by grinding.

4.5. Conclusion

In this study, ternary ASD systems containing CUR, HPC, and SDS were
developed using the milling method and characterized their physicochemical and
mechanochemical properties. After 120-min grinding, the particle size reduced to under 1
um and the GMs totally transformed into amorphous phase. The release behavior of CUR
depended on the grade of HPCs due to their Mw and corresponding viscosity. During the
SD formation process, the grinding time and Mw of HPC could be monitored by analyzing
data obtained from MIR and NIR spectra based on chemometrics. There were two steps
in SD formation: (1) simple dispersion with grinding time under 30 min and (2) random
dispersion of mixtures with grinding time from 30 to 120 min. The HPC-M (700,000 Da)

resulted in more effectively forming SD systems.
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Chapter 5.  Conclusion

CUR SDs were developed with HPBCD, HPCs of various grades, and SDS using
freeze-drying, solvent evaporation as well as grinding methods. The obtained SDs were
physicochemically characterized using PXRD, FTIR, DSC, dissolution study as well as
SEM, particle size measurement, NIR. The carrier(s) where the drug was dispersed could
influence the SD forming process due to its (their) chemical structure(s), molecular weight,
proportion, and interactions with other components.

The DoE approach gave a global vision of SD formation due to its ability to
determine relationship among factors, or to reveal optimize conditions of formulation
preparation. It is promising to be a useful tool for researchers to apply in laboratory as
well as in pilot and industrial scale.

The SD formation process could be at-line monitored by analyzing MIR and NIR
associated with chemometrics. As a results, the effects of SD components and process
factors could be evaluated. This monitoring is simple, fast, cheap, and convenient for
researchers to apply in pharmaceutical formulation.

Once CUR solubility is increased using SDs, they are loaded onto some formulations
which are used as a dermal delivery system for accelerating wound healing process. There
have been experiments of loading CUR SDs on non-woven textiles (PET textiles), which
are then evaluated in vitro and in vivo abilities of curing some skin diseases. By the way,
the enhancement in the permeability of CUR SDs is evaluated as references when

comparing to CUR SDs loaded on the textiles.
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