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ABSTRACT 

  The encapsulation of active pharmaceutical ingredients (APIs) in macrocyclic host 

compounds is a widely investigated formulation strategy to enhance the physicochemical 

properties of APIs. Cyclodextrins (CDs) are widely utilized as supramolecular hosts in 

pharmaceuticals to form inclusion complexes that enhance drug solubility, stability, etc. The 

formation of CD-based inclusion complexes typically involves the incorporation of drugs 

into the hydrophobic cavity of CD. In addition to the CD cavity, intermolecular spaces in a 

CD crystal structure can be exploited to form new CD-based complexes. CDs can also form 

supramolecular complexes with linear polymers, such as polyethylene glycol (PEG), known 

as CD-polypseudorotaxane (CD-PPRX). The supramolecular structure of CD-PPRX 

consists of stacked columns of CD-polymer inclusion complexes arranged in a parallel 

manner with intermolecular spaces between the columns. Previous studies have established 

that drugs can be incorporated into the intermolecular spaces of PEG/γ-CD-PPRX by 

sealed-heating technique, yielding a unique multicomponent supramolecular complex, 

drug/(PEG/γ-CD-PPRX). Such complexes improved the dissolution and stability of the 

encapsulated drug. Furthermore, the host structure of PEG/γ-CD-PPRX can exist in three 

polymorphic forms, which are monoclinic columnar (MC), hexagonal columnar (HC), and 

tetragonal columnar (TC). The effect of a polymorphic supramolecular structure of the 

drug/(PEG/γ-CD-PPRX) complex on its physical properties has not been investigated yet. 

Thus, the present study aimed to prepare the three polymorphic forms of the drug/(PEG/γ-

CD-PPRX) complex, and investigate the difference in the physical properties of 

encapsulated drugs at the molecular level.  

 Upon reviewing the established preparation conditions for the drug/(PEG/γ-CD-PPRX) 

complex, it was found that the reported preparation conditions resulted in either MC or TC 
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form complex. Thus, in the first part of the study, the sealed-heating preparation conditions 

to obtain the HC form of the drug/(PEG/γ-CD-PPRX) complex were investigated. In the 

second part of the study, three polymorphic forms of the drug/(PEG/γ-CD-PPRX) complex 

were prepared, and the sublimation rate of the guest drug was evaluated as the physical 

property. Several solid-state NMR techniques were used to assess the molecular state of the 

complexes, and the correlation between the sublimation rate and molecular dynamics of the 

guest drug was established. 

 In this study, γ-CD and PEG of molecular weight 2000 were used to prepare the PEG/γ-

CD-PPRX. The screening for the various sealed-heating conditions to obtain the HC form 

of the drug/(PEG/γ-CD-PPRX) complex was conducted with six different guest drugs, 

namely, salicylic acid (SA), salicylamide (SAM), paracetamol (PCT), 2-naphthoic acid (2-

NA), phenothiazine (PTZ), and naproxen (NPX). In the screening experiments, the changes 

in the crystal structure of PEG/γ-CD-PPRX and the guest encapsulation were examined by 

powder X-ray diffraction. It revealed that a low sealed-heating temperature with a small 

amount of water was the optimal preparation condition for obtaining the HC form complex. 

The stoichiometry and the encapsulation efficiency of each guest drug in the HC form 

complex were measured by solution-state 1H NMR. Guest drugs, SA, SAM, and 2-NA were 

encapsulated in a stoichiometric ratio in the HC form complex, whereas complete 

encapsulation of PCT, PTZ, and NPX could not be achieved. Furthermore, the 

stoichiometric complexation was determined by the cross-sectional area of the guest drug, 

and the encapsulation efficiency was governed by the guest drug properties, such as vapor 

pressure and molecular size. 

 In the second part of the study, SA was selected as the model drug to prepare the three 

polymorphic forms of the SA/(PEG/γ-CD-PPRX) complex. The sublimation tendency of 

SA encapsulated in three polymorphic forms, MC, HC, and TC form of the SA/(PEG/γ-CD-
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PPRX) complex was evaluated by isothermal thermogravimetry. The sublimation rate of SA 

was significantly reduced by complexation. Moreover, the sublimation rate of SA differed 

among the complexes and decreased in the order of MC form > HC form > TC form. The 

molecular state of the complexes was then evaluated by magic-angle spinning (MAS) based 

13C and 1H solid-state NMR techniques. The NMR observables (chemical shift, linewidths) 

in 13C, 1H MAS solid-state NMR spectra indicated that the encapsulated SA molecules 

existed as the monomeric form and molecular mobility of SA and PEG increased in the 

order of MC form > HC form > TC form complex. The 13C spin-lattice relaxation time (T1) 

measurement quantitatively confirmed the molecular mobility of SA and PEG in the order 

of MC form > HC form > TC form complex.  From the 13C NMR line shapes, the molecular 

mobility of γ-CD was deduced to be in the order of MC form > HC form > TC form complex. 

The temperature-dependent 13C line shapes of SA peaks in the complexes revealed a rapid 

chemical exchange between two dynamic states of SA (free and bound) with varying 

adsorption/desorption rates, which resulted in different molecular mobility. The 1H MAS 

spectra and temperature dependency of the 13C carbonyl chemical shift indicated that the 

adsorption/desorption process was influenced by proton exchange at the interaction site and 

interaction strength of SA in the complexes. The sublimation rate of SA was found to be 

correlated with its molecular mobility. Moreover, the molecular mobility order of γ-CD and 

PEG in the complexes also coincided with the mobility of SA, revealing fast guest-driven 

dynamics. The molecular-level insights obtained in this study will aid in the rational design 

of drug delivery systems to further improve the physicochemical properties of drugs. 
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INTRODUCTION 

 A large percentage of commercially available active pharmaceutical ingredients (APIs) 

possess poor physicochemical properties such as solubility, dissolution, stability, 

hygroscopicity, bioavailability, etc. These poor physicochemical properties of the APIs 

impact their therapeutic efficacy and are usually addressed by various formulation 

approaches. Encapsulation of APIs in macrocyclic host molecules or ordered porous 

materials, for example, cyclodextrins (CDs), cucurbit[n]urils, mesoporous silica, metal-

organic frameworks, organic nanotubes, have emerged as a promising approach to improve 

physicochemical properties and delivery of APIs.1-5 The molecular state of the encapsulated 

guest APIs is significantly changed and undergoes unique molecular motion as compared to 

the bulk state, which directly alters and improves its physicochemical properties. Several 

reports have established the relationship between molecular dynamics and the physical 

property of the guest API. The molecular state and dynamics of the guest API can be affected 

by various parameters such as cavity size or pore diameter, binding geometry, porous matrix, 

and host/guest interaction.6-10 Knapik et al. demonstrated that the stability of amorphous 

ezetimibe incorporated in porous materials with different pore sizes was influenced by its 

altered molecular mobility, immobilization effect, and pore size.11 Dionísio and co-workers 

investigated the effect of the physical state, molecular mobility, and distribution of naproxen 

encapsulated in three hydrophilic mesoporous silica hosts (MCM-41) with similar pore 

sizes.12 The three different mesoporous hosts, which were unmodified MCM-41, silylated 

by methyl capping MCM-41sil, and biphenylene-bridged silica matrix PMOBph, differed 

in architecture and surface composition. The release of naproxen from the unmodified and 

silylated MCM-41 matrix agreed well with its molecular mobility, as probed by dielectric 

relaxation spectroscopy.12 Therefore, the molecular dynamics of encapsulated APIs and 

their influence on physical properties are important to investigate. 
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 CDs are the most widely employed supramolecular hosts in drug delivery, food and flavors, 

separation process, catalysis, and so on, due to their capability to form inclusion complexes, 

negligible cytotoxic effects, and cost-effectiveness.13-18 CDs are cyclic oligosaccharides 

composed of six or more D-glucopyranose units connected by α-1,4 glycosidic linkages. 

CDs display a truncated conical structure with a hydrophilic external surface and a hollow 

hydrophobic cavity. This structural characteristic is attributed to the presence of hydroxyl 

groups on the rims and ether moieties in the interior of the cavity.19 Typically, natural CDs 

such as α, β, and γ-CDs are utilized as host molecules to encapsulate guest compounds in 

the hydrophobic cavity to form inclusion complexes through hydrophobic and van der Waals 

interactions. In the pharmaceutical field, the CD-inclusion complexes with APIs are utilized 

for enhancing solubility or stability, as well as in taste or odor masking.20-23 In addition to 

low molecular weight compounds, CDs can also form inclusion complexes with linear 

polymers such as polyethylene glycol (PEG), polypropylene glycol, etc., to generate a 

supramolecular structure known as CD-polypseudorotaxane (CD-PPRX).24 The CD-PPRX 

is formed by self-assembly in water, where a series of CDs are threaded onto a polymer 

chain generating a column-like structure. The CD-PPRX structure is stabilized by 

hydrophobic interactions between the polymer chain and CD cavity, and hydrogen bonding 

between the adjacent threaded CD units.25, 26 The unique structure and properties of CD-

PPRX have garnered significant attention. CD-PPRX can form hydrogel and molecular 

tubes that have served as effective carriers for delivering a range of guest drugs, such as 

small molecules, peptides, and nucleic acids.27-30 

 The crystal packing structure of CD-inclusion complexes is broadly categorized into three 

forms, cage-type, layer-type, and columnar-type.31 The crystal packing structure varies with 

the type of CD and the guest compound involved. γ-CD adopts a cage-type structure in the 

absence of a guest compound, where the CD cavities are blocked by the adjacent CDs.32, 33  
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However, the γ-CD inclusion complex adopts a columnar structure irrespective of the guest 

molecules except for water molecules. Similarly, the γ-CD units in the γ-CD-PPRX structure 

are stacked over one another on a polymer chain in head-to-head or, tail-to-tail 

arrangement.32 Harada et al. first reported the inclusion complexation of PEG and γ-CD, 

where two PEG chains were incorporated in the γ-CD columns.34 Furthermore, Kawasaki 

et al. revealed that the crystalline structure of inclusion complexes of γ-CD with various 

polymers including PEG adopts different hydrated and anhydrous packing structures 

depending on the water content in the crystal lattice.35 The native hydrated tetragonal-

columnar (TC) structure can be transformed into the other hydrated monoclinic-columnar 

(MC) structure and anhydrous hexagonal-columnar (HC) structure, by the gradual removal 

of water molecules from the crystal structure.35 On viewing along the c-axis, the packing of 

such pseudopolymorphic and polymorphic γ-CD columnar structure shows the γ-CD 

positions at a = 23.7 Å, b = 23.7 Å, γ = 90° in TC form, at a = 17.6 Å, b = 14.0 Å, γ = 110° 

in MC form, and at a = 16.4 Å, b = 16.4 Å, γ = 120° in HC form. The chemical structures 

of γ-CD and PEG, along with a schematic representation of the different crystalline forms 

of PEG/γ-CD-PPRX from the side and top view, are shown in Figure 1. 
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Figure 1. Chemical structures of (a) γ-cyclodextrin (γ-CD), (b) monomer of polyethylene 

glycol 2000 (PEG), and (c) schematic representation of PEG/γ-CD-PPRX from the side 

view and packing arrangements of different crystalline forms of PEG/γ-CD-PPRX from the 

top view of (d) tetragonal-columnar (TC) form, (e) monoclinic-columnar (MC) form, (f) 

hexagonal-columnar (HC) form. In the top view, the purple circle represents γ-CD and the 

polymers in the γ-CD cavity have been removed for clarity. 
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 In most instances, the guest compounds are typically incorporated only in the CD cavity, 

however, a few exceptions have been reported. For instance, in the columnar structure of α-

CD inclusion complexes with m-nitrophenol and m-bromophenol, the guest compounds 

were found to coexist within both the CD cavity and the intermolecular spaces between the 

columns.36, 37 Prior research has demonstrated that guest compounds such as APIs, metal 

ions, or surfactants can inhabit the intermolecular spaces of a γ-CD inclusion complex 

structure.38-40 These findings motivated us to investigate the intermolecular spaces within a 

CD-PPRX columnar structure as potential sites for incorporating guest compounds and 

develop novel CD-based complexes. Previous studies have reported that APIs can be 

incorporated in the intermolecular spaces between the CD columns of PEG/γ-CD-PPRX by 

sealed-heating techniques to form a multicomponent supramolecular complex involving 

three components (γ-CD, PEG, and guest drug/API), and are referred to as drug/(PEG/γ-

CD-PPRX) complexes.38, 41, 42 To date, drug/(PEG/γ-CD-PPRX) complexes have been 

reported with 17 different guest compounds including APIs.38, 41, 42 These complexes have 

shown promising results in improving the physicochemical properties of the guest API such 

as dissolution and stability. However, all the reported drug/(PEG/γ-CD-PPRX) complexes 

exhibited MC form structure.38, 41 It was proposed that the incorporation of the guest 

molecule changed the initial HC form to the MC form structure. Additionally, water 

adsorption by humidification changes the crystalline structure of the MC form complex to 

the TC form structure, which is maintained even after water desorption by subsequent 

drying instead of reverting to the MC/HC form structure.38 Thus, the preparation of the HC 

form of the drug/(PEG/γ-CD-PPRX) complex was assumed to be difficult.  

 Polymorphism must be taken into consideration in pharmaceuticals, as changes in crystal 

packing and/or conformation of the same molecule can alter physicochemical properties 

such as solubility, bioavailability, and so on.43 Polymorphism is extensively studied in low 
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molecular weight compounds. In contrast, there are few reports on polymorphism in 

supramolecular structures of rotaxanes or pseudorotaxanes.44, 45  To the best of my 

knowledge, research works on polymorphism in multicomponent polypseudorotaxane 

structures have not been reported. Moreover, only a handful of studies have reported the 

difference in the physical properties contributed by the different crystal structures of the γ-

CD inclusion complex. Toropainen et al. described that the dissolution profile of budesonide 

from the TC and HC form structure of budesonide/γ-CD inclusion complexes was 

dependent on the host crystal structure.46 In addition, Hirotsu et al. reported a sustained and 

controlled release of insulin from PEGylated insulin/PPRX structure prepared with α-CD 

as compared to γ-CD.47 This was facilitated by the tightly packed HC form structure in the 

former rather than the loosely packed TC form structure in the latter. Based on these reports, 

it is evident that pharmaceutical properties can be further controlled by the polymorphic 

crystal structure of the multicomponent supramolecular drug(PEG/γ-CD-PPRX) complex 

and needs to be explored. Reported studies have focused on how the host structure 

influences the dissolution of the encapsulated drug. However, there is a lack of research on 

the molecular dynamics of the encapsulated drug and its relationship with physical 

properties. Particularly, there are no molecular-level studies concerning encapsulated drugs 

in CD-based PPRX structures, although numerous studies have been reported for 

mesoporous silica. Such local molecular level investigations for multicomponent CD-based 

PPRX complexes remain challenging due to their complexity level. However, this can be 

enabled by utilizing solid-state NMR spectroscopy owing to its sensitivity in detecting 

molecular level differences. The overall purpose of this study is to prepare the three 

polymorphic forms of the drug/(PEG/γ-CD-PPRX) complex and investigate the difference 

in the physical properties of encapsulated drugs at the molecular level. 
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 The first part of this study focused on investigating sealed-heating conditions to prepare the 

HC form of drug/(PEG/γ-CD-PPRX) complex. A screening study with six different guest 

drugs was conducted to rationalize the sealed-heating condition for the HC form complex 

preparation. The crystalline structure of the complex, stoichiometry/encapsulated amount, 

and molecular state of the guest drug in the obtained complexes were characterized using 

powder X-ray diffraction (PXRD), solution-state 1H NMR, and Fourier transform infrared 

(FTIR) spectroscopy. Furthermore, the effects of guest drug properties such as vapor 

pressure, molecular size, and sealed-heating conditions, on the encapsulation behavior such 

as stoichiometry and encapsulation efficiency were investigated.   

 In the second part of this study, the physical property of the encapsulated drug in the three 

polymorphic forms of the drug/(PEG/γ-CD-PPRX) complex was examined. For this 

purpose, salicylic acid (SA) was selected as the model drug. SA is typically used in topical 

formulations to treat chronic skin diseases for its keratolytic, anti-inflammatory, and 

bacteriostatic properties.48, 49 A recent study by Murthy and co-workers demonstrated that 

SA suffers significant weight loss at skin temperature (32 °C) by sublimation due to its high 

vapor pressure from its crystalline state as well as topical formulations.50 The physical 

stability issues related to the high vapor pressure of APIs have been addressed by 

cocrystal/salt formation or complexation with CDs.51-53 Thus, the sublimation rate of SA 

from the three polymorphic forms of the SA/(PEG/γ-CD-PPRX) complex was determined 

by isothermal thermogravimetry. The MC and TC form of  SA/(PEG/γ-CD-PPRX) complex 

was prepared by the previously reported method,38 and the HC form complex was prepared 

by the newly established method. The molecular dynamics of the complexes were evaluated 

by variable temperature 13C cross-polarization (CP), 13C pulse saturation transfer (PST) with 

magic angle spinning (MAS) based solid-state NMR techniques, 1H MAS, and 13C spin-

lattice relaxation time (T1) measurement using 13C isotopically labeled SA.  
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EXPERIMENTAL SECTION 

Materials 

γ-cyclodextrin (γ-CD) was kindly provided by Cyclochem Co., Ltd. (Japan). Polyethylene 

glycol (PEG) with a molecular weight of 2000, salicylic acid (SA), and 2-naphthoic acid (2-

NA) were procured from Wako Pure Chemical Industries, Ltd. (Japan). Salicylamide 

(SAM), paracetamol (PCT), (S)-(+)-naproxen (NPX), and phenothiazine (PTZ) were 

purchased from Nacalai Tesque, Inc. (Japan). SA with 13C isotopically labeled at the 

carboxylic acid carbon (13C-labeled SA) was purchased from Isotec (USA). All materials 

were of reagent grade and used without any additional purification. 

Methods 

Preparation of PEG/γ-CD-PPRX 

PEG/γ-CD-PPRX was prepared by the co-precipitation method. 300 mg of PEG was 

dissolved in 1 mL of water and added to 10 mL of a saturated γ-CD aqueous solution (232 

mg/mL). The resulting solution showed immediate precipitation, which was then 

ultrasonically agitated at 25 °C for 1 h and stored at 25 °C for one day. The precipitate was 

collected by filtration, washed with water, and then dried in vacuo at 70 °C for 3 h to obtain 

the TC form of PEG/γ-CD-PPRX. The dried precipitate was ground manually with a mortar 

and pestle and sieved through a 100-mesh sieve to obtain a particle size of less than 150 μm. 

The HC form of PEG/γ-CD-PPRX was obtained by drying the initial TC form of PEG/γ-

CD-PPRX at 100 °C for 16 h in vacuo.  
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Preparation of HC form of drug/(PEG/γ-CD-PPRX) complex by sealed-heating 

method 

Preliminarily, the HC form of PEG/γ-CD-PPRX was converted to a highly crystalline form 

and used as the starting material for preparing the HC form of the drug/(PEG/γ-CD-PPRX) 

complex. A 2 mL glass ampule with 500 mg of PEG/γ-CD-PPRX was connected to another 

2 mL glass ampule containing 15 μL water by a silicon rubber plug. The connected ampules 

were then heated at 140 °C for 30 min and further dried at 100 °C for 3 h in vacuo, to obtain 

the high crystalline HC form of PEG/γ-CD-PPRX. The high crystalline HC form of PEG/γ-

CD-PPRX and the guest drug molecule (SA, SAM, PCT, 2-NA, PTZ, and NPX) were mixed 

in a fixed molar ratio using a vortex mixer for 5 min to prepare a physical mixture (PM). 

Based on the stoichiometry obtained for each drug/γ-CD molar ratio in its MC form 

complex41, the molar ratio of 2:1 was used for guest drugs, SA, SAM, and PCT, and a molar 

ratio of 1:1 was used for guest drugs, 2-NA, PTZ, and NPX to prepare the PM. In the case 

of preparing samples with an excess amount of drug, a molar ratio of 3:1 was used for PCT, 

and a molar ratio of 2:1 was used for 2-NA, PTZ, and NPX to prepare the PM. 200 mg of 

the PM was added in a 2 mL glass ampule without or with an additional 2–25 μL water. The 

glass ampule was sealed and heated at 80–145 °C in an incubator (AS-ONE, OF-300V). In 

this study, such heating is referred to as ‘sealed-heating’. 

Preparation of the MC, HC, and TC form of SA(PEG/γ-CD-PPRX) complex 

A physical mixture (PM) of SA and PEG/γ-CD-PPRX (HC form) in a molar ratio of 2:1 was 

prepared. The MC form of the SA/(PEG/γ-CD-PPRX) complex was obtained by sealed-

heating the PM at 145 °C for 3 h. The HC form complex was prepared by sealed-heating 

the PM with 8 μL of water at 80 °C for 3 h. The TC form complex was obtained by subjecting 

the MC form complex to a humidifying condition of 40 °C, 75% relative humidity (RH) for 
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7 days. The HC form and TC form complex were further dried at 40 °C in vacuo for 8 and 

12 h, respectively, to reduce the water content to 2–3%. Additionally, the MC, HC, and TC 

form complex were prepared with 13C-labeled SA in a manner similar to as described above. 

For this, a mixture of SA with naturally abundant 13C and isotopically enriched 13C in a 

weight percent ratio of 85:15 was used to prepare the PM.  

Quantitative determination of encapsulated guest drug in the HC form of 

drug/(PEG/γ-CD- PPRX) complex 

200 mg of the sealed-heated samples (SH samples) was suspended in 10 mL of diethyl ether 

or acetone and filtered to remove the non-encapsulated/free guest drug in the SH sample. 

The filtered SH sample was then dried at 40 °C in vacuo for 1 h. The dried SH sample (15 

mg) was dissolved in 1 mL of dimethyl sulfoxide-d6 (DMSO-d6) and the solution-state 1H 

NMR was measured. The relative ratio of the encapsulated guest drug to the γ-CD in each 

HC form of drug/(PEG/γ-CD-PPRX) complex was evaluated by integrating the respective 

1H peaks of each guest drug with respect to the 1H peak of γ-CD.54, 55 

Powder X-ray diffraction (PXRD) measurement  

The PXRD patterns were measured by a Rigaku MiniFlex II diffractometer (Japan) using 

the following conditions; radiation source: Cu Kα, filter: Ni, voltage: 30 kV, current: 15 mA, 

scanning speed: 4°/min, scanning angle: 3–35°.  

Variable temperature (VT) PXRD measurement 

The VT-PXRD patterns were measured by a D8 ADVANCE diffractometer (Bruker, 

Germany) using the following conditions; radiation source: Cu Kα, filter: Ni, voltage: 40 

kV, current: 40 mA, scanning angle: 3–35°, step size: 0.02°, counting per step: 0.2 s, heating 

range: 30–230 ℃.  
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Solution-state 1H NMR spectroscopy 

1H NMR experiments were performed using a JNM-ECZ600 NMR spectrometer (JEOL 

Resonance, Japan) operating at a magnetic field of 14.09 T.  The following measurement 

conditions were used: method: 1H single pulse (90°); relaxation delay: 8 s; scans: 8, and 

temperature: 27 °C. Tetramethylsilane (TMS, 0.0 ppm) was used as the internal standard. 

Fourier transform infrared (FTIR) spectroscopy  

Infrared measurements were performed using Alpha FTIR spectrometer (Bruker, Germany) 

using the KBr disk method. IR spectra were obtained in the scan range of 400–4000 cm-1 at 

a resolution of 4 cm-1 with 128 scans. 

Thermogravimetric (TG) analysis  

TG profiles of the prepared complexes were measured using EXSTAR TG/DTA-6200 

instrument (Hitachi High-Tech Science Corporation, Tokyo, Japan). About 5 mg of the 

sample was heated at a temperature of 25–230 °C with a heating rate of 5 or 0.5 °C/min 

under a nitrogen gas flow rate of 200 mL/min. The water content of the prepared complexes 

was determined from the weight loss of water from 25–70 ℃ in the TG profiles. The 

sublimation rates of SA from its crystalline state, PM, and each complex were determined 

using TG under isothermal conditions. Approximately 5–6 mg of sample was uniformly 

filled in the sample pan to form a thin monolayer of particles. The samples were rapidly 

heated to 80 °C and then isothermally held for 200–720 min under a nitrogen gas flow rate 

of 200 mL/min during the measurement. The sublimation rate was estimated from the slope 

of the linear region of each isothermal thermogram by fitting a linear regression model. The 

isothermal TG measurement for each sample was conducted in triplicate, and the rate 

obtained is expressed as mean ± S.D. 
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Solid-state NMR spectroscopy 

The 13C and 1H NMR spectra were acquired using a JNM-ECX400 NMR spectrometer (9.39 

T, JEOL Resonance, Japan) equipped with a 4 mm H-X probe in the temperature range of 

25–70 °C.  13C CP/MAS NMR spectra were obtained with the following conditions: spin 

rate (ν), 5 and 15 kHz; decoupling method, two-pulse phase-modulation; contact time, 2–5 

ms; recycle delay, 2–60 s. The 13C PST/MAS NMR measurement conditions were as 

follows: ν, 5 and 15 kHz; decoupling method, two-pulse phase-modulation; recycle delay, 

30 s. The 13C spin-lattice relaxation time (13C-T1) of SA and PEG in each complex was 

measured using a saturation-recovery sequence. In the saturation recovery sequence, 

recovery time (τ) was altered from 0.1 s to the time needed to achieve equilibrium. The 13C-

T1 values were calculated from the plot of integrated signal area against τ and the standard 

errors of fittings were estimated. For the 13C-T1 measurements, polymorphic complexes 

prepared with 13C isotopically labeled SA at the carbonyl site were used. 1H MAS NMR 

measurement conditions were as follows: ν, 15 kHz; recycle delay, 5 s; data points, 65536. 

The 13C and 1H spectra were externally referenced by setting the methyl carbon of 

hexamethyl benzene to 17.3 ppm and silicone rubber to 0.12 ppm, respectively. 

 

 

 

 

 

 

 



- 16 - 

 

RESULTS AND DISCUSSION 

Part I Evaluation of sealed-heating preparation conditions to obtain the HC form 

complex 

Characterization of PEG/γ-CD-PPRX 

 The crystalline structure of the PEG/γ-CD-PPRX was analyzed by PXRD and solution state 

1H NMR. The initial form of the obtained PEG/γ-CD-PPRX was the TC form, confirmed 

by the presence of the characteristic diffraction peaks at 2θ = 7.4°, 12.1°, and 16.5° of the 

TC form structure (Figure 2a). The HC form structure of PEG/γ-CD-PPRX was obtained by 

drying the TC form at high temperature, as indicated by the characteristic diffraction peaks 

at 2θ = 6.0° and 15.9° (Figure 2c). This transformation agrees well with the previous reports. 

Figure 2d shows the schematic representation of the conversion of the TC, MC, and HC 

form of PEG/γ-CD-PPRX by the gradual removal of water from the crystal lattice with the 

corresponding method. However, drying the TC form of PEG/γ-CD-PPRX at room 

temperature could not yield the MC form, rather the MC and TC form structure coexisted 

as indicated by the characteristic diffraction peaks of the MC and TC form (Figure 2b). The 

1H NMR spectrum of the PEG/γ-CD-PPRX revealed that the stoichiometry of the monomer 

unit of PEG to γ-CD was 4:1 (Figure 3). This indicates the inclusion of two side-by-side 

PEG chains in each column of the PEG/γ-CD-PPRX structure. 
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Figure 2. PXRD patterns of (a) tetragonal columnar (TC) form of PEG/γ-CD-

polypseudorotaxane (PEG/ γ-CD-PPRX), (b) dried sample of (a) at room temperature for 

12 h, (c) hexagonal columnar (HC) form of PEG/ γ-CD-PPRX, and (d) schematic 

representation of conversion of the different polymorphic forms of PEG/ γ-CD-PPRX based 

on water content. The characteristic diffraction peaks are depicted by the following symbols, 

■; TC form, ▲; MC form, and ♦; HC form.  
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Figure 3. 1H NMR spectrum of PEG/γ-CD-PPRX in dimethyl sulfoxide-d6 (DMSO-d6) with 

area integrated with respect to H1 of γ-CD (containing 8 equivalent H1 per one molecule). 

The 1H integration ratio of PEG to γ-CD was 2.0:1.0. 

Preliminary investigation of sealed-heating conditions to prepare the HC form 

complex 

 For preparing the HC form complex, six different guest drugs were selected. The chemical 

structure of the six guest drugs with their vapor pressure and cross-sectional area (CSA) are 

listed in Table 1. So far, the MC form of drug/(PEG/γ-CD-PPRX) complex with 17 different 

guest compounds has been reported.38, 41, 42 Irrespective of the guest compound, sealed-

heating at a high temperature of above 110 °C yielded the MC form complex. Thus, a low 

sealed-heating temperature of 80–110 °C was primarily investigated to retain the initial HC 

form structure and incorporate the guest drug molecule in the intermolecular spaces, thereby 

forming the HC form of the drug/(PEG/γ-CD-PPRX) complex.  



- 19 - 

 

Table 1 Chemical structure, vapor pressure, and cross-sectional area (CSA) of guest drugs 

used for screening. 

Guest drug Chemical structure 

aVapor 

pressure (Pa) 

bMaximum 

CSA (Å2) 

bMinimum 

CSA (Å2) 

Salicylic acid 

(SA) 
 

7.57 (80 °C)  c45.4 c24.2 

Salicylamide 

(SAM) 
 

1.32 (80 °C) 44.8 24.1 

Paracetamol 

(PCT)  

0.005 (80 °C) 

0.014 (90 °C) 

54.6 20.8 

2-naphthoic 

acid (2-NA) 
 

0.067 (80 °C) 

0.571 (100 °C) 

58.7 24.4 

Phenothiazine 

(PTZ)  

0.083 (80 °C) 

0.596 (100 °C) 

68.4 21.9 

Naproxen 

(NPX) 
 

0.0193 (80 °C) 

0.062 (90 °C) 

75.8 25.3 

a
Calculated from the reported equation of temperature-vapor pressure relation56-59, or 

adopted from reference literatures.60, 61 b
Adopted from reference literature.41 cCalculated by 

the three-dimensional molecular modeling method mentioned in the reference literature.41  

SA: ln p = (34.5 ± 0.3) – (11483 ± 100)/T, r
2
 = 0.9993;  

SAM: ln p = (36.4 ± 0.3) – (12756 ± 83)/T, r
2
 = 0.999;  

PCT: ln p = (34.3 ± 0.2) – (14010 ± 86)/T, r
2
 = 0.9998;  

PTZ: ln p = (34.54) – (13076)/T, r
2
 = 0.9988;  

NPX: ln p = (39.7 ± 0.2) – (15431 ± 65)/T, r
2
 = 0.9998,  

where p is the vapor pressure in Pa and T is the temperature in K. 
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 Initially, SA was chosen as the model drug to evaluate the sealed-heating conditions for 

preparing the HC form complex. As a pretreatment, the crystallinity of the HC form of 

PEG/γ-CD-PPRX was enhanced by the annealing process as shown in Figure 4a.  The 

PXRD pattern of the annealed HC form of PEG/γ-CD-PPRX showed increased peak 

intensity of the HC form, indicating high crystallinity (Figure 4b). The previous study by 

Kawasaki et al. demonstrated that the anhydrous HC form of PEG/γ-CD-PPRX obtained by 

the loss of water molecules from its TC form retained a crystalline order, but the degree of 

order was significantly reduced, indicating a low crystallinity.35 Hence, it is noteworthy that 

the above-mentioned sealed-heating technique was able to obtain a high crystalline HC form 

of PEG/γ-CD-PPRX for the first time. This high crystalline HC form of PEG/γ-CD-PPRX 

was used as the initial form for further evaluation. A PM of PEG/γ-CD-PPRX (HC form) 

and SA mixed in a molar ratio of 2:1 was sealed-heated at 80–145 °C for 3 h and the 

corresponding PXRD patterns of the obtained SH samples are shown in Figure 5. The 

diffraction pattern of the SH sample prepared at 80 °C showed peaks corresponding to the 

HC and MC forms, with residual SA peaks (Figure 5c). The appearance of the MC form 

peak suggests the inclusion of SA in the intermolecular spaces and partial conversion to the 

MC form structure. The presence of residual SA peaks suggests incomplete encapsulation. 

Furthermore, the diffraction pattern of the SH sample prepared at 90 °C showed mainly MC 

form peaks along with some residual SA peaks (Figure 5d). On further increasing the sealed-

heating temperature to 100–110 °C, the diffraction pattern of the SH samples showed only 

MC form peaks without any residual SA peaks (Figure 5e-f). As demonstrated in our 

previous study, the MC form complex with SA as the guest drug was obtained at a sealed-

heating temperature of 145 °C, indicated by the diffraction pattern shown in Figure 5g.38 

These findings agree with previous findings that a higher sealed-heating temperature 

induces the conversion to the MC form complex. 
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Figure 4. (a) Schematic representation of the sealed-heating method for preparation of high 

crystalline HC form of PEG/γ-CD-PPRX, (b) PXRD patterns of high crystalline HC form 

of PEG/γ-CD-PPRX (annealed), and HC form of PEG/ γ-CD-PPRX. The characteristic 

diffraction peaks are depicted by the symbol, ♦; HC form. 
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Figure 5. PXRD patterns of (a) SA, (b) PM of SA and HC form of PEG/γ-CD-PPRX, (c) 

SH sample of (b) prepared at (c) 80 °C (d) 90 °C (e) 100 °C (f) 110 °C, and (g) 145 °C for 

3 h. The characteristic diffraction peaks are depicted by the following symbols, ●; SA ▲; 

MC form, and ♦; HC form. 
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 It was assumed that for incorporation of the guest drug into the intermolecular spaces in the 

HC form, the crystallinity of the columnar structure, that is, the stacking order of the γ-CDs 

in a column, as well as the lateral packing, needs to be maintained. Since water plays an 

important role in maintaining the crystalline order of these structures,35 additional water was 

added to the PM and further sealed-heated at 80 °C for 3 h to prepare the HC form complex. 

Figure 6 shows the PXRD patterns of the SH samples prepared at 80 °C for 3 h with a water 

content of 4–25 μL. In the PXRD patterns of SH samples with increasing water content from 

4–8 μL (Figure 6c-e), the peak intensity of SA gradually decreased, and the peak intensity 

of the HC form increased. In addition, the MC form peaks that appeared in the SH sample 

with no water disappeared (Figure 6b). The PXRD pattern of the SH sample prepared at a 

sealed-heating condition of 80 °C for 3 h with 8 μL of water showed no residual peak of SA 

with the retention of HC form peaks (Figure 6e). Hence, the HC form of the SA/(PEG/γ-

CD-PPRX) complex was successfully prepared at this sealed-heating condition. On the 

other hand, the PXRD pattern of the SH sample with a high water content (10–25 μL water) 

suggested the formation of the TC form of the SA/(PEG/γ-CD-PPRX) complex, indicated 

by the gradual disappearance of the HC form peaks and the appearance of characteristic 

peaks of the TC form (Figure 6f-j). The TC form of the SA/(PEG/γ-CD-PPRX) complex 

was obtained at the low sealed-heating condition and high-water content (over 20 μL water), 

as reflected by the complete disappearance of the HC form peaks in the PXRD pattern.  

 For analyzing the role of guest drug and water in the conversion of the polymorphic 

structure (HC and TC), the HC form of PEG/γ-CD-PPRX was sealed-heated without any 

guest drug at the same condition of 80 °C for 3 h with 0–25 μL water. The PXRD pattern 

of this SH sample prepared with 8 μL showed the characteristic peaks of HC form with 

increased intensity (Figure 7c). On the other hand, the PXRD pattern of the SH sample 

prepared with 25 μL showed the characteristic peaks of TC form along with HC form peaks, 
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suggesting partial transformation (Figure 7d). However, complete transformation to the TC 

form was observed in the case of the SH sample prepared with SA at the same water content 

of 25 μL (Figure 6j). This suggests that the additional water in the SH sample played a vital 

role in maintaining the HC form structure of PEG/γ-CD-PPRX during the encapsulation. 

On the other hand, for the TC form complex formation, the guest drug (SA) and the 

additional water promoted the transformation of the HC form of the PEG/γ-CD-PPRX 

structure to its TC form.  

 

 

Figure 6. PXRD patterns of (a) PM of SA and HC form of PEG/γ-CD-PPRX, SH sample 

of (a) prepared at 80 °C for 3 h with (b) no water, (c) 4 μL water, (d) 6 μL water, (e) 8 μL 

water, (f) 10 μL water, (g) 12 μL water, (h) 15 μL water, (i) 20 μL water, and (j) 25 μL 

water. The characteristic diffraction peaks are depicted by the following symbols, ●; SA ♦; 

HC form ■; TC form, and ▲; MC form. 
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Figure 7. PXRD patterns of (a) HC form of PEG/γ-CD-PPRX, the SH sample of (a) at 80 ℃ 

for 3 h with (b) no water, (c) 8 μL water, and (d) 25 μL water. The characteristic diffraction 

peaks are depicted by the following symbols, ♦; HC form, and ■; TC form. 
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 Furthermore, the encapsulated amount of SA in the HC form complex was determined by 

solution state 1H NMR measurement. The 1H NMR spectrum was measured after removing 

the non-encapsulated SA by washing it with diethyl ether. Figure 8a shows the 1H NMR 

spectrum of the HC form of the SA/(PEG/γ-CD-PPRX) complex. Relative to the integration 

value of the H1 peak of γ-CD (8.00, containing 8 equivalent protons), the integration value 

of the ‘Ha’ peak of SA was 1.87. This indicated that the encapsulated amount of SA to γ-

CD in the HC form complex was almost in the molar ratio of 2:1, equivalent to the initial 

ratio of SA to γ-CD in the PM. Thus, stoichiometric complexation of SA at a molar ratio of 

2:1 was suggested in the HC form complex. To confirm the complexation, the change in the 

molecular state of SA was further assessed by FTIR spectroscopy. The FTIR spectra of the 

HC form of the SA/(PEG/γ-CD-PPRX) complex, along with the starting materials and PM, 

are presented in Figure 8b.  The FTIR spectrum of the PM was a superimposition of the 

starting materials of SA and HC form of PEG/γ-CD-PPRX. The carbonyl stretching band of 

the carboxylic group of SA62 shifted from 1657 cm-1 to a higher wavenumber of 1673 cm-1 

in the HC form complex. In the MC form complex with SA as the guest drug, a similar 

higher wavenumber shift of the carbonyl stretching band of the carboxylic group of SA was 

observed.38 This was attributed to the breaking of dimeric structure in the crystalline state 

of SA and new intermolecular interaction formation between SA and PEG/γ-CD-PPRX. The 

observed frequency shift in the IR spectrum can be associated with a similar change in the 

molecular state of SA and the formation of new intermolecular interactions in the HC form 

complex. Hence, the FTIR results confirmed the complexation of SA in the HC form. 
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Figure 8. (a) 1H NMR spectrum of the HC form of the SA/(PEG/γ-CD-PPRX) complex in 

DMSO-d6 and (b) FTIR spectra of the HC form of the SA/(PEG/γ-CD-PPRX) complex with 

the respective starting materials.  

 Analogous observations were noted in the HC form complex preparation when SAM was 

used as the guest drug and sealed-heated at 80 °C for 3 h in the absence and presence of 2–

25 μL of water (Figure 9). The PXRD pattern of the SH sample prepared at the sealed-

heating condition of 80 °C for 3 h with 8 μL of water, showed the characteristic HC form 

peaks and no residual SAM peak (Figure 9f). Thus, the HC form of the SAM/(PEG/γ-CD-

PPRX) complex was successfully prepared at the same sealed-heating condition. Similarly, 

the TC form of SAM/(PEG/γ-CD-PPRX) complex was obtained at a water content of 25 μL 

(Figure 9g). The integration ratio of SAM to γ-CD in its HC form complex obtained from 

its 1H NMR spectrum indicated that the SAM interacted stoichiometrically in the molar ratio 

of 2:1 (Figure 10a). Additionally, the carbonyl stretching band of the primary amide group 

of SAM (1675 cm-1)63 shifted to 1658 cm-1 in its HC form complex (Figure 10b). Tozuka et 

al. reported a similar lower wavenumber shift of adsorbed SAM onto the micropores of 

folded sheets of mesoporous material (FSM-16), caused by the new hydrogen bond 
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formation between adsorbed SAM and the silanol groups of FSM-16.64 This frequency shift 

of SAM in its HC form complex confirmed the complexation of SAM.  

 

Figure 9. PXRD patterns of (a) SAM, (b) SH sample of SAM and HC form of PEG/γ-CD-

PPRX prepared at 80 ℃ for 3 hours with, (b) no water, (c) 2 μL water, (d) 4 μL water, (e) 

6 μL water, (f) 8 μL water, (g) 25 μL water, and (h) SH sample of SAM and HC form of 

PEG/γ-CD-PPRX prepared at 125 ℃ for 3 hours (MC form of SAM/(PEG/γ-CD-PPRX) 

complex). The characteristic diffraction peaks are depicted by the following symbols, ●; 

SAM, ♦; HC form, ■; TC form, and ▲; MC form. 
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Figure 10. (a) 1H NMR spectrum of HC form of SAM/(PEG/γ-CD-PPRX) complex in 

DMSO-d6, and (b) FTIR spectra of HC form of SAM/(PEG/γ-CD-PPRX) complex with the 

respective starting materials. 

 Furthermore, the stability of the polymorphic forms of the SA/(PEG/γ-CD-PPRX) complex 

was assessed. The changes in the PXRD patterns of the complexes after being subjected to 

humidification conditions of 75% relative humidity (RH) at 40 °C and drying in vacuo are 

presented in Figure 11. The HC form of the SA/(PEG/γ-CD-PPRX) complex was stable, 

even after drying and reducing the water content to 2–3%, which was determined by TG 

(data not shown) (Figure 11c). No significant change in the crystallinity was observed in the 

HC form complex after drying. The HC form complex transformed to the TC form complex 

upon water adsorption in a manner similar to that observed for the MC form complex in our 

previous study (Figure 11d-e).38 The structure of the transformed TC form structure was 

maintained even after drying to a water content of 2–3% (Figure 11f).  

 The structural changes in the polymorphic complexes of SA/(PEG/γ-CD-PPRX) with 

respect to sealed-heating conditions and water adsorption/desorption, as interpreted from 

the PXRD patterns, are summarized in Figure 12. These findings suggest that the formation 
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of polymorphic complexes of SA/(PEG/γ-CD-PPRX) is determined by encapsulated SA, 

temperature, and water content. It is important to mention that all the prepared complexes 

of SA/(PEG/γ-CD-PPRX) were stable with a low water content of 2–3%, indicating the 

formation of anhydrous polymorphs of the SA/(PEG/γ-CD-PPRX) complex instead of the 

hydrated forms as exhibited by the host compound, PEG/γ-CD-PPRX. 
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Figure 11. PXRD patterns of (a) PM of SA and HC form of PEG/γ-CD-PPRX, (b) HC form 

of SA/(PEG/γ-CD-PPRX) complex, (c) HC form of SA/(PEG/γ-CD-PPRX) complex after 

drying in vacuo at 40 ℃ for 8 hours, (d) TC form of SA/(PEG/γ-CD-PPRX) complex after 

humidifying the HC form complex for 3 days, (e) TC form of SA/(PEG/γ-CD-PPRX) 

complex after humidifying the MC form complex for 7 days, and (f) TC form of SA/(PEG/γ-

CD-PPRX) complex after drying in vacuo at 40 ℃ for 12 hours. The humidifying condition 

used is 75% relative humidity at 40 ℃. The characteristic diffraction peaks are depicted by 

the following symbols, ●; SA, ♦; HC form, and ■; TC form.  
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Figure 12. Schematic representation of structural changes in the polymorphic complexes of SA/(PEG/γ-CD-PPRX) with respect to the sealed-

heating conditions and water adsorption/desorption.  
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Encapsulation behavior of other guest drugs in the HC form complex 

 To rationalize the low temperature sealed-heating with a small amount of water for preparing 

the HC form complex, complex formation with other guest drugs was evaluated. Figure 13 

shows the changes in the PXRD patterns of the SH samples of PM of the guest drugs (PCT 

and NPX) and the HC form of (PEG/γ-CD-PPRX) at respective sealed-heating conditions. 

The PXRD patterns of SH samples with PCT and NPX prepared at the optimized sealed-

heating conditions (80 °C, 3 h with 8 μL water) showed the diffraction peaks of HC form 

along with strong residual peaks of the drugs, suggesting less encapsulation of the guest drug 

(Figure 13g-h). Thus, the duration of sealed-heating at 80 °C was increased from 3 to 9 h. The 

complexation of PCT and NPX was enhanced, but not complete, as indicated by the decrease 

in the peak intensity of the guest drugs in the corresponding PXRD patterns presented in 

Figure 13g-l. While the sealed-heating temperature was increased to 90 °C with a duration of 

3–9 h, the residual drug peaks were still retained along with the HC form peaks in the PXRD 

patterns (Figure 13m-q). However, in the SH samples of NPX prepared at the sealed-heating 

temperature of 90 °C for 6 and 9 h, conversion to MC form structure was observed, reflected 

by the broadening of the HC form peaks and appearance of MC form peak in the PXRD 

patterns, respectively (Figure 13p, 13r).  
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Figure 13. PXRD patterns of (a) PCT, (b) NPX, (c) PM of PEG/γ-CD-PPRX (HC form) and 

PCT (2:1), (d) PM of PEG/γ-CD-PPRX (HC form) and NPX (1:1), and (e-r) SH samples of 

(c) and (d) prepared at the indicated SH condition. The characteristic diffraction peaks are 

depicted by the following symbols, ●; PCT ●; NPX ♦; HC form, and ▲; MC form. 

 Figure 14 shows the changes in the PXRD patterns of the SH samples of PM of the guest 

drug (2-NA and PTZ) and the HC form of (PEG/γ-CD-PPRX) at respective sealed-heating 

conditions. Similar to PCT and NPX, the PXRD pattern of the SH sample prepared using 2-

NA and PTZ as the guest drugs at the optimized sealed-heating condition (80 °C, 3 h with 8 

μL water) exhibited diffraction peaks of residual drugs and HC form (Figure 14g-h). The 

changes in the PXRD pattern of the SH samples of 2-NA prepared at 80 °C with a duration 

from 3 to 9 h suggested that almost complete encapsulation of 2-NA was achieved, reflected 

by the almost disappearance of the diffraction peaks of the residual 2-NA and retention of the 

HC form peaks (Figure 14g, i, k). Further increasing the sealed-heating temperature to 100 °C 

in the case of 2-NA, complete encapsulation could be achieved within 3 h, as suggested by 

the presence of the HC form peaks and no residual 2-NA peaks (Figure 14m). On the other 



- 35 - 

 

hand, the PXRD patterns of the SH samples prepared with PTZ with an increased sealed-

heating duration from 3 to 9 h at 80 °C revealed incomplete encapsulation owing to the 

presence of diffraction peaks of residual PTZ (Figure 7h, j, l). Complete encapsulation could 

not be achieved in the case of PTZ, even upon increasing the sealed-heating temperature to 

100 °C (Figure 14n). Furthermore, it can be suggested that the complexation of 2-NA was 

higher than PTZ as the decrease of the peak intensity of 2-NA was significantly higher as 

compared to PTZ. From Figures 13 and 14, it can be inferred that the encapsulation behavior 

and efficiency could be dependent on the guest drug properties. 

 

Figure 14. PXRD patterns of (a) 2-NA, (b) PTZ, (c) PM of PEG/γ-CD-PPRX (HC form) and 

2- NA (1:1), (d) PM of PEG/γ-CD-PPRX (HC form) and PTZ (1:1), and (e-n) SH samples of 

(c) and (d) prepared at the indicated SH conditions. The characteristic diffraction peaks are 

depicted by the following symbols, ●; 2-NA, ●; PTZ, and ♦; HC form.  
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Determination of encapsulation efficiency of guest drugs by solution-state 1H NMR 

 To clarify the difference in encapsulation efficiency of the guest drugs interpreted from the 

PXRD patterns, the amount of encapsulated drug (PCT, NPX, 2-NA, and PTZ) was evaluated 

by measuring solution state 1H NMR spectra. Prior to measuring, the non-encapsulated drug 

in the SH sample was eluted by washing it with diethyl ether or acetone. The encapsulated 

amount of SH samples of NPX prepared at 90 °C for 6–9 h was not determined because of 

the partial transformation to the MC form structure as shown in Figures 13p and 13r. Figures 

15 and 16 show representative 1H NMR spectra of the SH samples of PCT, NPX, 2-NA, and 

PTZ obtained after washing. The integration value of the ‘Ha’ peak in PCT, the ‘Hh’ peak in 

NPX, the ‘Hb’ peak in 2-NA, and the ‘He’ peak in PTZ with respect to the H1 peak of γ-CD 

(8.00, containing 8 equivalent protons) were determined. From the obtained integration value, 

the percentage of encapsulated guest drug or encapsulation efficiency was calculated and 

plotted against the respective sealed-heating condition in Figure 17. The encapsulation 

efficiency was found to be different among PCT, NPX, 2-NA, and PTZ at respective sealed-

heating temperatures. For SH samples prepared at the sealed-heating condition of 80 °C, 3 h, 

with 8 μL water, the encapsulation efficiency of PCT, NPX, 2-NA, and PTZ was 23%, 24%, 

68%, and 45%, respectively. The encapsulation efficiency of all guest drugs gradually 

increased with sealed-heating duration at the respective temperatures. In addition, with an 

increase in sealed-heating temperature, a significant increase in the encapsulation efficiency 

of the guest drugs of about 4–24% was observed. In the case of the SH sample of 2-NA, 

prepared at 100 °C for 3 h, the encapsulated amount reached 90% which is close to the initial 

ratio of 1:1 in the PM (Figure 17b). Thus, 2-NA was encapsulated in a stoichiometric ratio of 

1:1 in the HC form complex.  
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Figure 15. 1H NMR spectra of washed (a) PCT, and (b) NPX SH samples prepared at a sealed-

heating condition of 80 ℃ for 3 h with 8 μL water in DMSO-d6. 
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Figure 16. 1H NMR spectra of washed (a) 2-NA, and (b) PTZ SH samples prepared at a 

sealed-heating condition of 100 ℃ for 3 h with 8 μL water in DMSO-d6. 
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Figure 17. (a) Encapsulation efficiency (%) of PCT and NPX in the SH samples prepared at 

80 °C and 90 °C for 3-9 h and (b) encapsulation efficiency (%) of 2-NA and PTZ in the SH 

samples prepared at 80 °C for 3-9 h and 100 °C for 3 h. The amount of water used in the SH 

samples is 8 μL. (N.D., not determined) 
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 In the sealed-heating method, encapsulation of the guest molecule is facilitated by its 

vaporized/gas phase.65-67 For analyzing the effect of the vapor pressure of the guest drug on 

its encapsulation efficiency, SH samples with an excess amount of drug were prepared at the 

same sealed-heating conditions. The encapsulation efficiency of the guest drug remained the 

same in the SH samples prepared with an excess amount of drug as that of the SH samples 

prepared with the initial fixed amount of drug (Figure 18). This could be attributed to the fact 

that the vaporized amount of the guest drug is not dependent on the initial amount. Hence, the 

increase in the encapsulation efficiency of the guest drug with temperature is due to the 

increased vapor pressure of the drug with increasing temperature. 

 

 

Figure 18.  Comparison of encapsulation efficiency (%) in SH samples prepared at the 

optimized sealed-heating condition (80 ℃, 3 h, 8 μL water) with the initial fixed and excess 

drug/γ-CD ratio. The initial fixed drug/γ-CD ratio for preparing SH samples was 2:1 in the 

case of PCT and 1:1 in the case of NPX, 2-NA, and PTZ. The drug/γ-CD ratio for preparing 

SH samples with an excess amount of drug was 3:1 in the case of PCT and 2:1 in the case of 

NPX, 2-NA, and PTZ. 
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Discussion on the correlation between encapsulation efficiency and guest drug 

properties 

 Previous studies have reported the MC form complex preparation with the same guest drugs 

used in this study and discussed the factors influencing the complexation behavior.41 The 

complexation behavior was not affected by the guest properties, such as molecular weight and 

polarity.41 Whereas the stoichiometry of the guest to the host in the complex was found to be 

determined by the maximum cross-sectional area (CSA) of the drug.41 Guest drugs, namely, 

SA, SAM, and PCT with a maximum CSA of 40–55 Å2 formed the MC form complex in a 

2:1 drug/γ-CD ratio.38, 41 On the other hand, guest drugs, such as 2-NA, PTZ, and NPX, with 

a maximum CSA of 60–75 Å2 formed the MC form complex in a 1:1 drug/γ-CD ratio.41 In 

the present study, the guest drugs, SA and SAM formed the HC form complex in a 2:1 drug/γ-

CD ratio, while 2-NA formed the HC form complex in a 1:1 drug/γ-CD ratio. From this result, 

it can be speculated that the intermolecular space size is approximately similar for the MC 

form and HC form structure of PEG/γ-CD-PPRX. Judging from this speculation, the 

difference in the extent of encapsulation of PCT, NPX, and PTZ in the HC form structure 

from the expected ratio could be associated with the guest drug properties rather than the host 

size. Further, guest drug properties such as vapor pressure and molecular size were considered 

to investigate the difference in encapsulation efficiency of the guest drug molecule. Vapor 

pressure is considered an important determining factor in the sealed-heating method as the 

encapsulation of the guest drug molecule is facilitated by the vaporized/gas phase.65-67  

 The vapor pressure of the guest drugs at sealed-heating temperatures of 80–100 °C is listed 

in Table 1. Figure 19 illustrates the correlation plot between the vapor pressure of the guest 

drug and its maximum encapsulation efficiency at the respective sealed-heating temperatures. 

It was obvious that the encapsulation efficiency of the guest drug could be correlated to its 

vapor pressure at the corresponding sealed-heating temperature. The complete encapsulation 
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of SA and SAM in the HC form structure could be achieved at a low sealed-heating 

temperature owing to its relatively high vapor pressure. The encapsulation efficiency of PCT, 

NPX, 2-NA, and PTZ in the SH sample prepared at 80 °C was 25%, 30%, 80%, and 61%, 

respectively. The vapor pressure of PCT, NPX, 2-NA, and PTZ at 80 °C is 0.005 Pa, 0.019 

Pa, 0.067 Pa, and 0.083 Pa, respectively. However, a few discrepancies in the correlation can 

be observed. For instance, at sealed-heating temperatures of 80 °C and 100 °C, the 

encapsulation efficiency of 2-NA (shown by the orange circle and square) was 80% and 90%, 

respectively. On the other hand, the encapsulation efficiency of PTZ at the sealed-heating 

temperature of 80 °C and 100 °C (shown by the brown circle and square) was 61% and 69%, 

respectively. However, the vapor pressure of PTZ was higher than 2-NA at 80 °C and was 

similar at 100 °C. Additionally, 2-NA and NPX had comparable vapor pressure at 80 °C and 

90 °C (shown by the orange circle and gray triangle, respectively), yet a difference in the 

encapsulation efficiency of 2-NA and NPX can be observed.  

 It can be assumed that the encapsulation efficiency of the guest drugs was mainly governed 

by their vapor pressure but can be affected by other factors such as the host cavity size, guest 

size, or the complexation kinetics. The thermodynamics of complexation is defined by the 

binding constant which reflects the stability of the guest molecule inside the cavity, whereas 

the kinetics of complexation or the rate of association/dissociation reflects the extent of steric 

hindrance experienced by the guest molecule during entry/exit. Mârquez et al. highlighted 

that the binding constant between cucurbit[6]uril and various guests decreased with an 

increase in guest size, owing to the increased steric repulsion between the host walls and the 

guest during the ingression process.68 In another study, Miskolczy et al. reported the effect of 

steric factors of protoberberine alkaloids on its kinetics to form an inclusion complex with 

cucurbit[7]uril. It was demonstrated that the rate of entry and exit of the guest alkaloids into 

the host cavity was kinetically favored by less bulky substituent groups.69 So, the lack of 
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correlation between the encapsulation efficiency and vapor pressure in the case of NPX and 

PTZ can be explained by the increased molecular size of PTZ (maximum CSA of 68.4 Å2) 

and NPX (maximum CSA of 75.8 Å2) compared to 2-NA (maximum CSA of 58.7 Å2). As 

presented in Figure 17, in the case of NPX, 2-NA, and PTZ, the saturation state of 

complexation was not reached even after 9 h of sealed-heating, which could be due to the 

decrease in the complexation kinetics affected by its molecular size. The complete 

complexation of 2-NA could be achieved due to its significant vapor pressure and 

comparatively smaller size than NPX and PTZ. Thus, the increasing guest size could decrease 

the encapsulation kinetics resulting in reduced encapsulation efficiency of NPX and PTZ, 

despite the comparative vapor pressure.  

 An understanding of the complexation behavior of a guest drug in the PEG/γ-CD-PPRX 

structure would be helpful for the development of new strategies to control and enhance the 

encapsulation of the guest compound. The low temperature sealed-heating preparation 

condition of the HC form complex makes it a favorable host molecule for guest compounds 

prone to decomposition at high temperatures. So far, the host/guest complexation behavior of 

the solid host and gaseous guest compound has been mostly studied.70, 71 From this study, new 

insights related to solid host/guest complexation systems were obtained and the encapsulation 

efficiency of the guest compound could be correlated with its vapor pressure and molecular 

size. 
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Figure 19. Relationship between the vapor pressure of the guest drug and its encapsulation 

efficiency (%) in the HC form complex. The circle, triangle, and square symbols indicate the 

vapor pressure and encapsulation efficiency of the guest drug at sealed-heating temperatures 

of 80 °C, 90 °C, and 100 °C, respectively. 
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Part II Evaluation of drug’s sublimation rate and molecular mobility in three 

polymorphic complexes 

Preparation of three polymorphic complexes with SA as the model drug 

 For evaluating the difference in the physical property, the three polymorphic forms of the 

drug/(PEG/γ-CD-PPRX) complex were prepared with SA as the model drug. The preparation 

scheme with structures of the three polymorphic forms of the SA/(PEG/γ-CD-PPRX) 

complex is shown in Figure 20. The successful preparation of the three polymorphic forms of 

the complex was confirmed by its PXRD patterns (Figure 21). The PXRD patterns showed 

the characteristic diffraction peaks of each form while the diffraction peaks of SA were absent, 

confirming the formation of the three polymorphic forms of the complex. 

 

Figure 20. Schematic representation of the preparation of the three polymorphic forms of the 

SA/(PEG/γ-CD-PPRX) complex. 
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Figure 21. PXRD patterns of (a) SA, (b) MC form, (c) HC form, and (d) TC form of 

SA/(PEG/γ-CD-PPRX) complex. The characteristic diffraction peaks are represented by ●; 

SA ▲; MC form ♦; HC form, and ■; TC form. 
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Thermal stability of the three polymorphic complexes  

 The assessment of preparation conditions indicated that the sealed-heating temperature 

significantly influenced the conversion of the polymorphic forms of the SA/(PEG/γ-CD-

PPRX) complex. Moreover, encapsulated SA in the complexes played a vital role in 

maintaining the stability of the complexes (Figure 12). Considering these factors, the thermal 

stability of the complexes was evaluated by VT-PXRD measurements. Preliminarily, the TG 

profiles of the complexes were measured and are presented in Figure 22. The TG profiles of 

the complexes showed two-step weight loss from 25/30–45 ℃ and 80–225/230 ℃, 

respectively. The first weight loss in the range of 2–4% corresponds to the water in the 

complexes. The second weight loss of 14–16% was due to the SA sublimation. This weight 

loss corroborates with the theoretical weight % of SA (15.7%) in the complexes, indicating 

the complete release of SA until 230 ℃. The thermal stability of the complexes was then 

examined by measuring VT-PXRD patterns at 30–230 ℃, which are shown in Figure 23. 

 The PXRD patterns of the MC form complex remained unchanged from 30–230 ℃. The 

PXRD patterns at 230 ℃ showed characteristic diffraction peaks of the MC form even after 

the complete release of SA, indicating high thermal stability at a high temperature (Figure 

23a). On the other hand, with the removal of SA, the HC and TC form complex was converted 

to a disordered MC form structure at 130 and 170 ℃, respectively (Figure 23b, c). The 

conversion to the MC form structure was indicated by the appearance of characteristic 

diffraction peaks of the MC form. However, the diffraction peaks were significantly 

broadened, suggesting the converted MC form structure is highly disordered but with the 

retention of the basic columnar structure. However, the manner of conversion in HC and TC 

form complex differed and the possible reasons have been discussed later. The thermal 

stability of the complexes increased in the order of HC form < TC form < MC form at a high 
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temperature. Furthermore, this also suggests that the sublimation tendency of SA in the 

complexes should be studied in the temperature range of 80–110 ℃.  

 

 

Figure 22. Weight loss curves of (a) MC form, (b) HC form, and (c) TC form complex 

measured at 25/30-225/230 ℃ with a heating rate of 0.5 ℃/min. 
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Figure 23. VT-PXRD patterns of (a) MC, (b) HC, and (c) TC form complex. The 

characteristic diffraction peaks are depicted by the following symbols, ■; TC form, ▲; MC 

form, and ♦; HC form. 
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Sublimation rate of SA from the polymorphic complexes 

 Investigation of the sublimation process of an API is crucial as it affects several industrial 

processes such as manufacturing, formulation development (drying process), and its stability 

during storage. APIs with high vapor pressure are susceptible to physical instability which 

compromises its potency and delivery. The change in physical stability of SA upon 

complexation was assessed by evaluating its sublimation rate from the crystalline state and 

complexes using TG under isothermal conditions. The isothermal TG was conducted at 80 °C 

as the sublimation of SA significantly increased above 76 °C. The isothermal time was set at 

200–720 min. The representative isothermal weight loss curves of SA from its crystalline state, 

PM, and each polymorphic complex measured at 80 ℃ and 200 min are shown in Figure 24. 

The isothermal weight loss curve of SA in each complex and PM showed a two-step weight 

loss, the first occurring within 10 min and the second occurring from 10 to 200 min. This is 

typically observed for isothermal weight loss curves of hydrated salts or CD inclusion 

complexes.53, 72 The first weight loss was in the range of 2–3%, corresponding to the amount 

of water in the complexes. Thus, the following weight loss from 10 to 200 min can be 

attributed to the sublimation of SA. The second weight loss due to the sublimation of SA was 

linear with respect to time, indicating that it follows an apparent zero-order kinetics.72, 73 

Furthermore, in the isothermal TG experiments conducted for 480–720 min, the weight loss 

attributed to SA sublimation followed the linear trend during the entire isothermal time, 

suggesting the maintenance of apparent zero-order kinetics (Figure 25).  The sublimation rate 

was determined from the slope of the linear part of the profile by fitting a linear regression 

model, as shown in Figure 24a. In the isothermal weight loss curves of the complexes 

measured until 480 min, the sublimation rate of SA deviated at around 200 min and decreased 

slightly. In a particular experiment, the sublimation rate is dependent on the surface area of 

the solid. The decreased sublimation rate of SA after 200 min could be associated with a 
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decrease in surface area or entrapment sites of SA in the complexes. Furthermore, in the case 

of isothermal TG experiments conducted at 90 and 110 ℃ for 24 h, the HC form complex 

was converted to the MC form structure (data not shown). Thus, considering the stability and 

constant surface area, the sublimation parameters of SA in the complexes obtained at 80 ℃ 

until 200 min were analyzed for quantitative comparison. 

 The sublimation amount, percentage, and rate of SA from its crystalline state, PM, and each 

complex are presented in Table 2. The percentage of SA sublimated from its crystalline state, 

PM, MC, HC, and TC form complex was 4.8, 5.3, 1.7, 1.3, and 0.8, respectively. No difference 

was observed in the sublimation rate of SA from its crystalline state and PM (Figure 24f). 

Nevertheless, compared to crystalline SA, the sublimated amount and rate of SA from each 

complex were greatly reduced by complexation (Table 2, Figure 24f). Interestingly, the 

sublimation rate of SA was significantly different among polymorphic complexes, as shown 

in Figure 24f. It was in the order of MC form (0.50 μg/min) > HC form (0.35 μg/min) > TC 

form (0.22 μg/min). Hence, the physical stability of SA was changed by the polymorphic 

forms of the complex at 80 °C and was in the order of TC form > HC form > MC form. This 

difference in the sublimation tendency of SA in the complexes should be affected by its 

molecular state as the macroscopic properties such as particle size and surface area were 

controlled at the same level.   

 Notably, the sublimation rate of SA is mostly controlled by the TC form complex, which is 

obtained by further humidifying the MC or HC form complex. The sublimation process of 

APIs is influenced by the crystal packing structure and thus differs between its polymorphic 

state.58 However, the influence of polymorphic host structure in controlling the sublimation 

rate of an encapsulated API has not been known yet. Thus, this result broadly implies that the 

desired physicochemical properties of API can be obtained by the precise selection of 

polymorphic host structures obtained through preparation design. 
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Figure 24.  (a) Representative isothermal weight loss curves of SA from its crystalline state 

with linear regression model fitting, (b-e) representative isothermal weight loss curves of SA 

from the physical mixture (PM) and the three polymorphic complexes, and (f) comparison of 

sublimation rate of SA from its crystalline state, PM, MC, HC, and TC form of the complex. 

The sublimation rates are described as mean ± S.D. (n = 3). 
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Figure 25. Isothermal weight loss curves of (a) MC form, (b) HC form, and (c) TC form 

complex measured at 80 ℃ for 8–12 h. 
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Table 2. Weight loss and sublimation rate of SA from its crystalline state, PM, MC form, HC 

form, and TC form of the complex determined from respective isothermal TG curves at 80 

ºC. The data are represented as mean ± S.D. (n = 3). 

Sample 

Weight loss of 

watera (%) 

Weight loss of 

SAb (μg) 

Weight loss of 

SAb (%) 

Sublimation 

rate of SAc 

(µg/min) 

Crystalline SA – 288.93 ± 20.43 4.77 ± 0.57 1.46 ± 0.13 

PM 1.72 ± 0.12 281.98 ± 12.27 5.35 ± 0.46 1.43 ± 0.07 

MC form 3.27 ± 0.63 104.68 ± 11.22 1.70 ± 0.16 0.50 ± 0.04 

HC form 2.18 ± 0.29 69.56 ± 9.73 1.28 ± 0.20 0.35 ± 0.05 

TC form 2.69 ± 0.79 45.35 ± 6.70 0.83 ± 0.10 0.22 ± 0.03 

a from 0 to 10 min; 
b from 10 to 200 min; 
c calculated from the slope of the linear regression line fitted from 30 to 150/200 min. 
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Molecular dynamics evaluation of the polymorphic complexes by 13C MAS 

measurements 

 To elucidate the underlying cause behind the different sublimation rates of SA, the molecular 

state of each complex was evaluated by 13C solid-state NMR spectroscopy. A combination of 

two pulse sequences, CP/MAS and PST/MAS techniques, were used to study the molecular 

state of the complexes. The CP/MAS method utilizes the heteronuclear 13C-1H dipolar 

interaction for polarization transfer and enhances the 13C signals from rigid or low mobile 

regions. However, this cross-polarization build-up is mobility-dependent and ineffective in 

detecting the 13C signals from highly mobile regions.74 On the other hand, the PST/MAS 

method utilizes the nuclear Overhauser effect to detect the 13C signals by saturation of proton 

resonances.75 The 13C signals can be enhanced by the PST/MAS method irrespective of its 

mobility, depending on the recycle delay used.8 Thus, the combined use of the CP/MAS and 

PST/MAS techniques can selectively distinguish the high and low-mobile regions in the 

complexes.  

 The CP/MAS and PST/MAS spectra of the complexes along with the CP/MAS spectrum of 

crystalline SA are shown in Figure 26. As per previous studies, the 13C signals at 62–104 ppm, 

71 ppm, and 112–177 ppm are assigned to γ-CD, PEG, and SA, respectively.42, 76 Figures 27a 

and 27c show the expanded CP/MAS and PST/MAS spectra of SA and PEG in the complexes 

measured at a spin rate of 15 kHz. The 13C chemical shifts of SA signals in each complex 

were shifted compared to its crystalline state. In particular, the chemical shift of the carbonyl 

carbon of SA in each complex (denoted by ‘a’, Figure 27a) exhibited an up-field shift from 

176 ppm to 172 ppm. The carboxylic acid group in SA forms a centrosymmetric 

intermolecular hydrogen-bonded dimer in its crystalline state and exhibits a 13C chemical shift 

at 176 ppm.76 Thus, the up-field shift of the carbonyl carbon of SA in each complex could be 

due to the conversion of the dimeric structure of SA into its monomeric form and the 
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subsequent formation of intermolecular interaction between the carbonyl carbon of SA and γ-

CD.42 The 13C chemical shift of PEG in the complexes shifted up-field to 71 ppm compared 

to the reported 13C chemical shift of 72 ppm for neat PEG.77 This up-field chemical shift could 

be due to the loss of intramolecular packing of the PEG chains and increased shielding by the 

CD cavity due to encapsulation in the PPRX structure.77, 78   

 Furthermore, the 13C signals of SA and PEG in each complex were significantly enhanced in 

their respective PST/MAS spectra than its CP/MAS spectra, highlighting a reduction of the 

13C-1H dipolar interaction by the enhanced molecular motion of encapsulated SA and PEG 

(Figures 27a and 27c). The 13C linewidth is a function of chemical shift anisotropy and dipolar 

coupling. The appearance of spinning sidebands (SSBs) in a spectrum indicates incomplete 

averaging of chemical shift anisotropy.79 For all the complexes, the SSBs of SA and PEG 

signals were absent even at a low spin rate of 5 kHz, whereas the SSBs of γ-CD could be 

observed (Figure 28). This suggests that the rapid molecular motion of the SA and PEG 

averaged the chemical shift anisotropy. Thus, the narrowing of the 13C linewidth of the SA 

and PEG signals could directly reflect its molecular mobility. In the PST/MAS spectra 

measured at 15 kHz, the 13C linewidth of SA and PEG signals in the complexes was in the 

order of TC form > HC form > MC form (Figures 27a and 27c). Hence, the molecular mobility 

of SA and PEG in the complexes could be in the order of MC form > HC form > TC form. 

The enhanced molecular mobility of PEG in the complexes agrees with the previous findings 

stating that the mobility of PEG or other polymers is enhanced when included in the CD cavity 

than in its bulk form due to the removal of the cooperative motion.80, 81  
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Figure 26. (a) 13C CP/MAS spectrum of crystalline SA measured at 25 ℃, (b, d, f) 13C 

CP/MAS, and (c, e, g) 13C PST/MAS spectra of the complexes measured at 50 ℃, respectively. 

(Spin rate, ν = 15 kHz) 
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Figure 27. (a, c) 13C CP/MAS and 13C PST/MAS spectra of crystalline SA along with SA and 

PEG in the complexes measured at spin rate (ν) = 15 kHz, and (b, d) 13C PST/MAS spectra 

of SA and PEG in the complexes measured at ν = 5 and 15 kHz. The 13C CP/MAS spectrum 

of crystalline SA was measured at 25 °C, and the other spectra were measured at 50 °C. The 

spinning sidebands are not shown in the spectra measured at 5 kHz. 

 



- 59 - 

 

 The molecular dynamics of SA and PEG in the complexes were further confirmed by 

analyzing the effect of spin rate on their 13C linewidths. Figures 27b and 27d show the 

PST/MAS spectra of SA and PEG in the complexes measured at the spin rates of 5 and 15 

kHz. The technique of MAS suppresses the anisotropic interactions and dipolar coupling. The 

absence of SSBs of SA and PEG in the spectra measured at 5 kHz confirmed the motional 

averaging of the anisotropic interactions (Figure 28). At the reduced spin rate of 5 kHz, the 

13C linewidths and intensity of the SA and PEG signals in each complex were broadened and 

reduced due to inefficient removal of dipolar coupling in the range of a few tens of kHz. In 

the PST/MAS spectra measured at 5 kHz, the 13C linewidths of the SA and PEG signals in 

the complex decreased in the order of TC form > HC form > MC form (Figures 27b and 27d), 

thus confirming the molecular mobility of SA and PEG is in the order of MC form > HC form 

> TC form. Additionally, this denotes that the dipolar coupling strength of SA and PEG was 

weakest in the MC form complex, which could be linked to its highest molecular mobility 

among the complexes. 
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Figure 28. 13C PST/MAS spectra of the complexes measured at 50 ℃ with a spin rate of (a, 

c, e) 5 kHz and (b, d, f) 15 kHz, respectively. The spinning sidebands of γ-CD are shown by 

the asterisk symbol (*). 

 Figure 29a shows the 13C CP/MAS and 13C PST/MAS spectra of γ-CD in the complexes 

measured at a spin rate of 15 kHz. The 13C signals at 104 ppm and 82 ppm correspond to the 

backbone carbons (C1 and C4) of γ-CD involved in the glycosidic linkage, while the 13C 

signal at 61 ppm is from the side chain carbon. The 13C signals of the backbone carbons are 

sensitive to the crystalline lattice structure and can reflect the overall motion of the CD.82-84 

The 13C chemical shift of the C1 carbon in each polymorphic complex was different, although 

the difference was not larger than 1 ppm. The 13C line shapes of the γ-CD carbons in the 

complexes were similar between the CP/MAS and PST/MAS spectra because of the 

crystalline state of the γ-CD (Figure 21). The 13C signals of C1 and C4 carbons in the MC and 

HC form complex appeared broad and singlet (Figure 29a). On the other hand, the 13C signals 

of C1 and C4 carbons in the TC form complex displayed multiple splitting exhibiting the 

different crystallographically inequivalent γ-CD glucose units in the asymmetric unit, thereby 

implying a highly crystalline structure.85 The singlet and broader C1 and C4 signals in the 
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MC and HC form complex indicate a symmetrical yet more conformationally disordered 

structure.86 This suggests that γ-CD in the MC and HC form complex is relatively more 

mobile than the TC form complex. Notably, in the MC form complex, there was a distinct 

difference in the 13C line shape of the C6 carbon between its CP/MAS and PST/MAS. In the 

PST/MAS spectrum, the C6 carbon resembled a combination of a sharp and broad component, 

whereas it resembled a single broad component in its CP/MAS spectrum (expanded region, 

Figure 29a). This suggests the co-existence of two γ-CD populations with a rigid and mobile 

phase in the MC form complex, exhibited by the broad and sharp components of the C6 carbon, 

respectively.  Thus, it can be assessed that the molecular mobility of the γ-CD in the MC form 

complex is higher than the HC form complex owing to the presence of the mobile γ-CD 

population. Moreover, this enhanced side chain mobility can arise from the disruption of 

intermolecular hydrogen bonding between γ-CDs by the encapsulation of SA. 

 The molecular dynamics of γ-CD in the complexes were then analyzed by examining the 

SSBs and the effect of the spin rate on the 13C signals. Due to the low signal-to-noise ratio of 

the PST/MAS spectra (Figure 28), the CP/MAS spectra measured at the spin rate of 5 kHz 

were analyzed for further comparison (Figure 30). The intensity of the SSB can be analyzed 

to extract information on the extent of anisotropic interactions and hence the structural 

rigidity.87, 88 The relative intensities of SSBs at 23 and 32 ppm of γ-CD in the complexes were 

in the order of TC form > HC form > MC form. This indicates the presence of larger 

anisotropic interactions or structural rigidity in the TC form complex compared to the HC and 

MC form complex. The lesser intense SSBs of MC and HC form complex could be associated 

with a partial motional averaging of the chemical shift anisotropy indicating higher molecular 

mobility than TC form complex. On comparing the 13C signals of γ-CD in each complex 

measured at a spin rate from 5 to 15 kHz, no significant changes were observed, except for 

the 13C signals of C6 carbon in the MC form complex (expanded region, Figure 29b). The 
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intensity of the sharp component of the C6 carbon was enhanced with an increased spin rate 

due to the reduction in dipolar coupling. Thus, based on the comparison of SSBs and 13C line 

shapes of γ-CD signals, the molecular mobility of γ-CD in the complexes can be deduced to 

be in the order of MC form > HC form > TC form. The mobility of the γ-CD backbone carbons 

is in accordance with its side chain mobility in the complexes. 

 Overall, the information obtained from the PXRD patterns and 13C solid-state NMR spectra 

of the complexes coincided. The PXRD patterns of the complexes displayed only diffraction 

peaks from the γ-CD packing structures showing the crystalline order. Adsorption of guest 

molecules in porous hosts such as mesoporous silica results in the loss of its original 

crystalline state and conversion to an amorphous state.89, 90 Thus, the disappearance of the SA 

and PEG diffraction peaks in the PXRD patterns of the complexes suggested the change in 

their molecular state to a glassy or supercooled state upon encapsulation, which is consistent 

with the solid-state NMR results. 

Figure 29. (a) 13C CP/MAS and 13C PST/MAS spectra of γ-CD in the complexes measured 

at ν =15 kHz, and (b) 13C PST/MAS spectra of γ-CD in the complexes measured at ν = 5 and 

15 kHz. The spectra were measured at 50 °C. 
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Figure 30. 13C CP/MAS spectra of the complexes measured at 50 ℃, with a spin rate of 5 

kHz. The spinning sidebands of γ-CD are shown by the asterisk symbols (*). 

Temperature-dependent molecular dynamics of the polymorphic complexes 

 The influence of temperature on the molecular motions of SA, PEG, and γ-CD in each 

complex was further studied. Figure 31 shows the temperature-dependent 13C PST/MAS 

spectra measured at 25, 50, and 70 °C with a spin rate of 15 kHz. The 13C linewidths of the 

SA and PEG narrowed with increasing temperature. The 13C linewidth narrowing of the SA 

and PEG in the complexes was in the order of MC form > HC form > TC form (Figures 31a-

f). The 13C linewidth narrowing with increased temperature is contributed by the enhanced 

molecular motion of the SA molecules and PEG chains with temperature and subsequent 

reduction of dipolar coupling. Due to their rigid crystalline nature, there was no significant 

difference in the 13C line shapes of the backbone carbons of γ-CD in the complexes (Figures 

31g-i). However, the sharp component of the C6 carbon in the MC form complex exhibited 

enhanced intensity with increasing temperature (Figure 31g). Additionally, a similar 

appearance of a sharp component of the C6 carbon (62 ppm) in the HC form complex was 
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observed at a temperature of 70 °C (expanded region, Figure 31h). This indicated the 

coexistence of two γ-CD populations in the HC form complex similar to the MC form 

complex. The sharp component associated with the mobile γ-CD population can be observed 

at the ambient temperature (25 °C) in the MC form complex, while it was observed for the 

HC form complex at an elevated temperature of 70 °C. This means that the molecular 

dynamics of the mobile γ-CD population in the MC form complex is higher than in the HC 

form complex. Thus, it can be confirmed that the molecular mobility of γ-CD in the complexes 

is in the order of MC form > HC form > TC form. 

 The 13C line shape of SA, which is sensitive to molecular dynamics, was studied for a detailed 

understanding. A closer examination revealed that the 13C line shape of SA in the complexes 

cannot be described as a typical Lorentzian shape. It resembled an asymmetrical line shape 

with a superimposition of a narrower/isotropic signal on top of a broader/anisotropic signal 

(Figures 31a-c). The two signals imply the presence of two dynamic states of SA, where the 

narrow and broad signals can be ascribed to free and bound SA, respectively. Moreover, it 

can be assumed that there is a rapid chemical exchange between the free and bound SA 

occurring faster than the NMR time scale, due to the absence of individual signals for each 

dynamic state. The temperature-dependent 13C PST/MAS spectra of SA in Figures 31a-c 

revealed that the intensity of the narrow signal increased while the linewidth of the broad 

signal decreased with increasing temperature in each complex, however, to a considerably 

different extent. This difference in the temperature-dependent 13C line shape of SA among the 

complexes could be linked to different free and bound SA populations resulting from its 

different exchange rates. In the MC form complex, the temperature-dependent increase of 

intensity of the isotropic/free SA and the linewidth decrease of the bound SA were 

comparatively higher than in the HC and TC form complex. This suggests that the exchange 

rate of SA molecules in the MC form complex was higher compared to the HC and TC form 
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complex. This exchange phenomenon is described as an adsorption/desorption process 

occurring at the milliseconds time scale. Thus, the molecular mobility order of SA in the 

complexes could be associated with the different adsorption/desorption rates between free and 

bound SA. 

 

 

Figure 31. Temperature-dependent 13C PST/MAS NMR spectra of SA, PEG, and γ-CD in (a, 

d, g) MC form, (b, e, h) HC form, and (c, f, i) TC form complex measured at 25, 50, and 70 °C, 

respectively. (ν = 15 kHz) 
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Molecular dynamics evaluation of the complexes by 1H MAS measurement 

 The 1H MAS spectra of the complexes were measured to examine the adsorption/desorption 

behavior of SA. Figures 32a and 32b show the full and expanded 1H MAS spectra of the 

complexes measured at the ambient temperature (25 °C) with a spin rate of 15 kHz. A broad 

1H spectrum is typically obtained for rigid solids due to strong 1H-1H homonuclear dipolar 

coupling. Thus, obtaining the 1H spectra of rigid solids is challenging and demands an 

ultrafast MAS rate of 40 kHz or higher to average the strong 1H-1H homonuclear dipolar 

coupling. Interestingly, the 1H MAS spectra of the complexes exhibited well-resolved 1H 

signals of SA and PEG at a moderately low spin rate of 15 kHz owing to the motional 

averaging of the 1H-1H homonuclear dipolar coupling. The 1H signals at 3.5 ppm and 6.8–7.8 

ppm were assigned to the PEG and phenyl ring (aromatic) protons of SA, respectively. The 

1H linewidth of the PEG signal in the complexes increased in the order of MC form < HC 

form < TC form, revealing that the molecular mobility of PEG in the complexes is in the order 

of MC form > HC form > TC form, as inferred from the 13C NMR spectra. Furthermore, the 

1H linewidth of the SA signal in the complexes also decreased in the order of TC form > HC 

form > MC form, suggesting that the adsorption/desorption rate of SA molecules was in the 

order of MC form > HC form > TC form. Surprisingly, the carboxyl proton of SA at around 

11–12 ppm was absent in the 1H MAS spectrum of the MC form and HC form complex, 

whereas it was broad and shifted to 11 ppm in the TC form complex (Figure 32b). This up-

field shift as compared to the carboxyl proton of crystalline SA at 11.7 ppm further confirms 

that the carboxyl group of SA is the interaction site.76 On the other hand, the absence of the 

carboxyl proton signal in the MC and HC form complex implies a fast proton exchange 

between the COOH group and the hydroxyl proton of γ-CD and/or residual water at ambient 

temperature. However, the effect of water influencing the proton exchange can be ignored as 

the water content in the complexes was strictly controlled to a low percent of 2–3. Similar 
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fast carboxyl proton exchange has been observed for ibuprofen confined in mesoporous silica, 

which influenced the highly mobile behavior of ibuprofen and implied a weaker interaction 

between the ibuprofen and silica surface.7, 91 Thus, it can be suggested that SA is weakly 

interacted in the MC and HC form complex because of the proton exchange at the interaction 

site. In contrast, the broad COOH signal of SA in the TC form complex suggests relatively 

strong interaction, resulting in slower adsorption/desorption between free and bound SA. 

 

 

Figure 32. (a) 1H MAS spectra of the complexes measured at the ambient temperature of 

25 °C with a spin rate of 15 kHz, and (b) expanded 1H MAS spectra (a) in the region of 6–15 

ppm. 
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Quantitative assessment of molecular dynamics of SA and PEG in the polymorphic 

complexes by 13C-T1 measurement 

 The molecular dynamics of the SA and PEG in the complexes was quantitatively determined 

by measuring the 13C-T1 in the temperature range of 25–70 °C. The 13C-T1 values are sensitive 

to motion in the MHz region. The 13C-T1 values provide molecular dynamic information at a 

localized level and reflect the average motion over a larger molecular domain.92 For 

measuring the 13C-T1, complexes were prepared with 13C isotopically labeled SA at the 

carbonyl carbon. The 13C labeled SA was used at a level of 15 wt.%. The selective isotopic 

enrichment enhanced the sensitivity of the carbonyl carbon, which is the interaction site. 

Figures 33a-c show the 13C saturation recovery spectra of the complexes in the temperature 

range of 25–70 °C. Considering the relaxation time anisotropy, the relaxation of SA molecules 

can be contributed by SA molecules undergoing adsorption/desorption and those immobilized 

with γ-CD. The 13C-T1 analysis showed a monoexponential recovery of magnetization, 

suggesting the presence of only one component of SA. Thus, the 13C-T1 mostly reflected an 

effective value of SA molecules undergoing adsorption/desorption, which could be because 

of the presence of only a small fraction of SA in the immobilized state, and most SA molecules 

are involved in the adsorption/desorption process. 

 The obtained 13C-T1 of the carbonyl carbon of SA and PEG in each complex as a function of 

inverse temperature are shown in Figures 33d and 33e. In the case of SA in the MC form 

complex, the 13C-T1 values increased with increasing temperature, suggesting that it lies on 

the extremely narrowing regime of the T1
C

 minimum and undergoing liquid-like isotropic 

motion (Figure 33d).88, 93 On the other hand, the 13C-T1 value of SA in HC and TC form 

complex decreased with increasing temperature, suggesting it lies on the slow motional side 

of the T1
C minimum (Figure 33d).88, 93 On comparing the 13C-T1 values of SA in the HC and 

TC form complex, the 13C-T1 value was higher in the TC form than the HC form. Thus, it can 
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be suggested that the molecular mobility of the SA in the complexes is in the order of MC 

form >> HC form > TC form. As presented in Figure 33e, the 13C-T1 values of PEG in the 

complexes increased with increasing temperature, indicating that it is on the extremely 

narrowing regime of the T1
C

 minimum and exhibiting nearly isotropic motion. The 13C-T1 

value of PEG in the complexes increased in the order of MC form >> HC form > TC form, 

inferring that the molecular mobility of PEG is in the same order. The quantitative mobility 

determination of SA and PEG is consistent with the inferences drawn from the 13C NMR 

spectra. Furthermore, it can be suggested that the molecular mobility of SA correlates to the 

mobility of PEG in the complexes. This will be discussed in detail in the later section. 

 It is evident that temperature influences the dynamic process of SA. The temperature-

dependent 13C chemical shift is sensitive to interaction strength and can provide additional 

information about the interaction strength of SA in the complexes (Figures 33a-c). In Figures 

33f and 33g, the 13C chemical shift (13C δ) of the carboxyl carbon of SA and PEG are plotted 

as a function of temperature. The 13C δCOOH of SA in each complex shifted up-field with 

increasing temperature which suggests the weakening of interaction between SA and γ-CD. 

Moreover, the 13C δCOOH showed linear dependency with temperature. The magnitude of the 

temperature coefficient (ΔδCOOH/ΔT) of SA in the complexes was in the order of MC form 

(−4.9 × 10−3 ppm·K-1) > HC form (−3.0 × 10−3 ppm·K-1) > TC form (−2.7 × 10−3 ppm·K-1). 

The smallest temperature coefficient in the TC form complex implies that SA is relatively 

strongly bonded among the complexes and corroborates with the 1H MAS spectrum. Thus, 

the interaction strength of SA in the complexes is in the order of TC form > HC form > MC 

form. On the other hand, the order of 13C δCOOH value of SA in the complexes is rather opposite 

to the explanation of interaction strength suggested by the temperature coefficient. The 13C 

δCOOH is primarily influenced by the local environment and cannot necessarily reflect the 

interaction strength. However, this order difference may be explained by the proximity of SA 
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molecules with γ-CD in the intermolecular spaces and shielding by the γ-CDs. The order of 

13C δCOOH at 25 °C reveals that SA in TC form is most shielded, followed by HC and MC form 

complex, denoting that SA in TC form complex is in a comparatively higher electron density 

environment than the others. The SA in TC form could be closer to γ-CDs than the HC and 

MC form complex, implying the presence of a relatively higher population of bound SA. 

 In the case of PEG, 13C δCH2 shifted downfield with increasing temperature. However, a linear 

dependency was observed only in the MC and HC form complex. The polyoxyethylene chain 

(also known as PEG) in the nanotubes constructed with α-CD adopts a more extended 

structure comprising of trans conformation with a small population of gauche conformation 

and its molecular motion was facilitated by trans-gauche conformational transitions as 

revealed by 2H NMR spectra.80 The trans conformer of PEG has a higher or downfield 

chemical shift than the gauche conformer and is more favorable at higher temperatures.94 

Hence, the temperature-dependent downfield shift of PEG can be attributed to the gauche-

trans conformational transition with increasing temperature. The linear dependency of 13C 

δCH2
 in MC and HC form complex could have been obtained due to the faster molecular 

motion of PEG than TC form complex. The PEG in the TC form complex exhibited a 

downfield shift starting at 50 °C, which implies the molecular motion of PEG was 

comparatively restricted at a lower temperature than the HC and MC form complex. The 

inconsistent order of 13C δCH2
 in the complexes could be associated with a different proportion 

of the trans and gauche population of PEG in the polymorphic complexes. 
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Figure 33. (a-c) 13C saturation recovery spectra of the complexes measured at 25-70 °C with 

a spin rate of 15 kHz, and (d,e) 13C-T1, (f,g) temperature-dependent 13C chemical shift (13C δ) 

of SA (COOH group) and PEG (CH2) in the complexes determined from spectra in (a-c). 

Error bars in (d, e) indicate the standard errors of the fitting.  
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Discussion on the correlation between molecular mobility of SA and its sublimation rate 

 The 13C and 1H NMR spectra revealed that the order of SA mobility in the complexes is MC 

form >> HC form > TC form, which coincided with the order of its sublimation. Mobility of 

a guest compound encapsulated in a host structure such as CD, or mesoporous silica can be 

affected by factors such as cavity size or pore diameter, pore matrix, host/guest interactions, 

and so on.7-12 Generally, an increase in the cavity or pore size of the host compound has a 

direct effect on the molecular mobility of the guest compound. However, the mobility of SA 

could not be correlated to the host intermolecular space size, which is in the order of TC form 

> MC form ≥ HC form. From the obtained molecular dynamics information of SA, it can be 

suggested that the difference in molecular mobility was related to its adsorption/desorption 

process and is schematically represented in Figure 34. The SA molecules in the complexes 

are involved in an adsorption/desorption process, which is influenced by the proton exchange 

at the interaction site and the interaction strength of SA. The interaction strength of SA was 

highest in the TC form complex followed by the HC and MC form complex, which implied 

that the adsorption/desorption rates between free and bound SA in the complexes were in the 

order of MC form > HC form > TC form. The different adsorption/desorption rates of SA 

could result in different relative populations of free SA in the complexes and be attributed to 

the sublimation rate. 
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Figure 34. Schematic representation of the molecular motion of encapsulated SA in the complexes and its correlation with sublimation rate. 
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Discussion on the influence of SA dynamics on the molecular motion of γ-CD and PEG 

in the complexes 

 The 13C line shape and relaxation time analysis indicated that the mobility of γ-CD and PEG 

in the complexes increased in the order of MC form >> HC form > TC form which coincided 

with the mobility order of SA. It can be assumed that the molecular dynamics of the host 

structure component (γ-CD and PEG) were influenced by the guest dynamics (SA). Lu et al. 

studied the structure and molecular dynamics of PPRX structure formed between α- and γ-

CD and polycaprolactone (PCL).81 The PCL chains in the CD cavity exhibited faster 

relaxation time due to the removal of cooperative interchain interactions. Moreover, the 13C-

T1 of the CDs was reduced compared to its bulk state, indicating enhanced CD mobility 

facilitated by the fast guest-driven dynamics of the PCL chains. Additionally, it has been noted 

that modifications of the intermolecular interaction between the CD units in a PPRX structure 

can impact the mobility of the CD and polymer. Tang et al. investigated the effect of chemical 

modification of the hydroxyl functional groups of CDs by hydroxypropyl groups in a 

polyrotaxane on molecular dynamics of CD and PEG by several solid-state NMR 

techniques.95 The mobility of the CD and PEG is strongly affected as the modification led to 

the suppression of the hydrogen bonding interactions between the CD molecules in the 

polyrotaxane structure. Previously, we have reported that encapsulation of drug molecules in 

the intermolecular spaces of the PEG/γ-CD-PPRX structure enhanced the molecular mobility 

of PEG owing to the altered interaction between γ-CD and PEG.42  

 To investigate the effect of the dynamics of SA on the mobility of PEG and γ-CD in the 

complexes, the 13C PST/MAS spectra of the PEG/γ-CD-PPRX (HC form) were compared to 

the HC form complex (Figure 35). The change in molecular dynamics of γ-CD and PEG due 

to the encapsulation of SA is reflected by the change of 13C linewidth and intensity (Figure 

35c, d). The 13C chemical shift of PEG in the PEG/γ-CD-PPRX shifted from 71.67 ppm to 
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71.23 ppm in the complex. This slight up-field shift of PEG could be due to the alteration of 

van der Waals interaction between the PEG and γ-CD cavity upon encapsulation of SA in the 

intermolecular spaces. Furthermore, the 13C linewidth of PEG and the backbone carbon (C1) 

of γ-CD was narrowed in the HC form complex compared to its host structure, indicating the 

enhanced mobility of PEG and γ-CD due to the complexation. Thus, it can be confirmed that 

the molecular dynamics of encapsulated SA influenced the molecular mobility of γ-CD and 

PEG. The fast guest-driven dynamics can explain the correlation of the molecular mobility of 

γ-CD and PEG with that of SA in the complexes. 

 

 

Figure 35. 13C PST/MAS NMR spectra of HC form of (a) SA/(PEG/γ-CD-PPRX) complex 

(solid line), and (b) PEG/γ-CD-PPRX (dotted line) measured at 50 °C, and (c, d) overlay 

spectra of (a, b) of the backbone carbons (C1), and PEG, respectively. (ν = 15 kHz). 
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 To understand the influence of γ-CD mobility on the mobility of PEG, the differences in the 

crystal structure of γ-CD in the complexes were analyzed. Initially, the temperature-induced 

structural changes of the complexes observed in the VT-PXRD patterns were analyzed (Figure 

23). It was revealed that the MC form complex exhibited high thermal stability at high 

temperatures. On the other hand, at higher temperatures, the HC and TC form complex was 

converted to a disordered MC form structure. Previously, we have reported that the HC form 

structure is converted to the MC form upon encapsulation of the guest molecule at higher 

temperatures. Thus, the conversion to the MC form structure at a higher temperature can be 

expected. Furthermore, this conversion was gradual in the HC form complex, while it was 

abrupt in the TC form complex. In the HC form complex, the characteristic peaks were 

broadened at 110 and 120 ℃, and the MC form peaks started appearing at 130 ℃, indicating 

a decrease in crystallinity followed by the conversion to the MC form structure. The weight 

loss of SA in the temperature range of 80–120 ℃ was only 3% (Figure 22b). The remaining 

SA molecules could have facilitated the conversion to the MC form structure. In the TC form 

complex, the intensity of the characteristic peaks decreased at 160 ℃ and the MC form peaks 

appeared at 170 ℃. The TC form complex has a loosely packed columnar structure. At 170 ℃, 

about 13% of SA was released by sublimation, which could have resulted in the collapse of 

the TC form complex to the closely packed MC form structure (Figure 22c). This suggests 

that the SA molecules mainly contributed to the maintenance of the columnar structure in the 

TC form complex and further corroborates that SA strongly interacted with γ-CDs in the TC 

form complex. On the other hand, the high thermal stability of the MC form complex implies 

that SA is relatively less interacted with γ-CDs and the columnar structure is mostly 

maintained through interactions between γ-CDs even at high temperatures. The crystal 

structural information about γ-CDs in the complex obtained from the VT-PXRD patterns 

corroborated with the solid-state NMR results.  
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 The solid-state NMR results indicated that the γ-CD in MC form complex is composed of 

rigid and mobile populations. The presence of mobile γ-CD populations in the MC form 

complex can reduce the restricted cavity space and increase the uncovered region of PEG 

which could enhance its isotropic motion in the MC form complex (Figure 36).80, 95 On the 

other hand, γ-CD in the TC form complex exhibited high crystalline order which could have 

been contributed by the strongly interacted SA. The high crystalline order in the TC form 

complex limits the mobility of PEG to the restricted cavity space of γ-CDs (Figure 36). 

Overall, the existing hydrogen-bond networks and the new interactions between γ-CD and SA 

in the crystal structure of γ-CD in the complexes determined the mobility of γ-CD and 

influenced the mobility of PEG in the complexes. 
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Figure 36. Schematic representation of the influence of SA dynamics on the mobility of γ-CD and PEG in the complexes. 
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CONCLUSIONS 

 This study explored the effect of encapsulation on the molecular dynamics and physical 

stability of an encapsulated drug in the polymorphic forms of a drug/(PEG/γ-CD-PPRX) 

complex. In the first part of the study, the sealed-heating preparation conditions to obtain an 

unexpected polymorphic form of the drug/(PEG/γ-CD-PPRX) complex, which is the 

hexagonal columnar (HC) form, were investigated. The screening study with six guest drugs 

(SA, SAM, PCT, 2-NA, PTZ, and NPX) to prepare the HC form complex with various sealed-

heating conditions enabled the understanding of the factors governing the complexation 

behavior and encapsulation efficiency of the guest drug. A low sealed-heating temperature of 

80–100 °C with a small amount of water was necessary to stabilize the crystalline packing of 

the HC form and incorporate guest drugs in the intermolecular spaces to prepare the HC form 

complex. The guest drugs, SA and SAM formed HC form complex in a stoichiometric ratio 

of drug/γ-CD as 2:1, while 2-NA formed HC form complex in a stoichiometric ratio of drug/γ-

CD as 1:1. The size-dependent stoichiometric complexation was consistent with the prior 

research. The correlation plot between the vapor pressure and encapsulation efficiency of the 

guest drug in the HC form complex revealed that the encapsulation efficiency was determined 

by the vapor pressure and molecular size of the guest drug.  

 In the second part of the study, the physical stability of SA encapsulated in three polymorphic 

forms of the SA/(PEG/γ-CD-PPRX) complex was evaluated by analyzing its sublimation 

tendency. The sublimation rate of SA was controlled by the polymorphic complex and was in 

the order of MC form > HC form > TC form. Variable temperature 13C solid-state NMR 

spectra in conjunction with T1 measurement were employed to evaluate the molecular 

dynamics of the complexes. The 13C and 1H solid-state NMR results clarified that the 

encapsulated SA was in the monomeric form and formed a new intermolecular interaction 

with the γ-CD. Furthermore, the encapsulated SA showed liquid-like isotropic motion inside 
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the spaces and underwent fast chemical exchange between two dynamic states of SA which 

are free and bound SA. The molecular mobility of SA in the complexes was in the order of 

MC form > HC form > TC form, which was attributed to the difference in their exchange or 

adsorption/desorption rate. This process was further influenced by the carboxyl proton 

exchange of SA at the interaction site and its interaction strength. The different 

adsorption/desorption rates of the SA contributed to the relative population of free SA in the 

complexes, resulting in different sublimation rates. Moreover, the molecular mobility of γ-

CD and PEG in the complexes was also in the order of MC form > HC form > TC form. This 

increased mobility order of PEG and γ-CD could be correlated to the molecular mobility of 

SA, demonstrating fast-guest-driven dynamics. The solid-state NMR and VT-PXRD results 

indicated that the mobility of γ-CD was governed by the existing hydrogen-bond networks 

and the new interactions between γ-CD and SA and the crystal structure of the complex 

influenced the mobility of PEG. The detailed molecular level investigation of the polymorphic 

forms drug/(PEG/γ-CD-PPRX) complex allowed a better understanding of the host-guest 

dynamics and its impact on the physical properties of the guest molecule. This is the first 

report on the stability improvement of an API through complexation in polymorphic 

supramolecular host structures. 
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FUTURE PERSPECTIVES 

 The present result combined with the previous findings on the ability of PEG/γ-CD-PPRX to 

encapsulate APIs with varying molecular size, and hydrophobicity, demonstrated that CD-

based PPRX complexes can be a potential drug delivery system. Exploiting polymorphism in 

CD-based PPRX complexes can enhance and rationally control the physicochemical 

properties, such as dissolution and stability, of the encapsulated drug. The multicomponent 

supramolecular complex of drug/(PEG/γ-CD-PPRX) provides numerous possibilities for 

designing novel CD-based PPRX complexes with different CDs, different polymers, or 

varying the molecular weight of polymers. A thorough examination of the modified physical 

properties of the encapsulated polymer chain and drug in conjunction with molecular-level 

studies can reveal interesting applications of CD-based PPRX complexes. 

 The unique supramolecular structure of CD-based PPRX or polyrotaxanes has been 

employed to fabricate diverse 2D nanomaterials, including nanosheets and biomaterials for 

gene delivery, ligand binding, and tissue engineering.96-98 The molecular-level information 

about the multicomponent CD-based PPRX complex in this study would contribute to the 

design and application of supramolecular nanomaterials and biomaterials. In addition, stimuli-

responsive drug delivery systems that release the encapsulated API in response to stimuli like 

pH, temperature, or enzyme concentration can be developed using CD-based polyrotaxanes. 

Investigating the mechanism, kinetics, and their correlation with the molecular state adds an 

intriguing dimension to the study. CD-based PPRX can also form supramolecular hydrogels 

which are particularly attractive due to their biocompatibility, thixotropic nature, and 

reversible thermo-responsiveness. Researchers have explored the potential of these hydrogels 

for drug delivery applications. However, structural, and molecular-level studies to correlate 

the structural, rheological, and physicochemical properties remain unexplored. Undoubtedly, 

the CD-based PPRX complexes can be a promising candidate for smart drug delivery systems. 
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