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ABSTRACT 
Encapsulation of active pharmaceutical ingredients (APIs) in carrier materials for controlled delivery in the 

desired site is of paramount importance for optimizing the effectiveness of a therapeutic drug while minimiz-

ing its side effects. Cucurbit[8]uril (CB[8]) is herein assembled as a host framework to accommodate APIs 

(tryptophan, phenylalanine biapenem, and diclofenac sodium) in aqueous solution under room temperature to 

enhance their stability in the gastric acid and realize sustained release in the intestinal tract. Host-guest interac-

tions were investigated by UV-vis spectroscopy while crystal structures of the supramolecular assembly were 

determined by single-crystal x-ray analysis, which reveals that both the CB[8] framework crystals and the 

API@CB[8] cocrystals belong to a monoclinic crystal system. With their aromatic rings folded inside the mac-

rocyclic cavity of CB[8] and their alkyl chains stretching outside to interreact with the carbonyl portals of CB

[8] through ion-dipole interactions and hydrogen bonding, both hydrophic and hydrophobic APIs were readily 

encapsulated inside the supramolecular framework. In comparison to API in its free form, an accelerated disso-

lution kinetic of the API@CB[8] cocrystals was observed at intestinal pH (6.8), which otherwise demonstrated 

a lower dissolution profile at gastric pH (1.5). With their biocompatibility confirmed by cytotoxicity test, the 

proposed pharmaceutical cocrystals provide a new paradigm for intestine-targeted drug delivery. 

Keywords: cucurbit[8]uril; phenylalanine; single-crystal x-ray analysis; pharmaceutical cocrystal; intestine-

targeted. 
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1. INTRODUCTION 

Oral administration is widely applied in clinic and 

favoured by patients for its convenient portability and 

easy accessibility. Not all active pharmaceutical in-

gredients (APIs) could be taken orally, however, on 

account of potential problems including gastric irrita-

tion, degradation by gastric acid or enzymes, and pre-

mature release before reaching the disease site. The 

latter, especially, still stays as an obstacle for the 

treatment of irritable bowel syndrome, intestinal can-

cer and other intestine-associated diseases by APIs 

through an oral pathway[1]. Therefore, oral drug de-

livery systems targeting the intestinal tract, which 

maintain payload APIs in a biocompatible environ-

ment and release the therapeutic drugs specifically in 

the disease site, are receiving increasing attention. 

 

Nowadays, various oral administration formulations 

aiming to target the intestinal tract have been ex-

plored. Prodrug, for example, employs linkage be-

tween carrier and the loaded drug to prevent APIs 

from losing activity in advance, and it has been de-

signed to disrupt the linkage and release parent drug 

only in the intestinal environment[2]. This site-

specific delivery is often achieved through a pH-

responsive linker[3] or a functional derivative which 

reacts particularly with enzymes in the intestine. An-

other pathway often exploited is enteric coating 

where biocompatible polymers, such as cellulose, 

lipopeptide or hyaluronic acid, are mixed with APIs 

to prevent their degradation in the gastric acid[4]. A 

pH-dependent solubility of the coating polymers af-

fords a carrier system which is insoluble and imper-

meable in gastric acid (1<pH<3) but dissolves 

promptly in neutral intestinal fluid (5<pH<7) to re-

lease APIs with adequate time to function[5]. 

 

Pharmaceutical cocrystals are new solid-state forms 

of old APIs with other co-existing molecules in a stoi-

chiometric ratio, which modulate final properties 

without changing the pharmacological nature[6]. 

With the structure formed predominantly based on 

non-covalent interactions such as hydrogen bonding 

and electrostatic forces, these crystalline single-phase 

materials offer the intriguing possibility of exploring 

different pharmaceutical properties from a single API 

in the quest of enhancing the final drug product. 

 

Pharmaceutical cocrystals have been employed to 

improve the solubility of poorly soluble APIs. For 

instance, Surov and coworkers prepared a cocrystal of 

1,2,4-thiadiazole with vanillic acid, which showed a 

4.2 times increase in solubility compared to the par-

ent API under optimised conditions[7]. Unlike the 

salification method where relatively strong acid (or 

base) with a pKa difference of at least two units from 

the weakly basic (or acidic) drugs is needed to form 

salts of APIs that are stable in water, pharmaceutical 

cocrystals designed by combining structure-matching 

electron donors with acceptors could overcome such 

restriction. Taken the extremely water-insoluble anti-

fungal drug itraconazole for example, use of strong 

acids with dissociation constants below 1.7 is re-

quired in the conventional salification method, as the 

weakly basic piperazine ring exhibits a pKa value of 

3.7. Instead, a wide range of pharmaceutically ac-

ceptable acids such as organic acid 1,4-dicarboxylic 

acid have been included in the formation of cocrystals 

of itraconazole to improve its solubility with develop-

ment of the pharmaceutical cocrystal strategy[8]. 

Meanwhile, thermodynamic stability of pharmaceuti-

cal cocrystals is enhanced as the presence of various 

intermolecular and intramolecular interactions be-

tween the APIs and the surrounding co-existing mole-

cules helps to maintain the API in the crystal format 

and prevent degradation such as deliquesce and oxi-

dation when the drugs are exposed to undesirable 

storage conditions. For example, Lu et al. found that 

the cocrystals of berberine chloride with citric acid 

exhibited little water uptake under 70% relative hu-

midity, which is the transformation humidity for phar-

macopoeial grade berberine chloride[9]. 

 

Moreover, pharmaceutical cocrystals exhibit different 

dissolution behaviour compared to the parent drug, 

which could be utilised to optimise the treatment effi-

cacy. For example, the antidiabetic drug nateglinide 

suffers from low dissolution rate in the upper gastro-

intestinal tract. Arafa et al. reported that cocrystallisa-

tion with sucralose increased the dissolution of 

nateglinide from 45.43% to 85.8% in the first 5 

https://d.docs.live.net/7fc491eef678c8ad/Articles/509/JFST-revision/Manuscript-JFST-20190508.docx#_ENREF_1#_ENREF_1
https://d.docs.live.net/7fc491eef678c8ad/Articles/509/JFST-revision/Manuscript-JFST-20190508.docx#_ENREF_2#_ENREF_2
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minutes compared to the parent drug, resulting in 

faster and more pronounced reduction in blood glu-

cose level[10]. Therefore, the portfolios of pharma-

ceutical cocrystals offer several strategies to alter the 

therapeutic significance of drugs, which could be 

considered appropriately to match the desired phar-

macokinetic response. Little efforts, however, have 

been devoted to intestinal targeting using the pharma-

ceutical cocrystal strategy. 

 

Cucurbit[n]urils have attracted much attention for 

their unique host-guest interactions in acting as mo-

lecular containers with high affinity and selectivity

[11]. A wide rage of guest molecules, such as ammo-

nium salts and aromatic ligands, can be encapsulated 

in these barrel-shaped macrocyclic hosts through non-

covalent interactions including ion-dipole forces, hy-

drogen bonding, hydrophobic effects et al. Their low 

intrinsic cytotoxicity affords them potential applica-

tions in the pharmaceutical field. For example, Kim’s 

group reported a 1:1 complex of cucurbit[7]uril (CB

[7]) and oxaliplatin to reduce unwanted side effects of 

the drug[12]. Cucurbit[8]uril (CB[8]) has a larger 

cavity volume than CB[7] and can encapsulate two 

guest moieties inside its cavity simultaneously, af-

fording more tunable and sophisticated structures for 

biomedical applications. CB[8] has been employed in 

the assembly of smart vehicles to release payload 

APIs upon photo- or redox-trigger after reaching the 

disease site[13-15]. CB[8] has also been demonstrat-

ed to bind with APIs and shift their pKa values 

through ion-dipole interactions between the polar car-

bonyl oxygens of the host and APIs[16]. Furthermore, 

single-crystal formation of CB[8] has been reported 

on account of its various binding sites for non-

covalent interactions and molecular recognition prop-

erties[17]. 

 

Here we present a new strategy to prepare pharma-

ceutical cocrystals, where CB[8] is employed as a 

crystal framework to encapsulate APIs inside its cavi-

ty. In order to explore the feasibility of this strategy, 

four model APIs were investigated with UV-vis spec-

troscopy and optical microscopy. One of the cocrys-

tals between phenylalanine (Phe) and CB[8] was 

studied in detail using single-crystal X-ray analysis, 

which shows that two Phe molecules were accommo-

dated inside a single CB[8] host in the presence of 

various non-covalent interactions to stabilise the co-

crystal structure. Release profiles of free Phe and co-

crystal Phe@CB[8] were examined in stimulated gas-

tric acid and intestinal fluid, where in the latter medi-

um the cocrystal Phe@CB[8] showed an accelerated 

release with negligible cytotoxicity, making the sys-

tem well-suited for the development of intestine-

targeted drug formulations. 

 

2. MATERIALS AND METHODS 

2.1. Materials  

Biapenem (BP) was purchased from Cubist Pharma-

ceuticals (U.S.). Trypsin (Trp) and Phe were pur-

chased from Macklin Biochemical (China). Diclo-

fenac sodium (DS) was purchased from Guangdong 

Tongde Pharmaceutical (China). Glycoluril and para-

formaldehyde were purchased from Aladdin Bio-

chemical Technology (China). Hydrochloric acid was 

purchased from Nanjing Chemical Reagents (China). 

Sodium hydroxide and ethanol were purchased from 

Sinopharm Group Chemical Reagent (China). 3-(4,5-

Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-

mide (MTT), dimethyl sulfoxide (DMSO), Dulbec-

co’s modified Eagle's medium (DMEM), and trypsin 

were purchased from Sangon Biotech (China). Rea-

gents were used as received without further purifica-

tion. Caco-2 cells were purchased from Shanghai In-

stitute of Biochemistry and Cell Biology, Chinese 

Academy of Sciences. CB[8] was prepared according 

to literature procedures[25,26]. Millipore 18 MΩ cm 

water was used in all experiments unless stated other-

wise.  

 

2.2. Methods  

UV-vis spectroscopic study: Blank solutions were 

prepared by dissolving Trp, Phe, BP or DS to a final 

concentration of 0.1 M in water. Complex solutions 

were prepared by dissolving Trp, Phe, BP or DS to a 

final concentration of 0.1 M in water in the presence 

of 0.24 M CB[8]. In both cases, samples were soni-

cated for three hours and tested with UV-vis spec-

trometer after filtration. 

 

https://d.docs.live.net/7fc491eef678c8ad/Articles/509/JFST-revision/Manuscript-JFST-20190508.docx#_ENREF_10#_ENREF_10
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Cocrystal formation: Trp@CB[8] complex was pre-

pared by dissolving Trp and CB[8] at a molar ratio of 

2 : 1. Phe@CB[8] complex was prepared by dissolv-

ing Phe and CB[8] at a molar ratio of 400 : 1. 

BP@CB[8] complex was prepared by dissolving BP 

and CB[8] at a molar ratio of 3 : 1. DS@CB[8] com-

plex was prepared by dissolving DS and CB[8] at a 

molar ratio of 60 : 1. The mixtures were sonicated 

overnight and filtered. Subsequently, the solutions 

were allowed to stand at room temperature to evapo-

rate. After about two days, cocrystals were formed 

for microscopy visualisation and single-crystal X-ray 

analysis. 

 

Dissolution measurements: Dissolution rate was eval-

uated at room temperature in simulated gastroentero-

logical conditions. Simulated gastric acid was pre-

pared by diluting 1 M hydrochloric acid with water to 

a pH value of 1.5. Simulated intestinal fluid was pre-

pared by adjusting the pH value of monopotassium 

phosphate to 6.8 with 0.4% (w/w) sodium hydroxide 

solution. Free Phe and cocrystal Phe@CB[8] were 

added to the simulated gastroenterological fluids by 

keeping the mass of the sample as 10 mg in both cas-

es. Under a stirring rate of 100 rpm/min, 200 µL of 

the sample was aspirated every three minutes and the 

same volume of fresh medium was supplemented the 

solution immediately. The collected samples were 

characterized with UV-vis spectrometer, and the con-

centration was calculated based on a calibration curve 

of Phe. 

 

Cell viability assay: Cell viability in the presence of 

free Phe and cocrystal Phe@CB[8] was investigated 

by MTT assay. Caco-2 cells were seeded into a 96-

well plate at a density of 5 × 103 cells per well and 

incubated with 5% CO2 at 37 °C. After 12 h, the cells 

were treated with different concentrations of free Phe 

or cocrystal Phe@CB[8], followed by incubation for 

24 h. Subsequently, 10 µL of MTT (5.0 mg/mL) was 

added to each well and the cells were incubated for 

another 4 h. The medium was replaced by 100 µL of 

DMSO to dissolve the resulting purple crystals. The 

absorbance of each well was measured at 570 nm by 

a microplate reader (Molecular Devices, U.S.). Each 

experiment was repeated three times and the mean 

value was calculated. 

 

In vivo biodistribution: Phe was determined by LC-

MS/MS (QTRAP 6500+, SCIEX, US). A CORTECS 

C18 analytical column (100 mm × 2.1 mm i.d., 1.6 

μm particle size, Waters, US) was used for separa-

tion. The mobile phase consisted of (A) water with 

0.1% formic acid and (B) acetonitrile. The program 

was isocratic at a flow of 0.4 mL/min for 1 min with 

40% A and 60% B. ICR male mice were used in ac-

cordance with the protocols approved by China Phar-

maceutical University Laboratory Animal Center and 

the Animal Care and Use Committee of China Phar-

maceutical University. Mice weighting 30 ± 3 g were 

randomly assigned (n = 3) in two groups. Group 1: A 

volume of 300 μL of cocrystal Phe@CB[8] (5 mg/

mL) was given orally. Group 2: A volume of 300 μL 

of free Phe (5 mg/mL) was given orally. The mice 

were sacrificed 2 h after treatment. The stomach and 

intestine were collected and processed to analyze the 

presence of Phe. Tissues and organs were separated, 

suspended in PBS buffer (pH 7.4) with a weight ratio 

of 1:9, and subjected to a bead-based homogenizer 

(TC-Metero, Topscien, China). After centrifugation 

(10,000 rpm, 5 min), 700 μL of the upper layer super-

natant was collected, filtered using a 0.22 μm syringe 

filter and injected into machine for analysis. 

 

Statistics: Information on statistical tests is present in 

all figure legends. Two-tailed t tests were used when 

comparing two groups, as indicated in figure legends. 

All data sets were assumed to fit a normal distribu-

tion, and all graphs show mean and error bars repre-

sent standard error of the mean (SEM). All statistical 

analysis was performed using SPSS (Statistical Prod-

uct and Service Solutions) software. 

 

3. RESULTS AND DISCUSSION 

3.1 Inclusion complex of API@CB[8] 

Four model APIs were investigated in this work, i.e., 

Trp, Phe, BP and DS, and their structures are shown 

in Figure 1. Trp[18] and Phe[19] have been reported 

to form host-guest complexes with CB[8] , the crystal 

structures of which have not been elucidated yet. BP 

is a synthetic antibiotic widely used to treat infec-

https://d.docs.live.net/7fc491eef678c8ad/Articles/509/JFST-revision/Manuscript-JFST-20190508.docx#_ENREF_18#_ENREF_18
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tions, and DS is a common drug to treat inflammation 

in clinic. 

 

Supramolecular interactions between the four model 

APIs and the macrocyclic host CB[8] were firstly in-

vestigated by UV-vis spectroscopy. As CB[8] itself 

does not exhibit any significant absorption between 

200 to 400 nm, where API often shows observable 

signal due to π-π* transition in its aromatic ring, 

change in the electron distribution in API on account 

of the formation of host-guest complexation could be 

readily detected. As shown in Figure 1, change in the 

peak intensity of APIs was observed upon complexa-

tion with CB[8], demonstrating decrease in the ab-

sorption value. While Trp and Phe showed minor 

change in the absorption value after being accommo-

dated inside CB[8], BP and DS exhibited quite pro-

nounced decrease in the maximum absorption peak 

upon complex formation. Experiments were repeated 

six times using separately prepared samples, and in 

each time the same minor change in absorbance was 

recorded for Phe and Trp, ensuring what we observed 

was not error propagated from impurities, prepara-

tion, etc. 

 

Figure 1. UV-vis spectra of four model APIs (a) Trp, 

(b) Phe, (c) BP and (d) DS. The black line represents 

free API, and the red line represents API@CB[8] after 

complex formation. Significance was measured by 

two-tailed t test. ***p < 0.001, **p < 0.01, *p < 0.05. 

 

 

3.2 Cocrystal of API@CB[8] 

Crystal structure of CB[8] has been elucidated[20]. 

Here we employ this crystal framework in the prepa-

ration of pharmaceutical cocrystals on account of the 

presence of host cavities to accommodate various 

APIs through the formation of inclusion complex 

API@CB[8]. Cocrystals of CB[8] with four model 

APIs (Trp, Phe, BP and DS) were successfully pre-

pared, and their morphology were visualised by opti-

cal microscopy, as shown in Figure 2. Notably, the 

cocrystals were all fabricated under mild conditions 

in aqueous solution and room temperature. 

 

Transparent, rhombus-shaped cocrystals of Trp@CB

[8] were observed as shown in Figure 2a, which were 

about 120 μm in the longest side and 80 μm in the 

shortest side, respectively. Their crystal data, howev-

er, was not successfully obtained by single-crystal X-

ray analysis. This is likely on account of the dynamic 

host-guest association and dissociation, which result 

in a compromised crystal quality. Small pieces of un-

uniform solids without a definite shape were also pre-

sent, which seem to be broken or immature crystals, 

even under the optimised conditions in our experi-

ments. Rod-shaped cocrystals of Phe@CB were ob-

served with sharp edges and a transparent colour, as 

shown in Figure 2b. Unlike the monolayer, sheet-like 

cocrystals of Trp@CB, cocrystals of Phe@CB were 

three-dimensional in shape exhibiting different crystal 

faces, as shown by the dark edges on both sides along 

the axis of the rod-shaped crystal in Figure 2b. More-

over, size of the Phe@CB cocrystals is approximately 

280 μm in length and 90 μm in diameter, which is 

relatively large and suitable for single-crystal X-ray 

analysis. 

 

Tiny microcrystals of BP@CB[8] with a size of ap-

proximately 20 μm in diameter were visualised as 

shown in Figure 2c. Cocrystals with different shapes 

were observed for DS@CB[8]. As shown in Figure 

2d, block-shaped cocrystals with a size of 70 μm in 

length and 18 μm in width were observed together 

with microcrystals, which were around 35μm in di-

ameter. It was difficult to distinguish the colour of 

these cocrystals from their yellowish background 

which was the colour of the mother liquid. From our 

https://d.docs.live.net/7fc491eef678c8ad/Articles/509/JFST-revision/Manuscript-JFST-20190508.docx#_ENREF_20#_ENREF_20
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experience, a more transparent colour of the cocrystal 

often indicates more stable structures. 

 

It is noteworthy that these cocrystals are most stable 

in their mother liquor. While their crystal shapes are 

well maintained for at least one week in the mother 

liquor, they are prone to crack in several hours once 

redispersed in water. This phenomenon is quite pre-

dictable as the host-guest complexation of CB[8] is a 

reversible process driven by the concentrations of its 

individual components, i.e., host and the guest moie-

ties. The concentration balance required for cocrystal 

formation is maintained in the mother liquor, but dis-

turbed otherwise, resulting in cracking and damage of 

the crystal structure. 

Figure 2. Microscopy images of cocrystals: (a) 

Trp@CB[8], (b) Phe@CB[8], (c) BP@CB[8] and (d) 

DS@CB[8]. 

 

3.3 Single-crystal X-ray analysis 

The four model APIs were incorporated into the crys-

tal framework of CB[8] and pharmaceutical cocrys-

tals prepared as visualised by optical microscopy. 

However, only the cocrystal of Phe@CB was suc-

cessfully analysed by single-crystal X-ray analysis 

and crystal data obtained on account of its relatively 

large size and stable structure. Cocrystal Phe@CB[8] 

has an empirical formula of C66H87N34O43, and its 

crystal data reveals a monoclinic structure with P21 

space group, containing two sets of Phe@CB[8] 

complex in each crystal unit. Detailed information 

regarding the crystal structure of Phe@CB[8] is listed 

in Table 1. 

 

Table 1. Crystallographic data for cocrystal 

Phe@CB[8] 

 

As shown in Figure 3a, benzene ring of the Phe mol-

ecule was encapsulated into the cavity of the macro-

cyclic host while its ammonio carboxylate group re-

sided outside the portal area of CB[8], forming the 

inclusion complex Phe@CB[8]. Packing diagram of 

the cocrystal in the c*-axis is demonstrated in Figure 

3b, where adjacent Phe@CB[8] complex units exhib-

it a zigzag special arrangement, affording an ordered 

three-dimensional structure and facilitating the for-

mation of robust cocrystals. Two-dimensional dia-

gram and three-dimensional structure of CB[8] and 

Phe molecules before complex formation are present-

ed in Figure 3c and d for clearance. 

 

 

Identification Code Phe@CB[8] 

Empirical formula C66H87N34O43 

Formula Weight 2044.69 

Temperature/K 100.00(10) 

Crystal system Monoclinic 

Space group P21 

a/Å 13.5462(7) 

b/ Å 13.5049(11) 

c/ Å 26.0684(13) 

α/ Å 90 

β/ Å 93.145(5) 

γ/ Å 90 

Volume/ Å3 4761.8(5) 

Z 2 

Crystal size/ mm3 0.13 x 0.11 x 0.09 

Reflections collected 20844 

Independent reflections 14732[Rint =0.0674, 
Rsigma = 0.1218] 

Goodness-of-fit on F2 1.066 

Final R indexes[I >=2σ
(I)] 

R1 = 0.0940, wR2 = 
0.2285 

CCDC deposit number 1877041 
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Figure 3. X-ray crystal structure of Phe@CB[8] co-

crystals: (a) a single complex unit, where Phe is pre-

sented in spacefill model and CB[8] in wireframe 

model, and (b) packing diagram in c*-axis. Structures 

of CB[8] and Phe molecules are illustrated in (c) two-

dimensional diagram, and (d) three-dimensional 

structure for clearance. Atoms are presented as C: 

gray, N: blue, O: red, H: white. 

 

Detailed interaction forces are calculated by Mercury 

3.5 as shown in Figure 4, which provide information 

regarding the host-guest complexation and cocrystal 

formation[21]. As shown in Figure 4a, a N–H...O 

distance of 2.549 Å was calculated between the ami-

no group of Phe and a carbonyl oxygen of CB[8], 

while a N–H...O distance of 2.091 Å and 2.721 Å 

was observed between the second Phe and two sepa-

rate carbonyl oxygen atoms of CB[8]. These three 

intermolecular forces are within the range of hydro-

gen bonding[22], which together afford an energeti-

cally optimised host-guest network. Moreover, the 

crystal structure of Phe@CB[8] clearly showed two 

parallel Phe molecules inserted almost vertically into 

the host cavity of CB[8]. Distance between the cen-

tres of two benzene rings is 3.826 Å (Figure 4b), 

which corresponds to a face-to-face π-π stacking in-

teraction[23].  

 

Meanwhile, water molecules around the inclusion 

complex form a sophisticated network of hydrogen 

bonding to stabilise the supramolecular structure 

(Figure 4c). Short contact (< sum of Van der Waals 

forces) also exists between the encapsulated Phe 

guests, the inner wall of CB[8] and the surrounding 

solvent molecules as calculated by Mercury 3.5, 

which plays an important role in stabilising the inclu-

sion geometry of Phe@CB[8] (Figure 4d). Together, 

the presence of these intermolecular forces between 

the guest and host molecules facilitates the encapsu-

lation of Phe into the crystal framework of CB[8] and 

the formation of a robust cocrystal. 

 

3.4 pH-dependent release profiles 

On the basis of these premises, release kinetics of the 

two different formulation strategies, i.e., free Phe and 

cocrystal Phe@CB[8], were investigated. Time-

dependent release test was carried out in simulated 

gastric acid (pH 1.5) and intestinal fluid (pH 6.8), 

which are the two major digestion environments in 

vivo. Release characteristics were firstly evaluated by 

naked eyes, where equal quantities of cocrystal 

Phe@CB[8] were dispersed in stimulated gastric acid 

and intestinal fluid, respectively (see Figure S6 in 

Supporting Information). After 10 min of stirring un-

der 100 rpm, less solids were left in the stimulated 

intestinal fluid compared to that in the stimulated 

gastric acid, suggesting that cocrystal Phe@CB[8] is 

more stable in acidic environment.  

Figure 4. (a) Hydrogen bonding between Phe and the 

host framework of CB[8], (b) π-π stacking between 

two Phe moieties encapsulated in a single CB[8] 

host, (c) all hydrogen bonding, and (d) short contact 

https://d.docs.live.net/7fc491eef678c8ad/Articles/509/JFST-revision/Manuscript-JFST-20190508.docx#_ENREF_21#_ENREF_21
https://d.docs.live.net/7fc491eef678c8ad/Articles/509/JFST-revision/Manuscript-JFST-20190508.docx#_ENREF_22#_ENREF_22
https://d.docs.live.net/7fc491eef678c8ad/Articles/509/JFST-revision/Manuscript-JFST-20190508.docx#_ENREF_23#_ENREF_23
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(< sum of Van der Waals forces) in the whole cocrys-

tal. 

 

Release of Phe from free Phe powders and encapsu-

lated Phe@CB[8] cocrystals were readily monitored 

by UV-vis spectroscopy at 254 nm, which corre-

sponds to π-π* transition in the aromatic ring. It is 

noteworthy that release of Phe from both of the two 

different formulations could be quantified at this 

wavelength using the same calibration curve as negli-

gible change in absorption was observed for Phe be-

fore and after its complexation with CB[8] (Figure 

1b). Upon dispersion in the stimulated gastric acid, 

both free Phe and cocrystal Phe@CB[8] firstly 

showed rapid dissolution with a sharp gradient (phase 

1), which then slowed down and reached a plateau 

(phase 2). As shown in Figure 5, phase 1 is mainly 

due to the dissolution of Phe molecules near the sur-

face of the powder or cocrystal, which are readily 

dissolved into the solvent system. Subsequently, dis-

solution rate of free Phe and cocrystal Phe@CB[8] 

slows down for different reasons during phase 2. In 

the case of free powder, released Phe molecules form 

a concentrated layer around the remaining solids, 

which need to diffuse away before further dissolution 

could effectively take place. For cocrystal Phe@CB

[8], water molecules need to penetrate into the void 

space inside the crystal skeleton, leading to collapse 

of the crystal framework and release of the encapsu-

lated Phe. 

 

As shown in Figure 5a, an accelerated release from 

free Phe in comparison to cocrystal Phe@CB[8] was 

observed under pH 1.5, presumably on account of the 

protonation of the amino groups of Phe in the stimu-

lated gastric acid, which facilitates dissolution and 

diffusion of the free powder. On the contrary, cocrys-

tal Phe@CB[8] exhibited an impeded release kinetics 

likely due to the presence of multiple intermolecular 

interactions within the cocrystal framework, which 

stabilized the crystal structure. Upon exposure to the 

stimulated intestinal fluid at pH 6.8, however, entire-

ly different release profiles were observed as shown 

in Figure 5b, where the release rate of cocrystal 

Phe@CB[8] was substantially more pronounced than 

free Phe. This is likely because of the effect of CB[8] 

as a solubiliser to increase the solubility of hydropho-

bic APIs. Based on its decreased release under pH 1.5 

and increased release under pH 6.8, cocrystal 

Phe@CB[8] can effectively maintain and protect the 

API through the gastric environment until it reaches 

the intestinal tract, affording a potential colon-

targeting formulation strategy. 

Figure 5. Release profiles for free Phe and cocrystal 

Phe@CB[8] in (a) simulated gastric fluid at pH 1.5, 

and (b) simulated intestinal fluid at pH 6.8. 

 

3.5 Biocompatibility assay 

Low in vitro and in vivo toxicity of CB[8] has been 

demonstrated in literature[24], here we further exam-

ined the biocompatibility of CB[8]-based pharmaceu-

tical cocrystals on Caco-2 cells, which are derived 

from a colon carcinoma but resemble the enterocytes 

lining the intestine. Different concentrations of free 

Phe or cocrystal Phe@CB[8] were added in the cul-

ture medium of Caco-2 cells, the viability of which 

was then measured after 24 h using the MTT method. 

As shown in Figure 6, as the concentration of cocrys-

tal Phe@CB[8] increased from 0.5 to 500 µg/mL, 

viability of Caco-2 cells was not affected and moder-

ate cell proliferation was observed. Interestingly, the 

highest cell viability was obtained when the highest 

concentration of free Phe or cocrystal Phe@CB[8], 

i.e., 500 µg/mL was added to the culture medium, 

presumably on account of the nutritional effects of 

Phe. Moreover, no significant difference in cell via-

bility was observed between the two formulation 

strategies. The results indicate that pharmaceutical 

cocrystals prepared using the crystal framework of 

CB[8] exhibit no apparent in vitro cytotoxicity, 

demonstrating the potential of utilising this supramo-

lecular approach for the development of novel phar-

maceutical cocrystals targeting the intestinal tract. 

https://d.docs.live.net/7fc491eef678c8ad/Articles/509/JFST-revision/Manuscript-JFST-20190508.docx#_ENREF_24#_ENREF_24


Chi Hu and Li-li Xu et al. 

———————————————————————————————————————————————————

WWW.SIFTDESK.ORG 704 Vol-4 Issue-3 

SIFT DESK  

Figure 6. Viability of Caco-2 cells treated with dif-

ferent concentrations of free Phe or cocrystal 

Phe@CB[8]. Significance was measured by two-

tailed t test. *p = 0.049. 

 

 

3.6 In vivo biodistribution 

To prove the enhanced accumulation of API in the 

intestinal tract from the cocrystal Phe@CB[8], in vi-

vo biodistribution studies were carried out. For this 

purpose, male ICR mice were divided into two 

groups. Mice in group 1 were treated with 300 μL of 

cocrystal Phe@CB[8] (5 mg/mL), and mice in group 

2 were treated with 300 μL of free Phe (5 mg/mL). 

The presence of Phe in the stomach and intestine was 

also evaluated. As could be seen in Figure 7A, sub-

jects in group 1 showed lower Phe levels in the stom-

ach in comparison to mice in group 2. On the contra-

ry, the levels of the API in the intestine (Figure 7B) 

were higher in mice treated with cocrystal Phe@CB

[8] compared to levels observed in the mice treated 

with free Phe. The remarkable concentration of Phe 

in intestine for subjects treated with cocrystal 

Phe@CB[8] strongly suggests the intestine-targeted 

delivery properties of the proposed pharmaceutical 

cocrystal strategy.  

Figure 7. In vivo biodistribution of cocrystal Phe@CB[8] and free Phe in the stom-

ach (A) and in the intestinal tract (B). Significance was measured by two-tailed t 

test to give ***p < 0.001. 

4. Conclusions   

In summary, a novel method to prepare pharmaceuti-

cal cocrystals has been developed by exploiting the 

heterogeneous guest inclusion capability of CB[8] to 

encapsulate APIs inside the crystal framework of CB

[8] for colon-targeted drug delivery, which is normal-

ly not achievable with pharmaceutical cocrystals pre-

pared using the standard techniques. This approach 

provides a method with minimal sample preparation 

to avoid pre-mature release of APIs in the gastric acid 

and obtain drug delivery specifically in the colon  

 

tract. In this initial study, we have demonstrated the 

concept using Phe, but the applicability of this facile 

and robust method can be easily extended to drug 

formulations with a variety of other APIs. Formation 

of inclusion complex in solution was confirmed by 

UV-vis spectroscopy, and successful preparation of 

Phe@CB[8] cocrystals was visualized by optical mi-

croscope as well as single-crystal X-ray analysis. The 

prepared Phe@CB[8] cocrystals displayed an acceler-
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ated release profile in the stimulated intestinal fluid 

in comparison to the gastric acid, and exhibited good 

biocompatibility in in vitro cytotoxic assessment us-

ing Caco-2 cells. Therefore, these self-assembled 

pharmaceutical crystals by CB[8] in a controlled and 

reproducible manner provide a convenient platform 

for the targeted drug delivery in colon tract and offer 

major advantages over conventional cocrystal sys-

tems. 
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