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Abstract−The co-precipitation of loperamide hydrochloride (LPM) and polyethylene glycol (PEG) using aerosol

solvent extraction system (ASES) was examined. Scanning electron microscopy - energy dispersive X-ray spectros-

copy (SEM-EDS) analysis showed that the co-precipitation was achieved in various LPM-PEG mass ratios with changes

in its morphology. In 10-50% PEG mass ratios, angular-shaped particles were formed, whereas in 65-90% PEG mass

ratios, irregular-shaped particles were formed. X-ray diffraction (XRD) analysis of the co-precipitates revealed that

the LPM retained amorphous structure, while, on the other hand, the PEG retained crystalline structure. Fourier transform

infrared (FT-IR) spectra indicated carbonyl function group of LPM and ether function group of PEG appeared in the

co-precipitates. Results of a dissolution test showed that the co-precipitates of LPM-PEG had higher dissolution rate

compared to that of the raw material and processed LPM with ASES. Taken together, the co-precipitation of LPM-

PEG was achieved using ASES and higher in its dissolution rate.
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INTRODUCTION

Many newly developed drugs that have been approved are Biop-

harmaceutics Classification System (BCS) class II drugs for their low

water solubility and high permeability properties. Physical charac-

teristics of BCS class II drugs have limitation in their dissolution

rate which is correlated with bioavailability of the drugs in the body

[1]. Therefore, formulating and modifying physical characteristics

to enhance the in vitro dissolution rate has become a primary issue

in the pharmaceutical industry [2].

Co-precipitation of BCS class II drugs and hydrophilic polymers,

generally known as solid dispersion or solid solution, has shown

promising results to enhance the dissolution rate. The dissolution

enhancement of solid dispersion can be achieved through reduction

of particle size, absence of drug crystal aggregation or agglomera-

tion, solubilization effect of polymer, excellent wettability and dispers-

ibility of the drug, and partial conversion of the drug into amorphous

form [2-4]. Commonly used methods in solid dispersion are solvent

evaporation and fusion. However, industrial application of those

methods is limited due to poor reproducibility, difficulty in remov-

ing of residual organic solvent, drug decomposition at high temper-

EDS of 50% PEG precipitate showed that chlorine map (indicate LPM) and oxygen map (indicate PEG) are co-precipitated
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ature, problem in product grinding, and physical instability of co-

precipitates during storage [4,5].

Supercritical and subcritical carbon dioxide (Tc=304.18K and

Pc=7.38MPa) has widely been used as solvent or antisolvent for

preparation of nanoparticles or submicron particles in recent years.

It has the ability to control mass transfer properties of carbon dioxide

(CO2), which is important for particle formation in the aerosol sol-

vent extraction system (ASES), a process which uses CO2 as an

antisolvent. Co-precipitation of solute in ASES is caused by a de-

creased solvent power of organic solvent as a result of CO2 diffu-

sion to organic solvent, which leads to volume expansion or solvent

evaporation [6]. ASES process can be applied for single [7-9] or

multi compound(s) to produce inclusion co-precipitates [10,11],

microspheres and microencapsulation [12], and other co-precipitates

[5,13-17]. In this study, we examined co-precipitation of loperam-

ide hydrochloride and polyethylene glycol using ASES. Loperam-

ide hydrochloride (LPM) is an anti-diarrhea drug that is classified

in BCS class II. Polyethylene glycol (PEG) is a hydrophilic poly-

mer commonly used for co-precipitation due to its good solubility

in various solvents and especially its low toxicity level [3,14]. The

effect of mass ratios on the co-precipitates morphology and struc-

ture will be described as determined by scanning electron micros-

copy (SEM) and X-ray diffraction (XRD). The surface of the co-

precipitates was characterized using Fourier transform infrared (FT-

IR) and the LPM content of the co-precipitates was quantified with

high performance liquid chromatography (HPLC).

EXPERIMENTAL METHODS

1.Materials

Loperamide hydrochloride (LPM) was purchased from Cychem

Co (Danjinggo, South Korea) with particle size 34.93±31.88µm.

Polyethylene glycol (PEG, with an average M
w
 of 6,000) and trieth-

ylamine hydrochloride (HPLC grade) were purchased from Fluka

Analytical (Buchs, Switzerland). The HPLC grade of methylene

chloride (MC), methanol and acetonitrile was obtained from J.T.

Baker, Inc. (New Jersey, USA). Hydrochloric acid (purity of 37%)

was obtained from Sigma-Aldrich, Co. (Missouri, USA). High purity

of carbon dioxide 99% (CO2) was purchased from Korea Industrial

Gases Ltd. (Seoul, Korea). 0.5µm polytetrafluoroethylene (PTFE)

membrane filter was obtained from Millipore (Massachusetts, USA).

2. Apparatus and Procedure

Co-precipitation was conducted using a custom-built aerosol sol-

vent extraction system apparatus (ASES). A schematic diagram of

the ASES system is shown in Fig. 1. The solution reservoir (SR)

was a modified 110mL size Pyrex burette. High-pressure pump

for solution (HP1) was Milton Roy Mini Pump (Milton Roy, PA,

USA) and for carbon dioxide (HP2) was HKS-300 digital pump

(Hanyang Accuracy, Seoul, Korea). The precipitation chamber (PC)

was made of stainless steel 316 (SS316) with 75ml internal volume

and water jacket to control the temperature of the precipitator. To

observe the process of particle formation, a pair of glass windows

was installed in front and back side of the PC. A stainless steel ca-

pillary tube with internal diameter of 0.0254 cm used as a nozzle

was allocated on top of the PC. The carbon dioxide precooler (CC)

and preheater (CH) were a shell and tube type. The inner tube was a

0.6m in length and 3.175mm outside diameter that made of SS316.

The shell was made from SS316 with 0.11m in diameter and 0.25m

in length. The co-precipitates were filtered with 0.5µm polytetraflu-

oroethylene (PTFE) membrane filter (F). Pressure of the PC was

controlled using a model 26-1721-24 back pressure regulator (B),

manufactured by Tescom, Co. (MN, USA).

Prior to each experiment, the temperature of the PC was set to

an experimental temperature of 288K, and CO2 was cooled before

Fig. 1. Schematic diagram of a custom-built ASES apparatus. B,
back pressure regulator; F, filter; CB, cooling bath; CC, pre-
cooler; CH, preheater; FT, CO2 cylinder; HB, heating bath;
HP1, high-pressure pump for the solution; HP2, high-pres-
sure for carbon dioxide; PC, precipitation chamber;
PS, phase separator; SR, solution reservoir.

Table 1. The experimental condition and particle size of the LPM-PEG co-precipitate

PEG mass ratio (%) T (K) P (MPa) Concentration (mg/mL) Flow rate (mL/min) Particle size (mean±SD µm)

10 288 15 011.11 0.53 01.74±1.31

20 288 15 12.5 0.53 02.47±1.44

35 288 15 015.38 0.53 03.39±1.76

50 288 15 20.0 0.53 03.13±1.78

65 288 15 028.57 0.53 010.6±7.16

80 288 15 50.0 0.53 12.3±9.2

90 288 15 100.00 0.53 19.14±8.47
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being continuously introduced into the PC by using high-pressure

pump with pressure of 15MPa. After reaching the temperature and

pressure, subsequently, the LPM-PEG solution in MC was intro-

duced into the PC. The CO2 flow rate was fixed 3 kg/h, whereas

the solution flow rate was fixed 0.53mL/min. LPM concentration in

the solution was fixed 10mg/mL. Various PEG mass ratios were

achieved by changing PEG concentration. Ratios mentioned here

are referred to PEG mass ratios, to give easy understanding of the

process, unless otherwise explained. After the entire solution was

delivered to the PC, the co-precipitates were washed with CO2 for

15minutes to remove residual solvent. After depressurization, the

co-precipitates on PTFE membrane filter were collected and ana-

lyzed. Summary of experimental condition and the result is given

in Table 1.

3. Characterization

Morphology of co-precipitates was analyzed by using JEOL JSM-

6700F scanning electron microscopy (SEM) (JEOL Ltd., Tokyo,

Japan). Chemical distribution of particles was analyzed by elemen-

tal mapping, using SEM equipped with an energy dispersive X-ray

spectroscope (EDS) (INCA Energy, Oxford Instruments, Abingdon,

United Kingdom). The particle size and particle size distribution

(PSD) were measured in the laser diffraction beam as an aero-

solized dry powder using RODOS (Sympatec GmbH, Helos/BF,

Clausthal-Zellerfeld, Germany) with dry powder accessory. Crys-

tallinity was determined by powder X-ray diffraction (XRD) (D-

Max-2500-C, Rigaku Co., Tokyo, Japan) analysis with Cu-Kα radi-

ation. The diffraction patterns were measured with voltage of 50 kV

and current of 200mA in the 2θ angle range of 10o to 50o with 10o/

min scanning rate. Drug-polymer interaction was analyzed by Fou-

rier transform infrared (FT-IR) spectrophotometer (Nicolet 6700,

Thermo Scientific, NJ, USA) in the wave number range from 650

to 4,000 cm−1.

The LPM content in the co-precipitates was quantitatively deter-

mined with high performance liquid chromatography (HPLC) anal-

ysis. Sample solutions were prepared by dissolving 20mg of co-pre-

cipitates in 10ml methanol. The solution was diluted ten times with

purified water and filtered through 0.5µm PTFE membrane filter

and analyzed by an Agilent 1200 HPLC-UV (Agilent Technology,

USA) at λ=214 nm. The HPLC was equipped with auto-sampler

and Eclipse XDB column (150×4mm), which was packed with

5µm C18. Chromatographic separations were performed using a

mixture mobile phase of triethylamine hydrochloride buffer and ace-

tonitrile (11 : 9 v/v) at a flow rate of 2ml/min. The amount of in-

jection was set at 50µL and each sample was carried out in tripli-

cate. In addition, the dissolution test of co-precipitates was con-

ducted using a sample equivalent to 27mg of LPM in 900ml of

0.01N HCl at 37±0.5 oC and 50 rpm paddle speed according to

USP method 2 [18].

RESULTS AND DISCUSSION

Co-precipitates were analyzed by high performance liquid chro-

matography (HPLC) analysis to quantify the LPM content to ensure

that the co-precipitates had similar LPM mass ratio with initial solu-

tion. Fig. 2 shows that similar ratio of the LPM content. This indi-

cates that the LPM and PEG were well dispersed in the co-precipi-

tates. In addition, scanning electron microscopy (SEM)-energy dis-

persive X-ray spectroscopy (EDS) analysis was conducted. Results

of SEM analysis show that when 10-50% PEG mass ratios were

used, the co-precipitates were in angular-shaped particles, which

was similar to ASES-processed LPM. When 60-90% PEG mass

ratios were used, the co-precipitates were in irregular-shaped parti-

cles, which was similar to ASES-processed PEG (Fig. 3). To ensure

whether LPM and PEG were co-precipitated and well dispersed,

EDS analysis was carried out [19,20] and the results are shown in

Fig. 4. It revealed that chlorine and oxygen map overlapped each

other. SEM, EDS, HPLC analysis indicated that LPM and PEG were

co-precipitated particles and well dispersed.

The co-precipitates were further characterized by determining size

and distribution in various mass ratios of PEG that is shown in Fig.

5. At 10-50% PEG, the average particle size was less than 5µm

and no significant difference in its distribution. Significant different

size occurred when the PEG mass ratio was more than 50%. Within

those ratios, the average particle size was more than 10µm and there

was a broad particle size distribution. This might happen due to a

stronger effect of crystal growth than the nucleation in the co-pre-

cipitates. Reverchon et al. [21] reported that higher solute concen-

tration in solution can lead to higher supersaturation degree, pro-

duce many small nuclei at early stage and also increase the growth

of the crystal. On the other hand, the higher PEG concentration in

solution may result in increasing viscosity and stabilizing the liquid

jet. Stabilized jet produces fewer droplets, which influences the area

for mass transfer [22,23]. Combined with lower diffusion coefficient

of solvent, high viscosity may result in low mass transfer and is likely

to promote crystal growth than nucleation. Similar phenomena were

observed in polymer precipitation using only polystyrene by Dixon

et al. [22], only poly(l-lactic acid) by Randolph et al. [23], and copper-

indomethachin by Warwick et al [24]. These reports suggest that

higher PEG concentration in solution can promote crystal growth.

In addition, we determined co-precipitates crystallinity using pow-

der X-ray diffraction (XRD). Fig. 6 shows XRD patterns of the raw

materials (LPM and PEG) before ASES processing, after ASES

Fig. 2. Comparison of measured LPM content in the co-precipi-
tates particles to its theoretical LPM content.
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processing and also co-precipitated particle in various mass ratios

of PEG. The XRD patterns show sharp peak with high intensity for

raw LPM at 16.7o and raw PEG at 19o and 23.1o, indicating that the

raw LPM and PEG exhibited highly crystalline structure. After ASES-

processing, the peak intensity decreased significantly in the pattern

of LPM particles, whereas it remained the same in the pattern of

PEG particles. The decreasing peak intensity of LPM particles after

ASES-processed indicated amorphous form of LPM. It was observed

that LPM is more easily precipitated than PEG during the ASES

processing, which probably is due to the higher super saturation

degree of LPM compared to that of PEG. Higher super saturation

degree of LPM may result in formation of amorphous precipitate

Fig. 5. Average particle size and particle size distribution of co-pre-
cipitation particles in various mass ratio of PEG.

Fig. 3. SEM images of co-precipitates particle in various mass ratio of PEG.

Fig. 4. SEM images with EDS analysis of (a) 20%, (b) 50%, and
(c) 65% of PEG amount in the co-precipitates particles with
its oxygen map (O) and its chlorine map (Cl).
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[25-27]. Amorphous form (loss of its crystalline structure) is com-

monly observed in ASES as reported by some authors [21,28-30].

The XRD patterns of co-precipitates in various mass ratios of PEG

showed similar pattern with LPM ASES-processing and PEG ASES-

processing. These patterns indicated that in the co-precipitates, the

LPM was in the amorphous state, whereas the PEG was in the crys-

talline state. The intensity of crystalline PEG peak (19o and 23.1o)

was reduced with reduced PEG content, indicating that more amor-

phous particles were produced with fewer polymers (PEG) amount.

Based on XRD result, the co-precipitates structure was LPM, amor-

phous drug entrapped between semi-crystalline structures of PEG

Fig. 7. FT-IR spectra of raw materials (LPM and PEG) before and
after ASES processed, and co-precipitated particle in vari-
ous mass ratio of PEG showing carbonyl stretching region.

Fig. 6. XRD patterns of raw materials (LPM and PEG) before and after ASES processed, and co-precipitated particle in various mass
ratio of PEG.

Fig. 8. FT-IR spectra of raw materials (LPM and PEG) before and
after ASES processed, and co-precipitated particle in vari-
ous mass ratio of PEG showing ether stretching region.

(interstitial solid solution). This structure was formed due to the crys-

talline nature of PEG, which determined the end structure of the co-

precipitate [1].

LPM-PEG interaction was further analyzed by Fourier transform

infrared (FT-IR) spectrophotometry, a powerful method for analyz-

ing intermolecular and intramolecular forces. By careful examina-

tion of each stretching region, structure and molecular interaction

with the co-precipitates can be determined as shift of peak maxima

[31]. Fig. 7 shows that the maxima of carbonyl (-C(O)-N=) stretching

(1,620cm−1) observed in the LPM raw material was shifted to a higher
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wavenumber (1,624-1,628 cm−1) for LPM ASES-processed and the

co-precipitates in various mass ratio of PEG. The shift of this peak

was probably due to the change of LPM structure from crystalline

form (hydrogen bonded to carbonyl) to amorphous form (no-hydro-

gen bonded to carbonyl) [31].

Ether bond (-C-O-C) in ethylene glycol can interact with another

bond and can be recognized by peak maxima shift. Fig. 8 shows

stretch peaks of ether at 1,106-1,111 cm−1 in the FT-IR spectra of

PEG raw material, PEG ASES-processed and the co-precipitates

in various mass ratio of PEG. In FT-IR of PEG raw material, PEG

ASES-processed and the co-precipitates with 65-90% PEG mass

ratios, stretch peak of ether was maximum at 1,099 cm−1 whereas

the maximum peak of the co-precipitates with 10-50% PEG mass

ratios was at 1,106-1,111 cm−1. The shift of this peak was not caused

by the change of ether bond as its stretching peak will shift to lower

number because of interaction as found in multiwall carbon nano-

tubes [32] or dye-sensitized solar cells [33]. The peak maxima shift

might be related to the morphology change in PEG (see Fig. 3). In

65-90% PEG mass ratios, all the LPM was entrapped in the intersti-

tial volume of stacked PEG due to high amount of PEG present.

At that point, the PEG chain was fully stretched and stacked as multi-

layered structure and had irregular crystalline morphology. In 10-

50% PEG mass ratios, interstitial volume did not provide enough

volume to entrap all the LPM. Since the PEG has an ability to fold

[34,35], PEG folded and formed more random structure to encap-

sulate the LPM, resulting in a loss of crystal morphology and be-

came angular-shaped particles, which was similar to LPM ASES-

processed. Thus, the shift of ether stretch peaks might indicate a

sign of PEG chain folding. Although all FT-IR spectra showed no

interaction between LPM and PEG, bond and intermolecular inter-

action was needed to keep those molecules attached. Thus, it was

suggested that co-precipitates involved non specific interaction such

as van der Waals, which could not be detected by FT-IR [32].

The performance of co-precipitates was further studied using dis-

solution. Fig.9 shows the dissolution profile of the co-precipitates with

50% PEG mass ratio compare to raw LPM (size: 34.93±31.88µm)

and LPM ASES-processed (size: 1.64±1.34µm). LPM ASES-pro-

cessed had higher dissolution rate compared to raw LPM at 5 to

20minutes. It is because LPM ASES-processed was in amorphous

form so it had higher energy level, which increased dissolution rate

[4,36]. On the other hand, rapid dissolution of LPM ASES-processed

induced interparticle bridge during dissolution and caused agglom-

eration. Therefore, the dissolution of LPM ASES-processed was

slower than raw LPM after 20minutes. A significant enhancement

in dissolution rate was observed in co-precipitates. In co-precipi-

tates, LPM was co-precipitated in amorphous form and PEG acted

as wetting agent. As a result, agglomeration was hindered and faster

dissolution rate of co-precipitates compared to that of raw LPM and

LPM ASES-processed was achieved.

CONCLUSION

The co-precipitation of loperamide hydrochloride (LPM) and

polyethylene glycol (PEG) using aerosol solvent extraction system

(ASES) in various mass ratios of PEG resulted in amorphous struc-

ture of LPM and crystalline structure of PEG. The particle shape

was determined such that in 10-50% PEG mass ratios, angular-shape

was formed, whereas in 65-90% PEG mass ratios, irregular-shape

was formed. LPM was well-dispersed in PEG as a polymer and

the co-precipitates showed better dissolution rate compared to LPM

before and after ASES-processing.
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