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Abstract: A series of dual binding site acetylcholinesterase (AChE) inhibitors 
was designed, synthesized, and tested for their antioxidant ability and inhi-
bitory potency on AChE and AChE-induced β-amyloid (Aβ) aggregation. The 
new hybrids consisted of a unit of 1-azabenzanthrone and tryptamine or its 
derivative, connected through an α,ω-alka(e)nediamide bridge. These hybrids 
exhibited moderate AChE inhibitory activity with IC50 values in the 
micromolar range and significant in vitro inhibitory activity towards AChE-
induced Aβ aggregation. Moreover, six of the nine hybrids of this series 
exhibited a higher oxygen radical absorbance capacity than trolox, which 
makes them promising anti-Alzheimer drug candidates. 

Keywords: Alzheimer’s disease; acetylcholinesterase inhibitor; Aβ anti-aggre-
gating activity; oxoisoaporphine–tryptamine. 

INTRODUCTION 

Alzheimer’s disease (AD) is an age-related neurodegenerative disorder char-
acterized by progressive cognitive impairment, a variety of neuropsychiatric and 
behavioral disturbances, and restrictions in activities of daily life. A century has 
passed since AD was first described by the German psychiatrist and neuropathol-
ogist Alois Alzheimer in 1906. The treatment of Alzheimer’s disease remains a 
challenge for the pharmaceutical community. Although many factors have been 
implicated in AD, its etiology and pathogenesis remain unclear.  

The “cholinergic hypothesis” represents one of the most useful approaches 
involved in the design of new agents for the treatment of AD.1 This hypothesis 
asserts that most of the cognitive impairments suffered by AD patients are the 
consequence of a deficit in acetylcholine (ACh) and thus in cholinergic neuro-
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128 ZHAO et al. 

transmission. Therefore, inhibition of AChE appears to be a useful therapeutic 
path to reduce, at least temporarily, the cognitive deficit in AD. To date, most of 
the drugs available on the market for the treatment of AD are acetylcholine-
sterase inhibitors (AChEI). However, the practical effectiveness of these drugs 
remains controversial. Recent AD trials concluded that AChEI therapies were not 
cost effective and the AD patients treated with cholinesterase inhibitors did not 
show widespread cortical atrophic changes. 

Recently, most approaches to explain the pathogenesis of AD focus on two 
proteins: the β-amyloid peptide (Aβ)2,3 and the filament protein tau.4,5 

According to the “amyloid hypothesis”, one of the major neuropathological 
hallmarks of AD is the altered production, aggregation, and deposition of Aβ, 
which results in amyloid plaque formation. Moreover, oxidative stress and inc-
reased intracellular Ca2+ generated in response to Aβ were reported to enhance 
glutamate-mediated neurotoxicity in vitro, with additional experiments sug-
gesting that Aβ could increase N-methyl-D-aspartic acid (NMDA) responses and 
therefore excitotoxicity.6,7 Many in vivo and in vitro findings showed that amyl-
oidosis could be inhibited by antioxidants and the free radical scavengers, vita-
min E and propyl gallate, protected neuronal cells against Aβ toxicity. It is 
becoming evident that a close relationship may exist between glutamate excite-
toxicity, oxidative stress, and Aβ formation. Actually, AChE could also bind to 
the Aβ non-amyloidogenic form, inducing a conformational transition to the 
amyloidogenic conformation with subsequent amyloid fibril aggregation.8 This 
action involves the peripheral anionic binding site (PAS) of AChE.8,9 These 
effects, together with the fact that AD pathogenesis appears to be multifactorial, 
have led to the current opinion that drugs that interact with the PAS and possess 
antioxidant activity might exert a multi-pharmacological effect, which combine 
enhancement of cholinergic neurotransmission, effective antioxidant neuropro-
tection and the reduction in the pro-aggregating action of AChE, thus opening the 
way to a new promising therapeutic approach to Alzheimer’s disease (AD).3,10,11 

Recently, it was reported that synthetic derivatives of oxoisoaporphine alka-
loids (Fig. 1) exhibited high acetylcholinesterase inhibitory activity and high 
selectivity for AChE over butyrylcholinesterase (BChE).12,13 Molecular docking 
simulations on the oxoisoaporphine derivatives with AChE from Torpedo 
californica demonstrated that the 1-azabenzanthrone moiety of the ligands can 
interact with the PAS of acetylcholinesterase, especially with Trp 279 of the 
PAS.13 

Tryptamine and its derivatives are known as natural antioxidant. Melatonin, 
one of tryptamine family, was shown to prevent the hyperphosphorylation of the 
tau protein in rats14 and to possess neuroprotective properties against Aβ toxicity 
in vivo.15 Several studies suggested that melatonin might be effective for the 
treatment of Alzheimer’s disease.15–18 
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Fig. 1. Chemical structure of synthetic derivatives of 
oxoisoaporphine alkaloids 1, hybrids of oxoisoapor-
phine–tacrine congeners 2 and hybrids of oxoisoapor-
phine–tryptamine derivatives 5a–i. 

It was thus predicted that compounds that combined inhibition of AChE and 
neuroprotective properties in a single small molecule would exert greater bio-
logical activity than tryptamine or oxoisoaporphine themselves and may repre-
sent an important pharmacological advance in the management of AD. 

Recently, the synthesis of multifunctional compounds that combined 1-aza-
benzanthrone and tacrine congeners in a single small molecule was reported.19 
These hybrids exhibited high AChE inhibitory activity and significant in vitro 
inhibitory activity towards AChE-induced and self-induced Aβ aggregation. 
Ongoing research is focused on the design of new multi-activity compounds in 
which different active units could be anchored to a biocompatible scaffold. 

In this paper, a series of hybrids of oxoisoaporphine–tryptamine derivatives 
were designed and synthesized. Their ability to inhibit AChE, AChE-induced Aβ 
aggregation and antioxidant activity was tested. These compounds (Fig. 1) con-
sist of a unit of tryptamine, or a derivative that possesses neuroprotective pro-
perties, and the 1-azabenzanthrone moiety the position of which along the 
enzyme gorge and the peripheral site could be modulated by a suitable tether that 
connects tryptamine and 1-azabenzanthrone. 

RESULTS AND DISCUSSION 

Chemistry 

The synthetic routes to compounds 5a–i are outlined in Scheme 1. Com-
pound 320 was treated with the required anhydride in toluene to afford the cor-
responding aromatic carboxylic acid 4a–c. Then compounds 4a–c was reacted 
with the desired tryptamine derivative in dimethylacetamide (DMA) in the pre-
sence of BOP reagent, benzotriazol-l-yloxytris(dimethylamino)phosphonium 
hexafluorophosphate, to afford the target compounds 5a–i. 
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130 ZHAO et al. 

 
Scheme 1. The synthetic route to the hybrids of oxoisoaporphine–tryptamine. Reagents and 
conditions: i) the required anhydride, toluene, reflux, 7 h; ii) the corresponding tryptamine 
derivatives, benzotriazol-1-yloxytris(dimethylamino)phosphonium hexafluorophosphate 

(BOP), DMA, 65 °C, 6 h. 

Pharmacology 

The inhibitory activities of the newly synthesized compounds 5a–i against 
AChE were investigated by determining the rate of hydrolysis of acetylthiochol-
ine (ATCh) in comparison with reference compound tacrine, using a modified 
Ellman method.21 The IC50 values of all the investigated compounds are sum-
marized in Table I. 

All the synthesized compounds showed moderate inhibitory potency against 
AChE with inhibitory activity IC50 values in the micromolar range. The com-
pounds 5b, 5e and 5h, which had a succinamide linker, showed higher inhibitory 
effects on AChE compared with the compounds other linkers. This suggested that 
rigid and long linkers were not favorable for fitting into the enzyme cavity. In the 
screening results, the structure of the tryptamine derivatives had little effect on 
the AChE inhibitory potency, showing only a slightly increased effect in the 
compounds bearing fluorine-substituted tryptamine units (compound 5g–i). 

In fact, AChE directly promotes in vitro the assembly of the Aβ peptide into 
amyloid fibrils, forming stable AChE–Aβ complexes.8 Structural analysis by 
X-ray crystallography22 and competition assays with AChEIs clearly identified the 
PAS of the enzyme as the locus of protein interaction with Aβ.23 It was 
previously demonstrated that 1-azabenzanthrone could interact with the PAS of 
acetylcholinesterase, especially with Trp 279 of the PAS.13 To further explore 
the dual action of these compounds, the AChE-induced Aβ(1–40) aggregation 
inhibitory activity was examined employing the thioflavin T (ThT)-based fluoro-
metric assay.24 The Aβ-anti-aggregation activity of the novel hybrids and refer-
ence compounds are summarized in Table I. The nine tested oxoisoaporphine–
tryptamine derivatives exhibited, at a 100 μM concentration, a significant Aβ- 
-anti-aggregation effect with inhibition ranging from 32.5 to 60.5 %, being 8- to 
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13-fold more potent than tacrine. There was a clear correlation between the 
AChE-induced Aβ aggregation inhibitory activity and the AChE inhibitory pot-
ency. Compound 5h bearing fluorine-substituted tryptamine units and a succin-
amide linker had the highest Aβ-aggregation inhibitory ratio that corresponded to 
the lowest IC50 value for AChE inhibition. Compound 5g possessing the lowest 
Aβ-aggregating inhibitory ratio showed the highest IC50 for AChE inhibition. A 
scatter plot of the in vitro inhibitory percent of AChE-induced Aβ aggregation 
versus the IC50 value for AChE inhibition is shown in Fig. 2. A statistically 
significant linear fit of the data was obtained, which clearly showed that the inhi-
bitory effects for Aβ aggregation and acetylcholinesterase were positively correl-
ated. These results appear to validate the theory23 that a compound that binds to 
the PAS of AChE could strongly inhibit enzyme-mediated Aβ aggregation. 

TABLE I. Inhibition of AChE activities, AChE-induced Aβ aggregation and oxygen radical 
absorbance capacity (ORAC) by the synthesized compounds; IC50: 50 % inhibition concen-
tration (means±SEM of three experiments) of AChE; inhibition of co-aggregation of Aβ(1–40) 
and AChE 0.06 U was detected by the ThT assay; the data showed that the test compounds 
inhibited the co-aggregation at 100 μM. The values are expressed as means±SEM of three 
experiments; the ORAC data are expressed as μmol of trolox equivalent per μmol of tested 
compound and are the mean (n = 3)±SD 

Compound IC50 / μM, for AChE 
Inhibition, %, 

of Aβ aggregation 
ORAC 

trolox-equivalents 
5a 14.94±0. 23 35.2±1.2 0.9±0.03 
5b 6.10±0.25 50.4±1.5 1.2±0.01 
5c 16.77±0.34 41.6±2.3 0.9±0.04 
5d 10.85±0.15 38.5±1.7 1.7±0.05 
5e 5.10±0.31 57.7±0.9 1.3±0.03 
5f 14.0±0.73 49.7±1.9 1.4±0.02 
5g 14.95±0.31 32.5±2.1 1.1±0.02 
5h 2.37±0.40 60.5±1.5 1.0±0.01 
5i 7.12±0.32 59.3±2.2 1.3±0.05 
Tacrine 0.13±0.01 4.5±0.7 <0.01 
Curcumin – 32.8±0.5 – 
Propidium iodide – 83.7±1.7 – 
Melatonin – – 1.9±0.09 

The oxygen radical absorbance capacity assay (ORAC) at 37 °C using fluor-
escein (ORAC–FL) as a fluorescence probe measures the scavenging capacity 
against peroxyl radicals induced by AAPH. The antioxidant activity of the new 
oxoisoaporphine–tryptamine hybrids 5a–i was determined by their competition 
with fluorescein in the radical capture, using a fluorescence microplate reader. 
The vitamin E analogue trolox was used as a standard, and the results were 
expressed as trolox equivalents (μmol of trolox equivalents per μmol of tested 
compound, Table I). Tacrine and melatonin were also checked for comparison. 
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132 ZHAO et al. 

Tacrine showed rather weak radical capture, whereas melatonin had an ORAC– 
–FL value 1.9-fold higher than that of trolox. 

 
Fig. 2. Scatter plot of the in vitro percent inhibition of AChE-induced Aβ aggregation vs. the 

IC50 value for AChE inhibition for the series of oxoisoaporphine–tryptamine derivatives 5a–i. 

Hybrids 5a–i were tested in 1–10 μM concentrations and they exhibited 
moderate peroxyl radical absorbance capacities ranging from 0.9- to 1.7-fold the 
value of trolox. Tryptamine was the main element responsible for increasing the 
antioxidant activity. Its structure had a direct effect on the antioxidant activity. 
The derivatives obtained from conjugation with the 5-methyltryptamine (5d–f) 
showed the higher radical-scavenger activity with oxygen radical absorbance 
capacity at 1.7, 1.3 and 1.4 trolox-equivs, respectively. The structure and length 
of the linker had no effect on their antioxidant capacity. 

EXPERIMENTAL 

The reactions were monitored by TLC using aluminum plates pre-coated with silica gel 
containing a fluorescent indicator. Detection was performed with UV (254 nm) irradiation 
followed by charring with 0.5 % phosphomolybdic acid in 95 % EtOH. Anhydrous MgSO4 
was used to dry the organic solutions during work-up and the solvents were removed under 
vacuum using a rotary evaporator. The 1H-NMR spectra were recorded on a Varian Mercury-
Plus 300 and Bruker Avance AV500 NMR Spectrometer with tetramethylsilane (TMS) as an 
internal standard. Elemental analysis was realized on a PE2400II Elemental Analyzer. Mass 
spectral analysis was performed on a Bruker HCT mass spectrometer and recorded on an 
electrospray ionization mass spectrometer as the m/z value. 

Characterization data for the synthesized compounds are given in Supplementary 
material to this paper. 

General procedure for the synthesis of compounds 4a–c 

Compound 320 (3.0 mmol) and the required anhydride (30 mmol) were mixed in toluene 
(40 mL). The mixture was refluxed under stirring for 7 h and then cooled to room tempe-

_________________________________________________________________________________________________________________________

(CC) 2015 SCS. All rights reserved.

Available on line at www.shd.org.rs/JSCS/



 NOVEL HYBRIDS OF OXOISOAPORPHINE–TRYPTAMINE 133 

rature. The resulting precipitate was collected by filtration, washed with toluene, and dried. 
Recrystallization from toluene afforded the products 4a–c as yellow solids in 43–55 % yields. 

General procedure for the synthesis of compounds 5a–i 

BOP (0.9 g, 2 mmol) in DMA (3 mL) was added over 30 min to a solution of compound 
4a–c (2 mmol) and the appropriate tryptamine derivatives (20 mmol) in DMA (4 mL) at 65 
°C. The mixture was stirred at 65 ° C for 5 h and concentrated under vacuum. The residue was 
taken up with dichloromethane and the solution washed with a solution of sodium carbonate, 
dried (Na2SO4), and concentrated under vacuum. Column chromatography of the residue, 
eluting with 5% methanol in dichloromethane, afforded compounds 5a–i in 43–55 % yields. 

In vitro inhibition studies on AChE  

All the assays21 were performed in 0.1 M KH2PO4/K2HPO4 buffer, pH 8.0, using a 
PerkinElmer LAMBDA 45 Spectrophotometer. AChE from Electrophorus electricus (Sigma) 
were prepared to give 2.0 units mL-1 in 2 mL aliquots. The assay medium contained phos-
phate buffer, pH 8.0 (1 mL), 50 μL of 0.01 M 5,5'-dithiobis(2-nitrobenzoic acid) (DTNB), 10 
μL of enzyme, and 50 μL of 0.01 M substrate (acetylthiocholine chloride). The substrate was 
added to the assay medium containing enzyme, buffer, and DTNB with inhibitor after 15 min 
of incubation time. The activity was determined by measuring the increase in absorbance at 
412 nm in 1 min intervals at 37 °C. The calculations were performed using the Ellman 
equation.21 

Inhibition of AChE-induced Aβ(1–40) peptide aggregation assay 

To analyze the inhibition of co-aggregation, the ThT fluorescence method was emp-
loyed. The fluorescence emission was measured at 490 nm for excitation at 446 nm. For the 
co-incubation experiments,24,25 mixtures of Aβ(1–40) peptide (GL Biochem) and AChE from 
E. electricus, were incubated for 8 h at 37 °C in the presence or absence of the test inhibitors. 
The final concentrations of Aβ (2.3 mM Aβ DMSO solution added to 0.215 M sodium phos-
phate buffer, pH 8.0) and AChE (dissolved in 0.1 M sodium phosphate buffer, pH 8.0) were 
23 μM and 0.06 U, respectively. After co-incubation, 180 μL of 1.5 μM ThT was added to 20 
μL of the solution mixtures. The percent inhibition (I) of AChE-induced aggregation due to 
the presence of the tested compound was calculated by the following expression:  

 i

0
/ % 100 100

IF
I

IF

 
= − × 

 
  

where IFi and IF0 are the fluorescence intensities obtained for Aβ plus AChE in the presence 
and in the absence of inhibitor, respectively, minus the fluorescence intensities due to the 
respective blanks. 

Determination of antioxidant activity 

The antioxidant activity was determined by the oxygen radical absorbance capacity– 
–fluorescein (ORAC–FL) assay of Ou et al.26 and modified by Rodriguez-Franco et al.27 2,2′- 
-Azobis(2-amidinopropane) dihydrochloride (AAPH) and (±)-6-hydroxy-2,5,7,8-tetramethyl-
chromane-2-carboxylic acid (trolox) solutions were prepared daily and fluorescein (FL) was 
diluted from a stock solution (1.17 mM) in 75 mM phosphate buffer (pH 7.4). The reaction 
was performed in 75 mM phosphate buffer (pH 7.4) and the final reaction mixture was 200 
μL. Antioxidant (20 μL) and FL (120 μL; 70 nM, final concentration) solutions were pre-
incubated for 10 min at 37 °C. AAPH solution (60 μL; 12 mM, final concentration) was added 
and after shaking before the first reading, the fluorescence was recorded every 56 s for 96 
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min. Trolox was used as standard (1–10 μM, final concentration) and the sample was mea-
sured at different concentrations (1–10 μM). An Infinite® M1000 PRO plate reader (Tecan 
Trading AG, Switzerland) with λex = 485 nm and λem = 520 nm was used. The equipment was 
controlled by MagellanTM software for fluorescence measurements. Black 96-well microplates 
were used. All reaction mixtures were prepared in duplicate and at least three independent 
runs were performed for each sample. Fluorescence measurements were normalized to the 
curve of the blank (no antioxidant). From the normalized curves, the area under the fluor-
escence decay curve (AUC) was calculated as: 

 
= 80

01

1
=

= +
i

i

i

f
AUC

f
 

where f0 is the initial fluorescence reading at 0 min and fi is the fluorescence reading at time i. 
The net AUC for a sample was calculated as follows: 

 net AUC = AUCantioxidant – AUCblank 

The regression equation between net AUC and antioxidant concentration was calculated. 
The slope of the equation was used to calculate the ORAC–FL value by using the trolox curve 
obtained for each assay. Final ORAC–FL values were expressed as μmol of trolox equivalent 
per μmol of pure compound. 

CONCLUSIONS 

The present study reports the synthesis and biological evaluation of a series 
of new hybrids of oxoisoaporphine–tryptamine derivatives. Regarding AChE 
inhibition, synthesized compounds show less inhibitory potency than that of 9- 
substituted 1-azabenzanthrone derivatives which were previously reported.12,19 
However, these new synthetic derivatives showed strong AChE-induced Aβ anti- 
-aggregation activity, being more potent than tacrine and curcumin. In addition, 
these derivatives showed moderate antioxidant activity, though their activities 
were less than that of melatonin. This could be related to the poor solubility of 
the hybrids. Overall, these results were encouraging for the further development 
of Aβ aggregation inhibitors with higher antioxidant activity and AChE inhi-
bitory activity based on oxoisoaporphine in the future. 

SUPPLEMENTARY MATERIAL 

Characterization data of the prepared compounds and their IR spectra are available 
electronically from http://www.shd.org.rs/JSCS/, or from the corresponding author on request.  
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И З В О Д  
НОВИ ДЕРИВАТИ ОКСОИЗОАПОРФИН–ТРИПТАМИНА КАО ИНХИБИТОРИ 
АГРЕГАЦИЈЕ β-АМИЛОИДА ИНДУКОВАНЕ АЦЕТИЛХОЛИНЕСТЕРАЗОМ, КОЈИ 

ПОСЕДУЈУ УНАПРЕЂЕНЕ АНТИОКСИДАТИВНЕ ОСОБИНЕ 

HAI-TAO ZHAO, SHU-MING ZHONG, JIANG-KE QIN и HUANG TANG 

Key Laboratory for the Chemistry and Molecular Engineering of Medicinal Resources, School of Chemistry 
and Pharmaceutical Sciences of Guangxi Normal University, Guilin 541004, China 

Серија инхибитора ацетилхолинестеразе (AChE) са двоструким везивањем у актив-
ном месту је дизајнирана и синтетисана, а тестирана су њихова антиоксидативна својс-
тва и инхибиторни потенцијал према AChE и AChE-индукованој (Aβ) агрегацији β-ами-
лоида. Нови деривати садрже 1-азабензантрон и триптамин или његове деривате, пове-
зане α,ω-алка(е)ндиамидним мостом. Ови деривати показују умерену инхибиторну 
активност према AChE са IC50 вредностима у микромоларном опсегу, и значајну in vitro 
AChE-индуковану Aβ агрегацију. Осим тога, шест од девет деривата показује већи капа-
цитет апсорпције кисеоничних радикала у поређењу са тролоксом, што их чини пер-
спективним кандидатима за лечење Алцхајмерове болести.  

(Примљено 18. марта, ревидирано 3. септембра, прихваћено 10. септембра 2014) 
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CHARACTERIZATION DATA FOR THE SYNTHESIZED COMPOUNDS 

4-Oxo-4-[(7-oxo-7H-dibenzo[de,h]quinolin-9-yl)amino](2Z)-but-2-enoic acid 
(4a). From compound 3 (0.74 g, 3 mmol) and maleic anhydride (2.9 g, 30 mmol), 
a yellow powder maleic acid derivative 4a (0.57 g, 55 % yield) was obtained 
from toluene; 1H-NMR (500 MHz, DMSO-d6, δ / ppm): 6.38 (1H, d, J = 12.2 
Hz), 6.54 (1H, d, J = 12.2 Hz), 7.98 (1H, d, J = 5.5 Hz), 8.03 (1H, t, J = 7.9 Hz), 
8.11 (1H, d, J = 7.3 Hz), 8.41 (1H, d, J = 8.5 Hz), 8.53–8.56 (2H, m), 8.75 (1H, 
d, J = 9.2 Hz), 8.77 (1H, d, J = 5.5 Hz), 10.83 (1H, s); ESI-MS (m/z): 343 
[M–H]–. 

4-Oxo-4-[(7-oxo-7H-dibenzo[de,h]quinolin-9-yl)amino]butanoic acid (4b). 
From compound 3 (0.74 g, 3 mmol) and succinic anhydride (2.9 g, 30 mmol), a 
yellow powder succinic acid derivative 4b (0.76 g, 73 % yield) was obtained 
from toluene; 1H-NMR (500 MHz, DMSO-d6, δ / ppm): 2.58 (2H, t, J = 6.7 Hz), 
2.66 (2H, t, J = 6.7 Hz), 8.00 (1H, d, J = 5.5 Hz), 8.05 (1H, dd, J1 = 7.3 Hz, J2 =  
= 7.9 Hz), 8.09 (1H, d, J = 8.5 Hz), 8.43 (1H, d, J = 8.5 Hz,), 8.55–8.57 (2H, m), 
8.76 (1H, d, J = 8.5 Hz,), 8.79 (1H, d, J = 5.5 Hz), 10.46 (1H, s), 12.17 (1H, brs); 
ESI-MS (m/z): 345 [M–H]–. 

5-Oxo-5-[(7-oxo-7H-dibenzo[de,h]quinolin-9-yl)amino]pentanoic acid (4c). 
From compound 3 (0.74 g, 3 mmol) and glutaric anhydride (3.4 g, 30 mmol), a 
yellow powder glutaric acid derivative 4c (0.73 g, 68 % yield) was obtained from 
toluene; 1H-NMR (500 MHz, DMSO-d6, δ / ppm): 1.83–1.89 (2H, m), 2.33 (2H, 
t, J = 7.3 Hz), 2.44 (2H, t, J = 7.3 Hz), 7.97 (1H, d, J = 5.5 Hz), 8.0.3 (1H, dd, 
J1 = 7.9 Hz, J2 = 7.3 Hz,), 8.09 (1H, d, J = 8.5 Hz), 8.40 (1H, d, J = 8.5 Hz), 
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8.52–8.55 (2H, m), 8.72 (1H, d, J = 9.2 Hz), 8.76 (1H, d, J = 5.5 Hz), 10.38 (1H, 
s); ESI-MS (m/z): 359 [M–H]–. 

N1-(2-(5-Methoxy-1H-indol-3-yl)ethyl)-N4-(7-oxo-7H-dibenzo[de,h]quinolin- 
-9-yl)-(2Z)-2-butenediamide (5a). Yield: 0.62 g, 60 %; orange solid; Anal. Calcd. 
for C31H24N4O4·2H2O: C, 67.38; H, 5.11; N, 10.14 %. Found: C, 67.19; H, 5.37; 
N, 10.41 %; 1H-NMR (500 MHz, DMSO-d6, δ / ppm): 2.87 (2H, t, J = 7.1 Hz), 
3.46–3.49 (2H, m), 3.76 (3H, s), 6.72 (1H, d, J = 8.5 Hz), 7.04–7.14 (4H, m), 
7.23 (1H, d, J = 8.6 Hz), 8.02 (1H, d, J = 5.5 Hz), 8.06 (1H, dd, J1 = 7.6 Hz, J2 = 
7.7 Hz), 8.16 (1H, d, J = 7.3 Hz), 8.44 (1H, d, J = 8.6 Hz), 8.58 (1H, d, J = 7.0 
Hz), 8.65 (1H, s), 8.70 (1H, t, J = 5.2 Hz), 8.78–8.80 (2H, m), 10.68 (1H, s), 
10.93 (1H, s); 13C-NMR (125 MHz, DMSO-d6, δ / ppm): 24.9, 45.3, 55.2, 100.0, 
111.4, 111.9, 116.5, 120.6, 121.4, 123.3, 124.5, 125.9, 127.4, 128.0, 129.6, 
130.7, 131.3, 131.4, 132.2, 132.3, 134.0, 134.6, 134.7, 140.8, 143.8, 147.2, 
152.9, 162.7, 163.2, 169.4, 181.9; ESI-MS (m/z): 517 [M+H]+. 

N1-(2-(5-Methoxy-1H-indol-3-yl)ethyl)-N4-(7-oxo-7H-dibenzo[de,h]quinolin- 
-9-yl)butanediamide (5b). Yield: 0.67 g, 65 %; orange solid; Anal. Calcd. for 
C31H26N4O4·H2O: C, 69.39; H, 5.26; N, 10.44 %. Found: C, 69.12; H, 5.21; N, 
10.07 %; 1H-NMR (500 MHz, DMSO-d6, δ / ppm): 2.47–2.50 (2H, m), 2.66 (2H, 
t, J = 7.1 Hz), 2.79 (2H, t, J = 7.7 Hz), 3.32–3.36 (2H, m), 3.75 (3H, s), 6.7 (1H, 
dd, J1 = 2.3 Hz, J2 = 8.3 Hz), 7.02 (1H, d, J = 2.1 Hz), 7.12 (1H, s), 7.22 (1H, d, 
J = 8.7 Hz), 7.97 (1H, d, J = 5.6 Hz), 8.01–8.08 (3H, m), 8.40 (1H, d, J = 8.1 
Hz), 8.54 (2H, d, J = 7.9 Hz), 8.72 (1H, d, J = 8.6 Hz), 8.76 (2H, d, J = 5.6 Hz), 
10.46 (1H, s), 10.64 (1H, s); 13C-NMR (125 MHz, DMSO-d6, δ / ppm): 25.2, 
30.2, 31.7, 45.3, 55.2, 100.1, 110.9, 111.6, 111.9, 116.0, 120.4, 121.2, 123.2, 
124.1, 125.7, 127.4, 128.0, 129.4, 130.6, 130.7, 131.3, 132.3, 134.0, 134.5, 
141.4, 143.9, 147.5, 152.9, 170.9, 171.0, 182.0; ESI-MS (m/z): 519 [M+H]+.  

N1-(2-(5-Methoxy-1H-indol-3-yl)ethyl)-N5-(7-oxo-7H-dibenzo[de,h]quinolin- 
-9-yl)pentanediamide (5c). Yield: 0.65 g, 61 %; orange solid; Anal. Calcd. for 
C32H28N4O4·2H2O: C, 67.59; H, 5.67; N, 9.85 %. Found: C, 67.65; H, 5.91; N, 
9.62 %; 1H-NMR (500 MHz, DMSO-d6, δ / ppm): 1.83–1.89 (2H, m), 2.17 (2H, 
t, J = 7.2 Hz), 2.39 (2H, t, J1 =7.1 Hz, J2 = 7.2 Hz), 2.78 (2H, t, J = 7.0 Hz), 
3.30–3.34 (2H, m), 3.73 (3H, s), 6.69 (1H, d, J = 8.9 Hz), 7.03 (1H, s), 7.12 (1H, 
s), 7.21 (1H, d, J = 8.7 Hz), 7.94 (1H, d, J = 5.5 Hz), 7.99–8.04 (3H, m), 8.37 
(1H, d, J = 8.1 Hz), 8.51 (2H, d, J = 7.3 Hz), 8.57 (1H, d, J = 8.7 Hz), 8.73 (1H, 
d, J = 5.5 Hz), 10.42 (1H, s), 10.61 (1H, s); 13C-NMR (125 MHz, DMSO-d6, δ / 
/ ppm): 22.9, 25.2, 34.6, 35.8, 45.4, 55.3, 100.1, 110.9, 111.6, 111.9, 116.2, 
120.7, 121.4, 123.1, 124.4, 126.0, 127.5, 128.2, 129.7, 130.9, 131.0, 131.3, 
132.4, 134.1, 134.7, 141.4, 144.0, 147.5, 152.9, 171.4, 171.5, 182.2; ESI-MS 
(m/z): 533 [M+H]+.  

N1-(2-(5-Methyl-1H-indol-3-yl)ethyl)-N4-(7-oxo-7H-dibenzo[de,h]quinolin-9- 
-yl)-(2Z)-2-butenediamide (5d). Yield: 0.52 g, 52 %; orange solid; Anal. Calcd. 
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for C31H24N4O3·H2O: C, 71.80; H, 5.05; N, 10.80 %. Found: C, 71.42; H, 5.22; 
N, 10.71 %; 1H-NMR (500 MHz, DMSO-d6, δ/ ppm): 2.63 (3H, s), 3.01 (2H, t, 
J = 6.9 Hz), 3.58–3.61 (2H, m), 7.02 (1H, d, J = 8.4 Hz), 7.20 (1H, s), 7.25 (1H, 
d, J = 8.2 Hz), 7.36 (1H, d, J = 8.5 Hz), 7.45 (1H, s), 8.13 (1H, d, J = 5.5Hz), 
8.19 (1H, dd, J1 = 7.5 Hz, J2 = 8.0 Hz), 8.29 (1H, d, J = 8.6 Hz), 8.56 (1H, d, J =  
= 8.2 Hz), 8.70 (1H, d, J = 7.2 Hz), 8.77 (1H, s), 8.82 (1H, dd, J1 = 4.4 Hz, J2 =  
= 4.9 Hz), 8.89–8.93 (2H, m), 10.84 (1H, s), 11.08 (1H, s); 13C-NMR (125 MHz, 
DMSO-d6, δ / ppm): 21.2, 24.9, 45.3, 110.9, 111.1, 116.5, 117.7, 120.6, 121.4, 
123.2, 124.6, 125.9, 126.9, 127.3, 128.1, 129.6, 130.8, 131.5, 132.2, 132.3, 
134.0, 134.5, 134.6, 134.7, 140.9, 143.9, 147.3, 162.7, 163.3, 169.5, 182.0; ESI- 
-MS (m/z): 501 [M+H]+.  

N1-(2-(5-Methyl-1H-indol-3-yl)ethyl)-N4-(7-oxo-7H-dibenzo[de,h]quinolin-9- 
-yl)butanediamide (5e). Yield: 0.55 g, 55 %; orange solid; Anal. Calcd. for 
C31H26N4O3: C, 74.09; H, 5.21; N, 11.15 %. Found: C, 74.45; H, 5.47; N, 10.86 
%; 1H-NMR (500 MHz, DMSO-d6, δ / ppm): 2.35 (3H, s), 2.49 (2H, t, J = 7.0 
Hz), 2.66 (2H, t, J = 6.9 Hz), 2.79 (2H, t, J = 7.5 Hz), 3.32–3.38 (2H, m), 6.88 
(1H, d, J = 8.2 Hz), 7.10 (1H, s), 7.22 (1H, d, J = 8.2 Hz), 7.29 (1H, s), 7.97 (1H, 
d, J = 5.4 Hz), 8.01–8.08 (2H, m), 8.41 (1H, d, J = 8.1 Hz), 8.53–8.54 (2H, m), 
8.72 (1H, d, J = 8.5 Hz), 8.76 (1H, d, J = 5.4 Hz), 10.46 (1H, s), 10.67 (1H, s); 
13C-NMR (125 MHz, DMSO-d6, δ / ppm): 21.2, 25.2, 30.1, 31.7, 45.4, 110.9, 
111.2, 116.0, 117.7, 120.5, 121.3, 122.4, 122.6, 124.2, 125.8, 126.4, 127.4, 
128.1, 129.5, 130.6, 130.7, 132.2, 134.0, 134.5, 134.6, 141.4, 143.8, 147.4, 
170.9, 171.1, 182.0. ESI-MS (m/z): 503 [M+H]+.  

N1-(2-(5-Methyl-1H-indol-3-yl)ethyl)-N5-(7-oxo-7H-dibenzo[de,h]quinolin-9- 
-yl)pentanediamide (5f). Yield: 0.44 g, 43 %; orange solid; Anal. Calcd. for 
C32H28N4O3·H2O: C, 71.89; H, 5.66; N, 10.48 %. Found: C, 71.77; H, 5.92; N, 
10.26 %; 1H-NMR (500 MHz, DMSO-d6, δ /ppm): 1.86–1.91 (2H, m), 2.18 (2H, 
t, J = 7.3 Hz), 2.36 (3H, s), 2.43 (2H, t, J = 7.2 Hz), 2.78 (2H, t, J1 = 7.7 Hz), 
3.30–3.34 (2H, m), 6.86 (1H, d, J = 8.2 Hz), 7.09 (1H, s), 7.20 (1H, d, J = 8.2 
Hz), 7.29 (1H, s), 7.98–8.01 (2H, m), 8.05 (1H, dd, J1 = 8.0 Hz, J2 = 7.4 Hz), 
8.11 (1H, d, J = 8.7 Hz), 8.43 (1H, d, J = 8.2 Hz), 8.55–8.58 (2H, m), 8.74 (1H, 
d, J = 8.6 Hz), 8.77 (1H, d, J = 5.5 Hz), 10.50 (1H, s), 10.69 (1H, s); 13C-NMR 
(125 MHz, DMSO-d6, δ / ppm): 21.1, 21.2, 25.2, 34.6, 35.8, 45.5, 110.9, 111.3, 
116.1, 117.7, 120.5, 121.3, 122.3, 122.5, 124.3, 125.8, 126.4, 127.4, 128.1, 
129.5, 130.7, 130.8, 132.2, 134.0, 134.5, 134.6, 141.4, 143.8, 147.4, 171.4, 
171.5, 182.1; ESI-MS (m/z): 517 [M+H]+.  

N1-(2-(5-Fluoro-1H-indol-3-yl)ethyl)-N4-(7-oxo-7H-dibenzo[de,h]quinolin-9- 
-yl)-(2Z)-2-butanediamide (5g). Yield: 0.57 g, 57 %; orange solid; Anal. Calcd. 
for C30H21FN4O3·H2O: C, 68.96; H, 4.44; N, 10.72 %. Found: C, 69.23; H, 
4.72; N, 10.51 %; 1H-NMR (500 MHz, DMSO-d6, δ / ppm): 2.88 (2H, t, J1 = 7.0 
Hz), 3.45–3.49 (2H, m), 6.91 (1H, t, J1 = 9.2 Hz, J2 = 9.0 Hz), 7.04–7.14 (2H, 
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m), 7.27–7.35 (2H, m), 7.99 (1H, d, J = 5.5 Hz), 8.03 (1H, dd, J1 = 7.6 Hz, J2 = 
= 8.2 Hz), 8.14 (1H, d, J = 8.0 Hz), 8.42 (1H, d, J = 8.1 Hz), 8.55 (1H, d, J = 7.1 
Hz), 8.62 (1H, s), 8.69 (1H, d, J = 5.3 Hz), 8.74–8.78 (2H, m), 10.94 (1H, s), 
10.97 (1H, s); 13C-NMR (125 MHz, DMSO-d6, δ / ppm): 24.7, 45.3, 102.9, 
111.9, 112.2, 116.5, 120.7, 121.4, 123.3, 124.6, 125.9, 127.4, 128.1, 129.6, 
130.8, 131.5, 132.3, 132.4, 132.8, 134.0, 134.6, 134.7, 140.8, 143.9, 147.3, 
157.5, 162.7, 163.3, 169.3, 181.9. ESI-MS (m/z): 505 [M+H]+.  

N1-(2-(5-Fluoro-1H-indol-3-yl)ethyl)-N4-(7-oxo-7H-dibenzo[de,h]quinolin-9- 
-yl)butanediamide (5h). Yield: 0.49 g, 48 %; orange solid; Anal. Calcd. for 
C30H23FN4O3: C, 71.14; H, 4.58; N, 11.06 %. Found: C, 70.86; H, 4.84; N, 
10.74 %; 1H-NMR (500 MHz, DMSO-d6, δ / ppm): 2.47 (2H, t, J = 7.2 Hz), 2.66 
(2H, t, J = 7.1 Hz), 2.79 (2H, t, J = 7.4 Hz), 3.32 (2H, t, J = 7.2 Hz), 6.87 (1H, t, 
J = 9.2 Hz), 7.24 (1H, s), 7.26–7.33 (2H, m), 7.98 (1H, d, J = 5.6 Hz), 8.03 (1H, 
t, J = 7.7 Hz), 8.07 (1H, d, J = 8.5 Hz), 8.41 (1H, d, J = 8.1 Hz,), 8.53–8.55 (2H, 
m), 8.72 (1H, d, J = 8.6 Hz), 8.77 (1H, d, J = 5.6 Hz), 10.48 (1H, s), 10.93 (1H, 
s); 13C-NMR (125 MHz, DMSO-d6, δ / ppm): 25.0, 30.1, 31.7, 45.4, 102.9, 
111.9, 112.2, 116.3, 120.5, 121.4, 124.2, 124.7, 125.9, 127.3, 127.4, 128.1, 
129.6, 130.8, 132.2, 132.7, 134.0, 134.6, 141.4, 143.9, 147.3, 155.6, 157.5, 
170.9, 171.0, 182.1; ESI-MS (m/z): 507 [M+H]+.  

N1-(2-(5-Fluoro-1H-indol-3-yl)ethyl)-N5-(7-oxo-7H-dibenzo[de,h]quinolin-9- 
-yl)pentanediamide (5i). Yield: 0.42 g, 40 %; orange solid; Anal. Calcd. for 
C31H25FN4O3: C, 71.53; H, 4.84; N, 10.76 %. Found: C, 71.77; H, 5.15; N, 
10.57 %; 1H-NMR (500 MHz, DMSO-d6, δ / ppm): 1.85–1.91 (2H, m), 2.18 (2H, 
t, J = 7.3 Hz), 2.42 (2H, t, J = 7.3 Hz), 2.79 (2H, t, J = 7.5 Hz), 3.30–3.33 (2H, 
m), 6.89 (1H, t, J = 9.1 Hz), 7.23 (1H, s), 7.27–7.33(2H, m), 7.97 (1H, d, J = 5.6 
Hz), 8.03 (1H, t, J = 7.9 Hz), 8.09 (1H, d, J = 8.6 Hz), 8.40 (1H, d, J = 8.2 Hz), 
8.53–8.56 (2H, m), 8.71 (1H, d, J = 8.6 Hz), 8.76 (1H, d, J = 5.6 Hz), 10.43 (1H, 
s), 10.93 (1H, s); 13C-NMR (125 MHz, DMSO-d6, δ / ppm): 21.3, 25.0, 34.5, 
35.7, 45.4, 102.9, 112.1, 116.1, 120.5, 121.3, 124.3, 124.6, 125.8, 127.3, 127.4, 
128.1, 129.6, 130.8, 130.9, 132.2, 132.7, 134.0, 134.6, 141.4, 143.8, 147.4, 
155.6, 157.4, 171.4, 171.5, 182.1. ESI-MS (m/z): 521 [M+H]+. 
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Abstract: In this study, nine known secondary metabolites were isolated from 
ethyl acetate and n-butanol extracts of Astragalus depressus L. (Fabaceae 
family), including one isoflavane, namely pendulone (1) and eight saponins, 
namely cyclogaleginoside A (2), astrasieversianin II (3), astrasieversianin IV 
(4), astrasieversianin VIII (5), astrasieversianin VI (6), astrasieversianin XIV 
(7), dehydrosoyasaponin I (8) and soyasaponin I (9). The structures of com-
pounds 1–9 were elucidated by spectroscopic methods, including 1D and 2D 
NMR, ESI mass spectrometry and comparison with literature data. 

Keywords: Fabaceae; Astragalus depressus; saponins; pendulone; NMR; ESI. 

INTRODUCTION 

Astragalus depressus L. belongs to the genus Astragalus L.,1 which is the 
largest genus in the Leguminosae (Fabaceae) family.2 This Mediterranean spe-
cies that is grazed by livestock is a perennial herb that grows in the rocks of the 
high mountains of Algeria.1  

Astragalus, a member of the tribe Galegeae under the subfamily Papiliono-
ideae (or Faboideae),3 is found mainly in the temperate and arid regions of the 
world. Several Astragalus species are used worldwide in traditional medicine as 
antiperspirants, diuretics, tonics, in the treatment of nephritis, diabetes, leukemia 
and uterine cancer.4,5 

In the course of previous investigations on Algerian Fabaceae plants, olea-
nane-type triterpene glycosides and flavonoids were isolated from Astragalus 
cruciatus Link3 and Lotus pusillus Medik.6 Saponins, cycloartane-type glyco-
sides particularly, are the major class of chemical compounds that were isolated 
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previously from Astragalus species. Saponin compounds are known to possess 
immunostimulating,7 cytotoxic8 and antiviral activities.9 

Hitherto, there have been no literature reports on the chemical constituents 
of A. depressus. A phytochemical investigation of the ethyl acetate and n-butanol 
extracts of this species was undertaken in order to determine its major com-
ponents, such as saponins, which could be helpful for the chemotaxonomic pro-
file of this species and Astragalus genus for further investigations. 

EXPERIMENTAL 

General 

UV spectra were recorded on a Beckman DU-600 spectrometer. Positive and negative 
ion mode mass spectra were obtained on a Bruker Esquire Ion trap spectrometer. 1D and 2D 
NMR spectra (COSY, HSQC, HMBC, TOCSY, NOESY and ROESY) were obtained on a 
Bruker Avance spectrometer (1H, 600 MHz, 13C, 150 MHz). Optical rotations were measured 
on a Perkin-Elmer 241 polarimeter. CC was performed on silica gel 60 (320–400 mesh) and 
Sephadex LH-20. Analytical and preparative (1 mm thickness) TLCs were run on silica gel 
(Kieselgel 60 F254, Merck). 

Plant material 

The plant material (aerial parts and roots) was collected in May 2011 nearby Khenchela 
(Algeria) and was identified by Prof. Bachir Oudjehih, Agronomic Institute of the University 
of Batna, where a voucher specimen was deposited, with the identification number 
659/LCCE. 

Extraction and isolation 

The air-dried and powdered whole plant of Astragalus depressus (800 g) was macerated 
with EtOH–H2O (70:30 V/V, 8 L×2) for 3 days at room temperature. After filtration and 
evaporation of the aqueous alcoholic solution, the aqueous residue (0.5 L) was extracted 
successively with petroleum ether, EtOAc and n-butanol (each solvent, 0.5 L×3). The solvents 
were removed under vacuum to yield the following extracts: petroleum ether (3 g), ethyl 
acetate (8 g) and n-butanol (40 g). The details related to isolation are given in the Supple-
mentary material to this paper. 

RESULTS AND DISCUSSION 

Nine known compounds were isolated from the ethyl acetate and n-butanol 
extracts of A. depressus, including eight saponins and one isoflavan. The struc-
tures of the compounds (Fig. 1) were identified clearly by comparison of 1H- and 
13C-NMR data, ESI mass spectra and values of optical rotation with published 
data. The isolated compounds were identified as pendulone (1),10,11 cyclogalegi-
noside A (2),12 astrasieversianin II (3),13 astrasieversianin IV (4),13 astrasiever-
sianin VIII (5),13 astrasieversianin VI (6),13 astrasieversianin XIV (7),13 dehyd-
rosoyasaponin I (8)14 and soyasaponin I (9).15 

Pendulone (1) was previously found in Millettia pendula,16 Oxytropis fal-
cata17 and Astragalus membranaceus18 that belong to the Fabaceae family. This 
is the second report of the occurrence of pendulone in the Astragalus genus. This 
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isoflavan has potent leishmanicidal activity10 and showed potent anti-tumor-pro-
moting activity.19 
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Fig. 1. Structures of compounds 1–9; 3 – R1 = R2 = Ac, R3 = H; 4 – R1 = R2 = Ac, 
R3 = CH2OH; 5 – R1 = Ac, R2 = H, R3 = CH2OH; 6 – R1 = Ac, R2 = R3= H; 

7 – R1 = R2 = H, R3 = CH2OH; 8 – R1, R2 = O; 9 – R1 = αH, R2 = βOH. 

The cycloartane-type triterpene glycosides 2–7 isolated previously from 
several Astragalus species are considered as common saponins for the genus 
Astragalus.12,13,20–26  
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Dehydrosoyasaponin I (8) was found in many genera of the Fabaceae family, 
such as Medicago satiνa27 and Pisum sativum L.28 This study reports its first 
identification in the Astragalus genus. Soyasaponin I (9) was identified previ-
ously from several Astragalus species, such as A. crysopterus,29 A. shikokianus30 
and A. trimestris31 besides some other Fabaceae genus, such as Pisum,28 Hedy-
sarum32 and Melilotus.33 

CONCLUSIONS 

This is the first report on the chemical composition of Astragalus depressus. 
This work, which is in full agreement with the previous studies performed on the 
Astragalus genus, confirmed the importance of saponins as major compounds of 
this genus. Soyasaponin I (9), largely distributed in Fabaceae plants, is used as a 
chemotaxonomic marker for the family Fabaceae and Astragalus genus.34 

To the best of our knowledge, the full 1H- and 13C-NMR data of pendulone 
(1) and cyclogaleginoside A (2) are given here for the first time. 

SUPPLEMENTARY MATERIAL 

The experimental details about isolation of the fractions, as well as the characterization 
data for pendulone (1) and cyclogaleginoside A (2) are available electronically from http://  
//www.shd.org.rs/JSCS/, or from the corresponding author on request. 
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И З В О Д  
ИЗОФЛАВОНИ И САПОНИНИ ИЗОЛОВАНИ ИЗ Astragalus depressus L. 
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Током овог истраживања изоловано је девет познатих секундарних метаболита из 
етил-ацетатног екстракта и n-бутанолног екстракта Astragalus depressus L. (Fabaceae 
фамилија), и то пендулон (1) и осам сапонина, циклогалегинозид A (2), астрасивер-
сијанин II (3), астрасиверсијанин IV (4), астрасиверсијанин VIII (5), астрасиверсијанин 
VI (6), астрасиверсијанин XIV (7), дехидросојасапонин I (8) и сојасапонин I (9). Струк-
туре једињења 1–9 утврђене су спектроскопским методама које подразумевају 1D и 2D 
NMR спектроскопију и ESI масену спектрометрију и поређене са подацима из лите-
ратуре. 

(Примљено 26. маја, ревидирано 14. септембра, прихваћено 16. септембра 2014) 
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ISOLATION OF THE FRACTIONS 

7 g of ethyl acetate extract were subjected to vacuum liquid chromatography (VLC) 
using silica gel as the stationary phase (5 cm×5 cm; fractions of 100 mL). The elution was 
performed with a gradient of solvents CHCl3–MeOH (100:0, 99:1, 95:5, 90:10, 80:20 and 
70:30 V/V) and then CHCl3–MeOH–H2O (70:30:1, 70:30:3, 70:30:5, 70:30:7, 60:40:7 and 
50:50:1 V/V/V). Fractions having similar TLC profiles were pooled to give 10 fractions (F1– 
–F10). Fraction F4 (1.3 g) was applied to silica gel CC (70 cm×5 cm, fractions of 50 mL) and 
eluted with CHCl3–MeOH (100:0, 99.5:0.5, 99:1, 95:5, 93:7, 90:10 and 80:20 V/V) to obtain 8 
fractions. The fractions (175 mg) eluted with CHCl3–MeOH (99:1 and 95:5 V/V) were puri-
fied on Sephadex LH-20 CC (40 cm×2.5 cm, fractions of 30 mL), eluted with CHCl3 to 
provide two compounds 1 (15 mg) and 4 (5 mg). Fraction F5 (1.34 g) was chromatographed 
over silica gel column (70 cm×5 cm, fractions of 50 mL) using a CHCl3–MeOH gradient 
system as for F4 providing 15 fractions. Fractions (130 mg) eluted with CHCl3–MeOH (95:5 
V/V) were purified on Sephadex LH-20 CC (40 cm×2.5 cm, fractions of 30 mL) using CHCl3 
as eluent to give 7 mg of 3. The fraction (34 mg) eluted with CHCl3–MeOH (95:5 V/V) was 
purified by silica gel column chromatography (30 cm×2.5 cm, fractions of 20 mL) eluted with 
CHCl3–MeOH (100:0, 99:1, 95:5 and 93:7 V/V) to yield pure compound 6 (4 mg). Fraction 
(38 mg) eluted with CHCl3–MeOH (95:5 V/V) was chromatographed through a silica gel SiO2 
column (30 cm×2.5 cm, fractions of 20 mL) using a gradient of CHCl3–MeOH (97:3, 96:4, 
95:5, 94:6 and 93:7 V/V) to give 2 (5.8 mg). Fraction F7 (614 mg) was subjected to silica gel 
CC (50 cm×3 cm, fractions of 30 mL) eluting with CHCl3–MeOH (100:0, 99.5:0.5, 99:1, 95:5 
and 90:10 V/V) to give 5 fractions. Fractions (25 mg) eluted with CHCl3–MeOH (90:10 V/V) 
were purified by preparative TLC using CH2Cl2–MeOH (75:25) yielding 2 mg of 5. 

The n-butanol extract (8 g) was subjected to reversed phase RP-18 vacuum liquid 
chromatography (VLC) using a gradient of solvents water–methanol (80:20, 60:40, 20:80 and 
0:100 V/V). Fractions having similar TLC profiles were pooled to afford 10 fractions (F1 to 
F10). Fraction F4 (545 mg) was subjected to silica gel CC (50 cm×3 cm, fractions of 30 mL) 
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and eluted with CHCl3–MeOH (100:0, 99:1, 98:2, 97:3, 95:5, 90:10, 80:20, 70:30 and 60:40 
V/V) to provide 20 fractions. Fractions (50 mg) eluted with CHCl3–MeOH (95:5 and 90:10 
V/V) were precipitated in acetone to obtain 10 mg of 7. The fraction (26.6 mg) eluted with 
CHCl3–MeOH (60:40 V/V) was purified on TLC RP-18 using MeOH–H2O (80:20 V/V) as 
eluent, which enabled the isolation of 9 (5 mg). Fraction F5 (330 mg) was applied to silica gel 
CC (50 cm×3 cm, fractions of 30 mL) eluting with CHCl3–MeOH–H2O (90:10:0.5, 90:10:1, 
80:20:1, 80:20:2, 70:30:2 and 70:30:3 V/V/V) to give 3 mg of 8. 

CHARACTERIZATION DATA FOR COMPOUNDS 1 AND 2 

  
 Structure of pendulone (1) Structure of cyclogaleginoside A (2) 

Pendulone (1). Red powder; 1H-NMR (600 MHz, CDCl3, δ / ppm): 2.72 
(1H, dd, J = 16.0, 6.2 Hz, H-4b), 3.05 (1H, dd, J = 16.0, 6.2 Hz, H-4a), 3.45 (1H, 
qd, J = 6.2, 2.5 Hz, H-3 ), 4.04 (6H, s, OCH3), 4.07 (1H, dd, J = 10.6; 6.2 Hz, 
H-2b), 4.27 (1H, dd, J = 10.6, 2.5 Hz, H-2a), 4.97 (1H, br s, 7-OH), 6.34 (1H, d, 
J = 2.5 Hz, H-8), 6.39 (1H, s, H-6′), 6.43 (1H, dd, J = 8.3, 2.5 Hz, H-6), 6.93 
(1H, d, J = 8.3 Hz, H-5); 13C-NMR (150 MHz, CDCl3, δ / ppm): 28.9 (CH2, C-4), 
30.8 (CH, C-3), 61.2 (CH3, 4′-OMe), 61.4 (CH3, 3′-OMe), 68.1 (CH2, C-2), 
103.4 (CH, C-8), 108.8 (CH, C-6), 112.3 (C, C-4a), 130.4 (CH, C-5), 131.0 (CH, 
C-6′), 144.6 (C, C-4′), 145.1 (C, C-3′), 146.6 (C, C-1′), 154.7 (C, C-8a), 155.2 
(C, C-7), 183.5 (C, C-2′), 184.1 (C, C-5′); ESI-MS (m/z (relative abundance, %)): 
339 ((M+Na)+, 100); optical rotation, α (589 nm, 20 °C, 10 g dm–3 in MeOH, 10 
cm): –70.3°. 

Cyclogaleginoside A (2). Amorphous powder; 1H-NMR (600 MHz, CD3OD, 
δ / ppm): 0.28 (1H, d, J = 4.3 Hz, H-19exo), 0.60 (1H, d, J = 4.3 Hz, H-19endo), 
0.93 (3H, s, H-29), 1.02 (3H, s, H-30), 1.14 (3H, s, H-26), 1.22 (2H, m, H-1b, 
H-11b), 1.22 (3H, s, H-28), 1.23 (3H, s, H-21), 1.28 (3H, s, H-27), 1.29 (3H, s, 
H-18), 1.37 (2H, m, H-5, H-15b), 1.38 (1H, m, H-7b), 1.48 (1H, dt, J = 12.1, 4.1 
Hz, H-7a), 1.56 (1H, td, J = 13.2, 2.4 Hz, H-1a), 1.65 (2H, m, H-2b, H-22b), 1.68 
(2H, m, H-12a, H-12b), 1.82 (1H, dd, J = 12.1, 4.1 Hz, H-8), 1.96 (1H, m, H-2a), 
1.97 (1H, dd, J = 12.9, 7.8 Hz, H-15a), 2.04 (1H, m, H-11a), 2.05 (2H, m, H-23a, 
H-23b), 2.38 (1H,d, J = 7.8 Hz, H-17), 2.63 (1H, q, J = 10.7 Hz, H-22a), 3.17 
(1H, dd, J = 11.6, 4.5 Hz, H-3), 3.22 (1H, t, J = 10.7 Hz, H-5′b), 3.45 (1H, td, 
J = 9.6, 4.1 Hz, H-6), 3.46 (1H, t, J = 9.3 Hz, H-3′), 3.56 (1H, ddd, J = 10.7, 9.3, 
5.4 Hz, H-4′), 3.78 (1H, dd, J = 8.3; 6.0 Hz, H-24), 3.86 (1H, dd, J = 10.7, 5.4 

_________________________________________________________________________________________________________________________

(CC) 2015 SCS. All rights reserved.

Available on line at www.shd.org.rs/JSCS/



S30 MAAMRIA et al. 

Hz, H-5′a), 4.42 (1H, d, J = 7.9 Hz, H-1′), 4.68 (1H, q, J = 7.8 Hz, H-16), 4.73 
(1H, dd, J = 9.3, 7.9 Hz, H-2′), additional signal: 2.10 (3H, s, OAc); 13C-NMR 
(150 MHz, CD3OD, δ / ppm): 15.0 (CH3, C-29), 19.1 (CH3, C-30), 20.4 (C, C-9), 
20.6 (CH3, C-18), 25.2 (CH3, C-26), 25.4 (CH2, C-11), 25.5 (CH2, C-23), 26.2 
(CH3, C-27), 27.1 (CH3, C-21), 27.2 (CH3, C-28), 29.0 (CH2, C-2), 29.2 (C, C-10), 
30.8 (CH2, C-19), 31.7 (CH2, C-1), 32.5 (CH2, C-12), 34.1 (CH2, C-22), 37.6 
(CH2, C-7), 41.4 (C, C-4), 44.5 (C, C-13), 45.4 (CH2, C-15), 45.6 (C, C-14), 47.3 
(CH, C-8), 53.0 (CH, C-5), 57.7 (CH, C-17), 65.5 (CH2, C-5′), 68.1 (CH, C-6), 
69.9 (CH, C-4′), 71.0 (C, C-25), 73.2 (CH, C-16), 74.3 (CH, C-2′), 74.8 (CH, C-3′), 
81.2 (CH, C-24), 86.9 (CH, C-20), 88.6 (CH, C-3), 103.8 (CH, C-1′), additional 
signals: 19.8 (CH3, OAc), 170.4 (C, OAc); ESI-MS (m/z (relative abundance, 
%)): 687 ((M+Na)+, 100); Optical rotation, α (589 nm, 20 °C, 10 g dm–3 in 
MeOH, 10 cm): +36.1°. 
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Abstract: The efficacy of percutaneous coronary intervention (PCI) is often 
compromised by the need for repeat revascularization because of restenosis 
development. Numerous studies have tried to establish the predictive value of 
different biochemical markers of restenosis, with conflicting results. The aim 
of this study was to assess the prognostic significance of inflammatory and 
lipid markers, and major antioxidant enzyme activity for the development of 
in-stent restenosis (ISR) following PCI. Serum high sensitive C-reactive pro-
tein (hs-CRP), soluble intercellular cell adhesion molecule-1 (sICAM-1), trans-
forming growth factor-beta (TGF-β), lipoprotein(a) (LP(a)) and oxidized low-
density lipoprotein (oxLDL) levels, as well as serum extracellular superoxide 
dismutase (EC-SOD) and catalase (CAT) activities were determined in 44 
patients before the stent implantation procedure, and after 6-month follow-up. 
The results after follow-up revealed that in patients that developed angiogra-
phically confirmed ISR, the increase in serum hs-CRP levels was significantly 
higher compared to those without stenosis. Stent implantation induced com-
pensatory increases in the activities of serum antioxidant enzymes at follow-up, 
with significantly lower CAT activity in patients with ISR, possibly contri-
buting to stenosis development. No significant changes in the circulating levels 
of ICAM-1, TGF-β, oxLDL and Lp(a) were observed between the groups. In 
conclusion, serum hs-CRP level and CAT activity may be considered as useful 
biochemical markers for monitoring patients during follow-up after stent imp-
lantation. 

Keywords: coronary restenosis; hs-CRP; EC-SOD; catalase; oxLDL; Lp(a). 
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INTRODUCTION 

Percutaneous coronary intervention (PCI) with stent implantation has revol-
utionized the management of coronary artery disease (CAD), enabling greater 
efficacy in the prevention of acute occlusions. The efficacy of PCI is limited 
because of the development of in-stent restenosis (ISR), a long-term compli-
cation that occurs in 20–30 % of patients 6 months after the procedure.1 Great 
efforts have been made in attempts to elucidate the molecular mechanism(s) lead-
ing to ISR, and to search for potential markers that would help identify patients at 
higher risk for ISR. 

Experimental studies showed that ISR is a complex and multifactorial pro-
cess strongly influenced by the inflammatory response of the arterial wall to stent 
deployment. Previous studies also reported that percutaneous coronary interven-
tions induce the production of vascular reactive oxygen species (ROS). The inc-
rease in ROS after stent implantation was shown to induce a chain reaction resul-
ting in oxidative stress, which could lead to endothelial dysfunction, neointimal 
formation, stent thrombosis and eventual restenosis.2 Stent implantation, in par-
ticular, can precipitate arterial intimal cellular proliferation and extracellular mat-
rix synthesis, which is mediated largely by inflammatory processes.3 There is 
evidence that inflammatory response further enhances oxidative stress in the 
growing lesions, while, on the other hand, oxidative stress, which has pro-inflam-
matory properties, could cause inflammation.4 Several studies suggested that res-
tenosis after PCI is associated with increased circulating levels of inflammatory 
markers, such as pro-inflammatory cytokines and C-reactive protein (CRP) before 
or after the procedure.5 Several studies demonstrated that CRP could induce 
oxidative stress in vitro. It was also published that cardiomyocytes from patients 
with CAD produce CRP locally and that human recombinant CRP induces sig-
nificant increase in the production of reactive species in endothelial cells, leading 
to a concentration-dependent induction of apoptotic cell death, which can be atte-
nuated in the presence of antioxidants.6  

Similar relations were shown with serum levels of other inflammatory mar-
kers, such as adhesion molecules (ICAM-1 or VCAM-1). It was noted that arte-
rial endothelial expression and raised serum concentrations of the soluble form of 
intercellular adhesion molecule-1 (sICAM) are implicated in the development of 
CAD after coronary artery bypass surgery.7 A significant correlation between 
raised concentrations of CRP and soluble ICAM1 concentrations after transplant-
ation was also reported.7 In addition, immunohistochemical analyses of human 
and animal samples showed that TGF-beta expression is upregulated following 
balloon- or stent-induced vascular injury.8 Furthermore, upregulation of TGF-
beta was shown to increase intimal thickening, whereas blockade of TGF-β atte-
nuated this process.9  

_________________________________________________________________________________________________________________________

(CC) 2015 SCS. All rights reserved.

Available on line at www.shd.org.rs/JSCS/



 ANTIOXIDANT ENZYME ACTIVITIES IN RESTENOSIS 145 

The characteristic histological finding of restenotic tissue is intimal hyper-
plasia, with a variable lipid component. This histological appearance suggests 
that similar cellular processes may play important roles in both atherogenesis and 
restenosis. Many previous studies revealed that serum levels of low- and high-
density lipoprotein cholesterol (LDL-C and HDL-C, respectively) are the major 
predictors of atherosclerotic coronary artery disease, and an inverse relation 
between HDL levels and the restenosis rate in patients following PCI was 
demonstrated,10 possibly attributed to the scavenger function of HDL cholesterol. 
In addition, it was shown that hypercholesterolemia is associated with increased 
level of oxidative stress, contributing to an increased oxidation of LDL.11 The 
accumulation of oxidized low-density lipoproteins (оxLDLs) in atherosclerotic 
lesions from coronary and carotid arteries was demonstrated,12 as well as an ele-
vation of circulating levels of оxLDLs in patients with unstable angina or acute 
myocardial infarction.13 Lipoprotein(a) [Lp(a)] is a low-density lipoprotein 
(LDL)-like particle in which apolipoprotein (apo)B-100 is bound by a disulfide 
bridge to apo(a).14 Lp(a) was identified in the atherosclerotic plaque and it was 
shown that Lp(a) plaque levels correlate with its concentration in plasma.15 In 
numerous reports, associations between elevated serum concentrations of Lp(a) 
and CAD, myocardial infarction, cerebrovascular disease and stenosis of coro-
nary artery bypass vein grafts were established.13,15 However, to the best of our 
knowledge, data on the association between the level of circulating оxLDL and 
Lp(a) with clinical outcome after coronary stenting are limited, even though 
some studies suggested that elevated plasma concentration of lipoprotein(a) 
could be a risk factor for restenosis after PCI.15  

Bearing in mind the role of inflammatory and lipid markers, as well as the 
serum antioxidative status, it was hypothesized that several inflammation (hs- 
-CRP, sICAM-1, TGF-β) and lipid markers (Lp(a), oxLDL), as well as the acti-
vity of major plasma antioxidant enzymes (EC-SOD and catalase) could be 
regarded as prognostic markers for the development of in-stent restenosis follow-
ing PCI.  

EXPERIMENTAL 

Study group 

The study group consisted of 81 consecutive patients with CAD who were successfully 
treated with either balloon coronary angioplasty or stent implantation in the Clinical Center of 
Montenegro during 2010 and 2011. Out of this cohort, 44 patients who had successful coro-
nary stent implantation underwent follow-up angiography and a series of biochemical anal-
yses were performed prior to PCI (percutaneous coronary intervention) (baseline) and at 
follow-up, 6 months after the procedure. All patients fulfilled the following criteria: confirmed 
myocardial ischemia, coronary vessel constriction (defined reduction > 50 % vessel lumen 
diameter), no contraindications to the administration of antiplatelet agents, and written agree-
ment to undergo follow-up angiography. Conventional clinical risk factors for CAD were 
recorded such as age, gender, current smoking habit (>5 cigarettes/day), hypertension (systolic 
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blood pressure >140 mm Hg, diastolic blood pressure >90 mm Hg or antihypertensive 
medication), and hyperlipidemia (total cholesterol > 5.17 mmol L-1, LDL-cholesterol > 2 
mmol L-1 or cholesterol-lowering medications). The patients received a single heparin inject-
ion (5000 I.U.) after obtaining blood sample and prior to PCI, followed by post-operative 
administration of treatment oral antiplatelet agents (aspirin, 100 mg and clopidogrel, 75 mg) 
that was continued throughout follow-up period.  

The clinical and angiographic exclusion criteria were fasting glucose levels > 6.5 mmol 
L-1, obesity (BMI > 25 kg m-2), acute or chronic inflammatory conditions, liver or kidney 
dysfunction, treatment with steroids, pregnancy and presence of mental disorders. The study 
was conducted in accordance with the principles of the Declaration of Helsinki. The study 
protocol was approved by the Ethical Committee of the Clinical Center of Montenegro and 
written informed consent was obtained from all patients for routine control angiographic 
examination after 6 months. 

Angiographic assessment 

Coronary intervention and angiographic assessment were performed with a digital angio-
graphic system (Siemens Axiom interventional cardiology systems), and quantitative coronary 
analysis (QCA) was performed on a digital angiographic workstation (Axiom Syngo artis zee 
family of C-arm system). Restenosis was defined as a percent diameter stenosis DS > 50 % at 
the site of the treated lesion in at least 2 orthogonal views. 

Laboratory tests 

Blood samples were obtained two hours before PCI (baseline), and at follow-up, 6 
months after the procedure, after fasting for at least 10 h. All the analyses were performed at 
the Center for Clinical Laboratory Diagnostics of the Clinical Center of Montenegro, unless 
stated otherwise. Peripheral venous blood (10 mL) was collected in the morning, after fasting 
for a minimum of 10 h. Serum was separated at 3000 rpm at 4 °C for 15 min. The supernatant 
was collected, and aliquots were stored at –80 °C until analysis. The presence of hemolysis 
was followed by measurement of plasma hemoglobin and all patients with hemoglobin con-
centration > 50 mg L-1 were excluded from the study. Serum levels of glucose, triacylglycerol, 
cholesterol, VLDL and LDL were determined using standard commercial kits (Abbott Labor-
atories), whereas the concentration of hs-CRP was determined using laser nephelometry (BNII 
Siemens). The concentrations of ICAM-1, TGF-β, Lp(a) and oxLDL were determined emp-
loying a ChroMate 4300 microplate reader (Awareness Technology Inc., Palm City, FL, USA) 
using enzyme-linked immunosorbent assays (DRG International, Springfield, NJ, USA) at the 
Laboratory for Research at the Faculty of Medicine, University of Montenegro. Measurement 
of the serum activity of antioxidative enzymes was performed at the Institute of Medical and 
Clinical Biochemistry, Faculty of Medicine, Belgrade, Serbia. The superoxide dismutase 
(SOD) activity in serum was measured spectrophotometrically, using the method of Misra and 
Fridovich, based on the ability of SOD to inhibit auto-oxidation of epinephrine at alkaline pH 
(pH 10.2).16 Catalase activity was determined spectrophotometrically by measureing the 
degradation of H2O2 using ammonium molybdate.17  

Statistical analysis 

Data are expressed as mean ± SD or median, as indicated in the text or Figure legends. 
The student’s t-test was used to compare differences between continuous variables. The sig-
nificance of differences between the frequencies of incidence of risk factors was tested using 
the χ2-test. P values < 0.05 were considered significant. All statistical calculations were 
realized using a trial version of IBM 17 SPSS for Windows. 
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RESULTS AND DISCUSSION 

The results of role of the investigated inflammatory (hs-CRP, sICAM-1 and 
TGF-β) and lipid (Lp(a) and oxLDL) markers, as well as the serum antioxidative 
status and their prognostic significance for the development of ISR following 
PCI are as follows. 

Baseline characteristics 

Of the 44 patients who underwent stent implantation, 31 (70.5 %) were male 
and 13 (29.5 %) were female and all were between the ages of 38 and 75 
(56.0±5.5 years). In-stent restenosis (ISR) occurred within 6 months of stent 
implantation in 8 patients (18.2 %). In univariate analysis, age and gender did not 
differ between the groups with and without restenosis (p > 0.05). No significant 
association between restenosis and hypercholesterolemia, hypertension or smok-
ing was observed (Table I). However, there were significant differences in posi-
tive family history for CAD and previous angina. 

TABLE I. Baseline characteristics of the patients stratified by stent implantation with reste-
nosis or without restenosis. CAD - coronary artery disease; Values are mean ± SD, *p < 0.05 

Risk factor No restenosis (n = 36) Restenosis (n = 8) 
Age, years 60.2±8.1 61.2±7.3 
Male, % 69.4 75.0 
Smoking, % 44.4 33.3 
Hypercholesterolemia, % 55.6 33.3 
Hypertension, % 75.0 66.7 
Family history for CAD, % 33.3 55.6 * 
Previous angina, % 36.1 50.0 * 

This study focused on the association between the biochemical risk factors 
(inflammatory biomarkers, level of anti-oxidant protection and lipid markers) and 
ISR as an adverse event following coronary angioplasty and stent implantation. 
Moreover, the standard panel of biochemical analyses (serum concentration of 
glucose, triacylglycerol, cholesterol, VLDL, LDL, HDL, troponin I, AST, CK-MB 
and cystatin C) was also performed at the same time points, in order to assess the 
patients glycemic and lipid profile (Table II). No significant difference was 
observed in the biochemical profile neither at the pre-procedural time point nor 
after 6-month follow-up between the patients without restenosis and those deve-
loping ISR. 

Inflammatory biomarkers in restenosis 

Even though it is well established that multiple factors can contribute to ISR, 
the underlying mechanisms remain elusive. Numerous studies in animal models 
and on human arterial segments in vitro have reported the critical role of inflam-
mation in the restenotic process, either because of pre-existing inflammatory lesion, 
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TABLE II. Biochemical parameters determined in serum of those that underwent stent 
implantation prior to PCI (baseline) and after 6-month follow-up; values are mean ± SD; 
p > 0.05 

Parameter 
No stenosis In-stent restenosis 

Baseline Follow-up Baseline Follow-up 
Glucose, mmol L-1 5.05±0.75 4.85±0.69 5.17±0.64 4.92±0.45 
Triacylglycerol, mmol L-1 2.08±0.85 2.07±0.78 1.79±1.07 1.63±0.87 
Cholesterol, mmol L-1 5.63±1.03 5.44±0.99 4.60±0.9 5.43±1.83 
VLDL / mmol L-1 1.47±1.08 1.54±1.18 2.28±2.04 2.04±1.73 
LDL / mmol L-1 3.83±0.74 3.70±0.54 3.81±1.32 3.69±1.08 
HDL / mmol L-1 1.06±0.26 1.05±0.25 1.14±0.16 1.13±0.16 
AST / U L-1 21.25±7.18 24.74±14.25 18.75±5.52 21.68±10.21 
CK-MB / U L-1 16.0±0.32 16.97±6.64 15.6±3.73 19.48±5.06 
Troponin I, ng L-1 0.05±0.04 0.17±0.44 0.02±0.01 0.08±0.16 
Cystatin C, ng L-1 0.88±0.22 0.90±0.20 0.8±0.17 0.79±0.17 

or an inflammatory response developing after the procedure. However, the data 
regarding the relationship between inflammatory marker levels prior to PCI and 
after the follow-up period in human subjects have been somewhat controversial. 
Some reports revealed association between the hs-CRP concentration before the 
intervention and restenosis during the following 6–12 months,5 whereas other 
studies failed to establish a relationship between ISR and preprocedural hs-CRP 
levels.18 Hence, the aim of the present study was to investigate the serum hs-CRP 
level both before and 6 months after PCI, and to assess if an increase in the hs-
CRP level during the follow-up period was be more pronounced in patients with 
angiographically confirmed restenosis. The obtained results showed that the 
preprocedural hs-CRP level was not significantly different between patients with 
no stenosis and those developing ISR (p = 0.8117, Fig. 1). However, the increase 
in serum hs-CRP concentrations after 6-month follow-up was more pronounced 
(p = 0.029) in patients who developed restenosis (from 9.08±6.53 to 13.91±5.53 
mg L–1), compared to those without ISR (10.29±0.29 to 12.27±6.48 mg L–1, Fig. 
1). It was previously demonstrated that stent deployment itself is associated with 
an increase in the hs-CRP level up to 48 h after the procedure, resulting in an inc-
reased ISR rate.19 Elevated hs-CRP levels were also associated with increased 
rate of death or myocardial infarction 30 days after stenting, most likely due to 
the pro-thrombotic action of CRP.19 The present results confirmed the previously 
published data that the post-intervention rise in inflammatory markers reflected 
the inflammatory response,18 and indicated towards a link between raised post-
intervention CRP levels and development of ISR. This rise in the hs-CRP level 
may be an indicator of the extent of inflammation in atheromatous lesions, and 
such plaques could be prone to the development of ISR. Moreover, CRP 
appeared to be involved in foam cell formation, promotion of monocyte chemo-
taxis and facilitation of LDL (low-density lipoprotein) uptake by macrophages in 
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vitro.20 These findings suggest that CRP may play a causal role in vascular dis-
ease and therefore could be considered as a possible target of therapy. 

Fig. 1. The concentration of high-sen-
sitivity CRP (hs-CRP) in the serum of 
patients that underwent stent implant-
ation prior to PCI (baseline) and after 
6-month follow-up. * – p < 0.05 com-
pared to baseline enzyme activity, # –  
p < 0.05, compared to patients without 
stenosis at the same time point. 

One of the events contributing the inflammatory response following PCI is 
leukocyte activation and infiltration (e.g., monocyte, T-lymphocyte and granulo-
cyte). Vascular injury induced by PCI may upregulate local cytokine expression 
leading to the release of pro-inflammatory factors. The cytokines released from 
activated macrophages, smooth muscle cells, lymphocytes and cells forming the 
vascular wall may stimulate neointimal formation.15 Animal models showed that 
various cell components of the vascular wall express adhesion molecules, such as 
ICAM-1 or VCAM-1, for up to 30 days after balloon injury, which facilitates 
leukocyte interaction with the arterial wall.21 Furthermore, inflammatory cyto-
kines, such as tumor necrosis factor-α or interleukin-1, stimulate adhesion mole-
cule expression, and these cytokines were shown to be upregulated at the arterial 
site after angioplasty.22 However, results of studies that investigated the use of 
sICAM-1 as a biomarker of prognosis for cardiovascular disease are contradict-
ory.23 In this study, it was evaluated whether the levels of circulating adhesion 
molecule ICAM increased following the development of ISR. The results failed 
to confirm changes in sICAM-1 in the group of patients with ISR, compared to 
patients without stenosis (Table II). These results are in accordance with a pre-
viously published study that suggested a more dominant role for sVCAM-1, but 
not sICAM-1, in development of restenosis following PCI.24  

The role of the transforming growth factor-beta (TGF-β) in restenosis has 
been studied for over two decades. TGF-β is a family of cytokines with a variety 
of functions, including fibrosis, growth, differentiation and apoptosis. Both 
human and animal studies demonstrated that TGF-β is upregulated at sites of vas-
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cular injury. However, emerging data indicated that the role of TGF-β in reste-
nosis is complex, and could be attributed not only to TGF-β-mediated vascular 
fibrosis, but to intimal thickening and arterial remodeling as important events in 
restenosis development.9 In animal studies, systemic suppression of TGF-β acti-
vity accelerated the development of atherosclerosis, but in humans, the plasma 
TGF-β concentration was found to be negatively correlated with atheroscle-
rosis.25 In the present study, the plasma TGF-β concentration did not differ in 
patients with ISR, in comparison with patients without stenosis, neither before 
the procedure nor after 6-month follow-up (Table II). Even though most studies 
are based on the rationale that TGF-β promotes intimal hyperplasia, it appears 
that some components of the TGF-β signaling cascade may favor outward or 
adaptive remodeling.9 Therefore further studies are required to help delineate the 
multifunctional role and mechanisms of TGF-β signaling in different restenotic 
lesions. 

Antioxidative enzyme activity in restenosis 

Previous studies on the mechanisms of restenosis post-balloon angioplasty 
showed increased oxidative stress and impaired redox processes as possible 
factors contributing to restenosis development.26 Although the mechanisms 
participating in redox imbalance are not fully elucidated, it is certain that the 
increased oxidative stress is in close association with the inflammatory response 
that is observed following stent implantation. It was shown that the oxidative 
stress in the vascular wall developed immediately after the procedure, and 
persisted during all stages of ISR, including the stage of neointimal hyperplasia 
(proliferation and migration of smooth muscle cells and synthesis of an extra-
cellular matrix), which is the leading mechanism of ISR development.26 In 
addition, active forms of oxygen are known to modify the aggregation functions 
of platelets, thus also contributing to restenosis development.27  

In contrast to the role of ROS in immune defense against microbial agents, 
ROS in vascular cells could be regarded as signaling molecules,4 playing a role 
in activation and expression of pro-atherogenic genes.28 Signal transmission via 
ROS occurs at free sulfhydryl groups of cysteine residues, which are present in 
many enzymes, including kinases, phosphatases, phospholipases, etc., as well as 
transcriptional factors (e.g., NF-κB). For instance, reactive oxygen species (ROS) 
are known to stimulate TGF-β-induced gene expression via Smad-dependent and 
Smad-independent pathways.9  

Bearing in mind the important role of oxidative stress in ISR development, 
the protective scavenging function of plasma enzymes seems crucial to prevent 
the deleterious action of ROS. The most important plasma enzymes participating 
in scavenging activity are extracellular superoxide dismutase (EC-SOD), a major 
component of antioxidative defense in blood vessels, and catalase.29 EC-SOD 
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represents a major defense system against superoxide, being a target for oxidative 
damage as well. It also inhibits the reaction between superoxide and NO, main-
taining endothelium-dependent vasodilatation.30 Numerous studies provided evi-
dence that decreased activity of antioxidant enzymes contributed to development 
of atherosclerosic lesions, but the data on EC-SOD activity in heart diseases were 
not consistent. It was shown that the levels of EC-SOD protein appearing in the 
plasma was reduced in subjects with coronary artery disease,31 or history of 
miocardial infarction.32 In addition, the activities of EC-SOD and catalase in 
blood of patients with myocardial infarction after reperfusion were shown to be 
significantly decreased compared to the controls.33 It was also reported that local 
gene therapy with EC-SOD in atherosclerotic hyperlipidemic rabbits could inhi-
bit ISR.29 However, other studies failed to establish a difference in activities of 
EC-SOD and catalase between patients that developed in-stent restenosis, com-
pared to those with CAD, but no stenotic lesions.33  

In the present study, the serum EC-SOD activity was increased after 6-month 
follow up in patients without stenosis (from 67.3±9.49 to 108.92±12.87 U mL–1, 
p < 0.01), as well as in patients with ISR (73.4±11.98 to 117.28±11.96 U mL–1, 
p < 0.05). However, no significant change in the rate of increase in EC-SOD 
activity was observed after 6-month follow-up between the two groups, as shown 
in Fig. 2 (p > 0.05). Given the role of SOD in dismutation of superoxide anions, 
it is possible that the observed increase in its activity after follow-up was an 
adaptive phenomenon in response to increased O2•– concentration that inevitably 
follows stent implantation. It is important to note that, in this study, only EC-
SOD released into the plasma was determined, whereas the majority of enzyme 
remained attached to endothelial cell membrane glycoproteins. It is possible that, 
although there was increased EC-SOD release into plasma after follow-up in both 

 
Fig. 2. SOD (A) and catalase (B) activities in the serum of patients that underwent stent 

implantation prior to PCI (baseline) and after 6-month follow-up. * – p < 0.05 compared to 
baseline enzyme activity, # – compared to patients without stenosis at the same time point. 

_________________________________________________________________________________________________________________________

(CC) 2015 SCS. All rights reserved.

Available on line at www.shd.org.rs/JSCS/



152 PANTOVIĆ et al. 

groups, there will be a difference in overall amount of available enzyme between 
patients with ISR and patients without stenosis, as suggested previously.29 

SOD dismutates O2•– into H2O2, which, in turn, is scavenged by catalase. It 
was shown that CRP can directly induce ROS formation in endothelial progenitor 
cells (EPC) by inducing expression of MnSOD and down regulating glutathione 
peroxidase expression, leading to excessive production of H2O2, resulting in 
H2O2-induced EPC death.31 In addition, increased H2O2 production in patients 
with restenosis was reported.34 The protective role of catalase against hydrogen 
peroxide-induced endothelial cell injury was documented in vitro and in animal 
models. Catalase overexpression protected the endothelium of human aorta 
against apoptosis caused by the oxidized forms of low-density lipoproteins 
(oxLDL),35 whereas a 3-day catalase treatment in vivo decreased the blood pres-
sure of spontaneously hypertensive wild-type mice and ameliorated the ex vivo 
function of the aorta endothelium.36 In the present study, the increased EC-SOD 
activity during follow-up resulted in increased availability of the catalase sub-
strate (H2O2). The present results showed that the increase in catalase activity 
(X ± SD) was significantly lower in patients with ISR after 6-month follow-up – 
from 51.61±12.84 U L–1 at the baseline to 87.06±12.90 U L–1 after follow-up 
(p = 0.0036), In patients without stenosis the changes were from 54.07±12.66 to 
119.25±29.86 U L–1 (p = 0.0001) compared to subjects without stenosis, as 
shown in Fig. 2. The difference between the groups at follow-up was statistically 
significant (p = 0.0142), despite the difference in the sample size. The data 
showed, for the first time, that a decrease in catalase protective activity might be 
one of the factors contributing to the development of ISR.  

Lp(a) and oxLDL in restenosis 

The role of lipoproteins as risk factors for the development of coronary res-
tenosis after PCI was investigated in several studies. Lp(a) was independently 
associated with the presence of coronary atherosclerosis on angiography in the 
general population.13 However, there are fewer data on the role of Lp(a) in pat-
ients with established CAD, implicating that Lp(a) might be less predictive of 
vascular risk in patients with established vascular disease.37 Since it was shown 
that Lp(a) has a high degree of homology to plasminogen, thus inhibiting plas-
minogen activation,14 the hypothesis was that patients with elevated Lp(a) con-
centrations in blood may have a greater tendency to thrombosis, after platelet 
activation initiated by arterial injury during stent implantation, leading to inc-
reased growth factor release and a propensity to coronary restenosis.  

In the present study, the preprocedural level of Lp(a) was higher in patients 
that had developed ISR, but due to small sample number of patients included in 
the study, it did not reach the level of significance (Table III). Further studies are 
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needed to help clarify how relevant the Lp(a) concentration might be as a pre-
dictive factor for ISR. 

TABLE III. Concentration of soluble intercellular cell adhesion molecule-1 (sICAM-1), and 
transforming growth factor-beta (TGF-β) in serum of patients that underwent stent implant-
ation prior to PCI (baseline) and after 6-month follow-up; values are mean ± SD 

Species 
No stenosis In-stent restenosis 

Baseline Follow-up Baseline Follow-up 
sICAM-1 / ng mL-1 62.68 ± 12.49 62.02 ± 17.84 60.55 ± 18.54 59.91 ± 17.25 
TGF-β / pg mL-1  248.61 ± 24.39 244.47 ± 26.32 228.38 ± 52.26 246.13 ± 48.78 

It was shown that oxLDL impairs endothelium relaxation by inhibition of the 
expression of eNOS,37 reduces the responsiveness of smooth muscle cell to 
NO,71 induces the expression of adhesion and inflammatory molecules.38 All of 
the above contribute directly to dysfunction of the endothelium. OxLDL levels, 
auto-antibodies against epitopes of oxLDL and oxLDL:LDL ratio39 were inde-
pendently associated with increased risk for coronary atheromatosis and ischemic 
heart disease, with increased levels of oxLDL and MDA-LDL being related to 
plaque instability. However, other studies failed to find a significant association 
between oxLDL and clinical presentation of coronary artery disease or rate of 
complications in the first year after coronary stenting.40 In the present study, the 
plasma concentration of oxLDL was increased after 6-month follow-up, with a 
trend of more pronounced increase in the group with ISR, but further study 
including larger number of patients with restenosis is required to assess whether 
this finding is relevant (Table IV). 

TABLE IV. Concentration of oxLDL and Lp(a) in serum of patients that underwent stent 
implantation prior to PCI (baseline) and after 6-month follow-up; values are mean ± SD 

Species 
No stenosis In-stent restenosis 

Baseline Follow-up Baseline Follow-up 
oxLDL / U L-1 169.10±20.23 182.47±17.02 166.19±15.36 188.02±14.22 
Lp(a) / U L-1 194.28±68.71 195.11±52.64 209.55±480.90 191.35±33.13 

Further investigation is required to determine the appropriate biochemical 
markers and the algorithm of their changes during follow-up will ameliorate 
diagnostic and prognostic assessment of patients undergoing PCI. Taking into 
account the fact that PCI has replaced more invasive surgical procedures for deal-
ing with coronary stenosis, and that it has become the golden standard for treat-
ment of acute myocardial infarction, follow-up of these patients and early detect-
ion of complications of myocardial ischemia using serum/plasma markers could 
contribute to better selection of patients for which the invasive procedure of fol-
low-up angiography is indicated. 
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CONCLUSIONS 

Based on the results of this and other studies, it may be concluded that 
inflammatory processes and oxidative stress play important roles in the formation 
of in-stent restenosis after coronary stent implantation. It is proposed that the 
serum hs-CRP level and catalase activity may be useful for monitoring and plan-
ning management of patients during follow-up after stent implantation, but war-
rants confirmation by larger, well-designed prospective and randomized studies.  

STUDY LIMITATIONS 

The main limitation of this study is the relatively small number of patients, 
as only patients that fulfilled the inclusion criteria and who were subjected to 
follow-up angiography were included in the study. 

LIST OF ABBREVIATIONS 

PCI – percutaneous coronary intervention  
ISR – in-stent restenosis 
CAD – coronary artery disease 
hs-CRP – high sensitive C-reactive protein 
sICAM-1 – soluble intercellular cell adhesion molecule-1 
sVCAM-1 – soluble vascular cell adhesion molecule-1 
TGF-β – transforming growth factor-beta 
Lp(a) – lipoprotein(a) 
oxLDL – oxidized low-density lipoprotein  
SOD – superoxide dismutase  
CAT – catalase  
ROS – reactive oxygen species 
EPC – endothelial progenitor cells 
LDL-C – low-density lipoprotein cholesterol 
HDL-C – high-density lipoprotein cholesterol 
VLDL – very low-density lipoprotein 
LDL – low- density lipoprotein 
HDL – high-density lipoprotein 
AST – aspartate transaminase 
NF-κB – nuclear factor kappa 
CK-MB – creatine kinase-MB 
eNOS – endothelial NO synthase 
MDA – malondialdehyde 
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И З В О Д  
ПОКАЗАТЕЉИ ЗАПАЉЕЊА И АКТИВНОСТ ЕНЗИМА АНТИОКСИДАТИВНЕ ЗАШТИТЕ 

КОД РЕСТЕНОЗЕ НАКОН ПЕРКУТАНЕ КОРОНАРНЕ ИНТЕРВЕНЦИЈЕ  
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за клиничко-лабораторијску дијагностику, Клинички центар Црне Форе, Подгорица 

, 3Центар за радиолошку дијагностику, Клинички центар Црне Горе, Љубљанска бб, Подгорица, Црна 
гора, 4Клиника за кардиологију, Клинички центар Србије, Београд, 5Медицински факултет, 

Универзитет у Београду, Београд, 6Институт за медицинску и клиничку биохемију, Медицински 
факултет, Универзитет у Београду, Пастерова 2, 11000 Београд 

Успешност перкутане коронарне интервенције је често угрожена потребом да се 
понови реваскуларизација услед појаве стенозе. Иако је, с тим у вези, у бројним истра-
живањима процењиван предиктивни значај различитих биохемијских показатеља, нису 
добијени конзистентни резултати. Циљ овог истраживања је био да се процени прогнос-
тички значај појединих маркера запаљења, као и активност ензима антиоксидaтивне 
заштите, у развоју рестенозе након уградње стента. Концентрације C-реактивног про-
теина (hs-CRP), солубилног међућелијског адхезивног молекула-1 (sICAM-1), фактора 
трансформације раста бета (TGF-β), липопротеина(a) (Lp(a)) и оксидованог липопро-
теина мале густине (oxLDL), као и активност супероксид-дисмутазе (SOD) и каталазе 
(CAT) у серуму одређиване су код 44 пацијента пре уградње стента, као и након шесто-
месечног периода праћења. Резултати након периода праћења указали су на значајан 
пораст концентрације hs-CRP-а у серуму код пацијената са ангиографски потврђеном 
поновном стенозом, у односу на пацијенте без стенозе. Уградња стента је довела до 
пораста активности SOD и CAT у серуму, али је након шестомесечног праћења актив-
ност CAT била значајно нижа код пацијената са стенозом, што би могао бити један од 
чинилаца који доприноси њеном развоју. Није уочена разлика у концентрацији sICAM-1, 
TGF-β, оxLDL и Lp(a) између испитиваних група. У закључку, концентрација hs-CRP и 
активност CAT у серуму би се могли у будућности размотрати као корисни показатељи 
праћења пацијената након уградње стента у циљу благовременог уочавања претеће сте-
нозе.  

(Примљено 17. јуна, ревидирано 30. августа, прихваћено 2. септембра 2014) 
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Abstract: Galectin-1 (gal-1) is the best-studied member of the galectin family 
of the human placenta, which is assumed to play important roles in pregnancy. 
Standard isolation of gal-1 from human placenta using lactose extraction and 
affinity chromatography in the presence of a reducing agent produced several 
known forms of gal-1, which were compared to the recombinant human gal-1 
(rhgal-1) and oxidized recombinant human gal-1 (Ox-gal-1). The isolated pla-
cental gal-1 retained lectin-binding activity, evidenced by hemagglutination 
and dot blot lectin assays. Characterization of the forms present by surface- 
-enhanced laser desorption/ionization time-of-flight mass spectrometry (SELDI– 
–TOF MS), based on hydrophilic interactions or immunorecognition, provided 
a sensitive tool for the detection of the fine differences among the diverse 
molecular forms. The forms detected included previously established biologic-
ally active oxidized gal-1 and reduced gal-1, as well as some other currently 
uncharacterized (less investigated forms).  

Keywords: galectin-1; placenta; molecular form; SELDI-TOF MS. 

INTRODUCTION 

Galectin-1 (gal-1) is a member of the animal lectin family with binding cap-
acity for β-galactoside residues of glycoconjugates. It exists as a non-covalent 
dimer composed of identical ≈14.6 kDa subunits, with evident carbohydrate- 
-binding activity in the reduced state only.1,2 Although gal-1 shows characteris-
tics of typical cytoplasmic proteins, it can be found on the extracellular side of 
cell membranes and in the extracellular matrices of various normal and patho-
logical tissues.3 Its localization indicates that gal-1 could act intracellularly through 
protein–protein interactions and extracellularly via sugar-dependent interactions.4,5  
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Most of the gal-1 isolation protocols are performed in the presence of a 
reducing agent in order to prevent oxidation and maintain carbohydrate-binding 
activity.6–8 The relatively high content of cysteine residues in the gal-1 molecule, 
i.e., six cysteine residues per monomer, implicates gal-1 sensitivity to oxidative 
inactivation and loss of lectin activity.9,10 For example, during purification of 
gal-1 from bovine heart, the lectin activity was lost upon oxidation, suggesting 
that this isolation protocol results in the presence of both reduced and oxidized 
lectin.9 In addition, gal-1 from a transfected cell line COS1, was isolated and the 
relevance of oxidation for functional characteristics shown.11 In nerve regener-
ation models in vivo and in vitro oxidized recombinant human gal-1 (Ox-rhgal-1) 
was recognized as a factor that promotes Schwann cell migration followed by 
axonal growth.11,12 This form of human gal-1 obtained from bacterially exp-
ressed recombinant gal-1 by the air oxidation with CuSO4 as a catalyst is a pro-
tein with a molecular mass of 14.579 kDa and is characterized by reduced or no 
lectin activity.12,13 Experimental strategies involving construction of diverse gal-1 
mutants have been devised in order to elucidate relevance/contribution of specific 
domains to gal-1 interaction with potential ligands and function.10,14 In this con-
text, a stabilized gal-1 form (CS-gal-1) in which six cysteine residues were rep-
laced with serine, expressed in and purified from E. coli, functions like a lectin 
with molecular mass of 14.886 kDa.12  

It is well known that gal-1 is abundantly expressed in human placenta and in 
trophoblast derived cell lines.15–17 Gal-1 was the first isolated and purified gal-
ectin from the human placenta.6,18 More recently, other members of the galectin 
family were localized in human and non-human placenta.19,20 Functionally, gal-1 
acts as an important stimulator of the trophoblast invasion in vitro.13 Further-
more, it was shown that CS–gal-1 was more potent than Ox-rhgal-1 in inducing 
trophoblast invasion,13 confirming a previous finding of a molecular form depen-
dent effect in an axonal regeneration model.12 No direct data are yet, however, 
available regarding the presence of different gal-1 forms in trophoblast. There-
fore, the present study was aimed at investigating whether gal-1 isolated from the 
human placenta or present in extravillous trophoblast cell line HTR-8/SVneo is 
homogenous or comprised of different molecular forms.  

EXPERIMENTAL 

Reagents 

RPMI 1640, antibiotic/antimycotic solution and fetal calf serum (FCS) were obtained 
from PAA Laboratories (Linz, Austria). Matrigel, Collagen Type I (Col I) and serum fibro-
nectin (sFN) were purchased from BD Biosciences (Bedford, MA, USA). Acrylamide, N,N′- 
-methylenebisacrylamide, N,N,N′,N′-tetramethylethylenediamine, Ponceau S, glycine, lactose 
and asialofetuin (ASF) were obtained from Sigma-Aldrich (St. Louis, MO, USA). Sodium 
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) protein standards and silver 
stain kit were from Bio-Rad, Inc. (Hercules, CA, USA). The oxidized form of recombinant 
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human gal-1 and rabbit anti-rhgal-1 with gal-1 neutralizing activity were obtained from Kirin 
Brewery (Tokyo, Japan). Recombinant human gal-1 was from Acris Antibodies GmbH 
(Hiddehausen, Germany). Biotinylated goat anti-rabbit, avidin-biotinylated peroxidase 
complex (ABC) and diaminobenzidine (DAB) substrate kit for peroxidase were obtained from 
Vector Laboratories (Burlingame, CA, USA). Anti-rabbit IgG HRP-linked antibody was from 
Cell Signaling Technology, Inc. (Danvers, MA, USA). 

All other chemicals were of p.a. grade. 

Isolation of gal-1 from human placenta 

Galectin-1 was isolated from three fresh term human placentas by lactose extraction with 
phosphate buffered saline (PBS), 0.05 mol L-1, pH 7.2 containing 0.01 mol L-1 2-mercapto-
ethanol (ME) and 0.002 mol L-1 ethylenediaminetetraacetic acid (EDTA) (EDTA–MEPBS) 
and purified by affinity chromatography on a lactosyl-Sepharose 4B column.6 The obtained 
preparations were not pooled and produced identical results. Bound protein was then eluted 
with 0.1 mol L-1 Gly–HCl, pH 2.5 and concentrated.21 The purity and homogeneity of the 
isolated protein was tested by silver staining and Western blot analysis after SDS–PAGE 
under reducing conditions. After isolation, gal-1 was extensively dialyzed against PBS in 
order to remove ME and stored in PBS at –20 °C.  

Assays for lectin activity 

The lectin activity of the isolated placental gal-1 was determined by hemagglutination 
and dot blot analysis. Agglutination assays were performed using trypsinized rabbit erythro-
cytes and purified placental gal-1. Lectin solutions prepared in PBS containing 0.005 mol L-1 
dithiothreitol (DTT) as a reducing agent were gently mixed with a 2 % suspension of erythro-
cytes without or with 0.1 mol L-1 lactose. Results were read after 1 h incubation at room 
temperature (RT).  

To assay the binding of placental gal-1 to different glycoproteins, dot blot analysis was 
performed. Asialofetuin, sFN, Col I and matrigel (containing 3 µg protein each) were spotted 
on a nitrocellulose membrane and dried at RT. Unspecific binding sites were blocked with 3 % 
bovine serum albumin (BSA) for 2 h at RT. Solutions of isolated gal-1 (6 µg mL-1) were pre- 
-incubated without or with different lactose concentrations (0.025, 0.05, 0.1 or 0.2 mol L-1) in 
EDTA–MEPBS for 1 h at RT, and then used for incubation with individual strips overnight at 
4 °C. Strips were further incubated with anti-gal-1 antibodies (1 µg mL-1) for 2 h at RT, fol-
lowed by incubation with biotinylated anti-rabbit IgG for 30 min and with ABC for another 30 
min. The reaction was visualized using DAB as the chromogen.  

SDS-PAGE, silver stain and Western blot 

Isolated placental gal-1 was subjected to SDS-PAGE on 5–20 % gradient polyacrylamide 
gel under reducing conditions, and analyzed using a Bio-Rad Silver Stain Kit, according to 
manufacturer’s instructions. Recombinant human gal-1, ox-rhgal-1, placental gal-1, HTR- 
-8/SVneo cell lysate and culture media were resolved by SDS–PAGE under reducing con-
ditions on 12.5 % polyacrylamide gel and 4 % stacking gel and subsequently transferred to 
nitrocellulose membranes. The membranes were incubated with rabbit anti-gal-1 antibody 
(1µg mL-1) overnight at 4 °C, with constant shaking. After incubation with anti-rabbit IgG 
HRP-linked antibody, a gal-1 band was detected using Pierce ECL Western blotting substrate. 
The membranes were scanned with an ImageScanner from Amersham Biosciences, Inc. (Pis-
cataway, NJ, USA) and densitometric analysis was performed using the ImageMaster Total-
Lab v2.01 program (Amersham Bioscience). 
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Cell culture 

Human extravillous trophoblast cell line HTR-8/SVneo was cultured and propagated as 
previously described.13,22 For lectin affinity chromatography and surface-enhanced laser 
desorption/ionization time-of-flight mass spectrometry (SELDI–TOF MS), the HTR-8/SVneo 
cells were grown in complete media for 48 h, lysed in 0.02 mol L-1 2-[4-(2-hydroxy-
ethyl)piperazin-1-yl]ethanesulfonic acid (HEPES) with 1 % Triton X-100, pH 8. The cell 
culture media were collected, centrifuged at 700 g for 5 min, and then analyzed using SDS- 
-PAGE and SELDI–TOF MS. For SDS-PAGE, trypsinized HTR-8/SVneo cells were washed 
with PBS pH 7.2, lysed in a sample buffer containing a protease inhibitor cocktail (6×106 cells 
mL-1), centrifuged (1600 g for 5 min at 4 °C) and the supernatant reserved. Cell lysates were 
heated for 5 min in boiling water and subjected to SDS-PAGE.  

Lectin affinity chromatography 

Asialofetuin was covalently linked to CNBr-activated Sepharose (Pharmacia, Sweden) at 
1 mg mL-1 of gel according to the manufacturer’s instructions. HTR-8/SVneo cell lysate 
(6×106 cells mL-1) prepared in 0.02 mol L-1 HEPES with 1 % Triton X-100, pH 8, was 
applied to ASF column under reducing or non-reducing conditions. Non-bound material was 
eluted with PBS or EDTA–PBSME. Under non-reducing conditions, the elution was per-
formed with 0.1 mol L-1 Gly–HCl, pH 2.5, while under reducing conditions PBS containing 
0.1 mol L-1 lactose was used for elution. The collected fractions were pooled and concentrated 
prior to SDS–PAGE analysis. 

Surface-enhanced laser desorption/ionization time-of-flight mass spectrometry  

In this study, gal-1 was analyzed by SELDI–TOF MS. Protein chip arrays were pro-
cessed according to manufacturer's instructions. Briefly, 5 μL of sample (placental gal-1, 
rhgal-1 or ox-rhgal-1) per spot was applied to normal phase NP20 chip array, left to air-dry at 
RT and rinsed three times with PBS. The pre-activated-surface protein chip array PS20 was 
coated with anti-gal-1 antibody (5 μL per spot) in a humid chamber overnight at 4 °C. After 
rinsing with PBS, the spots were blocked with 0.5 mol L-1 Tris–HCl, pH 8 for 1 h in the 
humid chamber at RT. After another washing step with PBS, 5 μL of sample (HTR-8/SVneo 
whole cell lysate, conditioned medium or placental gal-1) was loaded on each spot and incub-
ated for 2 h in a humid atmosphere at RT. Unbound material was removed from the spot by 
intensive rinsing with PBS, followed by deionized water. Both NP20 and PS20 protein chip 
arrays were left to completely air-dry, before the energy-absorbing matrix (EAM) was added. 
Sinapinic acid (SPA) dissolved in 50 % acetonitrile/0.5 % trifluoroacetic acid was used as the 
EAM. To each spot, 1 μL of 50 % SPA solution was applied twice, and after drying, the pro-
tein arrays were ready for processing. The protein chips were read in ProteinChip Reader, 
Series 4000, Personal edition (Bio-Rad Laboratories, Inc., Hercules, CA, USA). External cali-
bration was realized using ProteinChip all-in-one protein standards II. Mass analysis was 
performed at a laser energy of 6000 nJ, with 8815 laser shots per spot. The spectra were 
acquired in 25 kV positive ion acquisition, in the mass range between 2.5 and 200 kDa, with 
the focus mass at 15 kDa. The spectra were analyzed using Ciphergen Express Software 3.0 
(Bio-Rad Laboratories, Inc., Hercules, CA, USA). The peaks were normalized according to 
the total ion current between 2500 and 70000 m/z and detected automatically for signal to 
noise ratio >3. 
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RESULTS AND DISCUSSION 

In the present study, gal-1 isolated from human term placenta was charac-
terized and compared to two different forms of recombinant gal-1, as well as the 
gal-1 from the trophoblast cell line HTR-8/SVneo. Most of the commonly used 
procedures for gal-1 isolation and purification are based on lactose extraction 
from tissue and lactose affinity column, in the presence of a reducing agent, 
which is critical for the assessment of lectin activity of gal-1.2,23 In the absence 
of a reducing agent, gal-1 from placental tissue extract lost lectin activity and was 
unable to bind to a lactose affinity column (Fig. 1A). Therefore, a procedure with 
2-mercaptoethanol was used for the isolation of placental gal-1 (Fig. 1A). The 
presence of gal-1 was confirmed by dot blot in fractions eluted with 0.1 mol L-1 
Gly–HCl, pH 2.5, and gal-1 was further analyzed by SDS-PAGE and immuno-
blot using polyclonal rabbit antibody raised against human gal-1 (Fig. 1B). The 
production, characterization and specificity of the polyclonal anti-gal-1 was pre-
viously described.11 Both analyses showed the presence of a single prominent band 

 
Fig. 1. Isolation and identification of gal-1 from human term placenta. A) Preparative 

affinity chromatography was performed under reducing conditions. Unbound material was 
washed with EDTA–MEPBS buffer pH 7.2. Gal-1 was eluted from lactosyl-Sepharose 4B 
column with Gly–HCl pH 2.5 (circles) under 3 mL min-1 flow rate. The absorbance was 

measured at 280 nm and additionally, the presence of gal-1 in fractions 5–9 was confirmed 
by dot blot using anti-gal-1 antibodies. In the absence of reducing agent, gal-1 was not 
detected in the eluted fractions (squares). B) SDS-PAGE and Western blot of isolated 
gal-1. 1) Purity of isolated gal-1 was confirmed using silver staining after SDS-PAGE 

electrophoresis under reducing conditions. A band of ≈14.6 kDa was observed by silver 
staining. 2) Western blot analysis using anti-gal-1 antibodies 

confirmed that the ≈14.6 kDa band was gal-1. 
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of ≈14.6 kDa, which was consistent with the molecular mass of gal-1. Although 
other galectin family members are known to be present in human placenta and to 
share binding characteristics with gal-1,13,24 only gal-1 is isolated from term 
placenta using lactose extraction and affinity purification, most likely, due to the 
specific cell type composition of the starting material (containing low amounts of 
cytotrophoblast expressing gal-3 and gal-8). One of the most characteristic 
features of gal-1 is high affinity binding of β-galactoside containing glyco-
conjugates, which is commonly inhibited by lactose for experimental pur-
poses.25,26 The lectin activity of gal-1 was determined by hemagglutination and 
binding to several glycoproteins or their mixture Matrigel (Fig. 2A and B). Pla-
cental gal-1 induced agglutination in the presence of DTT as a reducing agent. As 
expected, lectin-mediated agglutination was inhibited in the presence of lactose 
(Fig. 2A). Binding of the placental gal-1 to different glycoproteins was tested by 
the dot blot assay in the absence or presence of lactose. Some of the β-galacto- 

 
Fig. 2. Lectin properties of gal-1 from the human placenta. A) Hemagglutination activity of 

placental gal-1 under reducing conditions (in the presence of DTT). Addition of lactose 
inhibited hemagglutination, confirming that the isolated placental gal-1 had lectin activity. 
DTT or DTT/lactose served as the negative controls. B) Binding of placental gal-1. Gal-1 

ligands (ASF and Matrigel), negative control (sFN, Col I) and blank probe (EDTA– 
–MEPBS) were spotted onto nitrocellulose membranes. The membranes were incubated 

with gal-1 pre-incubated without or with different concentrations of lactose (0.025–0.2 mol 
L-1) in EDTA–MEPBS. Bound gal-1 was detected using anti-gal-1 antibodies. 
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side-containing ligands that are bound by gal-1 are found in trophoblast, inc-
luding heavily glycosylated proteins of the extracellular matrix (laminin and cell 
fibronectin),27 as well as the cell membrane glycoproteins, integrins28 and muc-
ins.29 In this study placental gal-1 was shown to bind ASF, the commercial base-
ment membrane protein preparation Matrigel that contains laminin, collagen type 
IV and heparan sulfate proteoglycan, but not sFN or Col I (Fig. 2B). The binding 
of gal-1 to ASF or Matrigel was reduced by lactose (0.025–0.2 mol L-1), which 
confirms that gal-1 binds via carbohydrate recognition. In different tissues and 
cell types, gal-1 is implicated in many biological processes, such as cell adhe-
sion, invasion, differentiation, and most of these effects are supposed to be medi-
ated through binding to β-galactoside cell membrane glycoconjugates partici-
pating in signal transduction.30,31 In this study, HTR-8/SVneo derived gal-1 
monomer was shown to differently bind ASF in the presence or absence of a red-
ucing agent (Fig. 3A), resulting in a different proportion of bound/unbound gal-1 
(Fig. 3B). A similar finding was reported for the recombinant and mutant forms 

 
Fig. 3. Binding of gal-1 from HTR-8/SVneo cell lysates to ASF in the absence or presence 
of 2-mercaptoethanol (ME). A) Western blot analysis of unbound (U) or bound (B) gal-1 

containing fractions eluted in the absence (–) or presence (+) of the reducing agent. 
B) Relative proportion of unbound/bound gal-1 as detected by Western blot and 

densitometric analysis. 
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of gal-1 binding to lactose,12,14 showing that redox status influences the structure 
and binding properties of gal-1. 

Placental gal-1 was compared to rhgal-1 and ox-rhgal-1. All gal-1 samples 
were trapped on NP20 arrays due to hydrophilic interactions, and the resulting 
proteomic spectra were analyzed by SELDI–TOF MS (Fig. 4A). Although the 

Fig. 4. SELDI–TOF and Western 
blot analysis of gal-1 in different 
samples. A) Mass spectra on NP20 
protein chip array of isolated 
placental gal-1 compared to rhgal-1 
and ox-rhgal-1. B) Mass spectra of 
isolated placental gal-1 and gal-1 
from HTR-8/SVneo cell line (whole 
cell lysate and secreted) identified 
on a PS20 protein chip array, using 
anti-gal-1 antibodies as bait. Spec-
tra (A and B) are represented as 
relative peak intensity vs. mass to 
charge ratio. Protein peaks are iden-
tified automatically, for signal to 
noise ration (S/N) > 3. C) Western 
blot analysis of gal-1 from different 
sources: HTR-8/SVneo cell lysate 
(1) and the corresponding medium 
(2), ox-rhgal-1 (3), rhgal-1 (4), gal-1 
from human term placenta (5). 
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obtained protein profiles of gal-1 were similar, some subtle differences were 
noted. The dominant gal-1 forms in trophoblast were of 14.6, 14.933, 15.078 and 
15.843 kDa. In the sample of ox-rhgal-1, a 14.6 kDa protein was detected, in 
keeping with the molecular mass of 14.579 kDa previously determined by 
MALDI–TOF MS.12 A prominent peak at 14.9 kDa was detected in the sample 
of rhgal-1 used in the present study, the molecular mass of which is slightly 
higher, compared to the size of the mutant CS-gal-1 and reduced form of rhgal-1 
measured by MALDI–TOF MS.12 Four relatively high intensities peaks at 14.6 
kDa, 14.933, 15.078 and 15.843 kDa were observed in the preparation of pla-
cental gal-1, two of which, at 14.6 and 14.933 kDa, coincided with the ox-rhgal-1 
and rhgal-1 peaks (Fig. 4A). 

The analysis based on the antibody binding (immobilized to a PS20 array) of 
gal-1 from different biological sources also revealed multiple forms of gal-1 (Fig. 
4B). All the preparations, including cell lysate, and secreted gal-1, as well as the 
gal-1 isolated from placenta, contained a form of 14.6 kDa consistent with the 
oxidized gal-1. There was considerable overlap in the presence of other forms, 
while the 13.8 kDa form was specific to HTR-8/SVneo cell lysate. In addition, 
differences in the mobility between the same gal-1 containing preparations were 
detected by Western blot (Fig. 4C). A similar molecular form (of 14.2 kDa) was 
previously identified by MALDI-TOF32 in a gal-1 form lacking the first six 
amino acids, but also in other human cell lines (of 13.5 kDa, by Western blot).33 
The molecular nature and biological function of this form is not clear at present. 
On the other hand, higher molecular forms were detected in other cell models and 
might be related to the unconventional secretion and membrane targeting of gal-1.26 
The obtained data showed that the placental tissue at term contains multiple 
molecular forms of gal-1, and among them all of the known biologically active 
ones.  

CONCLUSION 

Isolation of gal-1 from the human placenta using lactose and affinity column 
produced several known forms of gal-1. The system devised for the character-
ization of the forms present, based on either hydrophilic interactions or immu-
norecognition on chips followed by SELDI–TOF MS, provided a sensitive tool 
for the detection of fine differences among the diverse molecular forms. The 
forms detected contained previously established biologically active entities, but 
also some the potential significance of which remains to be investigated in the 
future. 
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И З В О Д  
МОЛЕКУЛСКЕ ФОРМЕ ГАЛЕКТИНА-1 ИЗ ПЛАЦЕНТЕ ЧОВЕКА И ЋЕЛИЈА 
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Галектин-1 (gal-1) је највише изучаван члан фамилије галектина у ћелијама трофо-
бласта хумане плаценте. Применом стандардне процедуре изоловања gal-1 лактозном 
екстракцијом и афинитетном хроматографијом у присуству редукујућег средства, доби-
јено је неколико познатих форми gal-1 које су упоређене са рекомбинантним хуманим 
gal-1 (rhgal-1) и оксидованим рекомбинантним хуманим gal-1 (ox-rhgal-1). Изоловани 
плацентни gal-1 је био лектински активан, што је показано хемаглутинацијом и лектин-
ским тестом на чврстој фази. Карактеризација форми применом SELDI–TOF масене 
спектрометрије, засноване на хемијском или имунолошком препознавању, омогућила је 
детекцију дискретних разлика између молекулских форми плацентног gal-1. У изоло-
ваном gal-1 биле су присутне форме оксидованог и редукованог gal-1, чија је биолошка 
активност претходно показана. Поред ових, уочене су и мање испитиване форме gal-1.  

(Примљено 28. априла, ревидирано 3. септембра, прихваћено 9. септембра 2014) 
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Abstract: The aim of this research was to determine the chemical constituents 
and toxicities of the essential oil derived from Alpinia blepharocalyx rhizomes 
against the cigarette beetle, Lasioderma serricorne (Fabricius). The essential 
oil of A. blepharocalyx rhizomes was obtained by hydrodistillation and was 
investigated by gas chromatography–mass spectrometry (GC–MS). A total of 
46 components of the essential oil of A. blepharocalyx rhizomes were ident-
ified. The principal compounds in A. blepharocalyx essential oil were camphor 
(23.13 %), sabinene (11.27 %), α-pinene (9.81 %) and eucalyptol (8.86 %) fol-
lowed by camphene (8.05 %), sylvestrene (5.61 %) and α-phellandrene (5.00 
%). Among them, the four active constituents, predicted with a bioactivity-test, 
were isolated and identified as camphor, sabinene, α-pinene and eucalyptol. 
The essential oil of A. blepharocalyx possessed strong contact toxicity against 
the cigarette beetle with ad LD50 value of 15.02 μg adult-1, and exhibited strong 
fumigant toxicity against L. serricorne adults with an LC50 value of 3.83 mg L-1 
air. The results indicate that the essential oil of A. blepharocalyx shows pot-
ential in terms of contact and fumigant toxicities against stored product insects. 

Keywords: cigarette beetle; camphor; eucalyptol; contact toxicity; fumigant 
toxicity. 

INTRODUCTION 

The cigarette beetle, Lasioderma serricorne (Fabricius) (Coleoptera: 
Anobiidae), is one of the most serious pests of stored tobacco, tobacco 
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products, cereal grains and processed foods throughout the world.1 Control 
of L. serricorne populations around the world is primarily dependent upon 
continued applications of phosphine.2 Although effective, its repeated use for 
decades has led to serious problems, including insecticide resistance, dis-
ruption of biological control by natural enemies, environmental and 
human health concerns, the rising cost of production and lethal effects on 
non-target organisms.3,4 There is, therefore, an urgent need to find an alter-
native strategy for the control of these pests. Among integrated pest management 
tactics, plants have played a significant role because they constitute an important 
source of insecticides.5 In recent years, essential oils have received much atten-
tion as pest control agents. They are characterized by low toxicity to human and 
animals, high volatility, and toxicity to insect pests of stored grain.6 In a previous 
report,7 it was suggested that essential oils might be applicable to the protection 
of stored products.  

Antagonistic storage has been used as one of traditional Chinese medicinal 
materials conservation methods. It mainly utilizes some traditional Chinese medi-
cinal materials having special volatile odor to store with medicinal materials vul-
nerable to insects, to prevent the insects. In order to inherit and develop the trad-
itional method of prevention and control of stored grain insects, Alpinia ble-
pharocalyx K. Schum, used as flavor and fragrance, a new plant resource was 
taken as the study sample. A. blepharocalyx belongs to the Zingiberaceae family 
and is widely distributed in the south–west of China (e.g., in the Yunnan Pro-
vince).8 The rhizomes of A. blepharocalyx are used in Chinese traditional medi-
cine for the treatment of abdominal distension and abdominal pain.9 The che-
mical constituents of rhizomes of this medicinal herb were studied.10 During the 
mass screening program for new agrochemicals from wild plants, the essential oil 
of A. blepharocalyx rhizomes was found to possess strong insecticidal activity 
against the cigarette beetle. A literature survey showed that there are no reports 
on the insecticidal activity of the essential oil of A. blepharocalyx rhizomes. 
Thus, it was decided to investigate insecticidal activities of the essential oil from 
A. blepharocalyx rhizome parts and its chemical constituents against L. serri-
corne. It was expected that this research work would provide some theoretical 
basis for the conception of antagonistic storage. 

EXPERIMENTAL 

Plant material and essential oil extraction  

The fresh rhizomes (2.0 kg) of Alpinia blepharocalyx were harvested from Xishuang-
banna (21°08'–22°36' N and 99°56'–101°50' E), Yunnan Province, China, in August 2013. 
The plant was identified, and a voucher specimen (BNU-dushushan-2013-08-12-24) was 
deposited at the Herbarium (BNU) of the College of Resources Science and Technology, 
Beijing Normal University, China. The sample was air-dried and ground to powders using a 
grinding mill. The powders were subjected to hydrodistillation using a modified clevenger-
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type apparatus for 6 h and extracted with n-hexane. Anhydrous sodium sulfate was used to 
remove water after the extraction. The essential oil was stored in airtight containers at 4 °C for 
subsequent experiments.  

Insects 

Cultures of the cigarette beetle, L. serricorne, were maintained in the laboratory without 
exposure to any insecticide. They were reared on sterilized diet (wheat flour/yeast mass ratio 
of 10:1) at 29–30 °C, 70–80 % r.h. in the dark. The unsexed adult beetles used in all the 
experiments were about 1–2 weeks old. All containers housing insects used in experiments 
were made escape proof with a coating of polytetrafluoroethylene (Fluon). 

GC–MS analysis 

The essential oil was subjected to GC–MS analysis on a Thermo Finnigan Trace DSQ 
instrument equipped with a flame ionization detector and an HP-5MS (30 m×0.25 mm×0.25 
μm) capillary column. The column temperature was programmed at 50 °C for 2 min, then 
increased at 2 °C min-1 to a temperature of 150 °C and held for 2 min, and then increased at 
10 °C min-1 until the final temperature of 250 °C was reached, which was held for 5 min. The 
injector temperature was maintained at 250 °C. The samples (1 μL) were diluted to 1 % with 
n-hexane. The carrier gas was helium at a flow rate of 1.0 mL min-1. The spectra were 
scanned from m/z 50 to 550. Most constituents were identified by gas chromatography by 
comparison of their retention indices with those in the literature or with those of available 
authentic compounds. The retention indices were determined in relation to a homologous 
series of n-alkanes (C8–C24) obtained under the same operating conditions. Further identific-
ation was made by comparison of their mass spectra with those stored in the NIST 05 and 
Wiley 275 libraries or with mass spectra from the literature.11 The relative percentages of the 
component were calculated based on the normalization method without the use of correction 
factors. 

Isolation and characterization of the four main constituent compounds 

The crude essential oil (9 mL) was chromatographed on a silica gel (Qingdao Marine 
Chemical Plant, Shandong province, China) column (30 mm i.d., 500 mm length) by gradient 
elution with n-hexane first, then with n-hexane–ethyl acetate (in volume ratios of 100:1, 50:1, 
20:1 and 5:1, with gradient elution), and finally with ethyl acetate to obtain 25 fractions, with 
flow rate of 0.50 cm3/s; the size of each fraction was 80 g and then the solvent was changed. 
Based on contact toxicity, fractions 3, 9 and 15 were chosen for further fractionation. With 
PTLC, four purified compounds were obtained. The isolated compounds were elucidated from 
their NMR spectra. The NMR experiments were performed on a Bruker Avance DRX 500 
instrument using CDCl3 as solvent with TMS as internal standard. 

Contact toxicity bioassay 

The insecticidal activities of A. blepharocalyx essential oil and the four main compo-
sitions were determined by direct contact application. Range-finding studies were run to deter-
mine the appropriate testing concentrations. A serial dilutions (five concentrations: 2.20–
10.00 % for the oil, 1.97–10.00 % for camphor, eucalyptol and sabinene and 5.93–30.00 % for 
α-pinene) were prepared in n-hexane. Aliquots of 0.5 μL of the dilutions were applied topic-
ally to the dorsal thorax of the insects. Controls were determined using n-hexane. Five repli-
cates were performed for all treatments and controls, and the experiment was replicated three 
times. Both treated and control insects were then transferred to glass vials (10 insects per vial) 
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with culture media and kept in incubators. Mortality was observed after 24 h. The LD50 values 
were calculated using Probit analysis.12 

Fumigant toxicity bioassay 

Serial dilutions of the essential oil and the four main compositions (five concentrations: 
0.44–2.00 % for oil, 0.59–3.00 % for camphor, 0.99–5.00 % for eucalyptol, 5.21–20.00 % for 
sabinene and 3.95–20.00 % for α-pinene) were prepared in n-hexane. A Whatman filter paper 
(diameter 2.0 cm) was placed on the underside of the screw cap of a glass vial (diameter 2.5 
cm, height 5.5 cm, volume 25 mL). Ten microliters of an appropriate concentration was added 
to the filter paper. The solvent was allowed to evaporate for 20 s before the caps were placed 
tightly on the glass vials, each of which contained 10 insects, to form a sealed chamber. Preli-
minary experiments demonstrated that 20 s was sufficient for the evaporation of solvents. 
Fluon was used inside each glass vial to prevent insects reaching the treated filter paper. 
n-Hexane was used as a control. Five replicates were performed for all treatments and 
controls, and they were incubated for 24 h. The experiments were repeated three times. The 
mortality was recorded. The LC50 values were calculated by using Probit analysis.12 

RESULTS AND DISCUSSION 

Chemical constituents of essential oil  

The brownish red essential oil yield of Alpinia blepharocalyx rhizome parts 
was 0.45 % (V/w) and the density of the concentrated essential oil was deter-
mined to be 0.82 g mL–1. GC–MS analysis of the essential oil of A. blepharo-
calyx rhizome parts led to the identification and quantification of a total of 46 
major components, accounting for 96.38 % of the total components present 
(Table S-I of the Supplementary material to this paper). The main constituents of 
A. blepharocalyx rhizomes essential oil were camphor (23.13 %), sabinene 
(11.27 %), α-pinene (9.81 %) and eucalyptol (8.86 %). 

However, the principal components of the essential oil from A. blepharo-
calyx rhizomes analyzed in this work differed from those in previous reports. For 
example, in several previous studies, cinnamic acid methyl ester was isolated and 
identified as the main component; it made up 90.88 % of the essential oil from A. 
blepharocalyx.10–13 However, in another study, γ-cadinene (18.70 %), linalool 
(5.45 %), geranyl acetate (3.86 %) and δ-cadinene (3.08 %) were the dominant 
components in the essential oil of A. blepharocalyx.14 These differences were 
possibly due to the differences in the place of origin and plant parts used. 

Structure confirmation of isolated compounds 

With further isolation, four purified compounds were obtained and they were 
analyzed by several of NMR techniques including 1H-NMR and 13C-NMR. 
Combining all the NMR spectra data, the four isolated compounds were finally 
recognized as camphor (0.46 g),15 sabinene (0.22 g),16–18 α-pinene (0.20 g)19 
and eucalyptol (0.15 g).20 
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Insecticidal activities of the essential oil 

The essential oil of A. blepharocalyx rhizome parts showed contact toxicity 
against L. serricorne adults with an LD50 value of 15.02 μg adult–1. Among the 
four main compounds, only camphor possessed stronger contact toxicity against 
L. serricorne (LD50 = 13.44 μg adult–1), eucalyptol and sabinene exhibited the 
same level contact toxicity against L. serricorne (LD50 = 15.58 and 15.74 μg 
adult–1) as the essential oil, while α-pinene showed weaker contact toxicity than 
the essential oil of A. blepharocalyx rhizomes (Table I). Compared with the 
famous botanical insecticide, pyrethrins, the essential oil was 63 times less active 
against L. serricorne adults because pyrethrins displayed LD50 value of 0.24 μg 
adult–1 (Table I). However, the essential oil of A. blepharocalyx rhizome parts 
showed stronger contact toxicity against L. serricorne than the essential oil of 
Zanthoxylum schinifolium seeds (LD50 = 18.71 μg adult–1).21 

TABLE I. Toxicities of the essential oil of Alpinia blepharocalyx rhizome parts against 
Lasioderma serricorne adults; contact toxicity: LD50 / μg adult-1; fumigant: LC50 / mg L-1 air 

Toxicity Treatment Concentrations LD50/LC50 95 % Fiducial interval χ2 
Contact A. blepharocalyx 2.20–10.00 15.02 12.88–17.21 9.660 

Camphor 1.97–10.00 13.44 10.39–16.07 15.38 
Eucalyptol 1.97–10.00 15.58 12.88–18.02 15.18 
Sabinene 1.97–10.00 15.74 10.33–20.70 7.31 
α-Pinene 5.93–30.00 77.28 69.02–87.30 14.71 

Pyrethrum 0.010–0.40 0.24 0.16–0.35 17.36 
Fumi-
gant 

A. blepharocalyx 0.44–2.00 3.83 3.55–4.25 18.52 
Camphor 0.59–3.00 2.36 1.91–2.71 14.29 

Eucalyptol 0.99–5.00 5.18 4.63–5.70 16.79 
Sabinene 5.21–20.00 44.17 39.28–50.66 25.07 
α-Pinene 3.95–20.00 37.57 34.31–41.19 14.90 

Phosphine 7.20×10-3–11.12×10-3 9.23×10-3 7.13×10-3–11.37×10-3 11.96 

The essential oil of A. blepharocalyx rhizomes also possessed fumigant 
activity against L. serricorne with an LC50 value of 3.83 mg L–1 air (Table I). In 
comparison, only camphor possessed stronger fumigant toxicity against L. 
serricorne (LC50 = 2.36 mg L–1 air), eucalyptol exhibited the same level fumi-
gant toxicity against L. serricorne (LC50 = 5.18 mg L–1 air) as the essential oil, 
while sabinene and α-pinene showed weaker fumigant toxicity than the essential 
oil of A. blepharocalyx rhizomes (Table I). However, the currently used grain 
fumigant, phosphine has a fumigant activity against L. serricorne adults with an 
LC50 value of 9.23×10–3 mg L–1 air. The fumigant activity of the essential oil 
against the L. serricorne was thus many magnitudes lower than that of the com-
mercial fumigants phosphine. Compared with the other essential oils investigated 
in previous studies, the essential oil of A. blepharocalyx rhizomes exhibited 
stronger fumigant toxicity against L. serricorne, than, e.g., the essential oils of 
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Pistacia lentiscus (LC50 = 8.44 mg L–1 air), Elsholtzia stauntonii (LC50 = 10.99 
mg L–1 air) and Agastache foeniculum (Lamiaceae) (LC50 = 21.57 mg L–1 
air).5,22,23  

In this work, the results suggested that among the four main components, 
camphor showed the strongest contact and fumigant toxicity against L. serri-
corne. In previous reports, the four components were demonstrated to possess 
insecticidal activities against several stored product insects, such as Sitophilus 
zeamais, Tribolium castaneum, Leptinotarsa decemlineata, and broadbean wee-
vil.24–28 The high volatility of these toxic compounds likely delivered fumigant 
toxicity by vapor action via the respiratory system, but further work is needed to 
confirm their exact mode of action. 

A. blepharocalyx is one of the Dai drug types, the rhizome of which is used 
in the treatment of abdominal bloating and pain. Essential oil, which is a mixture 
of plant secondary metabolites, plays an important role in plant–insect inter-
action, and is commonly responsible for plant resistance to insects. The com-
ponents of essential oil often biodegrade to non-toxic products and hence, they 
could be much safer insect control agents and more suitable for use in integrated 
pest management (IPM). As far as our literature survey could ascertain, no infor-
mation concerning the insecticidal activity of the essential oil of A. blepharocalyx 
has been openly published. For this reason, in the present paper, the identification 
of the chemical components of A. blepharocalyx by a gas chromatography–mass 
spectroscopy (GC–MS) method was described, and the insecticidal property of 
the essential oil were evaluated against L. serricorne. 

CONCLUSIONS 

This study revealed that the essential oil of A. blepharocalyx rhizomes and 
its main compound camphor demonstrated significant insecticidal activity on L. 
serricorne. These findings also suggest that the bioactivities of the essential oil 
may be due to the bioactive compounds. Considering the currently used fumi-
gants are synthetic insecticides, the essential oil of A. blepharocalyx rhizomes 
and camphor are quite promising, and they show potential for development as 
possible natural fumigants for the control of stored product insects. However, for 
the practical application of the essential oil and compounds as novel fumigants, 
further studies on the safety of the essential oil and compounds to humans and on 
development of formulation are necessary to improve the efficacy and stability, 
and to reduce cost. 

SUPPLEMENTARY MATERIAL 

Compounds identified in the essential oil of Alpinia blepharocalyx rhizome parts are 
available electronically from http://www.shd.org.rs/JSCS/, or from the corresponding author 
on request. 
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ХЕМИЈСКИ САСТАВ И ИНСЕКТИЦИДНА АКТИВНОСТ ЕТАРСКОГ УЉА РИЗОМА 

Alpinia blepharocalyx СПРАМ ДУВАНОВЕ БУБЕ Lasioderma serricorne 
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Циљ рада је био одређивање хемијског састава и токсичности етарског уља ризома 
Alpinia blepharocalyx спрам дуванове бубе Lasioderma serricorne (Fabricius). Етарско уље из 
ризома A. blepharocalyx је добијено дестилацијом воденом паром и испитивано је мето-
дом GC–MS. Идентификовано је укупно 46 састојака. Главна једињења у етарском уљу A. 
blepharocalyx су била камфор (23,13 %), сабинен (11,27 %), α-пинен (9,81 %) и еукалип-
тол (8,86 %), а нађени су и камфен (8,05 %), силвестрен (5,61 %) и α-феландрен (5,00 
%). Применом теста биоактивности идентификована су 4 активна састојка: камфор, 
сабинен, α-пинен и еукалиптол. Етарско уље A. blepharocalyx је испољило јаку контактну 
токсичност спрам дуванове бубе, уз LD50 вредност од 15,02 μg по одраслој јединки, као и 
јаку фумигантну токсичност, уз LC50 вредност од 3,83 mg L-1 ваздуха. Резултати су 
показали да етарско уље A. blepharocalyx може имати потенцијалну примену у заштити 
од инсеката током чувања дувана. 

(Примљено 22. априла, ревидирано 24. јуна, прихваћено 3. јула 2014) 
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TABLE S-I. Constituents identified from the essential oil of Alpinia blepharocalyx rhizome 
parts; RI – retention index as determined on a HP–5MS column using the homologous series 
of n-hydrocarbons 

Compound RI Content, % 
β-Terpinene 1069 0.53 
1R-α-Pinene 1087 9.81 
Camphene 1205 8.05 
Sabinene 1228 11.27 
Unknown compound 1245 1.00 
2-Methylheptenone 1248 0.07 
α-Phellandrene 1255 5.00 
2,4(8)-p-Menthadiene 1267 0.52 
2-Isopropyltoluene 1275 4.50 
Sylvestrene 1278 5.61 
Eucalyptol 1283 8.86 
2,2-Dimethylheptane 1403 0.13 
2,5,9-Trimethyldecane 1415 0.09 
DL-Malic acid 1426 0.06 
8,8-Dimethyl-4-methylene-1-oxaspiro[2.5]oct-5-ene 1455 0.07 
Linalool propionate 1460 0.64 
n-Butylbenzene 1498 0.48 
Camphor 1604 23.13 
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TABLE S-I. Continued 

Compound RI Content, % 
Camphene hydrate 1609 0.30 
Borneol 1634 1.88 
α-Phellandren-8-ol 1641 0.11 
(–)-4-Terpineol 1651 2.54 
Xylitol 1667 0.08 
Cryptone 1669 0.08 
α-Terpineol 1671 2.63 
Myrtenal 1677 0.27 
(–)-Myrtenol 1680 0.43 
Bicyclo[3.2.2]nona-6,8-dien-3-one 1687 0.19 
Fenchyl acetate 1912 1.02 
(+)-Citronellol 1934 0.74 
Citral 1951 1.96 
Benzylacetone 1953 0.76 
3,5-Dimethoxytoluene 1989 0.08 
Methyl atropate 2106 0.24 
Decyl methyl ketone 2111 0.17 
Carvacrylacetate 2115 0.36 
α-Cedrene 2146 0.37 
Methyl eugenol 2165 0.64 
1,2-Vinylidenecyclohexane 2166 0.49 
(1S,8aβ)-Decahydro-4aβ-methyl-8-methylene-2α-(1-methyl-
ethyl)naphthalen-1β-ol acetate 

2185 0.06 

5,7-Diethyl-5,6-decadien-3-yne 2195 0.12 
(S,1Z,5E)-1,5-Dimethyl-8-isopropenyl-1,5-cyclodecadiene 2197 0.30 
δ-Cadinene 2723 0.47 
3,7-Dimethylnonane 2773 0.10 
4,4-Dimethylundecane 2860 0.06 
Tetrapropylmethane 2900 0.11 
Total  96.38 
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Liquid–liquid extraction of ion-association complexes of 
cobalt(II)–4-(2-pyridylazo)resorcinol with ditetrazolium salts 
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Plovdiv “Paisii Hilendarski”, 24 Tsar Assen Street, 4000 Plovdiv, Bulgaria and 2Department 

of Chemistry and Biochemistry, Faculty of Pharmacology, Medical University Plovdiv, 
15A Vasil Aprilov Boulevard, 4002 Plovdiv, Bulgaria  

(Received 14 May, revised 8 October, accepted 20 October 2014) 

Abstract: The formation and liquid–liquid extraction of ion-association com-
plexes between Co(II)–4-(2-pyridylazo)resorcinol (Co(II)–PAR) anionic chel-
ates and cations of three ditetrazolium chlorides (DTC), i.e., blue tetrazolium 
chloride (BTC), neotetrazolium chloride (NTC) and nitro blue tetrazolium 
chloride (NBTC), were studied. The optimum conditions for the formation and 
solvent extraction of the ion-association complex chelates were determined. It 
has been found that in the Co(II)–PAR–DTC systems, the reactants are present 
in the mole ratio 1:2:1 and the general formula of complexes was suggested. 
The extraction equilibria were investigated and quantitatively characterized by 
the equilibrium constants and the recovery factors. The analytical character-
istics of the complexes were calculated. 

Keywords: spectrophotometry; solvent extraction; chelates; extraction equi-
libria. 

INTRODUCTION 

Azo compounds are widely used as chromogenic reagents and metallochro-
mic indicators for many metals. 4-(2-Pyridylazo)resorcinol (PAR) was one of the 
first azo reagents used for the spectrophotometric determination of cobalt due to 
its high sensitivity as a chromogenic reagent.1–28 PAR forms intensively colored 
anionic chelates with cobalt, which can readily react with bulky organic com-
pounds to give ternary complexes with good extraction behavior and analytical 
potential.21–32 

Tetrazolium cations (TZn+) form analytically important ion-association com-
plexes with Co(SCN)42–,33,34 and M–PAR anionic chelates, where M is V(V), 
V(IV), In(III) and Ga(III).35–39 
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Of particular interest are the negatively charged complex ions of cobalt(II) 
with PAR, which interact with the monotetrazolium moiety to form ion-associ-
ation complexes.40 

This investigation was aimed at studying the formation of ternary ion-asso-
ciates complexes between the anionic chelates Co(II)–4-(2-pyridylazo)resorcinol 
(Co(II)–PAR) with ditetrazolium cations in the liquid–liquid extraction system 
Co(II)–PAR–DTC–H2O–CHCl3. The purpose is future application of the extr-
action system for the determination of cobalt(II) in alloys, as well as bio-
logical and pharmaceutical samples. 

EXPERIMENTAL 

Reagents and apparatus 

CoSO4·7H2O (Sigma–Aldrich, p.a.). A 1.7×10-2 mol dm-3 aqueous stock solution was 
prepared, from which a working solution (cCo = 1.7×10-4 mol dm-3) was obtained by dilution. 

4-(2-Pyridyazo)-resorcinol (PAR) (Sigma–Aldrich, 96 %). PAR was dissolved in slightly 
alkaline distilled water to give a 2.0×10-3 mol dm-3 solution. 

Neotetrazolium Chloride (NTC) (Sigma–Aldrich, p.a.). 3,3′-(4,4′-Biphenylene)bis(2,5- 
-diphenyl-2H-tetrazolium chloride). An aqueous 2.0×10-3 mol dm-3 solution was prepared. 

Blue tetrazolium chloride (BTC) (Sigma–Aldrich, p.a). 3,3′-(3,3′-Dimethoxy-4,4′-biphe-
nylene)bis(2,5-diphenyl-2H-tetrazolium chloride). An aqueous 2.0×10-3 mol dm-3 solution 
was prepared. 

Nitro blue tetrazolium chloride (NBTC) (Merck, p.a.). 3,3′-(3,3′-Dimethoxy-4,4′-biphe-
nylene)bis[2-(4-nitrophenyl)-5-phenyl-2H-tetrazolium chloride). An aqueous 2.0×10-3 mol dm-3 
solution was prepared. 

The acidity of the aqueous medium was set using a buffer solution prepared by mixing 
2.0 mol dm-3 aqueous solutions of CH3COOH and NH3. 

The organic solvent, CHCl3, was additionally distilled. 
The pH was checked using an HI 83140 pH meter (Hanna Instruments, Romania). 
A Camspes M 508 spectrophotometer (UK), equipped with 10 mm path length cells, was 

employed for reading the absorbance values. 

Procedure for establishing the optimum operating conditions 

The required volumes of the solutions of Co(II), PAR, DTC (NBTC, NTC or BTC) and 
buffer solution to adjust the pH of the aqueous phase were introduced into a 100 cm3 sepa-
ratory funnel. The volume was then brought up to 10 cm3, 10 cm3 of chloroform were added 
and the sample extracted. The phases were left to separate, the organic phase was transferred 
through a filter paper into a 1 cm cell and its absorbance measured against a blank run in 
parallel. 

RESULTS AND DISCUSSION 

Absorption spectra  

The absorption spectra of the extracts of the ternary ion-association com-
plexes (TIAC) Co(II)–PAR–DTC in chloroform were characterized by absorp-
tion maxima in the visible range (λmax, 515–520 nm), Fig. 1. They are shifted by 
5–10 nm as compared to the maximum of the binary Co(II)–PAR complex in 
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aqueous medium (510 nm; pH 3.5–10,12,30,41). As the optimum wavelength, 
λmax = 520 nm was used in all three cases. 

Fig. 1. Absorption spectra of the ternary com-
plexes of Co–PAR–DTC in CHCl3 against 
blanks: cCo(II) = 1.7×10-5 mol dm-3 = const; ●: 
cPAR = 1.4×10-4 mol dm-3, cBTC = 2.0×10-4 mol 
dm-3; ■: cPAR = 1.4×10-4 mol dm-3, cNBTC = 
= 2.6×10-4 mol dm-3 and ▲: cPAR = 0.8×10-4 mol 
dm-3, cNTC = 3.0×10-4 mol dm-3. 

Effect of pH 

The acidity of the aqueous phase has a substantial effect on the extraction of 
TIAC into the organic phase. The results of pH change on the absorption spectra 
of the complexes are represented in Fig. 2. The maximum extraction of the TIAC 
Co(II)–PAR–BTC could be achieved at a pH in the range of 5.0–6.0, the maxi-
mum extraction the Co(II)–PAR–NTC at a pH in the range 4.8–7.0, while the 
maximum extraction of the third complex Co(II)–PAR–NBTC was achieved at a 
pH in the range 4.2–5.2. 

Fig. 2. Absorbance of Co–PAR–DTC ext-
racts against PAR–DTC extracts vs. pH of 
the aqueous phase plots: cCo(II) = 1.7×10-5 
mol dm-3 = const; cPAR = 2.0×10-4 mol dm-3 
= const; cDTC = 2.0×10-4 mol dm-3 (DTC: ●, 
BTC; ■, NBTC; ▲, NTC). 

Effect of shaking time 

The performed experiments showed that maximum extraction of the ion- 
-association complexes in chloroform is achieved at shaking time of not less than 
30 s. In all three cases, a longer shaking time did not affect the absorbance. A 
shaking time of 2 min was used in the further experiments. 
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Effect of the concentration of the reagents  

The complete bonding of Co(II) into a chelate complex requires a 4.2-fold 
excess of PAR for the TIAC with NTC, a 6.0–fold excess for the TIAC with 
BTC, and a 9.4–fold excess for the TIAC with NBTC. For maximum association 
and extraction, the amount of DTC should not be lower than an 8.2-fold excess 
for NTC, a 9.4-fold excess for BTC, and a 15.5–fold excess for NBTC. 

The Beer law and analytical characteristics 

To find the region of linear relationship between the cobalt concentration in 
aqueous phase and the absorbance in the organic phase after extraction, further 
studies were performed using regression analysis. The analytical characteristics 
are presented in Table I. 

Table I. Characteristics concerning the application of TIAC for extractive–spectrophotometric 
determination of cobalt in the extraction systems Co(II)–PAR–DTC–H2O–CHCl3 

Analytical characteristic 
Ditetrazolium salt (DTC) 

NTC BTC NBTC 
aε′ / 104 dm3 mol-1cm-1 4.81±0.26 5.75±0.20 5.65±0.22 
bBeer Law, μg cm-3 up to 1.6 up to 2.2 up to 2.2 
cSS / 10-3 μg cm-2 1.22 1.02 1.04 
dLOD / μg cm-3 0.05 0.32 0.19 
eLOQ / μg cm-3 0.16 1.07 0.65 
aApparent molar absorptivity; badherence to Beer’s Law; cSandell’s sensitivity; dlimit of detection; elimit of 
quantification 

Mole ratios of the complexes and suggested general formula 

Using known methods, the mobile equilibrium method42 and the straight- 
-line method of Asmus,42,43 it was confirmed the mole ratio of reaction between 
Co(II):PAR was1:2.35,37,40,41 The main studies were aimed at establishing the 
mole ratios of interaction between Co(II) and DTC. In this direction, the mobile 
equilibrium method (Fig. 3) and the straight-line method of Asmus (Fig. 4) were 

Fig. 3. Straight lines by the mobile equilibrium 
method during the determination of Co-to-DTC: 
cCo(II) = 1.7×10-5 mol dm-3 = const; cPAR = 1.4×10-

4 mol dm-3, ●, BTC, ■, NBTC; cPAR = 
= 0.8×10-4 mol dm-3, ▲, NTC. 
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applied. The results of the presented studies show that the mole ratio of Co:DTC 
(BTC, NTC, NBTC) was 1:1. By means of independent method, the method of 
the continuous variations,42 it was confirmed that mole ratio Co(II):NTC was 
1:1. Based on the performed studies, it could be concluded that Co, PAR and 
DTC interact in mole ratio 1:2:1. 

Fig. 4. Determination of the mole ratios of 
Co-to-DTC by the method of Asmus: 
cCo(II) = 1.7×10-5 mol dm-3 = const; cPAR =  
= 1.4×10-4 mol dm-3, ●, BTC, ■, NBTC; 
cPAR = 0.8×10-4 mol dm-3, ▲, NTC. 

The performed extraction–spectrophotometric studies of the systems Co(II)–
PAR–DTC–H2O–CHCl3 gave reason to assume that the contact time between the 
phases was not sufficient for the oxidation of Co(II) to Co(III). In the aqueous 
phase, the chelate complex [CoH2R] was formed between PAR (H2R) and Co(II), 
which was deprotonated [CoR2]2– and reacted with a ditetrazolium salts DT2+. 

Having in mind the mole ratio, it could be assumed that the complex for-
mation of anionic chelate Co(II)–PAR in the aqueous phase, the formation of 
ion-associated complex in the aqueous phase, its distribution between the aque-
ous and the organic phase and its extraction in chloroform are given by the equa-
tions: 

 Co2+ + 2 H2R → [CoR2]2–aq + 4H+ (1) 

 [CoR2]2–aq + DT2+aq  (DT)[CoR2]aq (2) 
 (DT)[CoR2]aq  (DT)[CoR2]org (3) 

 [CoR2]2–aq + DT2+aq  (DT)[CoR2]org (4) 

Equilibrium constants, recovery factors and molar absorptivities 

The equilibrium constants describing quantitatively the equilibria in the 
aqueous phase and the extraction of the ion associates into the organic layer are 
calculated as follows: 

The distribution constant, KD, was calculated by comparing the absorbance 
for a single extraction (A1) to that of the triple extraction (A3) in equal volumes: 
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The association constant, β, was obtained by the method of Komar–Tolma-
chev.42 

The extraction constant, Kex, was calculated using the equation: 

 Kex = KDβ; log Kex = log KD + log β (6) 

The method of Komar–Tolmachev enables the true molar absorptivities, ε, 
and KD to be calculated, which were then used to obtain the recovery factors, R%: 

 D

D

100
%

1

K
R

K
=

+
 (7) 

The results are presented in Table II. Analysis of the results showed that 
sufficiently stable ion associates were formed in the aqueous phase that were 
quantitatively extracted into the organic phase with high sensitivity. 

TABLE II. Values of the equilibrium constants, recovery factors and molar absorptivities of 
the extraction systems Co(II)–PAR–DTC–H2O–CHCl3 

Parameter 
Ditetrazolium salt (DTC) 

NTC BTC NBTC 
log β 4.31±0.25 4.77±0.32 4.79±0.28 
log KD 1.02±0.01 1.41±0.02 0.96±0.01 
log Kex 5.33±0.51 6.18±0.55 5.75±0.59 
R / % 91.25±0.09 95.64±0.11 89.92±0.08 
εa / 104 dm3 mol-1 cm-1 4.62±0.07 6.43±0.28 5.51±0.21 
aTrue molar absorptivity 

CONCLUSIONS 

Liquid–liquid extractions of Co(II)–PAR–DTC–H2O–CHCl3 systems were 
studied. The optimum conditions for the formation of the ion-association com-
plex chelates of Co(II)–PAR with DTC in aqueous medium and their quantitative 
extraction into chloroform were determined. The equilibrium constants and anal-
ytical characteristics needed for the quantitative assessment of the extraction 
equilibrium were calculated, i.e., the association constant, the distribution cons-
tant, the extraction constant, the recovery factor, the apparent molar absorptivity, 
the true molar absorptivity, the limit of detection (LOD), the limit of quantific-
ation (LOQ) and the Sandell sensitivity (SS). The validity of the Beer Law was 
checked. The mole ratio showed that the ion-association complex chelates of 
Co(II)–PAR with DTC could be represented by the general formula 
(DT)[Co(PAR)2]. The presence of hydrophobic substituents, methoxy group in 
the molecule of the ditetrazolium salt BTC, increased the solubility of the ion-
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association complex in the organic solvent, while the hydrophilic nitro groups in 
the ditetrazolium salt NBTC reduced the solubility of the associate. For this 
reason, the ion-association complex of Co–PAR–BTC allowed the determination 
of Co(II) with a higher sensitivity. 

И З В О Д  
ТЕЧНО–ТЕЧНА ЕКСТРАКЦИЈА ЈОН-АСОСОВАНИХ КОБАЛТ(II)-4-(2- 

-ПИРИДИЛАЗО)РЕЗОРЦИНОЛ КОМПЛЕКСА СА ДИТЕТРАЗОЛИJУМ СОЛИМА 
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1Department of General and Inorganic Chemistry, Faculty of Chemistry, University of Plovdiv ”Paisii 
Hilendarski”, 24 Tsar Assen Street, 4000 Plovdiv, Bulgaria и 2Department of Chemistry and Biochemistry, 
Faculty of Farmacology, Medical University Plovdiv, 15A Vasil Aprilov Boulevard, 4002 Plovdiv, Bulgaria  

Испитивано је формирање и течно–течна екстракција јон-асосованих комплекса 
који настају између анјонског Co(II)–4-(2-пиридилазо)резорцинола и три различита кат-
јонска дитетразолиjум-хлорида (плави тетразолиjум-хлорид, BTC, неотетразолиjум-хло-
рид, NTC и плави нитротетразолиjум-хлорид, NBTC). Одређени су оптимални услови за 
формирање и екстракцију помоћу растварача јон-асосованих комплексних хелата. На-
ђено је да у Co(II)–PAR–DTC системима долази до реакције реактаната у 1:2:1 молском 
односу. Претпостављена је општа формула награђених комплексних врста. Екстрак-
ционе равнотеже су испитиване и квантитативно окарактерисане помоћу одговарајућих 
константи. Поред тога, израчунате су аналитичке константе за одговарајуће комплексне 
врсте. 

(Примљено 14. маја, ревидирано 8. октобра, прихваћено 20. октобра 2014) 
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Abstract: This paper considers the development of a linear quantitative struc-
ture–activity relationship (QSAR) model for predicting the ribosomal S6 kinase 
(RSK) inhibition activity of some new compounds. A dataset consisting of 59 
pyrazino[1,2-α]indole, diazepino[1,2-α]indole, and imidazole derivatives with 
known inhibitory activities was used. The multiple linear regressions (MLR) 
technique combined with stepwise (SW) and the genetic algorithm (GA) 
methods as variable selection tools was employed. For more checking of the 
stability, robustness and predictability of the proposed models, internal and 
external validation techniques were used. Comparison of the obtained results, 
indicate that the GA-MLR model is superior to the SW–MLR model and that it 
is applicable for designing novel RSK inhibitors. 

Keywords: QSAR; genetic algorithms; multiple linear regression; RSK inhi-
bitors. 

INTRODUCTION 

The RSK (90 kDa ribosomal S6 kinase) family comprises a group of highly 
related serine/threonine kinases that regulate diverse cellular processes, including 
cell growth, proliferation, survival and motility. This family consists of four 
human isoforms (RSK1-4), and single family member orthologues are also pre-
sent in Drosophila and Caenorhabditis elegans.1 RSK1-4 are a family of widely 
expressed Ser/Thr kinases characterized by two non-identical, functional kinase 
domains2 and a carboxy-terminal docking site for extracellular signal-regulated 
kinases (ERKs).3 Several sites both within and outside of the RSK kinase 
domain, including Ser380, Thr359, Ser363, and Thr573, are important for kinase 
activation.4 RSK1-3 are activated via coordinated phosphorylation by mitogen-
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activated protein kinases (MAPKs), autophosphorylation, and phosphoinositide-
3-OH kinase (PI3K) in response to many growth factors, polypeptide hormones, 
and neurotransmitters.4 RSK4 appears to demonstrate different pharmacology.  

Metastasis, the spreading of cancer cells from a primary tumor to secondary 
sites throughout the body, is the primary cause of death for patients with cancer. 
New therapies that prevent invasion and metastasis in combination with current 
treatments could therefore significantly reduce cancer recurrence and morbidity. 
Metastasis is driven by altered signaling pathways that induce changes in cell–
cell adhesion, the cytoskeleton, integrin function, protease expression, epithelial- 
-to-mesenchymal transition and cell survival. The ribosomal S6 kinase (RSK) 
family of kinases is a group of extracellular signal-regulated kinase/mitogen-
activated protein kinase (ERK/MAPK) effectors that can regulate these steps of 
metastasis by phosphorylating both nuclear and cytoplasmic targets.  

However, the present understanding of the function of RSK in metastasis 
remains incomplete and is complicated by the fact that the four RSK isoforms 
perform non-redundant, sometimes opposing functions. Although some isoforms 
promote cell motility and invasion by altering transcription and integrin activity, 
others impair cell motility and invasion through effects on the actin cytoskeleton. 
The mechanism of RSK action depends on both the isoform and the cancer type. 
However, despite the variance in RSK-mediated outcomes, chemical inhibition 
of this group of kinases has proven effective in blocking invasion and metastasis 
of several solid tumors in preclinical models. RSKs are therefore a promising 
drug target for antimetastatic cancer treatments that could supplement and 
improve current therapeutic approaches.5  

The experimental evaluation of the inhibitory activity of chemical structures 
is difficult, expensive and time-consuming, thus the development of a compu-
tational method for its prediction would be useful and of interest.6–12 Among 
computational methods, the quantitative structure–activity relationship (QSAR) 
model has found diverse applications for predicting the properties/activities of a 
compound, including prediction of biological activity,13,14 physical proper-
ties,15,16 toxicity17,18 and antiviral activity.19,20 This model is a mathematical 
equation that can express the chemical properties or activities of compounds as a 
function of their various structural parameters (descriptors). The first step in 
building a QSAR model is the selection of a set of molecular descriptors that 
represent variation in the structural property of the molecules by a number. Thus, 
variable selection methods, as an inseparable part of the model development in 
QSAR studies, are used to select the best subset of descriptors. There are several 
variable selection methods, such as genetic algorithm (GA) and stepwise (SW). 
After selection of the most important descriptors, the model can be generated 
based on these selected descriptors using multiple linear regressions (MLR). The 
success of any QSAR model depends on the accuracy of the input data, selection 
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of appropriate descriptors and most importantly validation of the developed 
model.21The aim of this work was to develop a new QSAR model to predict the 
(RSK) inhibition activity of pyrazino[1,2-α]indole, diazepino[1,2-α]indole and 
imidazole derivatives. 

MATERIAL AND METHODS 

Data set 
The data set consisting of 59 molecules of pyrazino[1,2-α]indole, diazepino[1,2-α]indole, 

and imidazole derivatives along with their experimental inhibitory activities were collected 
from the literature.22,23 The chemical structures and their experimental values are presented in 
Table S-I of the Supplementary material to this paper. The half-maximal inhibitory concen-
tration data (IC50 / μM) was converted to the logarithmic scale pIC50 (–log (IC50 / M)) and 
then utilized for the subsequent QSAR analyses as the dependent variable. The whole dataset 
was randomly segregated into a training and a test set consisting of 48 and 11 compounds, 
respectively. The training set was used to construct a regression model, and the test set was 
used to evaluate the predictive ability of the obtained model. 
Descriptors calculation 

The two-dimensional (2D) structures of the molecules were constructed using Hyper-
chem 7 and pre-optimization was performed using molecular mechanics force field (MM+) 
and the final optimization of the geometries was realized using a semi-empirical (AM1) pro-
cedure with a root mean square gradient of 0.01 kcal mol-1. Dragon 2.1 software was 
employed to calculate 1497 molecular descriptors for all the studied chemical structures. In 
order to reduce redundant and non-useful information, constant or near-constant values and 
descriptors found to be highly correlated pair wise were removed in a pre-reduction step. 
Thereby, 398 molecular descriptors remained for the variable selection step. 

Genetic algorithm (GA) 
The main challenges for QSAR practitioners are to find an appropriate set of descriptors 

and a suitable function that can accurately illustrate the experimental data. Nowadays, the 
genetic algorithm (GA) method, developed by Holland et al.,24 is considered superior to other 
variable selection methods. It is a powerful optimization method that was inspired by evol-
utionary principles, including survival of the fittest, reproduction, crossover, and mutation. In 
this study, GA-MLR was used to build the QSAR model. The fitness function utilized herein 
was the leave-one-out (LOO) cross-validated correlation coefficient (Q2). The GA program 
was written in Matlab 6.5.25 

K-Means cluster analysis 
One of the main non-hierarchical clustering techniques is the K-means clustering, which 

is used in the division of a dataset into the training and test sets.26 Ideally, this division is 
performed so as the points representing the training and test set are distributed within the 
whole descriptor space occupied by the entire data set.27 In K-means cluster analysis 
(K-MCA), the clusters are started randomly and their means are calculated in the descriptor 
space. Molecules are reassigned to clusters the means of which are closer to the position of the 
molecules. This is followed by the selection of the test set molecules from each cluster since 
both test set and training set can represent all clusters and characteristics of the whole data set. 
In this study, the original data set was partitioned into four clusters based on K-means clus-
tering. Then, about 20% of compounds of each cluster were chosen as members of the test set. 
The K-means clustering results are shown in Table S-II of the Supplementary material. 
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RESULTS AND DISCUSSION 

The whole data set was randomly partitioned into the training set of 48 
compounds, and the test set of 11 compounds based on rule: the range of the 
experimental inhibitory activity values of both the training set and test set should 
be covered from the lowest to the highest. The training and test sets are indicated 
in Table S-1 of the Supplementary material. After the splitting of the datasets, the 
stepwise method was performed to select the main descriptors correlated to the 
activity based on the training set compounds. The six descriptors obtained by the 
SW–MLR linear model are as follows: 

pIC50 = –6.820(±1.315) +5.757(±0.540)BELp5 + 32.252(±6.716)HATS6p + 
+ 1.362(±0.304)GATS8e – 5.443(±1.246)E3m + 0.154(±0.056)nHDon – (1) 

– 0.305 (±0.119)RDF130p 

whereby Ntrain = 48, R2train = 0.824, R2test = 0.159, R2adj =0.798, Ftrain = 31.971, 
Ftest = 0.369, RMSEtrain = 0.395, RMSEtest = 1.079, Q2LOO = 0.767, Q2LGO = 
= 0.745, Q2

BOOT = 0.751, where N is the number of compounds, R2 is the 
squared correlation coefficient, R2adj is adjusted R2, RMSE is the root mean 
square error, F is the Fisher F statistic and Q2LOO, Q2LGO and Q2BOOT are the 
squared cross-validation coefficients for leave one out, leave group out and boot-
strapping, respectively.  

The obtained statistical parameters indicate that the SW-MLR procedure 
produced good results for the training set, but it did not produce good results for 
the test set. Therefore, a genetic algorithm was used to select the best set of des-
criptors, and various models with various numbers of descriptors were obtained. 
To select the optimum number of descriptors with GA, the influence of the 
number of the descriptors was investigated from one to ten descriptors. Finally, a 
GA–MLR model with six selected descriptors was obtained. This model is 
described by the following equation: 

pIC50 = +2.713(±1.678) +7.017(±1.080)MATS6e – 3.085(±0.666)MATS8e +  
 0.209(±0.071)RDF140u – 0.142(±0.057)RDF120m – (2) 

1.016(±0.117)Mor04m + 31.823(±10.919)G3e 

whereby Ntrain = 48, R2train = 0.824, R2test = 0.864, R2adj = 0.798, Ftrain = 31.90, 
Ftest = 3.143, RMSEtrain = 0.395, RMSEtest = 0.483, Q2LOO = 0.761, Q2LGO = 
= 0.749, Q2BOOT = 0.740. 

The GA-MLR model was then used to predict the test set data and the 
prediction results are given in Table S-I of the Supplementary material. The 
predicted values of pIC50 for the compounds in the training and test sets using 
the GA-MLR model are plotted against their experimental values in Fig. 1. As 
can be seen from Table S-I and Fig. 1, the prediction values are in good agree-
ment with the experimental values. 

_________________________________________________________________________________________________________________________

(CC) 2015 SCS. All rights reserved.

Available on line at www.shd.org.rs/JSCS/



 PREDICTION OF ACTIVITY OF RSK INHIBITORS 191 

Fig. 1. The pIC50 values predicted 
by GA–MLR modeling vs. the 
experimental pIC50 values. 

The six selected descriptors using the GA–MLR method were MATS6e, 
MATS8e, RDF140u, RDF120m, Mor04m and G3e. The multi-colinearity 
between the selected descriptors was checked by calculating their variation 
inflation factors (VIF), which can be calculated as follows: 

 
2

1

1
VIF

r
=

−  
(3) 

where r2 is the multiple correlation coefficient of the effect of one descriptor 
regressed on the remaining molecular descriptors. If VIF equals 1, then no inter- 
-correlation exists for each variable; if VIF falls into the range of 1–5, the related 
model is acceptable; and if VIF is larger than 10, the related model is unstable 
and a recheck is necessary.28 As can be seen from Table I, most variables had 
VIF values of less than 5, indicating that the obtained GA–MLR model has 
obvious statistical significance. 

The correlation matrix for the six selected descriptors is given in Table II, 
from which, it could be seen that the correlation coefficient value of each of the 
two descriptors was less than 0.56, which meant that the selected descriptors 
were independent in the analysis.  

In general, the assessment of stability and predictive ability of a model is an 
important step in the expression of the quality of a model. The ability of the GA- 
-MLR model was verified by the leave-one-out and leave-group-out cross-valid-
ated correlation coefficients (Q2LOO and Q2LGO). The internal predictive ability 
of the model was also verified using the bootstrap Q2BOOT procedure, as is strongly 
recommended for QSAR modeling. The robustness of the proposed model and its 
predictive ability was guaranteed by the high value of Q2BOOT based on the 
bootstrapping being repeated 5000 times. The cross-validation parameters for the 
MLR model are given in Eq. (2). The cross-validation results indicate that the 
obtained regression model has good internal and external predictive power. 
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TABLE I. Details of the constructed GA-MLR model; SE – standard error, MF – mean effect, 
VIF – variation inflation factor 

Descriptor Coefficient SE MFa VIFb Chemical meaning 
Constant 2.713 1.678 0 0 – 
MATS6e 7.017 1.080 -0.18954 1.09685 Moran autocorrelation - lag 6 / 

weighted by atomic Sanderson 
electronegativities 

MATS8e –3.085 0.666 -0.21865 1.45634 Moran autocorrelation - lag 8 / 
weighted by atomic Sanderson 

electronegativities 
RDF140u 0.209 0.071 0.02197 1.42781 Radial Distribution Function - 14.0 / 

unweighted 
RDF120m –0.142 0.057 -0.02503 1.47806 Radial Distribution Function - 12.0 / 

weighted by atomic masses 
Mor04m –1.016 0.117 0.24938 1.50138 3D-MoRSE - signal 04 / 

weighted by atomic masses 
G3e 31.823 10.919 1.16187 1.65773 3rd component symmetry directional 

WHIM index / weighted by atomic 
Sanderson electronegativities 

aMean effect; bvariation inflation factors 

TABLE II. Correlation coefficient matrix of the selected descriptors 

 MATS6e MATS8e RDF140u RDF120m Mor04m G3e 
MATS6e 1 0 0 0 0 0 
MATS8e –0.12 1 0 0 0 0 
RDF140u 0.05 –0.04 1 0 0 0 
RDF120m 0.12 0.01 0.55 1 0 0 
Mor04m 0.05 0.45 0.10 –0.12 1 0 
G3e –0.20 0.54 –0.07 –0.15 0.47 1 

A Williams plot is used to visualize the applicability domain (AD) of QSAR 
models. It is a plot of the standardized residuals vs. the leverage values (h).29 
From the Williams plot (Fig. 2), it is obvious that there are three compounds 
(Nos. 38 and 55 in the training set and No. 50 in the test set) that have a leverage 
value higher than the warning h* value of 0.44 and thus, they could be considered 
as structural outliers. Fortunately, in these cases, the data predicted by the model 
are good for the three compounds and thus, they are “good leverage” chemicals. 
From Fig. 2, it is obvious that there are no outlier compounds with standard 
residuals >3δ for both the training and the test sets. 

The Y-randomization test is performed to assess the robustness of a QSAR 
model by building several random models via shuffling the dependent variable 
vector (pIC50), while keeping the independent variables as it is. The resultant 
random models are expected to have low R2 and Q2LOO values.30 The results of 
Y-randomization tests are shown in Table III. 
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Fig. 2. The William plot of the GA–MLR model. 

TABLE III. R2
train and Q2

LOO values after several Y-randomization tests 

No. Q2 R2 
1 0.060 0.082 
2 0.214 0.078 
3 0.093 0.037 
4 0.027 0.109 
5 0.007 0.151 
6 0.106 0.067 
7 0.015 0.085 
8 0.102 0.030 
9 0.008 0.160 
10 0.031 0.090 

Interpretation of descriptors 

Interpretation of descriptors contained in the best model (GA-MLR) pro-
vides useful chemical insights into the mechanism of the inhibitory activity. 
Thus, an acceptable interpretation of the QSAR results is provided below. The 
molecular descriptors selected by the genetic algorithm are given in Table I. 

The first and second descriptors are MATS6e (Moran autocorrelation - lag 6 
/ weighted by atomic Sanderson electronegativities) and MATS8e (Moran auto-
correlation - lag 8 / weighted by atomic Sanderson electronegativities) that belong 
to the 2D autocorrelations descriptors. In this descriptor, the Geary coefficient is 
a distance-type function, this function is any physicochemical property calculated 
for each atom of the molecule, such as atomic mass, polarizability, etc. Thus, the 
molecule atoms represent a set of discrete points in space and the atomic property 
is the function evaluated at these points.31 In these descriptors (MATS6e and 
MATS8e), the weighting scheme is the atomic Sanderson electronegativities, 
which show that the electronegativities of the molecule atoms play the main role 
in these descriptors. MATS6e has a positive sign in equation, which indicates 
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that the pIC50 value is directly related to this descriptor. By increasing the atomic 
Sanderson electronegativities for each molecule atoms, the value of this des-
criptor increased, causing an increase in its pIC50 value. MATS8e displays a 
negative sign, which shows that the pIC50 value is inversely related to this des-
criptor. Hence, it was concluded that increasing the value of this descriptor 
causes a reduction in the pIC50 value. 

The third and fourth descriptors appearing in the model are RDF140u (Rad-
ial Distribution Function - 14.0 / unweighted) and RDF120m (Radial Distribution 
Function - 12.0 / weighted by atomic masses). These descriptors belong to the 
radial distribution function (RDF) descriptors. RDF descriptors meet all the 
requirements for 3D structure descriptors; they are independent of the number of 
atoms (i.e., the size of a molecule), and are unique regarding the three-dimen-
sional arrangement of the atoms and are invariant against the translation and 
rotation of the molecules. Additionally, the RDF descriptors can be restricted to 
specific atom types or distance ranges to represent specific information in a cer-
tain three-dimensional structure space (e.g., to describe the steric hindrance or the 
structure/activity properties of a molecule). Formally, the radial distribution func-
tion of an ensemble of n atoms can be interpreted as the probability distribution 
of finding an atom in a spherical volume of radius R.32 RDF140u has a positive 
sign, and the positive sign indicates that the pIC50 value was directly related to 
this descriptor. The negative sign of RDF120m suggests that the pIC50 value was 
inversely related to this descriptor. Therefore, increasing the atomic masses of 
molecules leads to decrease in the pIC50 value. 

The next descriptor is Mor04m (3D-MoRSE - signal 04 / weighted by ato-
mic masses) which is one of the 3D-MoRSE descriptors. 3D-MoRSE descriptors 
(3D Molecule Representation of Structures based on Electron diffraction) are 
derived from Infrared spectra simulation using a generalized scattering func-
tion.33 Mor04m had a negative sign in the equation, which indicates that the 
pIC50 value was inversely related to this descriptor. 

The last descriptor is G3e (3rd component symmetry directional WHIM 
index / weighted by atomic Sanderson electronegativities) that belongs to the 
WHIM descriptors. Weighted holistic invariant molecular (WHIM) descriptors 
are geometrical descriptors based on the statistical indices calculated on the 
projections of atoms along the principal axes. The algorithm consists of per-
forming a principal components analysis on the centered Cartesian coordinates of 
a molecule by using a weighted covariance matrix obtained from different 
weighting schemes for the atoms. Directional WHIM symmetry descriptors are 
related to the number of central symmetric atoms (along the mth component), the 
number of unsymmetrical atoms and the total number of molecule atoms.34 As it 
is clear from Table I, G3e has a positive sign, illustrating a greater coefficient 
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value than that of the other descriptors. This descriptor had a significant effect on 
the pIC50 value of the studied molecules.  

From the above discussion, it could be concluded that the atomic Sanderson 
electronegativities, radial distribution function and atomic masses play an impor-
tant role in the RSK inhibitory activities of the studied compounds. 

CONCLUSIONS 

In this work, a linear QSAR model was presented for prediction of RSK 
inhibitors of pyrazino[1,2-α]indole, diazepino[1,2-α]indole and imidazole deriva-
tives. The best subset of calculated descriptors was selected by use of stepwise 
and genetic algorithm methods. Validation of the model was performed using 
separation of the data into two independent sets, Y-randomization, cross-valid-
ation by LOO, LGO and bootstrap. The results indicated that the constructed GA- 
-MLR model is a valid model with high statistical quality and low prediction 
errors. The proposed model could identify and provide an insight into some sug-
gestions for the further design of new RSK inhibitors. 

SUPPLEMENTARY MATERIAL 

Chemical structures, the observed pIC50 values and K-means clustering of the com-
pounds are available electronically from http://www.shd.org.rs/JSCS/, or from the corres-
ponding author on request. 
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ПРИМЕНА ГЕНЕТСКОГ АЛГОРИТМА – ВИШЕСТРУКЕ ЛИНЕАРНЕ РЕГРЕСИЈЕ ЗА 

ПРЕДВИЂАЊЕ АКТИВНОСТИ ИНХИБИТОРА RSK 
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Развијен је линеарни QSAR модел за предвиђање RSK инхибиторне активности 
неких нових једињења. База података се састојала од 59 деривата пиразино[1,2-α]ин-
дола, диазепино[1,2-α]индола и имидазола са познатим инхибиторним активностима. 
Примењена је техника вишеструких линеарних регресија (MLR) комбинована са SW и 
GA алгоритмима. Оригинални сет података је подељен на тренажни (80 % података) и 
тест сет (20 % података). Добиjени резултати указују на то да је GA-MLR модел бољи од 
SW-MLR модела, и да је употребљив за дизајнирање нових инхибитора RSK. 

(Примљено 25. маја, прихваћено 19. јуна 2014) 
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TABLE S-I. Chemical structures and the observed pIC50 values and those predicted by the 
GA–MLR method 

No. General structure Substituent Experimental Predicted 
1 

N
N

O

N N

O
H

H

1
2

3

– 6.62 6.00 
2 1-Me 7.39 6.96 
3 2-Me 5.92 5.37 
4 2-CH2NH2 5.74 6.15 
5 1,2-cis-DiMe 6.62 6.72 
6a 1,2-trans-DiMe 5.96 6.39 
7 2,2-DiMe 5.34 5.21 
8 2,2-DiF 5.77 6.07 
9a 2-spiro-c-Pr 6.39 5.83 
10 2-spiro-c-Bu 5.48 5.40 
11 3-Me 5.60 5.85 
12 

N
N

H

O

N N

O

H

1 2

– 6.14 6.61 
13 1-Me 6.77 7.06 
14 1,1-DiMe 6.68 6.98 
15 1,2-cis-DiMe 7.35 6.67 
16 1,2-trans-DiMe 6.06 6.39 
17 2-Me 6.46 6.14 
18 2-CH2NH2 6.01 6.21 

                                                                                                                    

* Corresponding author. E-mail: pourbasheer@ut.ac.ir 
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TABLE S-I. Continued 

No. General structure Substituent Experimental Predicted 
19 

N

O

N N

O
H

H
R

 

H 5.04 5.90 
20 6.54 6.42 

21a 

Cl

6.74 6.67 

22a 
Cl

6.57 7.43 

23a Cl 5.22 5.77 

24 OMe 6.40 6.97 

25 ONH2 7.68 7.97 

26 

N

7.47 7.12 
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TABLE S-I. Continued 

No. General structure Substituent Experimental Predicted 
27 

N

O

N N

O
H

H
R

N
 

6.66 6.75 

28 

 

N

N
H

7.28 6.91 

29a 
N

S

5.66 6.41 

30 
N

NH

7.59 6.72 

31 
N

N

5.66 5.91 

32a 

N

N

7.96 7.95 

33 

HN

N

7.37 7.56 
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TABLE S-I. Continued 

No. General structure Substituent Experimental Predicted 
34 

N

O

N N

O
H

H
R

N
N

6.27 7.03 

35 

N
H

N

7.03 6.51 

36 

N

7.47 7.12 

37 

N

N

N

7.28 7.56 

38 N 7.17 7.29 

39 

O

N 6.44 7.23 

40 

N
H

N 8.40 8.21 

41 

N

N 8.05 7.60 
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TABLE S-I. Continued 

No. General structure Substituent Experimental Predicted 
42 

 

N O

7.72 7.59 

43 

N O
 

7.74 7.91 

44a 

N O

7.59 8.00 

45 

N O

7.07 7.42 

46 

N O

7.89 7.77 

47a 

N

N

8.15 8.56 
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TABLE S-I. Continued 

No. General structure Substituent Experimental Predicted 
48 

 

N

N
N

8.00 7.90 

49 

N

N

N

8.70 8.25 

50a 

N

N 9.00 8.83 

51 

N

N 7.70 7.90 

52a 

N

N 7.21 7.50 

53 

 N

N

N

7.68 7.39 
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TABLE S-I. Continued 

No. General structure Substituent Experimental Predicted 
54 

 

N

NCl 8.22 7.64 

55 

N

N

Cl

7.92 7.72 

56 

N

N

N

Cl

7.70 7.71 

57 

N N

N 8.40 8.35 

58 

N

N N *

O

N

H

 

N NH

O

*

9.00 9.22 

59 

N NH
*

O 7.57 7.66 

aTest set 
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TABLE S-II. K-means clustering of the compounds  

Cluster No. of compounds Serial number of compounds in different clusters 
1 1 58 
2 38 5 8 9a 12 13 14 15 17 18 20 
  21a 24 25 26 27 28 29a 30 31 33 
  34 35 40 41 42 43 44a 45 46 47a 
  48 49 52a 53 56 57 58 59   
  62 
3 18 1 2 3 4 6a 7 10 11 16 19 
  22 a 23a 32a 36 37 39 51 54   
4 2 38 50a         
aTest set 
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Correlation between morphology and magnetic properties of 
electrochemically produced cobalt powder particles 
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Abstract: Cobalt 3D powder particles were successfully prepared by galvano-
static electrodeposition. The electrodeposited cobalt powders were charact-
erized by X-ray diffraction (XRD) analysis, scanning electron microscopy 
(SEM), energy dispersive spectroscopy (EDS) and SQUID magnetometry. It 
was shown that the morphology, structure and magnetic properties of cobalt 
particles were closely associated and could be easily controlled by adjusting the 
electrodeposition process parameters. The morphology of cobalt powder par-
ticles was strongly affected by the hydrogen evolution reaction as a parallel 
reaction to cobalt electrodeposition. Depending on the applied current density, 
two types of powder particles were formed: dendrites at lower and spongy-like 
particles at higher current densities. Morphologies and structures of powder 
particles were correlated with their magnetic properties, and compared with 
those of the bulk cobalt. In comparison with the properties of bulk cobalt, the 
obtained 3D structures exhibited a decreased saturation magnetization (MS), 
but an enhanced coercivity (HC), which was explained by their peculiar mor-
phology. 

Keywords: electrodeposition; cobalt; powder; scanning electron microscope; X-
ray diffraction analysis; magnetic properties. 

INTRODUCTION 

Due to its specific physical properties, ferromagnetic cobalt has received 
attention in both basic scientific research and technological applications, such as, 
for example, in high-density information storage, magnetic sensors, etc.1 The fact 
that the crystal structure and magnetic properties of cobalt are considerably sus-
ceptible to particle size and morphology led to development of numerous syn-
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thetic methods aimed at obtaining specific particle sizes/shapes. These methods 
included thermal decomposition of cobalt carbonyl and organometallic precur-
sors, template-mediated synthesis, solvothermal and electrodeposition methods. 
Various morphological forms, such as wires, rods, disk, ring and tree-like cobalt, 
were successfully synthesized by some of these methods.2–7  

The crystal structure of cobalt in its bulk form comprises two allotropes, i.e., 
hexagonal close packed (hcp) and face centred cubic (fcc). The transition from 
the hcp to the fcc phase can be temperature induced so that the hcp structure is 
stable at room temperature, while the fcc phase becomes stable at temperatures 
above approximately 450 °C.8 It was shown that with reduction in the grain size, 
the fcc-phase becomes the more stable phase at ambient conditions,9 although the 
hcp structure can also be stabilized for nano-sized cobalt under special synthesis 
conditions.10,11 In addition, in the nanometre size range, a new metastable phase 
can also appear, called ε-Co, with properties between the hcp and fcc phases.12  

From the viewpoint of magnetism, bulk cobalt is a well known ferromag-
netic material with the high Curie temperature close to TC ≈ 1390 °C.13 How-
ever, hcp-Co is magnetically much harder than fcc-Co, meaning that the coerci-
vity field HChcp can be up to an order of magnitude higher than HCfcc, while the 
saturation magnetization values MS of both phases are virtually the same.13 In 
practice, the majority of bulk cobalt samples consist of mixed hexagonal and 
cubic phases14 so that typical HC values amount few tens of Oe* while typical 
MS values are around 168 emu g–1.  

Electrodeposition is very valuable method to obtain a metal in the desired 
form suitable for applications in the above-mentioned technologies. Morphology, 
as the most important property of electrodeposited metal, mainly depends on the 
electrodeposition conditions, such as regime of electrolysis, composition of the 
solution, type of working electrode and temperature, and the nature of the 
metal.15,16 Cobalt belongs to the group of inert metals, together with Fe, Ni, Mn, 
Cr and Pt.17 The characteristics of these metals are high melting points, low 
exchange current densities and low overpotentials for hydrogen discharge. Due to 
these characteristics, electrodeposition of cobalt occurs together with the hyd-
rogen evolution reaction, enabling the formation of cobalt in powder form over a 
wide range of potentials and current densities.  

For this reason, in the present study, this method was used to produce cobalt 
3D powder particles of different surface morphology. The powder particles 
obtained in the galvanostatic regime of electrolysis were analyzed with respect to 
their morphology, structure and magnetic properties. 

                                                                                                                    

* 1 Oe×103/4π = 1 A/m; 1 emu/g = 1 A m2/kg 
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EXPERIMENTAL 
Cobalt powders were electrodeposited from the electrolyte containing 0.10 M CoSO4 + 

+ 0.70 M NH4OH + 1.0 M (NH4)2SO4 at a current density of 500 mA cm-2 and a current 
density which corresponded to the limiting diffusion current density of 770 mA cm-2. All 
chemical reagents in this work were of analytical grade purity. Electrolytes were made from 
chemicals and pure water (EASY pure UV, 18.3 MΩ, Barnstead). The working electrode was 
glassy carbon, while the counter electrode was pure platinum. 

Cobalt powder samples were electrodeposited at the room temperature in a cylindrical 
glass cell with a cone-shaped bottom in order to collect the powder particles. The total volume 
of the cell was 1 dm3. During the deposition process, the powder was not removed from the 
electrode surface, but was left to self-detach. After deposition, the powders were washed with 
EASY pure UV water and ethanol, and left to dry in the air at room temperature. 

The morphology of the electrodeposited powders was examined using scanning electron 
microscopes (SEMs) Philips XL30 and Tescan VEGA TS 5130MM, equipped with an 
energy-dispersive X-ray spectroscopy (EDS) Oxford Instruments INCA. X-Ray powder dif-
fraction (XRD) analysis of the cobalt powders was realized using a PHILIPS PW 1050 dif-
fractometer. Magnetic measurements were performed using a Quantum Design MPMS 
SQUID magnetometer at temperatures of 5 K and 300 K. 

RESULTS AND DISCUSSION 

Morphology and structure analysis 

Due to parallelism between reactions of cobalt electrodeposition and hyd-
rogen evolution,18 the hydrogen generated during the electrodeposition process 
strongly affected the morphology of the powder particles. The quantity of hyd-
rogen evolved parallel with the process of metal deposition was quantified by the 
determination of the current efficiency for hydrogen evolution using a well-estab-
lished experimental procedure.19 The polarization characteristics of a electrolyte 
containing 0.1 M CoSO4 +1 M (NH4)2SO4 + 0.7 M NH4OH were previously 
analyzed, and it was concluded that a current density of 770 mA cm–2 corres-
ponded to the limiting diffusion current density for Co electrodeposition (jL(Co) = 
770 mA cm–2 ).20 The values of the current efficiencies for the Co electrodepo-
sition of 18 and 26 % were extracted from the polarization curve obtained with 
IR drop correction at 770 and 500 mA cm–2, respectively. Hence, the current 
efficiencies for hydrogen evolution reaction at these current densities were 82 
(jL(Co) = 770 mA cm–2) and 74 % (j = 500 mA cm–2). Typical powder particles 
of cobalt obtained at a current density of 500 and at a current density corres-
ponding to the limiting diffusion current density for Co electrodeposition of 770 
mA cm–2 are shown in Figs. 1 and 2, and denoted Co1 and Co2, respectively. 
The observed powder particles were either dendritic or spongy-like shapes. A 
mixture of dendritic and spongy-like particles was formed at a current density of 
500 mA cm–2, while only the spongy-like particles were formed at the limiting 
diffusion current density of 770 mA cm–2. 
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 (a) (b) (c) 

       
 (d) (e) 

Fig. 1. Morphology of cobalt powder particles obtained by electrodeposition at a current 
density of 500 mA cm-2 (Co1): a) dendrite and spongy-like particles, b) dendrite, c) dendrites 

formed inside holes, d) structure of grains around hole and e) EDS spectrum of the 
as-deposited powder. 

    
 (a) (b) 

Fig. 2. Morphology of cobalt powder particles obtained by electrodeposition at a current 
density corresponding to the limiting diffusion current density of 770 mA cm-2 (Co2): 

a) spongy-like particle with magnified details of the surface and b) EDS spectrum of the as-
deposited powder. 
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The cobalt dendrites have the 3D (three-dimensional) fern-like shape (Fig. 
1a and b). The cobalt dendrites were also formed in the interior of most holes 
after the detachment hydrogen bubbles, as shown in Fig. 1c. Regarding the 
spongy-like particles obtained at 500 mA cm–2, it can be noticed that the spongy 
character of this particle type is determined by holes formed by detached hyd-
rogen bubbles surrounded by cauliflower-like agglomerates of cobalt grains. The 
morphology surface of cobalt grains around holes was relatively smooth with 
numerous nano pores, as shown in Fig. 1d and e shows the energy dispersion 
spectroscopy (EDS) measurement of the as-deposited powder. A slight peak of 
oxygen exists, which indicates that the surface of the powder has a quite thin 
oxide layer due to the passivation of cobalt. 

The macrostructure of the spongy-like particles obtained at 770 mA cm–2 
(Co2) resembled that of those obtained at 500 mA cm–2 (Co1, Fig. 2a). Due to 
vigorous hydrogen evolution during the formation of these particles, small holes 
inside larger holes were also formed (enlarged part in Fig. 2a). The morphology 
of the deposits between the holes also (Fig. 2a) consisted of small agglomerates 
of cobalt grains separated by irregular micro-pores, the origin of which was also 
due to the hydrogen generated during the electrodeposition process. The mor-
phology of grains around holes was relatively smooth with numerous nano-pores 
(enlarged parts in Fig. 2a). As in the previous case, there was a quite thin oxide 
layer on the surface of the powder due to the passivation of cobalt (Fig. 2b).  

The effect of hydrogen evolution, as a parallel reaction to cobalt electro-
deposition, on the shape of powder particles could be explained as follows: in the 
case of the formation of dendritic particles, the evolved hydrogen prevented the 
growth of the dendrites in the lateral directions causing a predominant growth in 
the vertical direction in the stem-like form, as shown in Fig. 1a and b. The 
growth of a dendrite commenced from one nucleus (Fig. 1a) and then, the growth 
of the dendritic particle was determined by the hydrogen evolution reaction. Hyd-
rogen evolution intensified with increasing current density of the electrodepo-
sition leading to inhibition of dendritic growth. Hydrogen evolution became suf-
ficiently vigorous to cause strong stirring of the electrolyte in the near-electrode 
layer leading to a decrease in the thickness of the diffusion layer, an increase in 
the limiting diffusion current density and a decrease in the degree of diffusion 
control of the electrodeposition process.21 The absence of dendritic-shaped 
particles in the deposit obtained at 770 mA cm–2 actually proved that the degree 
of diffusion control was lower during electrodeposition at 770 mA cm–2 than at 
500 mA cm–2 due to the intensification of the hydrogen evolution reaction. The 
quantity of evolved hydrogen during the electrodeposition process can be divided 
into two parts.22 One part is spent for the creation of macro-pores or holes and 
determines the overall specific surface area of the spongy-like particles. This 
quantity of generated hydrogen does not contribute to the stirring of electrolyte in 
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the near-electrode layer. The remaining quantity of evolved hydrogen was res-
ponsible for the stirring of the electrolyte and, hence, affected the hydrodynamic 
conditions in the near-electrode layer. The morphology of the spongy-like par-
ticles was determined by this remaining quantity of evolved hydrogen, which was 
also responsible for the formation of the porous structure of this type of particles, 
i.e., the formation of micro- and nano pores.  

The crystal phase composition 

The crystallinity and phase composition of the obtained cobalt powders were 
determined from the XRD patterns depicted in Fig. 3 in the 2θ range of 40–60°. 
The peak positions of sample Co1 were located at 2θ angles 41.69, 44.60 and 
47.52°. The peak positions and intensity ratios matched the corresponding (100), 
(002) and (101) reflections related to the hexagonal-close packed (hcp) cobalt 
phase (space group P63/mmc1 (194); JCPDS: 05-0727). No reflections due to 
cobalt oxides or hydroxides impurities were detected, indicating that the cobalt 
powder obtained in this way consisted of only the hcp-Co phase. In the case of 
Co2 sample, notable changes in breadths and relative intensities of the peaks 
were observed (Fig. 3). Significant broadening of the peaks in this case suggests 
increased defect concentration (microstrain), as a consequence of the synthesis 
conditions for this sample. The notable increase in the relative intensity of the 
(002) peak at 44.60° in Co2 was inconsistent with the XRD pattern of a single 
hcp phase and pointed to the contribution of the fcc-Co phase through its strong-
est (111) reflection at the same 2θ angle (space group Fm-3m (225), JCPDS: 
15-0806).23 The detection of both structure phases in the Co2 sample was also in 
accordance with the higher defect concentration, since it is known that their pre-
sence favours the simultaneous existence of hcp and fcc structures in bulk cobalt.14 

 
Fig. 3. XRD patterns of cobalt powders deposited at 500 (Co1) and 770 mA cm-2 (Co2). 
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Magnetic properties 

Magnetic properties of two cobalt samples were investigated by measure-
ments of field dependence of isothermal magnetization at two temperatures, 5 
and 300 K. The recorded magnetization curves in the magnetic field interval of 
±50 Oe are depicted in Fig. 4a and b for Co1 and Co2, respectively, while the 
insets show low-field details of the hysteresis loops. The most important para-
meters extracted from the obtained M(H) dependencies are listed in Table I. The 
saturation magnetization MS values were considered as the measured values in 
the maximum field of 50 Oe while the coercivity fields HC were determined as 
the interpolated field value for zero sample magnetization. 

 
(a) 

 
(b) 

Fig. 4. Hysteresis loops of cobalt powder electrodeposited at a) 500 (Co1) and b) 770 mA cm-2 
(Co2) at 5 and 300 K; in insets are the details of the hysteresis loops. 
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TABLE I. Magnetic parameters for both samples obtained from the M(H) curves at two 
measurement temperatures 

Sample 
Temperature, K 

5 300 
Co1 MS = 151 emu g-1 

HC = 300 Oe 
MS = 144 emu g-1 

HC = 200 Oe 
Co2 MS = 157 emu g-1 

HC = 220 Oe 
MS = 156 emu g-1 

HC = 160 Oe 

The obtained magnetic behaviour of both samples was typical for soft ferro-
magnetic material that saturates in low to moderate applied fields, and possesses 
a narrow hysteresis loop. The obtained values of the saturation magnetization MS 
were lower than for bulk cobalt (168 emu g–1), which is consistent with the 
findings of the EDS experiments indicating to the presence of small amount of a 
cobalt oxide passivation layer at the sample surface. Cobalt oxide possesses 
antiferromagnetic ordering up to the room temperature,13 and, consequently, its 
contribution to the magnetic moment of the material was negligible. Never-
theless, the obtained values of saturation magnetization are among the highest 
with respect to the values reported in the literature for three-dimensional cobalt 
structures.6,24 

Obtained HC values for both samples were larger than typical literature 
values for bulk cobalt, while they were similar to these found for other cobalt 
structures with different morphologies.1,6,25 It was shown that coercivity predo-
minantly depends on the crystallinity and morphology of materials, so the 
obtained difference between the Co1 and Co2 samples was understandable. It 
should be noted that the coercivity of sample Co2 was lower than that of sample 
Co1, which is in compliance with the findings from both the XRD patterns and 
the SEM analysis. Namely, from the XRD data, it was concluded that the Co1 
sample consisted of pure hcp cobalt phase, while the Co2 sample, besides hcp 
phase, also contained fcc cobalt phase, which is magnetically softer than hcp 
phase. In addition, the lower morphological diversity found in Co2 by the SEM 
analysis could also have caused a decrease of the magnetic anisotropy in the 
system, which consequently led to a lower HC value.  

An additional interesting point resulting from a comparison of the obtained 
behaviour of coercivity and saturation magnetization at 5 and 300 K (data in Fig. 
4a and b): both HC and MS decreased faster with temperature for Co1 than for 
Co2. In fact, MS for sample Co2 was virtually the same at 5 and 300 K. A known 
peculiarity of bulk cobalt magnetism is the increase of its critical ferromagnetic 
(Curie) temperature TC with amorphization of the crystal structure, which was 
demonstrated both experimentally and theoretically.26,27 It was shown that TC 
increased by several hundreds degrees for amorphous cobalt in comparison to 
well-crystallized bulk cobalt. The present results are in accordance with these 
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findings since HC decreased faster with temperature for the well-crystallized 
sample Co1, while MS remained almost constant up to 300 K for the poorly crys-
tallized sample Co2. 

Correlation between morphology and magnetic properties 

Although the values of saturation magnetization MS for the powder particles 
obtained at the both current densities were lower than that for the bulk cobalt, it 
is necessary to note that the value for the particles obtained at 770 mA cm–2 was 
closer to the value for bulk cobalt, which could be explained as follows: the 
powder particles produced at 770 mA cm–2 were obtained under conditions of 
more vigorous hydrogen evolution than those obtained at 500 mA cm–2. From 
the viewpoint of the electrodeposition process, this means that potential at which 
the electrodeposition process really occurred was lower at the current density of 
770 mA cm–2 than at 500 mA cm–2 (the concept of “effective overpotential” or 
“effective potential”).21 This means a decrease in the degree of diffusion control 
of electrodeposition process with intensification of hydrogen evolution. As a con-
sequence, the morphologies of deposits became similar to those obtained at lower 
potentials or current densities, at which hydrogen evolution is less vigorous. This 
process led to an increase in the compactness of the particles and the structure of 
these particles approached the structure characteristic for bulk Co.18 

As already mentioned, the dendritic growth was completely inhibited by the 
hydrogen evolution reaction during electrodeposition at 770 mA cm–2. The spe-
cific surface area of particles obtained in such a manner (cauliflower-like or 
spongy-like particles) was smaller than that of dendritic particles.28 Due to 
smaller specific area of the spongy-like particles, the surface area of these par-
ticles was less exposed to air and, hence, to the creation of oxide at their surface 
than dendritic particles. In this way, the better magnetic characteristics of the par-
ticles obtained at 770 mA cm–2 than those obtained at 500 mA cm–2 may be 
explained. 

CONCLUSIONS 

The experimental results demonstrated that it was possible to control the 
morphology, structure and magnetic properties of cobalt 3D powder particles by 
adjusting process parameters of electrodeposition such as current density. Den-
drites and spongy-like particles were obtained at a current density of 500 mA 
cm–2, while the only the spongy-like particles were produced by electrodepo-
sition at 770 mA cm–2. XRD analysis indicated that the cobalt powder obtained 
at 500 mA cm–2 consisted of single phase hcp-Co phase but in the cobalt powder 
sample electrodeposited at 770 mA cm–2, both structure phases of cobalt, hcp 
and fcc, were detected. The values of obtained saturation magnetization were 
lower than that for bulk cobalt (168 emu g–1), which is consistent with the find-
ings of the EDS experiments that pointed to the presence of a small amount of a 
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cobalt oxide passivation layer at the surface of the samples. The enhanced values 
of coercivity were the result of increased magnetic anisotropy caused by the pec-
uliar morphologies of the powder particles. 
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И З В О Д  
МЕЂУСОБНА ПОВЕЗАНОСТ МОРФОЛОГИЈЕ И МАГНЕТНИХ СВОЈСТАВА ЧЕСТИЦА 

ЕЛЕКТРОХЕМИЈСКИ ПРОИЗВЕДЕНОГ ПРАХА КОБАЛТA 
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електрохемију, Универзитет у Београду, Његошева 12, Београд 

3Д честице праха кобалтa су добијене галваностатским таложењем. Електрохе-
мијски исталожен прах кобалта карактерисан је рендгено-дифракционом анализом, тех-
ником скенирајуће електронске микроскопије и енергетско-дисперзионом спектро-
скопијом, као и помоћу SQUID магнетометра. Показано је да су морфологија, структура 
и магнетна својства честица кобалта тесно повезане и да се могу лако контролисати 
подешавањем електрохемијских параметара. У зависности од примењене густине струје 
формирају се две врсте честица праха: дендрити при ниским и сунђерасте честице при 
вишим вредостима густине струје. Морфологија и структура честица су у међусобној 
вези са магнетним својствима, а поређене су и са својствима „bulk“ кобалта. У поређењу 
са „bulk“ кобалтом, добијене 3Д структуре показују смањену сатурациону магнетизацију 
(MS), али побољшану коерцитивност (HC), што се објашњава њиховом неуобичајеном 
морфологијом. 

(Примљено 20. август, ревидирано 8. октобра, прихваћено 24. октобра 2014) 
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Abstract: Poor solubility is one of the key reasons for the poor bioavailability 
of carbamazepine drugs. This study considers formulation of solid surfactant 
systems with carbamazepine, in order to increase its dissolution rate. Solid-
state surfactant systems were formed by application of fractional experimental 
design. Poloxamer 237 and Poloxamer 338 were used as the surfactants and 
Brij® 35 was used as the co-surfactant. The ratios of the excipients and carba-
mazepine were varied and their effects on the dissolution rate of carbamazepine 
were examined. Moreover, the effects of the addition of natural (diatomite) and 
a synthetic adsorbent carrier (Neusilin® UFL2) on the dissolution rate of carba-
mazepine were also tested. The prepared surfactant systems were characterized 
and the influences of the excipients on possible changes of the polymorphous 
form of carbamazepine examined by application of analytical techniques (DSC, 
TGA, FT-IR and PXRD). It was determined that an appropriate selection of the 
excipient type and ratio could provide a significant increase in the carbama-
zepine dissolution rate. By application of analytical techniques, it was found 
that the employed excipients induce a transition of carbamazepine into the 
amorphous form and that the selected sample was stable for three months, 
when kept under ambient conditions. 

Keywords: poloxamer; neusilin; diatomite; solid surfactant drug delivery sys-
tems; polymorphous transition. 
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INTRODUCTION 

According to Ku and Dulin, the number of new drug candidates that exhibit 
poor aqueous solubility has increased by up to 70 %.1 The dissolution of poorly 
soluble drugs is the rate-limiting step for drug absorption and bioavailability. 
Therefore, formulation of drug delivery systems that promote drug release could 
be a useful approach to improve absorption and oral bioavailability.2 A number 
of alternative technologies have been developed to overcome the drawbacks 
associated with poor aqueous solubility, for example, decreases in the particle 
size, the use of the amorphous form of the active pharmaceutical ingredient, solid 
dispersions, lipid-based formulations, surfactant application, cyclodextrin com-
plexation, etc.3–8  

In recent years, the application of surfactants has been widely used in the 
formulation of self-emulsifying drug delivery systems (SEDDS),9 self-nano-
emulsifying drug delivery systems (SNEDDS)10 and self-microemulsifying drug 
delivery systems (SMEDDS),11 as well as in the formulation of surfactant sys-
tems.12 According to the Plouton classification system of lipid formulations, a 
lipid formulation type IV consists of systems containing only surfactants without 
the addition of lipid excipients (e.g., surfactant systems).2 Such surfactant sys-
tems (consisting of drug, surfactants and co-surfactants), in contact with gastro-
intestinal fluids, allow drug solubilization and subsequent absorption.2  

Poloxamers are non-ionic polyoxyethylene–polyoxypropylene block copoly-
mers widely used in pharmaceutical technologies as gelling, emulsifying or solu-
bilizing agents.13–15 They are also frequently used in the formulation of solid 
dispersions.16 Due to their good solubilization capacities, poloxamers are com-
monly used in the creation of SEDDS.17 Brij® 35 is commonly used as a sur-
factant or co-surfactant in oral drug delivery systems with demonstrated imp-
roved drug solubility and bioavailability.18–20  

Nowadays, porous carriers with a large surface area are used in order to imp-
rove dissolution and bioavailability of poorly soluble drugs.11,21 Most frequently, 
such carriers are of synthetic origin (for example magnesium aluminometasilicate 
or porous silica). However, carriers of natural origin, such as diatomite (natural 
silica) are playing the leading role. Diatomites, as a new potential drug carrier, 
have several advantages in comparison to synthetic silicas: biocompatibility 
arising from their natural origin, thermal stability, chemical inertness and low 
cost. Additionally, the complex 3-dimensional (3-D) architecture of silica walls, 
called frustules, with highly ordered porous structures and high specific surface 
areas, provide for potential diffusion and controlled drug release.22,23 Like many 
complex silicates, the surface of Neusilin has different types of silanol groups, 
which make it a potential proton donor as well as an acceptor. The hydrogen 
bonding potential of silanols in the local environment on silica surfaces is well 
documented.24–26 
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Carbamazepine (CBZ) is a substance with poor water solubility (0.17 mg 
mL–1 at 24 °C) and high permeability.27,28 Based on its characteristics, it is clas-
sified into class II of the Biopharmaceutics Classification System (BCS).29 After 
oral administration, its gastrointestinal absorption is slow and irregular due to 
poor solubility in water, leading to incomplete bioavailability.27,28 CBZ is inter-
esting as a model substance not only because of its poor solubility, but also 
because it exists in multiple polymorphous forms, i.e., 4 crystalline forms, 1 hyd-
rate and an amorphous form. Transition from one to another form during the for-
mulation process in the presence of certain excipients is possible without changes 
in its stability.27,30,31 

The objective of this study was the formulation of a solid surfactant system 
with increased dissolution rate of CBZ. Fractional factorial design was applied in 
order to evaluate the influence of the following variables on the drug release: a) 
the type of poloxamer as surfactant (Poloxamer 237 and Poloxamer 338), b) the 
ratio of Brij® 35 as a co-surfactant, c) the type and ratio of the adsorption carrier 
(Neusilin UFL2 or Diatomite) and d) the ratio of the drug. 

Analysis of potential polymorphous transitions of CBZ was conducted by 
application of several analytical techniques, i.e., differential scanning calorimetry 
(DSC), thermal gravimetric analysis (TGA), powder X-ray diffraction analysis 
(PXRD) and Fourier transform infrared (FT-IR) spectroscopy. 

EXPERIMENTAL 

Materials 

Poloxamer 237 (Kolliphor™ P 237) and poloxamer 338 (Kolliphor™ P 338) were kindly 
donated by BASF ChemTrade GmbH (Burgbernheim, Germany). Polyoxyethylene(23)lauryl 
ether (Brij® 35) was obtained from Sigma–Aldrich, Germany. Magnesium aluminometa-
silicate (Neusilin® UFL2) was gifted by Fuji Chemical Industry (Toyama, Japan). Diatom 
porous silica particles of different particle size: 1–2 µm (10 %), 10 µm (60 %) and 30–50 µm 
(30 %) were obtained from Mount Sylvia, Pty. Ltd., Australia. CBZ (Ph. Eur. 8.0) was used as 
a model of a poorly soluble active ingredient. Double-distilled water was used in all expe-
riments. 

Methods 

Preparation of solid surfactant systems. All formulations were prepared by melting a 
mixture of surfactant and co-surfactant at 60 °C. CBZ was then added to the molten mass 
under vigorous stirring until a homogenous dispersion was obtained. The dispersion was then 
rapidly cooled on an ice bath to solidify and subsequently pulverized with a pestle and mortar, 
before being sieved through a 300-μm sieve. The sieved mixtures were mixed with an adsor-
bent carrier (Neusilin® UFL2 or diatomites) and the final formulations were thus obtained. 
These formulations were tested with regard to the CBZ dissolution rate, which provided 
dissolution rate profiles for each formulation. 

Two sets of experiments were conducted. In the first set of experiments, the individual 
effects of the excipients on the CBZ dissolution rate were investigated through a screening 
study. The following binary and ternary mixtures were prepared: Poloxamer 338/CBZ 
(80/20); Poloxamer 338/CBZ/Neusilin® UFL2 (40/10/50); Brij® 35/CBZ (80/20); Brij® 
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35/CBZ/Neusilin® UFL2 (40/10/50), in order to determine the individual effect of the exci-
pients on the CBZ dissolution rate. 

In the second set of experiments, fractional factorial experimental design was applied 
(25-2) for testing the influence of the formulation factors on the CBZ dissolution rate from the 
solid surfactant systems. The input parameters and the levels at which they were varied are 
given in Table I. The experimental plan (according to 25-2 factorial design) is given in Table 
S-I of the Supplementary material to this paper. According to the experimental plan, a mixture 
of CBZ, Brij® 35 and poloxamer (comprising the surfactant system) was first created, in the 
appropriate mass ratio, their individual ratios adding up to 100 %. The adsorbent carrier was 
added to this mixture at a later stage. The prepared surfactant system/adsorption carrier ratio 
was varied at two levels: 66.67/33.33 and 33.33/66.67 (Table I). The percentages of released 
CBZ were followed as output parameters after 10, 20, 30, 45, 60 and 120 min (Y1–Y6). The 
influence of the investigated input parameters on the output parameters (i.e., factor effects), 
according to the 25-2 factorial design, was calculated by fitting the results into the linear model:  

 y = β0 + β1X1 + β2X2 + β3X3 + β4X4 + β5X5 + ε (1) 

where y is the output parameter, X1–X5 are the input parameters, β1–β5 are the effects of 
individual input parameters on the output parameter (factor effects) and ε is the experimental 
error. 

TABLE I. Varied input parameters in the second set of experiments 

Parameter Low level (–1) High level (+1) 
Type of Poloxamer (X1) P237 P338 
Brij® 35 ratio (X2), % 10 20 
CBZ ratio (X3), % 10 20 
Type of adsorption carrier (X4) Neusilin UFL2 Diatomites 
Adsorption carrier ratio (X5), % 33.33 66.67 

Design Expert software (version 7.0.0; Stat-Ease, Inc., Minneapolis, MN, U.S.A.) was 
applied.  

After performing the second set of experiments, the solid surfactant system with the 
fastest CBZ release was selected. In the selected formulation, the percentage of CBZ was 
varied at three levels: 10, 15 and 20 %. Dissolution rate profiles of the selected optimal for-
mulation were compared with pure CBZ and commercially available immediate release CBZ 
tablets (Galepsin®, Galenika a.d, Serbia). 

In vitro drug release studies 

The dissolution profiles of the different solid surfactant systems and pure CBZ were 
determined using a rotating paddle apparatus (Erweka DT70, Germany). The dissolution 
conditions were: water as medium; 37±0.5 °C; 900 mL and 50 rpm. Aliquots of 4 mL were 
withdrawn from the medium at fixed times (10, 20, 30, 45, 60 and 120 min). Sink conditions 
were maintained at all times. All samples were filtered through a 0.45-µm MF-Millipore® 
membrane filter (Millipore Corporation, Bedford, NY, USA). The CBZ concentration was 
determined spectrophotometrically at λ = 287 nm (Evolution 300 spectrophotometer, Thermo 
Fisher Scientific, UK). The dissolution experiments were performed in triplicate and the data 
are expressed as the mean value. 
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The release profiles of CBZ from solid surfactant systems were compared with the 
dissolution profiles of pure CBZ by calculating the difference (f1) and the similarity (f2) 
factors.32 

Characterization of the solid phase 

In order to determine the polymorphous form of CBZ in the final formulation and the 
influence of individual excipients on the change in the polymorphous form, DSC and TGA 
analyses were conducted in the first set of experiments. DSC, TGA, X-ray and FT-IR analyses 
were performed on the optimal formulation and pure CBZ. 

The optimal formulation was kept under room conditions (T 25 °C and RH 40 %) for 
three months in order to assess its stability, after which the DSC, TGA, X-ray and FT-IR 
analyses were repeated. 

Differential scanning calorimetry (DSC) and thermal gravimetric analysis (TGA)  

Differential scanning calorimetry (DSC) and thermal gravimetric analysis (TGA) were 
applied in order to determine thermal properties of the compounds. Thermal properties were 
examined at temperatures ranging from room temperature up to 250 °C on a SDT Q600 TGA/  
/DSC instrument (TA Instruments) under a dynamic dry nitrogen atmosphere (flow rate: 100 
cm3 min-1) at a heating rate of 20 °C min-1. The sample masses were between 7.3 and 11.5 mg. 

Fourier transform infrared (FT-IR) studies 

FT-IR spectra in the region of 600–4000 cm-1 for both starting materials and the solid 
formulations were obtained using a Shimadzu IR-Prestige-21 FT-IR spectrometer coupled 
with a horizontal Golden Gate MKII single-reflection ATR system (Specac, Orpington, UK) 
equipped with a ZnSe lens, after appropriate background subtraction. Sixteen scans over the 
selected wave number range at a resolution of 4 cm-1 were averaged for each sample. 

Powder X-ray diffraction analysis (PXRD)  

The X-Ray diffraction (PXRD) patterns of the powders were recorded on an Ital Struc-
ture APD2000 X-ray diffractometer with Bragg–Brentano geometry using CuKα radiation 
(λ =1.5418 Å) in the 2θ range from 4 to 45°. 

RESULTS AND DISCUSSION 

CBZ release profiles from the binary and ternary mixtures prepared in the 
first set of experiments, as well as the release profile of the pure drug, are pre-
sented in Fig. S-1 of the Supplementary material. The CBZ release was increased 
in all mixtures compared to that of the pure drug. Similarity and difference fac-
tors were calculated for all mixtures (Table II). 

TABLE II. The difference (f1) and the similarity (f2) factors for the mixtures and pure CBZ 
(from the first set of experiments). The percentage mass loss in the temperature range 100– 
–200 °C for the mixtures prepared in the first set of experiments 

Mixtures f1 f2 
Mass loss, % 

100 °C < T < 200 °C 
CBZ & CBZ+Brij® 35 8.32 62.15 7.31 
CBZ & CBZ+Brij® 35+ Neusilin® UFL2 23.14 36.41 4.34 
CBZ & CBZ+P338 51.41 9.15 0.19 
CBZ & CBZ+P338+ Neusilin® UFL2 57.98 3.38 4.31 
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Based on the results presented in Table II, it could be concluded that the 
CBZ dissolution rate was statistically significantly increased in following mix-
tures: Brij® 35/CBZ/Neusilin® UFL2 (40/10/50), Poloxamer 338/CBZ (80/20) 
and Poloxamer 338 /CBZ /Neusilin® UFL2 (40/10/50). The CBZ dissolution rate 
in the mixture Brij® 35/CBZ (80/20) was similar to that of pure CBZ dissolution. 

The increase in the CBZ dissolution rate with the addition of Poloxamer 338 
was expected because of its high hydrophilic–lipophilic balance (HLB) value 
(HLB-27) and solubility characteristics.33 The adsorbent carrier with its large 
specific surface leads to better soaking of the substance and more contact with 
the medium, which also increases the CBZ dissolution rate.34 The addition of 
Poloxamer 338 had more effect individually than the addition of Brij® 35, which 
was expected due to its lower HLB value of 16 in comparison to 27 for Polox-
amer 338.33 Therefore, Brij® 35 was used as a co-surfactant in the second set of 
experiments. 

The CBZ dissolution rate profiles obtained from the second set of experi-
ments are given in Fig. 1. Significant increases in the dissolution rate were regis-
tered compared to that of pure CBZ. 

 
Fig. 1. Dissolution profiles of the CBZ formulation prepared in the second set of experiments 

and pure CBZ. 

The calculated factor effects (Eq. (1)) are given in Table III. The sign of the 
coefficient shows whether the effect is positive or negative, i.e., whether the CBZ 
dissolution rate increases (positive effect) or decreases (negative effect) with a 
change in the parameter value.  

The CBZ ratio (X3) had the most pronounced influence on the drug release 
in the first 10 min of the drug release study. This parameter had a negative effect 
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because of the poor solubility of CBZ. The percentage of released CBZ dec-
reased with increasing of its ratio in the formulation (from 10 to 20 %). 

TABLE III. Analysis of the influence of the input parameters on the output parameter, 
released CBZ, %, in the second set of experiments 

Factor effect 
τ / min 

10 (Y1) 20 (Y2) 30 (Y3) 45 (Y4) 60 (Y5) 120 (Y6) 
X1 (type of Poloxamer)  +1.09 +0.31 +1 +1.01 +1.15 0.9 
X2 (Brij® 35 ratio)  –1.8 –2.02 –1.31 –1.47 –1.23 0.037 
X3 (CBZ ratio) –6.45 –5.8 –5.12 –4.6 –3.86 –3.02 
X4 (type of adsorption carrier) –3.17 –5.13 –6.26 –6.15 –5.77 –5.72 
X5 (adsorption carrier ratio) –5.87 –4.16 –3.53 –3.15 –3.55 –2.33 
X2 and X3 interaction –3.23 –2.57 –1.99 –1.81 –1.62 –1.26 
X2 and X5 interaction +3.31 +1.55 +0.8 +0.24 +0.16 –0.14 

After 30 min of the drug release study, the type of carrier had more inf-
luence. Initially, CBZ was released from the surfaces of both carriers. Due to the 
larger specific surface area of Neusilin® UFL2 (300 m2 g–1) compared to diato-
mites (211 m2 g–1), a higher CBZ release rate was achieved 22,35,36 and the 
significance of this factor increased with time. In solid surfactant systems with 
diatomites, due to their specific structure, the substance is absorbed into the inter-
ior of the diatomite, from where it is gradually released;37,38 hence, the CBZ rel-
ease was delayed as the release had to occur from the interior of the system. 

It was shown that the higher carrier ratio had a negative impact on drug 
release. A higher release rate was achieved when the carrier ratio was at its lower 
level (33.33 %). According to Agarwal et al.,35 the adsorbent magnesium alu-
minometasilicate, with a large specific active surface (300 m2 g–1) and small 
particle size (2−8 μm), has pores in which an adsorbed substance could enter by 
means of capillary forces. Inside the pores, potential crystallization is disabled. It 
could be presumed that the decrease in the dissolution rate after adsorption 
derives from the precipitation of the drug on the surface of the adsorbent and the 
capturing of the drug inside the carrier. This was particularly evident after 10 and 
20 min, when the percentage of the substance to be released was low, due to the 
poor availability of CBZ to the medium. 

The type of employed Poloxamer had the least pronounced influence on the 
CBZ release rate. The systems created with Poloxamer 338 (HLB 27) showed a 
slightly higher CBZ release rate compared to those of the Poloxamer 237 systems 
(HLB 24), which, was expected, due to the higher HLB value of the former.33 
Poloxamer 338 also has a lower value of the critical micellar concentration 
(CMC) compared to Poloxamer 237 and is, therefore, a more efficient solubilizer, 
which corresponds to the obtained result (the CMC of Poloxamer 338 is 2.2×10–5 
mol L–1 while that of Poloxamer 237 is 9.1×10–5 mol L–1).39,40 
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Comparing the obtained factor effects from Eq. (1), it is evident that the 
Brij® 35 ratio had less influence on the CBZ release rate. The formulation with 
the higher Brij® 35 ratio had a lower Poloxamer ratio. In the first set of experi-
ments, it was shown that the Poloxamer had a greater influence on the increase in 
the CBZ dissolution rate compared to Brij® 35. However, there was a significant 
interaction between the CBZ ratio and the ratio of Brij® 35. Formulations with a 
higher level of the CBZ ratio and a lower level of Brij® 35 showed the highest 
percentages of released CBZ. 

The analysis revealed another significant interaction, i.e., that of the ratios of 
Brij® 35 and the carrier ratio. When the carrier ratio was at the lowest level, a 
change of the Brij® 35 ratio from 10 to 20 % decreased the percentage of rel-
eased substance. From the previous interaction, it could be concluded that higher 
release rates were achieved with 10 % of Brij® 35 in the formulation. In this 
case, a higher substance release rate was achieved when the carrier ratio was at 
the lower level, i.e., 33.33 %. 

From second set of experiments, the selected: Poloxamer 338, Brij® 35 10 %, 
Neusilin UFL2 33.33 % formulation exhibited the highest CBZ release rate. In 
such a solid surfactant system, the CBZ ratio was set at 10, 15 and 20 %. The 
results of drug release study from these formulations are shown in Fig. S-2A of 
the Supplementary material.  

The highest percentage of released CBZ was obtained from the formulation 
with 15 % of CBZ. The CBZ drug release profile from this formulation is com-
pared with the profiles of pure CBZ and commercially available immediate rel-
ease CBZ tablets in Fig. S-2B of the Supplementary material.  

The results of the TGA analysis (Fig. 2A) showed that in the temperature 
range of 100 to 200 °C, Neusilin® UFL2 exhibited a mass loss of about 8.5 %, 
whereas the optimal formulation lost 4.31 % of its mass. The mass loss for samp-
les prepared in the first set of experiments in the temperature range of 100 to 200 
°C are presented in Table II. CBZ exhibited a small mass loss within the tem-
perature range of 100 to 200 °C, while in the range of 200 to 250 °C, an imme-
diate mass loss of 2.5 % was registered, probably indicating the commencement 
of its degradation. A somewhat higher loss of mass was registered in the samples 
in which Brij® 35 was used as the surfactant. Moreover, a significant decrease in 
mass of all samples was registered in the temperature range of 200 to 250 °C, 
which correlates with the result obtained for pure CBZ (Fig. 2B). 

The DSC curves of the tested samples and pure CBZ showed an endothermic 
peak at about 60 °C (Fig. 2C). Bearing in mind the very broad range over which 
the device was calibrated (60–800 °C), this peak could derive from measurement 
uncertainty, i.e., the imprecision of the instrument. With formulations containing 
Poloxamer, this peak was somewhat more distinct, because their peak derives 
from the melting of Poloxamer.41 This led to an overlapping of the peaks in these 
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formulations. Based on the two endothermic peaks at 178 and 195.6 °C, it could 
be concluded that the pure CBZ was in the polymorphous form III.31,42 The 
reason for these peaks occurring at higher temperatures than those given in the lite- 

 

Fig. 2. A) TGA curves of pure CBZ, Neu-
siline UFL2 and the optimal formulation; 
B) TGA curves of the mixtures prepared in 
the first set of experiments; C) DSC curves 
of pure CBZ, the optimal formulation and 
the mixtures prepared in the first set of 
experiments. 

rature31 could be explained by the higher heating rate employed in the present 
study (20 °C min–1) than the rate used in the literature study (10 °C min–1), i.e., 
the difference in the temperature lag of the two systems. The balance of the 
system was achieved slightly later and, therefore, the changes identified by the 
peaks were delayed by a few °C. In addition, because of the difference in the 
experimental conditions, no distinct recrystallization peak corresponding to the 
transition of the sample into the polymorphous form I was visible on the DSC 
curve of pure CBZ recorded in the present study. Furthermore, on the DSC 
curves of the samples, a broad endothermic peak was registered in the tempera-
ture range 230–240 °C. It is assumed that this peak corresponded to the begin-
ning of CBZ degradation, which is in accordance with the results of the TGA 
analysis. From this point of view, an analysis of the degradation products and the 
further clarification of this peak could be a part of further investigations. In all 
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four tested mixtures, no characteristic melting peaks from polymorphous form III 
were evidences in the temperature range of 150 to 175.8 °C.31,42 In addition, no 
peaks characteristic for other polymorphous forms were registered. Thus, it could 
be assumed that a transition of CBZ from the crystal polymorphous form III into 
amorphous form had occurred. It is notable that the application of the individual 
surfactants (Poloxamer 338 and Brij® 35, with or without the addition of Neusi-
lin® UFL2) led to the transition of CBZ into the amorphous form. Although DSC 
is a commonly used technique for the determination of crystalline state of drugs 
and the absence of a melting peak might suggest the formation of an amorphous 
phase,43 care should be taken in the interpretation of the results of DSC analysis, 
particularly when the formulations contain a Poloxamer. Since poloxamers melt 
at significantly lower temperatures than CBZ, there is a possibility that crystal-
line CBZ gradually dissolves into a molten polymer during the DSC scan. As the 
temperature reaches the melting point of CBZ, there may not be sufficient crys-
talline drug remaining to give a detectable melting endotherm on the DSC 
curve.44 Therefore, further characterization of the optimal formulation was per-
formed by application of PXRD and FT-IR analysis in order to confirm the trans-
ition of the drug into the amorphous form. 

The FT-IR spectra of CBZ and the optimal formulation are given in Fig. 3A 
and B, respectively. The CBZ spectrum corresponds to those previously reported 
for the polymorph form III. Characteristic peaks were observed at 3462 (−NH 
valence vibration), 1674 (−CO−R vibration), 1593 and 1605 cm–1 (in the range 
of −C=C− and −C=O vibration and −NH deformation).31 Deformation of bands 
characteristic for the CBZ form III at 1605 and 1593 cm−1 (−C=O vibration and 
−NH deformation) (Fig. 3B.) in FT-IR spectra of the optimal formulation may 
suggest that a hydrogen bond between the carbonyl group of CBZ and silanol 
group of adsorbent participate in the formation of the amorphous state of CBZ. 
There have been reports of drug amorphization by co-grinding with porous silica 
or magnesium aluminometasilicate.24–26 Drug amorphization was accompanied 
by improvement in the drug release rate. CBZ amorphization is a consequence of 
disruption of the crystalline structure due to hydrogen bonds formation between 
the drug and adsorbent. 

The PXRD patterns of pure CBZ and the optimal formulation are illustrated 
in Fig. 4. The PXRD pattern of CBZ exhibits characteristic high-intensity dif-
fraction peaks at 2θ 13.02, 15.22, 15.78, 19.40, 24.92, 27.50 and 31.86°, which is 
in accordance with diffractograms previously reported for the crystal form III.31,45 
These characteristic peaks cannot be seen on the diffractogram of the optimal 
formulation, which confirms the results obtained by DSC and FT-IR analysis that 
the carbamazepine had transformed into the amorphous form. The two broad 
peaks appearing on the diffractogram of the optimal formulation arose from Pol-
oxamer 338.46 
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Fig. 3. FT-IR spectra of A) pure 
CBZ and B) the optimal formul-
ation. 

Fig. 4. PXRD patterns of A) 
pure CBZ and B) the opti-
mal formulation. 
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DSC, TGA, FT-IR and PXRD analyses of the optimal formulation that had 
been kept under ambient conditions for three months showed no significant 
changes in the formulation had occurred. The CBZ remained in the amorphous 
state and the stability of the formulation was thus confirmed. 

CONCLUSIONS 

Formulation of solid surfactant drug delivery systems with CBZ as a model 
drug showed that the addition of Poloxamer (237 or 338), Brij® 35 and an adsor-
bent (Neusilin UFL2 or diatomite) led to the transition of CBZ into the amor-
phous state and an increase in its release rate. Poloxamers, as surfactants, had the 
most significant effect on the increase of the drug release rate. The addition of 
the adsorbent carrier further increased the CBZ release rate, due to its large spe-
cific surface. 

The highest carbamazepine release rate was obtained from the optimal for-
mulation in which the surfactant mixture had the following components: 75 % 
Poloxamer 338; 10 % Brij® 35; 15 % CBZ, while the surfactant mixture and 
Neusilin® UFL2 as carrier were in 2:1 ratio. This formulation was stable for at 
least three months.  

From all the presented results, it could be concluded that the release rate of 
poorly soluble CBZ could be increased by solid surfactant systems. 

SUPPLEMENTARY MATERIAL 

Experimental plan for the second set of experiments, Table S-I, and dissolution profiles 
of the mixture and CBZ formulation, Figs. S-1 and S-2, are available electronically from 
http://www.shd.org.rs/JSCS/, or from the corresponding author on request. 
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Education, Science and Technological Development of the Republic of Serbia. 

И З В О Д  
ЕКСПЕРИМЕНТАЛНИ ДИЗАЈН ИСПИТИВАЊА БРЗИНЕ РАСТВАРАЊА 

КАРБАМАЗЕПИНА ИЗ ФОРМУЛАЦИЈА. КАРАКТЕРИЗАЦИЈА ОПТИМАЛНЕ 
ФОРМУЛАЦИЈЕ ПОМОЋУ DSC, TGA, FT-IR И PXRD МЕТОДА 

МАРКО КРСТИЋ
1
, СЛАВИЦА РАЖИЋ

2
, ДРАГАНА ВАСИЉЕВИЋ

1
,ЂУРЂИЈА СПАСОЈЕВИЋ

1
 и СВЕТЛАНА ИБРИЋ

1 

1Катедра за фармацеутску технологију и козметологију, Универзитет у Београду, Фармацеутски 
факултет, Војводе Степе 450, 11221 Београд и 2Катедра за аналитичку хемију, Универзитет у 

Београду, Фармацеутски факултет, Војводе Степе 450, 11221 Београд 

Слаба растворљивост јесте један од кључних разлога за лошу биолошку располо-
живост карбамазепина. У овом раду је приказана формулација чврстих површински 
активних система са карбамазепином, ради повећања његове брзине растварања. Чврсти 
површински активни системи су формулисани применом фракционог факторског екс-
перименталног дизајна. Као површински активни системи коришћени су Poloxamer 237 
и Poloxamer 338, а као ко-површински активни Brij® 35. Варирани су удели ексципи-
јенаса и карбамазепина и испитиван је њихов утицај на брзину растварања карбамазе-
пина. Такође, испитан је и утицај додатка природних (дијатомита) и синтетичких адс-
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орпционих носача (Neusilin UFL2) на брзину ослобађања карбамазепина. Извршена је 
карактеризација израђених површински активних система и испитан је утицај ексци-
пијенаса на могућу промену полиморфног облика карбамазепина применом аналитич-
ких техника (DSC, TGA, FT-IR и PXRD). Утврђено је да се правилним одабиром врсте и 
удела ексципијенаса може постићи значајно повећање брзине ослобађања карбамазе-
пина. Аналитичким техникама је утврђено да коришћени ексципијенси доводе до пре-
ласка карбамазепина у аморфни облик и да је одабрани узорак стабилан 3 месеца, чува-
њем под собним условима. 

(Примљено 3. августа, ревидирано 14 новембра, прихваћено 15. новембра 2014) 
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dissolution rate of carbamazepine from formulations. 

Characterization of the optimal formulation by DSC, TGA, 
FT-IR and PXRD analysis  
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TABLE S-I. Experimental plan for the second set of experiments 

Formulation 
Input parameters 

X1 X2 X3 X4 X5 
F1 +1 –1 –1 –1 –1 
F2 –1 +1 +1 –1 –1 
F3 –1 +1 –1 –1 +1 
F4 +1 +1 +1 +1 +1 
F5 –1 –1 –1 +1 +1 
F6 +1 +1 –1 +1 –1 
F7 –1 –1 +1 +1 –1 
F8 +1 –1 +1 –1 +1 
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(A) 

 
(B) 

Fig. S-1. A) Dissolution profile of the mixture prepared with poloxamer 338 (P338) in the first 
set of experiments and pure CBZ; B) dissolution profile of the mixture prepared with Brij® 35 

in the first set of experiments and pure CBZ. 
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(A) 

 
(B) 

Fig. S-2. A) Dissolution profile of the CBZ formulation prepared in the second set of 
experiments with varied CBZ ratios; B) Dissolution profile of CBZ from optimal formulation, 

pure CBZ and commercial tablets of CBZ with immediate release. 
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The influence of glass fibers on the morphology of β-nucleated 
isotactic polypropylene evaluated by differential scanning 

calorimetry  
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Abstract: The presence of fillers/fibers can significantly affect the polymorphic 
behavior of semi-crystalline polymers. The influence of glass fibers on mor-
phology of β-nucleated isotactic polypropylene (iPP) during isothermal and 
nonisothermal crystallization was analyzed in detail by differential scanning 
calorimetry (DSC), and the kinetics and thermodynamic parameters were 
determined for the systems containing 10–60 % glass fibers. The presence of 
glass fibers in the model composites with β-iPP had an insignificant effect on 
the morphology of the polymer. Thermodynamic and kinetics parameters of 
crystallization of iPP in model composites were similar to those obtained for 
the nucleated polymer. The relative content of β-crystalline phase was slightly 
affected by increasing glass the fiber content from 10 to 60 mas. % due to 
appearance of α-crystallites. Moreover, the stability of the β-crystalline phase 
was decreased with increasing glass fiber content and there appeared a certain 
amount of β1 and β2 phases, which are known to be disposed to recrystalliz-
ation. 

Key words: crystallization; composites; DSC; polypropylene; β-nucleated. 

INTRODUCTION 

Isotactic polypropylene (iPP) is one of the most important commodity semi-
crystalline thermoplastic widely used in many areas because of its versatility, 
good physical and mechanical properties, recyclability and low cost. iPP has 
been studied extensively for its polymorphic characteristics and crystallization 
behavior,1–18 since the formation of specific crystalline forms (α, β and γ, or 
smectic) can affect the macroscopic behavior quite dramatically.12–18 Com-
monly, under usual processing conditions, iPP crystallizes into the thermodyn-
amically most stable monoclinic α-phase, which is responsible for its good 
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strength and modulus. The trigonal β-form is metastable and can be obtained, or 
can become predominant, under specific crystallization conditions or in the pre-
sence of β-nucleating agents. β-Nucleated iPP exhibits large differences in mech-
anical properties as compared to the usual α-PP, namely higher toughness, duc-
tility and drawability. The orthorhombic γ-form is the least frequently observed, 
and usually it can be obtained after crystallization at high pressures.19–21 

The tailoring of polymorphic behavior of iPP, especially in composite mater-
ials where additional fiber-nucleating activity is observed,4,7,22–27 seems to be 
important for the adjustment of the final properties of a material and the design of 
materials for certain applications. From a practical point of view, the addition of 
β-nucleating agents represents the most effective and accessible method to pro-
duce different levels of β-form iPP or even pure β-iPP. Among them, quinacri-
done pigment, pimelic acid/calcium stearate mixture, calcium salts of suberic or 
pimelic acid, calcium carbonate (CaCO3) modified with dimeric aluminates, 
N,N-dicyclohexyl-terephthalamide and N,N-dicyclohexyl-2,6-naphthalene-dicar-
boxamide are reported in the literature.11–14  

The properties of semi-crystalline polymers, used as matrices in composite 
materials are also related to the conditions during the processing cycle of heating 
(melting) and cooling (crystallization), since the morphology developed depends 
mostly on the time–temperature regime. For this reason, the differential canning 
calorimetry (DSC) method is often used for investigation of the behavior of fil-
ler/fiber–polymer composite materials in terms of crystalline structure and influ-
encing parameters during isothermal or nonisothermal regimes.24–28 

In a previous studies, the crystallization behavior and morphology of modi-
fied and unmodified iPP, used as a matrix in composites with differently sized/  
/treated glass fibers, were thoroughly studied.24–28 It was shown that glass fibers 
with a different surface chemistry exhibited different nucleating effects towards 
iPP, evaluated by crystallization parameters, but generally, they all acted as weak 
α-nucleators. In this work, the influence of glass fibers on the crystallization 
behavior, polymorphic composition and crystalline morphology of β-nucleated 
iPP was investigated. 

EXPERIMENTAL 

Commercial grade Shell homo-iPP with a weight-average molecular weight, wM , of 
158,500 and a polydispersity index, wM / nM of 6.36, as determined by gel permeation chro-
matography, GPC, was used. The concentrations of meso triads (0.94) and their average 
lengths (n) and probabilities for meso additions (0.96) were determined by 13C-NMR spec-
troscopy. β-Nucleated iPP (BNP) was obtained by mixing 0.1 mas. % calcium pimelate with 
iPP in a Brabender mixer PL 2000 at 460 K. To study the influence of glass fibers (GF) on 
crystallization peculiarities and morphology of the polymer, model composites BNP/glass-
fibers were prepared with 10, 20, 30, and 60 mas. % of GF (sized with thermoplastics 
compatible sizing). The abbreviations of model composites and their compositions are given 
in Table I. 
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TABLE I. Designation and content of the samples 

Designation Composition 
BNP iPP + 0.1 mass % Ca pimelate 
C1BNPGF BNP +10 mass % glass fiber 
C2BNPGF BNP + 20 mass % glass fiber 
C3BNPGF BNP + 30 mass % glass fiber 
C6BNPGF BNP + 60 mass % glass fiber 
iPP iPP Shell 

Isothermal and nonisothermal crystallization of BNP was analyzed by DSC. In iso-
thermal regime, the sample was rapidly heated to 478 K and held in the molten state for 5 min, 
to erase the thermal history of the polymer. Then the sample was cooled to a given crys-
tallization temperature, Tc at a cooling rate of 80 K min-1. Isothermal crystallization was 
realized at Tc until crystallization was completed. The crystallization under nonisothermal 
conditions was performed by cooling at different cooling rates: 1, 3, 5, 10, 15 and 20 K min-1. 
The experiments were performed with a Perkin Elmer DSC-7 analyzer under nitrogen and 
indium and zinc were used for the calibration. The sample weight in all experiments was 7.0 
mg. Based on the determined values for the enthalpy of crystallization, the extent of crys-
tallization (crystal conversion), α, was calculated using Eq. (1):  
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From the obtained α = f(t) curves and the induction time (ti), the half-time of crystal-
lization (t0.5) was determined.28 

The amounts of α- and β-phase iPP in the model composites were calculated based on 
the corresponding melting enthalpies, 0

melt βΔ H and 0
meltHαΔ , using the following values: 

19329 and 209 J g-1,30-32 respectively. The melting peaks of the both polymorphic phases 
appeared well resolved on the DSC thermograms, enabling the calculation of the amount of 
α- and β-phase iPP using Eqs. (2)–(4):23,33 
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where Xα and Xβ are the amount of α- and β-phase, respectively, and Uβ is the relative content 
of the β-phase in the overall crystalline structure of the sample. 

Melt nucleation and crystallization of PPs were followed by polarizing light microscope 
(PLM, Leica, Biomed), equipped with a hot-stage device, temperature controller and photo 
camera. 

The X-ray diffraction patterns were recorded on a Universal X-ray diffractometer with 
KCuα radiation at 40 kV and 20 μA. 
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Theoretical background of the approach applied is given in the Supplementary material 
to this paper. 

RESULTS AND DISCUSSION 

Ca-pimelate is known as an efficient β nucleator for iPP.34 The XRD-pat-
terns of BNP obtained on addition of 0.1 mas. % calcium pimelate are presented 
in Fig. 1. 

Fig. 1. X-Ray diffraction pattern and DSC 
melting thermogram (inset) of BNP. 

Obviously, the dominant phase in this sample was the β-modification of iPP: 
the dominant peak at the diffraction angle 16.2° was attributed to the β (300) 
plane, while those of the α-modification (at 14.2, 17.0 and 18.4°, corresponding 
to the (110), (040) and (130) planes, respectively) were of weak intensity. Con-
sistent with the results from XRD analysis, the melting DSC peak of the β crys-
tallites (Tm = 424.2 K) was of high intensity, contrary to the one arising from the 
presence of α crystallites. The characteristic morphology of β-spherulites, origin-
ating after mixing iPP with Ca-pimelate, is also clearly illustrated in Fig. 2. The 
Kβ parameter determined from the XRD-patterns by the Turner–Jones method35 
was 0.94, while the Uβ-value calculated from the melting endotherm was 0.84 
(Fig. 1, inset). 

Fig. 2. Polarizing optical micrograph of BNP. 

The isothermal crystallization of BNP and the composites were performed at 
temperatures from 388 to 409 K, the range, according to Hoffman,36–39 known as 
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region III. The DSC melting curves of the isothermally crystallized samples at 
different Tc values are shown in Fig. 3. The melting peak temperature of the 
samples appeared at 418–428 K. 

Figure 3. DSC melting thermograms of 
BNP after isothermal crystallization at dif-
ferent Tc values: a) 391; b) 394; c) 397; d) 
400; e) 403; f) 406 K; g) 409 (heating rate 
10 K min-1). 

Small endotherms, arising from the melting of α-crystallites present in the 
samples are seen along with the main peak of the β-crystallites (Fig. 3). The 
crystal structures β1 and β214 were registered during the melting of the samples 
crystallized at temperatures lower than 397 K. The DSC melting thermograms 
obtained after crystallization at Tc values higher than 397 K are used to determine 
the equilibrium melting temperature, 0

mT , applying the Hoffman–Weeks 
method,40 and the results for BNP in comparison to iPP and GF-composites are 
presented in Table II. 

Table II. Surface energies, σe, equilibrium melting temperatures, Tm, and the γ constants 
determined from isothermal DSC data 

Parameter BNP C1BNPGF C2BNPGF C3BNPGF C6BNPGF iPP 
0

mT  / K 446.0 451.1 452.0 451.0 451.0 465.7 
σe×103 / J m-2 80.7 93.0 105.0 102.0 101.0 208 
γ 2.20 1.84 1.81 1.86 1.87 2.37 
θ 0.34 0.44 0.46 0.43 0.43 1.00 

The determined value of 446 K for 0
mT  lies in the range of values previously 

published for β-iPP.36,38 
The Avrami plots for BNP and the model BNP/glass fiber composites in the 

investigated region of crystallization temperatures, similarly to other β-nucleated 
systems,42–44 were almost linear (Fig. 4), although two crystal phases with dif-
ferent energetic parameters were formed during the crystallization. Linearity of 
these plots enabled the determination of the overall kinetics parameters, which 
are not related to the certain crystalline phase but represent overall characteristic 
of the system as a whole (Table III). 

In the Avrami equation, n may show values ranging from below 1 to far 
above 6. Any one value, whole or fractional, however, is not uniquely fixed to 
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any one set of conditions. Additional information on nucleation, morphology, 
and possibly even mechanism is necessary to interpret fully the exponent n. For 
many macromolecules, n is close to three and a picture of a thermal hetero-
geneous nucleation followed by spherulitic growth is acceptable; others require = 
n = 4, indicative of thermal nucleation, which is most often thermal hetero-
geneous nucleation followed by spherulitic growth. The also frequently observed 
exponent n = 2 could well be related to fibrillar or lamellar crystal growth fol-
lowing thermal or athermal nucleation. The Avrami index n is composed of both 
a geometric index n* and a nucleation index m. The latter may have a wide range 
of values, depending on the nature of the nucleation process. This comprehension 
provides a basis to understand better the many non-integer values of n occurring 
in the literature, as well as values that are greater than 4.42 

Fig. 4. Avrami plots for BNP and C6BNPGF at different 
Tc values: a) 397; b) 400; c) 403; d) 406; e) 409 K. 

Table III. Avrami index, n, and the overall kinetic constant, k, at different Tc values 

Tc / K 
BNP C1BNPGF C2BNPGF C3BNPGF C6BNPGF 

n k / 10-10 s-n n k / 10-10 s-n n k / 10-10 s-n n k / 10-10 s-n n k / 10-10 s-n 
397 3.9 600 3.8 650 4.1 130 4.3 130 4.0 220 
400 3.9 32 3.9 34 3.9 21 3.9 30 3.7 65 
403 3.9 1.9 3.8 2.2 3.7 2.8 3.7 4.8 3.7 4.4 
406 3.8 0.16 3.8 0.089 3.5 0.67 3.4 1.3 3.4 1.2 
409 3.5 0.026 3.8 0.085 3.1 0.74 3.3 0.15 3.3 0.078 

The Avrami exponent, n, had values between 3.1 and 4.3, indicating that 
heterogeneous nucleation occurred and a tendency of decreasing n with increas-
ing Tc was noticed, and it is more pronounced with increasing glass fiber content. 
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The exponent n ranging from 3.74 to 4.35 were determined for composite sys-
tems with β-nucleated iPP and talc-nucleated iPP.41  

The results for 0
mT , σe, the γ-constant and the parameter θ for the model 

composites are summarized in Table II. As can be seen, the values of 0
mT  inc-

reased with increasing glass fiber content and they had values between those for 
β-nucleated iPP and iPP.  

Generally, a good nucleating agent provides a surface that reduces the free 
energy barrier for primary nucleation. The low energy required implies a highly 
effective nucleating agent. The crystal fold surface energy (σe) for BNP, deter-
mined in this study was 80.7 mJ m–2, which was similar to that found by 
Varga.39 Generally, different values for σe are reported in the literature, mostly 
depending on the investigated region of crystallization. The σe obtained for 
region III (that, according to some authors, starts at 410 K36 and to others at 406 
K37) ranges from 85.4 to 48–67 mJ m–2.38,41 The value of 85.5 mJ m–2 was 
determined by Li et. al for β-nucleated iPP compared to 107, mJ m–2 for the neat 
polymer.43 In the present model composite systems, the σe values increased with 
increasing content of glass fibers.  

The curves of induction time for crystallization, ti and the half-time of crys-
tallization, t0.5 versus supercooling are shown in Fig. 5. Obviously, the values of 
both ti and t0.5 determined for the GF-model composites are closer to those 
determined for BNP. A similar tendency was also found for the values of σe. 

 
Fig. 5. Dependence of the induction time (a) and the half-time of crystallization (b) for iPP, 

BNP and the BNP/GF-composites on ∆Tc. 

Based on the kinetics parameters and calculated value for 0
mT , the energy of 

the formation of a nucleus with critical dimensions was determined, and the 
results are shown in Fig. 6 as the ratio between the energy in a given system 
(BNP or composite sample) and the energy of a non-nucleated system. It could 
be concluded that favorable conditions for nucleation were attained in the nuc-
leated polymer, whereas in the model composites with glass fibers, the nucleation 
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was slightly depressed. This finding was confirmed by the dependence of this 
factor (obtained for Tc = 409 K) on the content of glass fibers, as shown in Fig. 7. 

Fig. 6. Ratios of the energy of formation of 
nuclei of critical dimensions for iPP, BNP 
and the GF-composites vs. Tc. 

Fig. 7. Ratios of the energy of formation of 
nuclei of critical dimensions vs. the content 
of glass fibers (Wg / mas. %) at Tc = 409 K. 

From the melting thermograms (melting performed after isothermal crys-
tallization), the amounts of the α- and β-phase in the model composites were 
determined (Fig. 8). The amount of β-phase in iPP and C1BNPGF slightly inc-
reased with increasing Tc, while in composites with 20–60 mas. % glass fibers, it 
decreases at Tc ≥ 403 K. 

The content of α-phase, although low, increased with increasing Tc, while 
Uβ decreased (Fig. 9), and this trend was most pronounced in the composite 
sample with 60 mas. % glass fibers. 

As it is evident from Figs. 8 and 10, despite the high amount of glass fibers 
in the model composites, the relative content of the β-crystalline phase was over 
0.85 for C6BNPGF and even higher for the composites with less than 60 mas. % 
glass fibers. It should be mentioned that a similar effect was found for PP/multi- 
-walled carbon nanotubes, surface treated with β-nucleators: namely, the amount 
of β phase decreased by increasing filler content.7 Investigation of iPP/Kevlar 
fiber composites revealed the strong α-nucleating ability of these fibers and the 
presence of a transcrystalline layer on their surface. However, for β-nucleated 
iPP/Kevlar fiber composites, the dominant modification was the β-form, and 
their crystallization characteristics were independent of the addition of Kevlar 
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fibers, indicating that the α-nucleating effect of Kevlar fibers was masked by the 
β-nucleating effect of the β-nucleator.46 

 

Fig. 8. Dependence of: a) the amount of the 
β phase (Xβ), b) the amount of the α phase 
(Xα) and c) the relative content of β phase 
(Uβ) on Tc. 

 

Fig. 9. Dependence of: a) the amount of the 
β phase (Xβ), b) the amount of the α phase 
(Xα) and c) the relative content of β phase 
(Uβ) on content of glass fiber (Wg / mas. %) 
crystallized at different cooling rates (Vc). 

It could be concluded that the increased 0
mT  and σe observed for some model 

composites resulted from the increased content of α-phase. This is in agreement 
with the findings of Varga41 that the variations in the results for the thermo-
dynamic and kinetics parameters for β-iPP are most probably due to the presence 
of different amounts of α-phase in the examined samples. 

The results of nonisothermal crystallization showed that heterogeneous 
nucleation activity is predominant in the model composites, even at low glass 
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fiber contents. The nucleation activity during the crystallization of the polymer 
melt was evaluated by the Dobreva method,45 which enables the determination of 
the work of heterogeneous and homogeneous nucleation in polymer systems with 
different additives/substrates by calculating the θ-parameter. For an extremely 
active substrate θ = 0 and for an inert substrate θ = 1. 

 

Fig. 10. Dependence of: a) the amount of the 
β phase (Xβ), b) the amount of the α phase 
(Xα) and c) the relative content of β phase 
(Uβ) on the content of glass fibers (Wg / mas. 
%) at different crystallization temperatures 
(Tc). 

The results for θ-parameter are collected in Table II. For BNP, θ = 0.34, and 
this low value was expected, since all the β-phase (Uβ = 0.95 for Vc = 1 K min–1 
and Uβ = 0.90 for Vc = 20 K min–1) originated from heterogeneous nucleation. In 
GF-model composites, the heterogeneous nucleation was obviously depressed to 
some level by the presence of the fibers and the θ-parameter reached higher 
values, 0.43–0.46. 

The appearance of the α-phase in the model composites was obviously a 
consequence of the presence of the glass fibers (Fig. 9). In a previous inves-
tigation, it was shown that the glass fibers influenced the stability of the α-crys-
talline phase in glass fiber/iPP composites.26 Their presence in BNP composites 
resulted in a similar effect, namely they induced the formation of certain amounts 
of the α-crystalline phase. 

DSC melting traces of the non-isothermally crystallized C6BNPGF sample 
and BNP are shown in Fig. 11: similarly to the existence of two α phases in iPP 
(α1 and α2 crystalline modifications, susceptible to recrystallization), there 
appeared two melting peaks characteristic for the corresponding β phases of iPP.41 
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Fig. 11. Heating thermograms of BNP and 
C6BNPGF crystallized at different cooling 
rates (Vc): a) 20, b) 15, c) 10, d) 5, e) 3 and 
f) 1 K min-1. 

As a measure of the stability of the β crystal structure, the difference 
between the maximum of the high and low-melting peaks, ΔTmp were used,26 
which are a consequence of the melting and recrystallization processes of the β1 
and β2 crystalline modifications.14 The dependences of ΔTmp on the cooling rate, 
crystallization peak temperature and glass fiber content are shown in Fig. 12. As 
could be seen, the presence of glass fibers and their content influences the stab-
ility of the β-crystalline phase and this effect becomes more evident at Vc ≥ 3 K 
min–1. 

Fig. 12. Dependence of the difference 
between the maximum of the high and low- 
-melting peaks (∆Tmp) on content of glass 
fibers crystallized at different cooling rates 
(Vc). 

CONCLUSIONS 

Glass fibers, as weak α-nucleators for iPP, had an insignificant effect on the 
morphology of β-nucleated iPP in glass fiber composites. The thermodynamic 
and kinetics parameters of crystallization of BNP in the model composites were 
similar to those obtained for the nucleated polymer. The relative content of 
β-crystalline phase decreased only by several percents on increasing the content 
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of glass fibers from 10 to 60 mas. %, due to the appearance of α-crystallites. The 
relative content of β-phase depended mostly on the crystallization conditions; the 
lowest value of Uβ (for the highest fiber content) was 0.85. The combination of 
excellent mechanical properties of glass fibers and the high content of the stable 
β-phase structure of BNP makes this system appropriate for the development of 
BNP/glass fiber composites with a good balance of strength and toughness. 

SUPPLEMENTARY MATERIAL 

Theoretical background of the approach applied is available electronically from http://  
//www.shd.org.rs/JSCS/, or from the corresponding author on request. 

И З В О Д  
УТИЦАЈ СТАКЛЕНИХ ВЛАКАНА НА МОРФОЛОГИЈУ β-НУКЛЕИСАНОГ iPP 

АНАЛИЗИРАН ПОМОЋУ DSC 

ACO JANEVSKI
1
 и GORDANA BOGOEVA-GACEVA

2
 

1Faculty for Technology, Goce Delcev University, 2000 Štip, Macedonia и 2 Faculty of Technology and 
Metallurgy, St. Cyril and Methodius University, 1000 Skopje, FYR Macedonia 

Присуство пуниоца и влакана значајно утиче на морфологију семикристалних 
полимера. Утицај стаклених влакана на морфологију β-нуклеисаног изотактичног поли-
(припилена) (iPP) формираног током изотермске или неизотермске кристализације, 
праћен је DSC анализом, а кинетички и термодинамички параметри кристализације су 
одређени за композите са садржајем стаклених влакана 10–60 mas. %. Присуство ста-
клених влакана у модел композиту са β-iPP незнатано утиче на морфологију полимерне 
матрице. Термодинамички и кинетички параметри кристализације i-PP у модел 
композиту су веома слични добијеним са β-нуклеисаним полимером. Са порастом садр-
жаја стаклених влакана од 10 do 60 mas. % незнатно је промењен и релативни садржај β-
кристалне фазе као последица појаве α-кристалита. Међутим, стабилност β-кристалне 
фазе се смањује са повећањем садржаја стаклених влакана и појаве β1 и β2 фаза, које су 
познате по томе што лако подлежу рекристализацији.  

(Примљено 23 марта, ревидирано 26. маја, прихваћено 27. маја 2014) 
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THEORETICAL BACKGROUND 

From the DSC scans (isothermal crystallization at given Tc and then melting of the 
crystallized sample), the equilibrium melting temperature 0

m( )T  was determined by the Hoff-
man–Weeks method:1 

 
0

c
m

 m ( 1)
 

 

T T
T

γ
γ γ

′ −= +  (1) 

where γ is a constant that represents the ratio between the final thickness of the crystalline 
lamellae and the initial critical thickness, and mT ′ is the observed melting temperature of the 
sample isothermally crystallized at Tc. According to the kinetic theory of polymer crystal-
lization,2 assuming that the growth of lamellae is controlled by a process of secondary 
nucleation, the temperature dependence of the overall kinetic constant, k, is given by the Eq. 
(2): 

 0
c c

log( ) Δ * Δ *

2.3 2.3

k F
A

n RT KT

Φ= − −  (2) 

where A0 is a constant (assuming that the primary nucleation density at each Tc examined does 
not vary with time), ∆F* is the activation energy for the transport of crystallizing units across 
the liquid–solid interface, K is the Boltzmann constant, n is the Avrami exponent, and ∆Φ* is 
the energy of formation of a nucleus with critical dimensions, expressed by Eq. (3):2 

 0 e m

melt

4
Δ *

Δ Δ

σσΦ = b T

H T
 (3) 

where b0 is the molecular thickness, and σ and σe are the crystal growth lateral surface energy 
and the crystal fold surface energy, respectively. ∆fusH is the enthalpy of fusion and 
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0
m cΔT T T= −  is the supercooling. ∆F* is usually expressed as the activation energy of vis-

cous flow given by the Williams–Landel–Ferry relation, Eq. (4):3  

 1 c

2 c g
*

( )

C T
F

C T T
Δ =

+ −
 (4) 

where C1 and C2 are constants (C1 = 17.2 kJ mol-1; C2 = 51.5 K) and Tg is the glass transition 
temperature. In further calculations, the literature value of Tg = 260 K was used for iPP.4 The 
plot of: [log k/n + ∆F*/2.3RTc] vs. mT ′ /Tc∆T yields a straight line with a negative slope equal 
to: 

 0 e

fus

4

2.3

σσ
Δ

b

K H
 (5) 

from which ∆F* and σe are obtained assuming that b0 = 0.525 nm5 and ∆fusH of 193 and 209 
J g-1, and σ = 0.1b0∆fusH. 

To calculate the nucleation activity (θ) of foreign additives and substrates during the 
crystallization of a polymer melt, a method was proposed by Dobreva et al.6 for analyzing 
DSC data. θ is defined as: 
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is the work of homogeneous nucleation, in which Vm is molar volume of the crystallizing 
substance, ∆meltS is entropy of melting and 0

p m cmaxΔT T T= −  (where Tcmax corresponds to the 
crystallization peak temperature in the nonisothermal regime), and *

3kA is the work of hetero-
geneous nucleation, Clearly, θ is unity for absolutely inert substrates and is practically zero for 
very active substrates. Following the formalism presented by Dobreva et al.,6 the Avrami 
equation7 (8): 

 1 exp( )nktα = − −  (8) 

for nonisothermal conditions can be transformed into: 
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where  
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0 2

m melt

16
 
3

πσ=
Δ

V
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T S
 (10) 

and where Vc is the cooling rate. The activity of a substrate, θ, is then given by the ratio of the 
two slopes B* and B0. 
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Abstract: Calcium phosphate coatings were electrochemically deposited on 
titanium from an aqueous solution of Ca(NO3)2 and NH4H2PO4 at a current 
density of 10 mA cm-2 for a deposition time of 15 min. The obtained brushite 
coatings (CaHPO4·2H2O), were converted to hydroxyapatite (HA) by soaking 
in simulated body fluid (SBF) for 2, 7 and 14 days. The brushite and hydro-
xyapatite coatings were characterized by X-ray diffraction (XRD), scanning 
electron microscopy (SEM) and atomic force microscopy (AFM). It was shown 
that increasing the soaking time increased the porosity, roughness and crys-
tallite domain size of the HA coatings and decreased the unit cell parameters 
and unit cell volume, while the mean pore area of HA was unaffected. The 
calcium and phosphorus ions concentrations in SBF were determined by ato-
mic absorption spectroscopy (AAS) and UV–Vis spectroscopy, respectively, 
and a mechanism of HA growth based on dissolution–precipitation was pro-
posed. 

Keywords: hydroxyapatite; brushite; coatings; nanostructures; titanium. 

INTRODUCTION 

Metals have been used in various forms as implants due to their excellent 
mechanical properties, but lack of biocompatibility and corrosion resistance 
make metals inadequate for implantation in the body. The main reasons for 
applying ceramic coating on metal substrates are to protect the substrate against 
corrosion, to make the implant biocompatible and to turn the non-bioactive metal 
surface into a bioactive one.1,2 
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The main constituents of human bone are calcium orthophosphates, collagen 
and water. Hydroxyapatite (HA, Ca10(PO4)6(OH)2), constitutes the majority of 
the inorganic component. HA is the only compound among calcium phosphate-
based ceramics that is stable in a physiological environment and is biologically 
active. Applications of HA bioceramics are based on its excellent bioactivity, 
biocompatibility and porous structure. Both the micro- and macro-porosity of HA 
coatings are important. The macroporosity controls access of tissue and biolog-
ical fluids to HA coatings. The microporosity controls protein adsorption, body 
fluid circulation and the resorption rate of calcium phosphate. The porous struc-
ture of HA improves the mechanical interlock between the cells and the surface 
of an implant, promotes osteoconductivity and enhances the adhesion between 
natural bone and an implant by the formation of an apatite layer.3–5 Besides the 
coating porosity, a very important characteristic is the roughness of a coating, 
because the biocompatibility and corrosion resistance of implants are, also, deter-
mined by surface microstructural properties, such as surface roughness and grain 
size, which influence cell attachment, proliferation and differentiation.6,7 There 
are a great number of methods for HA preparation,8–12 including transformation 
of more soluble metastable phosphates, as precursors, e.g., brushite, monetite and 
octacalcium phosphate, in an aqueous environment.13–20 

The application of HA coatings depends on its crystallite size. It is possible 
to improve the characteristics of HA by controlling the particle size, particle dis-
tribution and agglomeration of precursors. Nanocrystalline HA exhibits a greater 
surface area and has better bioactivity than coarser crystals.21–24 

Brushite, CaHPO4·2H2O, is a metastable compound, known as mineral 
brushite. It can be observed when calcium phosphate is precipitated at low pH 
values and low temperatures.20,25,26 As a precursor, brushite transforms into 
thermodynamically more stable calcium phosphates. Brushite can be converted to 
HA by alkaline treatment or by soaking in simulated body fluid (SBF).20,27–31 
The kinetics of brushite transformation to HA is of great importance because the 
success of osseointegration is defined by tissue–material integration during the 
early period of implantation.32 

The aim of this work was to evaluate the ability of electrochemically depo-
sited calcium phosphate coatings on titanium for conversion to HA in SBF sol-
ution. Additionally, the purpose was to investigate the influence of the soaking 
time in SBF on the composition and morphology (crystallite domain size, pore 
number, porosity, mean pore area and roughness) of the converted HA coatings. 
An attempt was made to propose a mechanism of HA growth on the electro-
deposited calcium phosphate coatings on titanium. 
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EXPERIMENTAL 

Electrochemical deposition of calcium phosphate coatings 

Calcium phosphate coatings were electrochemically deposited on titanium plates (15 
mm×10 mm×0.127 mm, Alfa Aesar, Johnson Matthew Co., purity: 99.7 %) from a stirred 
aqueous solution of 0.042 M Ca(NO3)2 and 0.025 M NH4H2PO4. The initial pH value of the 
solution was 4.0. All chemicals were of reagent grade (Sigma–Aldrich) and used without 
further purification. The electrodeposition was performed at current density of 10 mA cm-2 for 
deposition time of 15 min. 

Chronopotentiometric curve was recorded during the calcium phosphate deposition in a 
three-electrode cell arrangement using Gamry Reference 600 potentiostat–galvanostat/ZRA. 
The working electrode was titanium plate. The counter electrode was platinum plate, placed 
parallel to the working electrode. The saturated calomel electrode (SCE) was used as refer-
ence electrode. Prior to the deposition, titanium plates were degreased in acetone and then in 
ethanol for 15 min in an ultrasonic bath. 

Conversion of the calcium phosphate coatings to hydroxyapatite upon soaking in SBF 

The calcium phosphate coatings were soaked in SBF solution for 2, 7 and 14 days. SBF 
solution was prepared by dissolving the reagent-grade chemicals of NaCl, NaHCO3, KCl, 
K2HPO4·3H2O, MgCl2·6H2O, CaCl2 and Na2SO4 in deionized water.33 The prepared SBF 
solution was buffered with tris(hydroxymethyl)aminomethane, (CH2OH)3CNH2, and the pH 
was fixed to 7.4 by the addition of 1.0 mol dm-3 HCl. For the experiments, the calcium phos-
phate coatings were placed in plastic containers and SBF was added. The containers were kept 
at a constant temperature of 37 °C. All the SBF solution was replaced by a fresh charge every 
48 h. 

X-Ray diffraction  

The phase composition and structure of calcium phosphate coatings and HA coatings 
were determined by XRD, using a Philips PW 1050 diffractometer with CuKα radiation 
(λ = 1.5418 Å) and Bragg–Brentano focusing geometry. Measurements were realized in the 2θ 
range of 8–70° with scanning step width of 0.05° and time of 6 s per point-step. The lattice 
parameters and crystallite domain size were obtained using the X-ray line profile-fitting 
program XFIT with a fundamental parameters convolution approach to generate line pro-
files.34 

Atomic absorption spectroscopy 

During soaking period of calcium phosphate coatings in SBF solution, the concentration 
of calcium ions was determined by atomic absorption spectroscopy, using a Perkin Elmer 703 
atomic absorption spectrometer. 

UV–Vis spectroscopy 

During the soaking period, the concentration of phosphorus ions of the calcium phos-
phate coatings in the SBF solution was determined by UV–Vis spectroscopy, using a Philips 
UV–Vis 8610 spectrophotometer. 

Scanning electron microscopy  

The microstructure of calcium phosphate coatings and HA coatings was examined by 
SEM using a JSM-20 (JEOL) instrument. The micrographs were subjected to image analysis 
processing using Image-J software.35 The images were converted to grayscale, thresholded to 
binary images and the pore area and porosity were estimated using Image-J software.  
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Atomic force microscopy  

In order to characterize the surface topography of the calcium phosphate coatings and 
HA coatings, atomic force microscopy (AFM) was used. The measurements were performed 
using a Quesant Universal SPM instrument operating in the non-contact mode. 

RESULTS AND DISCUSSION 

Electrochemical deposition and characterization of calcium phosphate coatings 
on titanium 

The chronopotentiometric curve for calcium phosphate electrodeposition in a 
solution containing 0.042 M Ca(NO3)2 and 0.025 M NH4H2PO4, at a constant 
current density of 10 mA cm-2 for a deposition time of 15 min, is shown in Fig. 1. 

 
Fig. 1. Chronopotentiometric curve at a current density of 10 mA cm-2. 

For the initial very short time of deposition, up to 4 s, two stages could be 
distinguished (Fig. 1, inset I): stage 1, during the first second of deposition, with 
a corresponding potential of –1.8 V and stage 2, during the following 3 s of depo-
sition, with a corresponding potential of about –2.5 V. The slopes of these two 
stages are different and suggest that stage 1 is a faster electrochemical reaction, 
and stage 2 is a slower reaction. This is in good agreement with proposed mech-
anism for electrochemical deposition of calcium phosphate coatings on titan-
ium.20,36,37 Briefly, at a potential up to –1.9 V, two processes occur: hydrogen 
reduction from NH4+ (originating from the starting NH4H2PO4), which causes a 
local increase in pH (around 9) in the vicinity of the cathode and conversion of 
H2PO4–, (originating from the starting NH4H2PO4), into HPO42–. In the presence 
of Ca2+ (originating from the starting Ca(NO3)2) and HPO42–, brushite is depo-
sited onto the cathode, which was confirmed by XRD analysis (Fig. 2): 

 Ca2+ + HPO42– + 2H2O → CaHPO4·2H2O (1) 
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Fig. 2. XRD pattern of a brushite coat-
ing deposited on titanium. 

Simultaneously, the brushite coating deposited at the cathode and hydrogen 
bubbles evolved on the cathode, causes a decrease in slope of chronopotent-
iometric curve (Fig. 1, inset I, stage 2). Namely, at potentials below –1.9 V, hyd-
rogen evolution from water occurs, leading to the formation of a great number of 
H2 molecules.20 Hence, at the potentials up to –2.5 V, two parallel reactions 
occur: brushite deposition and growth and, on the other hand, the electrochemical 
reaction of hydrogen evolution. After the initial interval of 4 s, the electroche-
mical deposition of brushite occurs mainly through the porous film and this step 
is represented with maximum of the potential–time curve followed by decrease in 
the potential during further 200 s (Fig. 1, inset II). For deposition time longer 
than 200 s, the potential increases, suggesting that the H2 bubbles are leaving the 
electrode surface.  

The XRD pattern for the calcium phosphate coating electrochemically depo-
sited on titanium is shown in Fig. 2. The identified diffraction maxima corres-
pond to brushite, CaHPO4·2H2O (JCPDS No. 72-0713) and α-Ti as the substrate 
(JCPDS No. 89-3073). 

SEM micrograph of the brushite coating is represented in Fig. 3, where the 
plate-like structure of the coating could be observed. 

Fig. 3. SEM micrograph of a brushite 
coating. 
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The histogram of pore area distribution for a brushite coating, represented in 
Fig. 4, was determined using Image-J software. From Fig. 4, it could be seen that 
the majority of the pores had a pore area under 3 μm2. The values of the mean 
pore area and percentage of surface covered by pores (porosity) were calculated 
to be 1.204 μm2 and 4.88 %, respectively (Table I). 

Fig. 4. Pore area distribution for a bru-
shite coating. 

TABLE I. Pore number, mean pore area, porosity and surface roughness of brushite and HA 
coatings after 7 and 14 days in SBF 

Sample 
Pore 

number 
Mean pore area

μm2 
Porosity

% 
Roughness 

RMS / nm Ra / nm 
Brushite coating 186 1.204 4.88 148.4 125.7 
HA coating (7 days in SBF) 329 0.492 6.30 294.8 231.1 
HA coating (14 days in SBF) 510 0.475 9.41 726.4 567.0 

The AFM surface topography of brushite coating is represented in Fig. 5 
(10 × 10 μm area). The plate-like structure of the brushite coating could be 
observed, while the roughness parameters, RMS and Ra, amount to 148.4 and 
125.7 nm, respectively (Table I). 

Fig. 5. AFM micrograph of a bru-
shite coating. 
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Hydroxyapatite coatings on titanium 

XRD analysis. The XRD patterns of the converted coatings, obtained after 
soaking the brushite coating in SBF for 2, 7 and 14 days, are represented in Fig. 
6. The phase composition of converted coatings corresponded to hydroxyapatite, 
Ca10(PO4)6(OH)2 (JCPDS No. 86-1199) and α-Ti (originating from the sub-
strate). The absence of diffraction maximums for brushite confirmed that the 
complete surface, primarily coated with brushite, was fully converted to HA. 

 

Fig. 6. XRD pattern of HA coatings 
obtained after soaking brushite coatings in 
SBF for: a) 2, b) 7 and c) 14 days. 

The crystallite domain size, calculated for the (002) plane, as well as the unit 
cell parameters and unit cell volume for the HA coatings obtained after soaking 
the brushite coatings in SBF for 2, 7 and 14 days, are presented in Table II. 

TABLE II. The crystallite domain size, unit cell parameters, a and c, and unit cell volume, V, 
for HA coatings obtained after soaking of brushite coatings for 2, 7 and 14 days in SBF 

Days in SBF Crystallite domain size, nm
Unit cell parameters, Å 

Unit cell volume, Å3 
a c 

2 14.4 9.5111 6.9585 545.14 
7 15.0 9.5105 6.9487 544.30 
14 16.2 9.4843 6.9265 539.58 
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The results suggest that increasing the soaking time slightly increased the 
crystallite domain size of the converted HA coatings and decreased the unit cell 
parameters and unit cell volume, because of the increased crystal density.  

In vitro tests of HA coating in SBF 

In order to investigate the mechanism of brushite conversion to HA, the 
concentrations of Ca and P ions during 14 days of immersion of the brushite 
coating in SBF solution were determined by AAS and UV–Vis spectroscopy, 
respectively. The dependences of the concentrations of Ca and P ions in SBF on 
the soaking time are presented in Fig. 7a and b, respectively. For shorter immer-
sion times, during the first two days, rapid decreases in both the concentrations of 
Ca and P ions were observed. Namely, the high rate of consumption of Ca and P 
ions indicates the high reactivity of brushite with SBF that induces the trans-
formation of brushite and the nucleation of HA. XRD results for the HA coating 
observed after two days of immersion (Fig. 6a), confirmed that the brushite had 
completely transformed to HA, indicating the ability of brushite to generate HA 
by intake of Ca and P ions from the surrounding solution. This is in good agree-
ment with the literature.33,38 Namely, once immersed in SBF (pH 7.4), brushite 
dissolves rapidly because brushite is stable under acidic aqueous conditions at 
pH < 4.2. The increase in the local concentration of Ca and P ions resulted in the 
precipitation of calcium phosphates. Bearing in mind that the pH of the SBF was 
7.4 and that SBF is supersaturated with respect to apatite (the Ca/P mole ratio 
was 2.50), the only stable phase that could be precipitated is HA. The rapid for-
mation of a Ca and P rich layer in a relatively short time of immersion is of spe-
cial interest because the success of osseointegration is defined by tissue–material 
interaction during the early days of implantation.32,39,40 

In general, both dissolution and precipitation of calcium phosphates occur 
simultaneously, but the kinetics of these two processes are different. The dissol-

 
Fig. 7. The dependences of (a) the Ca concentration and (b) the P concentration in SBF on the 

soaking time of brushite coating. 
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ution process is governed by ion exchange, while the precipitation process is con-
trolled by the product of the ion concentrations and the solubility of the particles. 
The dissolution and precipitation of calcium phosphates in SBF is a reversible 
reaction.41–43 

The increase in the Ca concentration between days 2 and 8 of immersion is 
shown in Fig. 7a, meaning that the precipitation rate decreased, while the dissol-
ution rate increased. After 8 days of immersion, the concentration of Ca ions 
decreased, indicating that further precipitation of HA coating dominated over dis-
solution. Indeed, the increase in the mass of the HA coating during exposure to 
SBF solution (6.6, 13.8 and 19.0 mg after 2, 7 and 14 days, respectively) con-
firmed that precipitation of HA coating prevailed. 

The increase in the P ions concentration between day 2 and 8 of immersion 
is shown in Fig. 7b, suggesting that the precipitation rate slowed down, while the 
dissolution rate increased. The HA coating dissolution created a great number of 
the nucleation sites on the coating surface. During longer immersion time 
(between 8 to 14 days), a decrease in P ions concentration could be observed, 
indicating the consumption of P ions during soaking.  

SEM analysis of HA coatings 

The SEM micrographs of the HA coatings after soaking in SBF for 7 and 14 
days are presented in Figs. 8a and 9a, respectively. Figure 8a shows the agglo-
merated sphere-like crystallites of different size after 7 days of immersion, while 
after 14 days (Fig. 9a), the morphology of the coating had changed and less 
agglomerates could be observed. The SEM micrographs of HA coatings were 
analyzed by “Image-J” software.35 After 7 days of soaking, the surface of the HA 
coating was fully covered by a HA layer, which was confirmed by XRD (Fig. 
6b). A 3D plot of a sphere-like agglomerate, with a size of approximately 4.0 μm 
in diameter is presented in Fig. 8b (detail from Fig. 8a, marked with an arrow). 
The sphere-like agglomerate consisted of very fine crystallites, suggesting a high 

        
Fig. 8. SEM micrograph of: a) an HA coating obtained by soaking a brushite coating in SBF 

for 7 days and b) a 3D plot of the sphere-like agglomerate marked with an arrow in (a). 
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nucleation rate of HA. After a soaking period of 14 days, the HA coating surface 
had fewer agglomerates. A new spherical particle, with a size of approximately 
1.0 μm in diameter, presented in Fig. 9b (the detail from Fig. 9a, marked with 
arrow), appeared on the surface of the previously precipitated HA as a con-
sequence of further deposition of HA with soaking time.44 Namely, when cal-
cium phosphates were incubated in SBF solution, the formation of HA layer on 
the surface of the coating occurs, including dissolution, precipitation and growth 
of HA.4,45,46 The formation of new agglomerates of HA on the surface of the 
previously precipitated hydroxyapatite, observed on the SEM micrographs (Fig. 
9b), is in good agreement with results presented in Fig. 7, where the decrease in 
the concentration of Ca and P ions, after 8 days of soaking can be attributed to 
further HA precipitation. The formation of HA is very important in the formation 
of chemical bonds between tissue and bioactive material. 

        
Fig. 9. SEM micrograph of: a) an HA coating obtained by soaking a brushite coating in SBF 

for 14 days and b) a 3D plot of the sphere-like agglomerate marked with an arrow in (a). 

The pore area distribution for HA coatings, obtained after soaking in SBF for 7 
and 14 days, using Image-J software, are represented in Fig. 10a and b, respectively. 

   
Fig. 10. Pore area distribution for HA coatings obtained by soaking brushite coatings 

in SBF for: a) 7 and b) 14 days. 
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The values of the number of pores, mean pore area and porosity, and the 
roughness parameters of the brushite and HA coatings obtained after soaking in 
SBF for 7 and 14 days are presented in Table I. 

The brushite coating exhibited a relatively small number of pores (Table I) 
with a larger pore area. Upon soaking the brushite coating in SBF, since the con-
version process occurred, the pore number increased significantly, while the 
mean pore area decreased during soaking for 14 days. Comparison of the histo-
grams of the pore area distribution for HA coatings upon soaking for 7 and 14 
days (Fig. 10a and b, respectively), indicates that the majority of the pores had a 
small pore area, up to 1 μm2, and that there were only a small number of pores 
having a larger area. In addition, increasing the soaking time from 7 to 14 days 
increased the number of pores with areas up to 1 μm2. Consequentially, the por-
osity of the HA coating increased with increasing soaking time, while the mean 
pore area did not change significantly. The increase in porosity of the HA coating 
for longer soaking times could be attributed to the simultaneous dissolution and 
precipitation of HA under physiological conditions, whereby precipitation domi-
nates, which was confirmed by the increase in the mass of the HA coating, as 
was discussed earlier. Microporosity is very important parameter because it inf-
luences the adsorption of proteins by providing a greater surface area, as well as 
bone-like apatite formation by dissolution and precipitation.47 Thus, it could be 
proposed that the HA coatings obtained after 14 days of soaking might have 
better protein adsorption ability due to their greater porosity with respect to HA 
coatings obtained after 7 days of soaking in SBF. 

AFM analysis of HA coatings 

AFM analysis of HA coatings obtained after soaking of brushite coatings in 
SBF for 7 and 14 days are represented in Fig. 11. 

 
Fig. 11. AFM micrographs of HA coatings obtained by soaking brushite coatings in SBF for: 

a) 7 and b) 14 days. 
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Roughness is represented by the arithmetical mean deviation, Ra, and root 
mean square deviation, RMS. The results of the statistical analysis of the AFM 
micrographs for both the brushite and HA coatings are listed in Table I. The 
RMS and Ra values of the brushite coating were smaller than the corresponding 
values for the HA coating. Moreover, the RMS and Ra values of HA coatings 
increase with increasing soaking time from 294.8 nm to 726.4 nm and from 231.1 
to 567.0 nm, respectively. According to the literature, an increase in the surface 
roughness of HA surfaces increases osteoblastic cell adhesion, proliferation and 
detachment strength.6,48,49 On the other hand, a problem with highly rough sur-
faces is connected with cellular mobility. It was reported7 that osteoclastogenesis 
could be induced if surface roughness, Ra, achieves values between 0.04 and 0.58 
μm. This means that the present results are comparable with the results from the 
literature. The HA coatings obtained in SBF from brushite coating electrochem-
ically deposited on titanium at constant current density could stimulate a cellular 
response. 

CONCLUSIONS 

In order to investigate the ability of HA formation on titanium substrate from 
brushite precursor under in vitro conditions, electrochemical deposition of a bru-
shite coatings on titanium was performed galvanostatically at a current density of 
10 mA cm−2 for a deposition time of 15 min. 

The brushite coatings were soaked in an SBF solution and conversion to HA 
coatings was monitored by XRD, SEM, AFM, AAS and UV–Vis spectroscopy 
during in vitro tests. Increase in soaking time slightly increases the crystallite 
domain size of the HA coatings and decreases the unit cell parameters and unit 
cell volume, because of increased crystal density. Moreover, an increase in 
soaking time increased the mass, roughness, pore number and porosity of the HA 
coating, whereas the mean pore area was not significantly affected. 

An in vitro study was used to investigate the biological response of HA coat-
ings under physiological conditions and Ca and P ions concentration in SBF were 
determined, confirming the dissolution–precipitation mechanism. Since the crys-
tallite domain size slightly increased, it could be proposed that nucleation of HA 
dominates over crystal growth and, consequently, an increase in coating rough-
ness was observed, suggesting that precipitation of HA occurred through hetero-
geneous nucleation. Bearing in mind that increasing the soaking time increased 
the mass of the HA coating, it could be proposed that precipitation dominate over 
dissolution. 

Based on all experimental results, it could be concluded that the increase in 
the HA coating porosity and coating roughness, resulting in a larger surface area, 
make this coating suitable for biomedical applications, because it is believed that 
the porosity contributes to better protein adsorption as well as bone-like apatite 
formation by the dissolution and precipitation mechanism. Additionally, the inc-
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rease in HA coatings roughness indicates that the HA coatings could stimulate 
cellular response. 
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Превлаке калцијум-фосфата су електрохемијски таложене на титану из воденог 
раствора Ca(NO3)2 и NH4H2PO4 при густини струје од 10 mA cm-2 за време од 15 мин. 
Добијене превлаке брушита (CaHPO4·2H2O) су конвертоване у хидроксиапатит у симу-
лираној телесној течности током 2, 7 и 14 дана. Превлаке брушита и хидроксиапатита су 
карактерисане дифракцијом X-зрака, скенирајућом електронском микроскопијом и 
микроскопијом атомских сила. Показано је да са продужавањем времена конверзије у 
симулираној телесној течности долази до повећања порозности, храпавости и величине 
кристалита превлаке хидроксиапатита, али и смањења параметара јединичне ћелије и 
запремине јединичне ћелије хидроксиапатита. Са друге стране, време конверзије не 
утиче на средњу површину пора превлака хидроксиапатита. Концентрацијe јона калци-
јума и фосфора у симулираној телесној течности одређиване су атомском апсорпцио-
ном спектроскопијом и UV–Vis спектроскопијом, редом. Предложен је механизам раста 
хидроксиапатита у симулираној телесној течности, базиран на теорији растварање–тало-
жење.  

(Примљено 26. јуна, ревидирано 1. октобра, прихваћено 2. октобра 2014) 
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Abstract: The chemical mass balance (CMB 8.2) model has been extensively 
used in order to determine source contribution for particulate matters (size 
diameters less than 10 and 2.5 µm) in air quality analysis. A comparison of the 
source contribution estimated from three CMB models was realized through 
optimization techniques, such as ‘fmincon’ (CMB–fmincon) and genetic algo-
rithm (CMB–GA) using MATLAB. The proposed approach was validated 
using a San Joaquin Valley Air Quality Study (SJVAQS) California Fresno and 
Bakersfield PM10 and PM2.5 followed with Oregon PM10 data. The source 
contribution estimated from CMB–GA was better in source interpretation in 
comparison with CMB 8.2 and CMB–fmincon. The performance accuracies of 
three CMB approaches were validated using R2, reduced χ2 and percentage 
mass tests. The R2 (0.90, 0.67 and 0.81, 0.83), χ2 (0.36, 0.66 and 0.65, 0.43) 
and percentage mass (67.36, 55.03 and 94.24 %, 74.85 %) of CMB–GA 
showed high correlation for PM10, PM2.5, Fresno and Bakersfield data, respect-
ively. To make a complete decision, the proposed methodology was bench 
marked with Portland, Oregon PM10 data with the best fit with R2 (0.99), χ2 
(1.6) and percentage mass (94.4 %) from CMB–GA. Therefore, the study 
revealed that CMB with genetic algorithm optimization method exhibiting 
better stability in determining the source contributions. 

Keywords: receptor model; chemical mass balance; source contribution; source 
profiles; genetic algorithm. 

INTRODUCTION 

Air pollution is a major concern in the current century due to population 
exposure, urbanization and industrialization. The concentration level of parti-
culate matter (particles with aerodynamic diameters less than 10 and 2.5 µm) in 
the urban environment remains a serious problem.1–3 The term particulate matter 
(PM10 and PM2.5) is used to describe solid or liquid particles that are airborne 
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and dispersed. Particles vary in number, size, shape, surface area, chemical com-
position, solubility and origin across both space and time. Particulate matter ori-
ginates from a variety of natural and anthropogenic sources4 and possesses a 
range of morphological, physical, chemical and thermodynamic properties.5 
Emissions of mineral particulate matter adversely impact on environmental qual-
ity in mining regions,6 transport regions,7 and even on a global scale.2 Various 
anthropogenic (traffic, power plants, biomass burning, etc.) and natural sources 
(forest fires, soil re-suspension, etc.) emit primary particulate matters (PM10 and 
PM2.5) and gaseous pollutants such as SO2, NOx, NH3 and VOC directly into the 
atmosphere.8 Secondary particles, formed by transformation of these primary 
emissions, contribute to the concentrations of ambient particulate matter, which 
cause adverse effects on human health.9 Industrialization patterns changed due to 
stringent air quality standards with many heavily polluting industries moving 
from developed countries.10  

Source identification of particulate matter is one of the key components in 
air quality management planning. Apportionment studies were attempted to 
develop and implement air pollution control strategies in many urban areas 
across the world.4,11–16 Receptor models are widely used to estimate the source 
contribution of construction activities, fossil fuel combustion, traffic re-sus-
pension, geologic, motor vehicle exhaust, vegetative burning to ambient air pol-
lution. The CMB model combines the chemical and physical characteristics of 
particles or gases measured at the sources and the receptors to quantify the source 
contribution to the receptor.17 The CMB enables the source contributions of 
ambient PM10 and PM2.5 to be determined through effective-variance least 
squares regression,18 weighted least square regression and the method of mom-
ents.19,20,5 Source apportionment (SA) of PM using robotic chemical mass bal-
ance (RCMB) reduces the uncertainty due to the human judgment through the 
best-fit combination of source profiles used as input data.21,22 Quantification of 
uncertainty in RCMB using the traditional Monte Carlo approach23 and poly-
nomial chaos method24 were also proposed. Uncertainties in the input variable 
used to solve the chemical mass balance are the receptor concentration uncer-
tainty and source profile uncertainty. The United States Environmental Protection 
Agency (USEPA) developed the tool CMB8.2 that resolves using both the uncer-
tainties to obtain the source contribution at the receptor locations25. The com-
bined CMB and multivariate source apportionment methods, such as positive 
matrix factorization (PMF) and the Unmix model, has been widely used for the 
refined source contribution and source profile estimation in air quality research.26,27 

The current research article compares the source contribution results of 
CMB8.2, CMB–fmincon and CMB–GA. The difference in the estimation of the 
source contributions by the three approaches were illustrated using San Joaquin 
Valley Air Quality Study (SJVAQS) of Fresno and Bakersfield, the PM10 and 
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PM2.5 data were taken from Chow et al. (1992 and 1993).28,29 These data were 
collected every six days between June 1988 and 1989. A total of 35 and 49 obser-
vations of PM2.5 and PM10, respectively, from the Fresno site and 48 and 33 
observations of PM2.5 and PM10 from Bakersfield sites were respectively obtained. 
The profile data of ten different sources, such as paved road dust, vegetative 
burning, crude oil combustion, motor vehicles, lime stone (construction), marine, 
ammonium sulfate, ammonium nitrate, secondary organic carbon (SOC) and 
sodium nitrate are available in the literature.28,29 The proposed methodology 
were validated through Portland, Oregon PM10 data with marine, urban dust, 
auto exhaust and residual oil combustion as possible sources of emission.30 
Source contribution estimates from CMB8.2, CMB–fmincon and CMB–GA 
models were used to predict the receptor concentration (Cpre) data. The percent-
age error between the experimental (cexp) and predicted concentrations (cpre) 
were compared using the statistical approach of R2, χ2 and percentage mass to 
validate the effect of uncertainty and optimization solvers in the three CMB models. 

EXPERIMENTAL 

CMB receptor model 

The CMB receptor model expresses the concentrations of different chemical species 
(ci×1 / µg m-3) measured at a monitoring site (or receptor) as a linear sum of products of the 
source profile (Fi×j / µg µg-1) and source contribution (Sj×1 / µg m-3):  

 ( ) ( ) ( )1 1× × ×=i i j jc F S  (1) 

where i is the number of species measured; j is the number of source categories for one 
receptor sample. The mass fraction of the emissions from each source type is known as the 
source profile, µg µg-1. Profiles are measured on samples from these sources at times and 
locations to represent emission compositions, µg m-3 while receptor measurements are made. 
The basic assumptions of CMB model are: 1) compositions of source emissions are constant 
over the period of ambient and source sampling; 2) no reaction between the chemical species 
(i.e., they add linearly); 3) all sources with a potential for contributing to the receptor have are 
identified and have had their emissions characterized; 4) the number of sources or source 
categories is less than or equal to the number of species; 5) the source profiles are linearly 
independent of each other; 6) measurement uncertainties are random, uncorrelated, and nor-
mally distributed. CMB quantifies contributions from chemically distinct source-types rather 
than contributions from individual emitters. Sources with similar chemical and physical pro-
perties cannot be distinguished from each other by CMB. The CMB model calculates source 
contribution estimates for each individual ambient sample. The combination of source profiles 
that best explains the ambient measurements may differ from one sample to the next owing to 
differences in emission rates.12,25 

CMB 8.2 

CMB software version 8.2 was developed by the United States Environmental Protection 
Agency (USEPA). The input to the software contains one day or average receptor concen-
tration, µg m-3, data and measured source profile of the possible sources of air pollution at the 
locality and their corresponding uncertainties. The output of the model is source contribution 
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to air pollution, µg m-3. Performance measures for the least squares calculation in CMB 8.2 
are R2, reduced χ2 and percent mass. The χ2 is the weighted sum of the squares of the 
differences between the measured (cexp) and calculated (cpre) fitting species concentrations: 
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The weighting, 
iieV , is inversely proportional to the squares of the uncertainty in the 

source profiles and ambient data for each species. 
Ideally, there should be no difference between the calculated and measured concen-

trations of the species and χ2 would equal zero. A value less than 1 indicates a very good fit to 
the data, while values between 1 and 2 are acceptable. χ2 values greater than 4 indicate that 
concentrations of one or more species are not well explained by the source contribution 
estimates. 

The percent mass can be expressed by Eq. (3), the percent ratio of the sum of the source 
contribution estimated by the model to the measured mass concentration:  
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where Ct is the total measured mass. 
Percentage mass should equal 100 %, although values ranging from 80 to 120 % are 

acceptable. If the measured mass is very low (<5 to 10 µg m-3), the percent mass may be out-
side this range because the uncertainty in the mass measurement is of the order of 1 to 2 µg m-3. 

R2 is the fraction of the variance in the measured concentrations that is explained by the 
variance in the calculated concentrations of the species:  
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R2 is determined by linear regression of the measured vs. model-calculated values for the 
fitted species. The value of R2 ranges from 0 to 1.0. The closer the value is to 1.0, the better is 
the source contribution estimates explaining the measured concentrations. When R2 is less 
than 0.8, the source contribution estimates do not explain the observations with the fitting 
source profiles and/or species very well.25 The effective variance solution is derived by mini-
mizing the weighted sums of the squares of the differences between the measured and cal-
culated values of ci and the measured values of Fij.30 

CMB–fmincon 

The ambient data for 26 species from PM10 and PM2.5 as well as the profiles and 
uncertainties for ten sources are available.17 The constrained optimization routine in 
MATLAB R2008a ‘fmincon’ were used to optimize the source contributions and thus the 
difference between cpre and cexp of the species involved in this problem. The objective was to 
minimize the sum of the squares of differences between the experimental (cexp) and model 

_________________________________________________________________________________________________________________________

(CC) 2015 SCS. All rights reserved.

Available on line at www.shd.org.rs/JSCS/



 OPTIMIZATION OF CMB RECEPTOR MODEL 257 

predictions (cpre) of the receptor concentrations. Both the uncertainties in the receptor con-
centrations and in the source profiles were taken into consideration in the model to calculate 
the optimized source contribution from CMB–fmincon. The source profile (10×26), receptor 
concentration (26×1) and receptor concentration uncertainty (26×1) were arranged in a 
Microsoft Excel sheet and used while executing the program in MATLAB R2008a. The 
calculated source contribution from the model was used to predict the concentration (cpre) of 
the species in PM10 and PM2.5 of the SJVAQS Fresno and Bakersfield data. The execution of 
CMB by ‘fmincon’ solver in MATLAB R2008a is shown in Fig. S-1 of the Supplementary 
material to this paper. In comparison with CMB8.2, CMB–fmincon makes use of an objective 
function, which significantly reduces the run time between cexp and cpre species concentra-
tions. CMB–fmincon accounts both the uncertainties and hence reduces the error in the source 
contribution estimation with constrained optimization of chemical mass balance function. 

CMB with genetic algorithms (CMB–GA) 

A genetic algorithm (GA) is a stochastic global search method that works in the same 
manner as natural biological evolution. GA operates on a population of potential solutions 
applying the principle of survival of the fittest to produce better approximations to the 
solution. At each generation, a new set of approximations is created by the process of 
selecting individuals according to their level of fitness in the problem domain and breeding 
them together using operators borrowed from natural genetics. This process leads to the 
evolution of populations of individuals that are better suited to their environment than the 
individuals from which they were created, just as in natural adaptation.31 The algorithm 
consists of a main routine containing the optimization code and a subroutine containing the 
objective function of the code. In MATLAB R2008a, this is represented as shown in Fig. S-2 
of the Supplementary material. Some details of the method are also given in the Supple–
mentary material. 

Analysis of Fresno and Bakersfield PM10 and PM2.5 data28,29 

California San Joaquin Valley (SJV) encompasses nearly 64,000 km2 and a population in 
excess of three million people. The majority of this population is centered in the large urban 
areas of Bakersfield and Fresno, although nearly 100 smaller communities are situated in the 
region. This population base, combined with oil and gas production and refining, waste 
incineration, electrical cogeneration, agriculture, transportation, commerce, and light manu-
facturing activities, leads to air pollution emissions and concentrations that approach those of 
the metropolitan area of Los Angeles (South Coast Air Basin-SOCAB) in southern California.28 

The average concentrations of PM10 and PM2.5 containing 26 species observed at Fresno 
and Bakersfield, California, in 1988–1989 were used to model in the CMB from Chow et al., 
(1992 and 1993).28,29 Hence, the receptor concentration matrix had a size of 26×1. The 
contents of NO3

-, SO4
2-, NH4

+, elemental carbon (EC), organic carbon (OC), Al, Si, P, S, Cl, 
K, Ca, Ti, V, Cr, Mn, Fe, Ni, Cu, Zn, Se, Br, Sr, Zr, Ba and Pb in PM10 and PM2.5 were 
analyzed to estimate the source contributions. The 26 species present in PM10 and PM2.5 were 
identified as originating from ten sources according to the emission inventory, which is known 
as the source profile (percentage of mass emitted) for central California.29 Hence, the source 
profile matrix had the size of 26×10. Since the elemental compositions of several sources 
were identified in the data base of USEPA (SPECIATE) and various studies,5,30,32 it was 
recommended that the particulate matter (PM2.5 & PM10) sources be characterized locally for 
source apportionment studies.33 
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Analysis of Portland, OR, PM10 data30 

The average concentrations of 23 species in PM10 analyzed at Portland, OR, were used to 
model the proposed CMB from Watson et al. (1984).30 The source composition data and 24 h 
average concentration of OC, EC, NO3

-, SO4
2-, F-, Na, Mg, Al, Si, S, Cl, K, Ca, Ti, V, Cr, Mn, 

Fe, Ni, Cu, Zn, Br and Pb were used as the input species in the three CMB models. The 
sources compositions of marine, urban dust, auto exhaust and residual oil combustion were 
used as source profile data in the CMB. The corresponding uncertainty values were also 
determined as per the literature followed.30 

Source contribution and predicted concentration 

Source contribution values of each source were obtained from CMB8.2, CMB–fmincon 
and CMB–GA for the Fresno, Bakersfield and Oregon data. The measured source profile and 
obtained source contribution were used to calculate cpre of the species measured through back-
ward trajectory. The errors between the experimental and predicted concentrations for the 
three approaches were also estimated.  

RESULTS AND DISCUSSIONS 

The source contributions for the analyzed species in PM10 and PM2.5 
obtained using CMB8.2, CMB–fmincon and CMB–GA for the Fresno, Bakers-
field and Oregon stations are presented, respectively, in Figs. S-3–S-5 of the 
Supplementary material. It was observed that the source contributions obtained 
using CMB–fmincon and CMB–GA fitted better than those obtained using 
CMB8.2. The statistical parameters obtained for the PM10 and PM2.5 samples 
from the Fresno, Bakersfield and Oregon sites using CMB8.2, CMB–fmincon 
and CMB–GA software are presented in Tables I–III. 

TABLE I. Statistical validation of the results obtained for the analysis of the SJVAQ, Cali-
fornia, Fresno data using the three chemical mass balance models 

Statistical 
parameter 

CMB8.2 CMB–fmincon CMB–GA 
PM10 PM2.5 PM10 PM2.5 PM10 PM2.5 

R2 0.80 0.56 0.87 0.59 0.90 0.67 
χ2 0.57 1.03 0.60 0.89 0.36 0.66 
Mass, % 63.23 53.81 65 54.1 67.36 55.03 

TABLE II. Statistical validation of the results obtained for the analysis of the SJVAQ, Cali-
fornia, Bakersfield data using the three chemical mass balance models  

Statistical 
parameter 

CMB8.2 CMB–fmincon CMB–GA 
PM10 PM2.5 PM10 PM2.5 PM10 PM2.5 

R2 0.71 0.62 0.78 0.75 0.81 0.83 
χ2 1.13 0.85 0.80 0.83 0.65 0.43 
Mass, % 88.4 65.64 91.37 71.23 94.24 74.85 

The two stations Fresno and Bakersfield were significant receiving various 
types of atmospheric pollution from large urban locations in California. The sig-
nificant quantities of sulfate and nitrate in the ambient aerosol may be of second-
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ary origin. Hence ammonium sulfate, ammonium nitrate, sodium nitrate and org-
anic carbon (OC) were considered as a “pure” secondary source profile.28 
Ammonium nitrate, paved road dust, secondary organic carbon, motor vehicle, 
ammonium sulfate, limestone were observed as the major contributors to PM10 at 
the Fresno station. Primary crude oil, marine and vegetation burning were the 
successive emission sources of PM10 to the ambient air (Fig. S-3a–c). Secondary 
aerosols (NH4NO3, secondary OC and (NH4)2SO4) were observed as the major 
sources of PM2.5 with contributions from paved road dust, primary crude oil and 
marine sources as not neglectable sources of PM2.5 at the Fresno station (Fig. S- 
-3d–f). Moreover, vegetative burning, limestone (construction activities) and 
motor vehicle emissions were other possible sources of PM2.5 at the Fresno station. 

TABLE III. Statistical validation of the results obtained for the analysis of the Portland, 
Oregon data using the three chemical mass balance models 

Statistical parameter  CMB8.2 CMB–fmincon CMB–GA 
R2 0.97 0.98 0.99 
χ2 1.89 1.63 1.6 
Mass, % 93.1 93.5 94.4 

Paved road dust, motor vehicle emission, secondary nitrate, secondary sul-
fate, limestone (construction activities), primary crude oil and marine sources 
were observed as the major PM10 emissions at Bakersfield (Fig. S-4a–c). Sec-
ondary aerosols, paved road dust, primary crude oil, marine, limestone were 
observed as the major PM2.5 emission sources (Fig. S-4d–f). Vegetative burning 
seems to have contributed less to both PM10 and PM2.5 emissions at the Bakers-
field station. 

The source contribution optimized using the genetic algorithm (CMB–GA) 
showed the least percentage error between cexp and cpre concentrations of the 
species at Fresno and Bakersfield based on statistical parameters, as can be seen 
in Tables I and II. The Percentage mass value obtained from CMB–GA for PM10 
and PM2.5 were acceptable for both Fresno (67.36 and 55.03 %) and Bakersfield 
(94.24 and 74.85 %) sites than CMB8.2 and CMB–fmincon optimization. The 
percentage mass values obtained for PM10 via all three approaches were accept-
able (63.23, 65 and 63.58 % for Fresno and 88.4, 91.37 and 94.24 % for Bakers-
field), which indicates the estimates of the source contribution were well fitted in 
all three models. Hence, it could be predicted that optimization with the genetic 
algorithm yields better source contribution compared to CMB8.2 and CMB– 
–fmincon optimizations. The performance measure by the χ2 values from the 
respective three approaches were acceptable and the values obtained from CMB– 
–GA for PM10 and PM2.5 were 0.36 and 0.66 for the Fresno site and 0.65 and 
0.43 for the Bakersfield site, the data of which proved the good results. Hence, all 
the concentrations of the species were best explained by the source contribution 
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estimate from the genetic algorithm optimization, then from the fmincon and then 
from the CMB8.2 models. It was found that the error percentages between the 
experimental and predicted receptor concentrations were the lowest from the 
genetic algorithm approach as compared to the CMB8.2 and CMB–fmincon 
approaches. The successive R2 values for the PM10 data were best fit in the order 
of CMB–GA (0.81), then CMB–fmincon (0.78) and then CMB8.2 (0.71) and for 
PM2.5 CMB–GA (0.83), then CMB–fmincon (0.75) and then CMB8.2 (0.62). 

The source contributions obtained from the three respective CMB models for 
Portland, Oregon PM10 data are shown in Fig. S-5a–c. The best source estimation 
was observed form CMB–GA with the best R2 (0.99), χ2 (1.6) and percentage 
mass (94.4 %) then CMB–fmincon and then CMB8.2, as can be seen in Table III. 
The χ2 value between 1 and 2 is acceptable and the large percentage mass indi-
cates the better estimation of the source contribution through CMB–GA. 

Comparison between the experimental and calculated concentrations of 26 
species in PM10 and PM2.5 analyzed through estimates of the source contribution 
from the three respective CMB approaches in the Fresno (Fig. 3) and Bakersfield 

 
(a) 

 
(b) 

Fig. 3. Experimental concentrations (cexp) and the concentrations of species predicted by 
CMB8.2, CMB–fmincon and CMB–GA (cpre-CMB8.2, cpre-CMB-fmincon and cpre-CMB-GA, 

respectively) in: a) PM10 and b) PM2.5 from Fresno data. 
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(Fig. 4) data revealed possible deviations of the concentrations species from the 
real data. Since the genetic algorithm approach revealed large percentage mass 
(both Fresno and Bakersfield) with low χ2 and a better R2 value, accurate 
concentrations of the species are predicted than the respective values obtained 
from CMB–fmincon and CMB8.2. The experimental and predicted species 
concentration data obtained for Portland, Oregon PM10 is shown in Fig. 5. The 
least errors between Cexp and Cpre were observed for the data analyzed by CMB– 
–GA than the data analyzed by CMB–fmincon or CMB8.2. 

 
(a) 

 
(b) 

Fig. 4. Experimental concentrations (cexp) and concentrations of species predicted by 
CMB8.2, CMB–fmincon and CMB–GA (cpre-CMB8.2, cpre-CMB-fmincon and cpre-CMB-GA, 

respectively) in: a) PM10 and b) PM2.5 from Bakersfield data. 
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Fig. 5. Experimental concentrations (cexp) and concentrations of species predicted by 
CMB8.2, CMB–fmincon and CMB–GA (cpre-CMB8.2, cpre-CMB-fmincon and cpre-CMB-GA, 

respectively) in PM10 from Portland, OR, data. 

CONCLUSIONS 

The output of chemical mass balance model gives the contribution of each 
source type represented by a composition to the total mass, as well as to each 
chemical species in the receptor concentration. A comparison of CMB receptor 
models was performed to understand the efficiency in source contribution 
through various optimization techniques. The source profile uncertainty and rec-
eptor concentration uncertainties were used in the CMB8.2 software tool devel-
oped by USEPA. Optimized source contributions were obtained by CMB–GA 
and CMB–fmincon. The best estimate of the source contributions from the con-
verged solution through CMB–GA was possible by a large number of gener-
ations. The source contributions obtained from the CMB8.2 deviated more in 
comparison with those obtained from the CMB–fmincon and CMB–GA because 
of the constrained optimization by ‘fmincon’ and GA solvers. The model accur-
acy was validated by various performance measures such as R2, χ2 and percent-
age mass for the three respective CMB approaches. Very high correlations 
between cpre and cexp were obtained from CMB–GA for the Bakersfield data 
(0.81 and 0.83) than from CMB–fmincon and CMB8.2. χ2 (0.36, 0.66 and 0.65, 
0.43) and percentage mass (67.36 , 55.03  and 94.24 %, 74.85 %) from the 
CMB–GA model illustrated more accurate data for PM10 and PM2.5 from Fresno 
and Bakersfield. The methodology was followed with Portland, OR, PM10 data 
that also resulted in the best fit from CMB–GA with R2, χ2 and percentage mass 
values of 0.99, 1.6 and 94.4 %, respectively. The study revealed that CMB 
method with genetic algorithm optimization has better stability and more accur-
acy in determining the contributions of sources than CMB–fmincon and CMB8.2. 
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SUPPLEMENTARY MATERIAL 

The execution of CMB by ‘fmincon’ solver in MATLAB R2008a, Fig. S-1, execution of 
the genetic algorithm code, Fig. S-2, details of the CMB–GA method and source contributions 
for the analyzed species in PM10 and PM2.5 obtained using CMB8.2, CMB–fmincon and 
CMB–GA for the Fresno, Bakersfield and Oregon stations, Figs. S-3–S-5, are available 
electronically from http://www.shd.org.rs/JSCS/, or from the corresponding author on request. 
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И З В О Д  
ЕВАЛУАЦИЈА ОПТИМИЗАЦИЈЕ МЕТОДЕ ЗА РЕШАВАЊЕ МОДЕЛА ХЕМИЈСКОГ 

БИЛАНСА МАСЕ 

N. ANU, S. RANGABHASHIYAM, RAHUL ANTONY и N. SELVARAJU 

Department of Chemical Engineering, National Institute of Technology Calicut 
Kozhikode-673601, Kerala, India 

Модел хемијског биланса масе (CMB) се користи да би се одредили доприноси 
извора честица (пречника мањих од 10 и 2,5 μm) у анализи квалитета ваздуха. Поређење 
доприноса извора одређених на основу три CMB модела (CMB 8.2, CMB fmincon и CMB– 
–GA) је вршено коришћењем оптимизационих техника, као што су ‘fmincon’ (CMB– 
–fmincon) и генерички алгоритам (CMB–GA), у програмском пакету MATLAB. Предло-
жени приступ је потврђен коришћењем података San Joaquin Valley Air Quality Study 
(SJVAQS) California Fresno и Bakersfield PM10 и PM2,5, као и Oregon PM10. Допринос 
извора одређен из CMB–GA је био бољи по питању интерпретације извора, у поређењу са 
CMB 8.2 i CMB–fmincon. Валидација поузданости три CMB приступа је вршена кориш-
ћењем следећих параметара: R2, редуковани χ2 и проценат масе. R2 (0,90, 0,67 и 0,81, 
0,83), χ2 (0,36, 0,66 и 0,65, 0,43) и проценат масе (67,36, 55,03 и 94,24 %, 74,85 %) 
тестови за CMB–GA су показали добру корелацију за PM10 и PM2,5 Fresno и Bakersfield 
податке. Да би се дошло до коначне одлуке, предложена методологија је била приме-
њена на Portland, OR, PM10 податке са најбољим слагањем са R2 (0,99), χ2 (1,6) и про-
ценат масе (94,4 %) из CMB–GA. Због тога је ово испитивање показало да CMB са гене-
ричким алгоритмом оптимизације има бољу стабилност у одређивању доприноса извора.  

(Примљено 14. новембра 2013, ревидирано 31. марта, прихваћено 18. маја 2014) 
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J. Serb. Chem. Soc. 80 (2) (2015) 253–264 

SOME DETAILS OF THE CMB WITH A GENETIC ALGORITHM (CMB–GA)1 

The main routine has a program for the genetic algorithm and the other sub-
routine is for the calculation of the objective function based on simulation in 
MATLAB. This starts execution by assigning the maximum number of gener-
ations. To commence with, the first initial population is created in the zeroth 
generation from two different sets of chromosomes having p individuals. For 
each set of chromosomes, objective functions are calculated from the subroutine. 
The function calls once for each set. In each call, it creates a binary population 
based on the bounds provided in the FieldD. FieldD is a field descriptor that is 
constructed using the matrix replication function, rep, to build the matrix 
‘FieldD’, describing the representation and interpretation of the chromosomes. It 
describes number of variable (Nvar), each Gray coded using 20 (Preci) bits over 
the interval [lb, ub]. An initial population is then created with the function crtbp 
thus, producing a matrix, Chrom′, of Nind′ uniformly distributed random binary 
strings of length Nvar×Preci. This is decoded to phenotypic values then it is 
passed to the subroutine for objective function calculation. The subroutine 
returns the objective function values of an array of size p. These returned values 
are arranged in ascending order. This is repeated for next set of chrome, the 
return values from the subroutine are again sorted then stored in an array. The 
first half of the first set and second half of the second set will be the initial 
population for the first generation. 

The selected individuals recombine to generate the offspring by crossover 
and mutation. Mutation is randomly applied with a low probability, typically in 
the range of 0.001 and 0.05. The parent chromes will be replaced with the child, 
once the offspring are created. Then the objective function calculation performed 
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again and fitness values are assigned to them. This process continues until all the 
parameter values converge. If the parameter values and the objective function 
value became the same over 1000 generations, the program is terminated. The 
objective function can be expressed as: 

 Objective function = 2
pre exp( )−c c  (5) 

where cexp and cpre are the concentrations of the species determined experi-
mentally by Chow et al.2 and those predicted by the model, respectively. The 
above results multiplied with the source profile can enable the source contri-
butions to be obtained directly. The subroutine calculates the objective functions 
for ‘P’ individuals. Each individual contains Nvar, no tuning parameters. For an 
individual run, the respective parameters are positioned in their respective index 
of the tuned parameter.3 The converged solution for a 1000 generations, a stall 
limit of infinity, a population matrix size of 50×300 and the basic mass equation 
were used as the selection functions and a tolerance limit of 0.00001 that gave an 
estimation of a source contribution and the calculated species concentration (cpre). 

 
Fig. S-1. Execution of the CMB source contribution by the fmincon solver in MATLAB. 
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Fig. S-2. Execution of the genetic algorithm code. 

 
Fig. S-3a. Source contributions obtained for the PM10 Fresno data using CMB8.2. 

 
Fig. S-3b. Source contributions obtained for the PM10 Fresno data using CMB–fmincon. 
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Fig. S-3c. Source contributions obtained for the PM10 Fresno data using CMB–GA. 

 
Fig. S-3d. Source contributions obtained for the PM2.5 Fresno data using CMB8.2. 

 
Fig. S-3e. Source contributions obtained for the PM2.5 Fresno data using CMB–fmincon. 
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Fig. S-3f. Source contributions obtained for the PM2.5 Fresno data using CMB–GA. 

 
Fig. S-4a. Source contributions obtained for the PM10 Bakersfield data using CMB8.2. 

 
Fig. S-4b. Source contributions obtained for the PM10 Bakersfield data using CMB–fmincon. 
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Fig. S-4c. Source contributions obtained for the PM10 Bakersfield data using CMB–GA. 

 
Fig. S-4d. Source contributions obtained for the PM2.5 Bakersfield data using CMB8.2. 

 
Fig.S-4e. Source contributions obtained for the PM2.5 Bakersfield data using CMB–fmincon. 
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Fig. S-4f. Source contributions obtained for the PM2.5 Bakersfield data using CMB–GA. 

 
Fig. S-5a. Source contributions obtained for the PM10 Portland, Oregon data using CMB8.2. 

 
Fig. S-5b. Source contributions obtained for the PM10 Portland, Oregon data using 

CMB–fmincon. 
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Fig. S-5c. Source contributions obtained for the PM10 Portland, Oregon data using CMB–GA. 
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Abstract: Amino ethyl-3-methylimidazolium tetrafluoroborate, [NH3e-mim] 
[BF4], amino ethyl-3-methylimidazolium tetrafluoroborate, [OHe-mim][BF4], 
and 2-hydroxyethylammonium lactate, [HOEAm], were selected and supported 
onto a variety of molecular sieves, NaY, USY, SAPO-34 and MCM-41, to pre-
pare supported ionic liquids. It was found that [NH3e-mim][BF4]/NaY showed 
an excellent CO2 adsorption performance, with an adsorption capacity of 0.11 
mmol CO2 g-1. In this study, the optimal adsorption conditions and recycl-
ability of [NH3e-mim][BF4]/NaY were investigated. The results showed that 
[NH3e-mim][BF4]/NaY showed good CO2 adsorption under the conditions of 
20 °C and 20 % loading of the IL. By vacuum heating, the CO2 adsorption 
capacity reached 0.45 mmol CO2 g-1 in the fifth adsorption run but was reduced 
to 0.29 mmol CO2 g in the tenth run. The structure and characterization of 
[NH3e-mim][BF4]/NaY were examined by FT-IR, XRD, SEM and TG–DSC. 
The TG–DSC results showed that the thermostability of NH3e-mim][BF4]/NaY 
was good below 50 °C. 

Keywords: ionic liquid; molecular sieve; CO2; adsorption capacity. 

INTRODUCTION 

It is well recognized that CO2 is one of the most important greenhouse gases 
in the global warming phenomenon.1–3 Many technologies on CO2 capture and 
storage (CCS) are being investigated to control CO2 emissions.4–6 The employ-
ment of ionic liquids (ILs) for CO2 capture was discussed in many reports and 
review articles.7 As a new type of green solvent,8 ILs have unique characteristics, 
such as wide liquid range, thermal stability, negligible vapor pressure and tunable 
physicochemical characteristics.9–11 However, the much discussed important 
drawbacks of ionic liquids are their high viscosity, slow adsorption rate and high 
costs, which has constrained the industrial application of ILs.12 Scovazzo13 and 
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Hconich14 attempted to prepare ionic liquids supported on porous materials 
(SIL), and found that the porous material could well disperse ILs, improving the 
gas adsorption rate and reducing the amount of ILs used. Zhang et al.15 success-
fully prepared ionic liquids supported on SiO2, with a CO2 adsorption efficiency 
of 1.92 %. Fu et al.12 investigated amino functionalized ionic liquids supported 
by Al2O3, SiO2 and activated carbon, and found that the Al2O3-supported ionic 
liquids exhibited higher adsorption capacities for CO2, with values of 0.359, 
0.286 and 0.228 mmol g–1 for [NH3p-mim][Br]/Al2O3, [NH3p-mim][PF4]/Al2O3 
and [NH3p-mim][BF4]/Al2O3, respectively. A molecular sieve was also inves-
tigated for CO2 adsorption because of its large specific surface area and pore 
volume.16 Carbon dioxide capture by molecular sieve-supported ionic liquids is 
one of the promising methods. In this paper, ionic liquids supported on several 
molecular sieves were prepared. The optimal one was selected to optimize the 
adsorption conditions and investigate adsorbent reuse. Fourier transform infrared 
(FT-IR), powder X-ray diffraction (XRD), scanning electron microscopy (SEM), 
thermogravimetric analysis (TG) and differential scanning calorimetry (DSC) 
were used to characterize the obtained ionic liquids containing adsorbents. 

EXPERIMENTAL 

Chemical reagents and test equipment 

Aminoethyl-3-methylimidazolium tetrafluoroborate ([NH3e-mim][BF4]), 1-hydroxy 
ethyl-3-methylimidazolium tetrafluoroborate ([OHe-mim][BF4]) and 2-hydroxyethylammo-
nium lactate ([HOEAm]), all A.R. grade, were supplied by Shanghai Chengjie Chemical 
Plant. The molecular sieves NaY, USY, SAPO-34, MCM-41, all A.R. grade, were received 
from the NanKai University Catalyst Institute. Ethanol, A.R. grade, was obtained from the 
Tianjin Fuyu Fine Chemical Co. Ltd. N2 with a purity of 99.999 % and CO2 with 10 % 
volume fraction, were supplied by Jinan Deyang Gas Co. Ltd.  

Gas mass flow controllers, D08-1D/ZM for N2 and D08-1F for CO2, were supplied by 
Beijing Sevenstar Electronics Co. Ltd. Electric heating (DF-101S) and a rotary evaporator 
(Fre-52C) were produced by Henan Yuhua Instrument Co. Ltd. A portable IR CO2 analyzer 
(GXH-3010E) was purchased from Beijing HuaYun Instrument Co. Ltd. A powder compress-
ing machine (769YP-15A) was supplied by Tianjin Keqi Instrument Co. Ltd. A mortar, sieve 
and absorber were supplied by Jinan Bangen Instrument Co. Ltd. 

Preparation of molecular sieve-supported ionic liquids 

An IL (2 g) was dissolved in 75 mL of ethanol under vigorous stirring for 5 min, and the 
required quantity of molecular sieve was added to give the stipulated IL loading. The resulting 
mixture was stirred for 3 h at 20 °C, and then the ethanol was removed under vacuum in a 
rotary evaporator. The resulting solid was pressed into the form of a pellet using a powder 
compressing machine and then crushed into particles using a mortar. After screening of the 
0.2–0.4 mm diameter particle using sieves, the molecular sieve-supported ionic liquid was 
obtained. 

CO2 adsorption and desorption test 

The gas flow containing 10 % volume fraction of CO2 was generated by mixing CO2 at 8 
mL min-1 and N2 at 192 mL min-1. The system employed for the CO2 adsorption experiments, 
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which included gas cylinders (CO2, N2), pressure regulators, gas mass flow controllers, abs-
orber and CO2 analyzer, is shown in Fig. 1. The absorber was a glass tube of inner diameter 
1.0 cm with a gas dispersion orifice to support the fixed absorbent bed. The temperature of the 
absorber was controlled by a thermostated water bath. CO2 desorption was performed in a 
vacuum rotary evaporator operated at 100 °C for 3 h. 

 
Fig. 1. Schematic presentation of the apparatus employed for the CO2 adsorption experiments. 

(IL loading on molecular sieve: 20 %, mass of SIL: 4g; concentration of CO2:  
3928 mg N m-3; T: 20 °C). 

Characterization 

The FT-IR spectra were recorded on a 5DXC IR spectrometer in the wavenumber range 
4000 to 400 cm-1 with a 2 cm-1 resolution using 10 mg samples diluted with 150 mg KBr and 
pressed into a 13 mm pellet. 

XRD measurements were performed on a Bruker D8 Advanced diffractometer with a Cu 
target, Kα-rays and a nickel filter. A scanning rate of 28 per minute in the 2θ scanning angle 
range of 3° and 70° was used. 

The SEM pictures were acquired on a JEOL JSM-6700F microscope. Samples were 
coated with osmium. Particle size and size distribution analyses were performed on a dynamic 
light scattering (DLS) instrument.  

TG and DSC analyses were realized on a SDT Q600 Universal V4.1D instrument (TA 
Instruments) under a dynamic N2 atmosphere  from room temperature to 700 °C at a heating 
rate of 10 °C min-1. 

RESULTS AND DISCUSSION 

Adsorption performance of different supported ionic liquids 

The three studied ILs, [NH3e-mim][BF4], [OHe-mim][BF4] and [HOEAm], 
were supported on NaY, USY, SAPO-34 and MCM-41 at a loading of 20 % 
(w/w). The adsorption capacities of the prepared adsorbents (4 g) for CO2 were 
determined at 20 °C. The performances of [NH3e-mim][BF4] supported on the 
different types of molecular sieves are shown in Fig. 2, from which it could be 
seen that [NH3e-mim][BF4]/NaY exhibited an excellent performance with a 24-min 
adsorption time, while the others had no obvious adsorption effect. The results 
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for [OHe-mim][BF4] supported on the studied molecular sieves are shown in Fig. 
S-1 of the Supplementary material to this paper, showing that [OHe-mim][BF4]/  
/USY and [OHe-mim][BF4]/MCM-41 had weak adsorption capacities with a 4-min 
effective adsorption time. The results for supported [HOEAm] are shown in Fig. 
S-1c, from which it could be observed that IL/NaY adsorbed CO2 for only 5 min. 
The CO2 adsorption by pure NaY was also tested and the result is presented in 
Fig. S-2 of the Supplementary material. Thus, NaY showed no obvious adsorp-
tion capacity. The corresponding adsorption capacities of the SIL samples and 
pure NaY were calculated and the results are presented in Table I. Thus that CO2 
adsorption capacity of [NH3e-mim][BF4]/NaY was the highest with a value of 
0.11 mmol CO2 g–1 SIL, which is nearly three times higher than the correspond-
ing value for [HOEAm]/NaY and five times than for [OHe-mim][BF4]/USY. 

Fig. 2. Comparison of the CO2 adsorp-
tion behavior of [NH3e-mim][BF4] 
supported on the different molecular 
sieves. Ionic liquid loading: 20 %, T: 
20 °C; c0: initial concentration of CO2 
before the adsorbent (mol/mol); c: con-
centration of CO2 after the adsorbent 
(mol/mol). 

TABLE I. CO2 adsorption capacities (mmol CO2 g-1) of the molecular sieves and supported 
ionic liquids 

Support  
IL 

NaY USY SPAO-34 MCM-41 
[NH3e-mim][BF4] 0.108 0.009 0.009 0.017 
[OHe-mim][BF4] 0.009 0.022 0.012 0.017 
[HOEAm] 0.030 0.013 0.009 0.006 
 0.010 – – – 

The support and the ionic liquid jointly affect the CO2 adsorption perfor-
mance of SILs, with the effect of the later being predominant. Amino functional 
ionic liquids adsorb CO2 by chemical action, which to better CO2 adsorption per-
formances than other ionic liquids adsorb by the formation of hydrogen bonds 
between networks and Lewis acid–base actions between CO2 and the anion. The 
different adsorption mechanisms led to the different behavior of the three studied 
SILs. The specific surface area and pore structure of different supports also 
greatly influenced the CO2 adsorption performance of the studied SILs. Thus, 
[NH3e-mim][BF4]/NaY adsorbed CO2 by chemical action between –NH2 and 
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CO2, which was determined by the density of the electron cloud on the nitrogen 
atom of the –NH2 group. Hence, it could be seen that CO2 reacts with –NH2 in 
NaY-supported ionic liquids easier and [NH3e-mim][BF4]/NaY was the best 
adsorbent of all the studied SILs. 

Effect of temperature on the CO2 adsorption capacity  

[NH3e-mim][BF4]/NaY with a 20 % loading was chosen to investigate the 
CO2 adsorption at 20, 30, 40 and 50 °C. The obtained results are shown in Fig. S-3 
of the Supplementary material. From Fig. S-3, it could be seen that [NH3e-mim] 
[BF4]/NaY exhibited the best adsorption at 20 °C and based on the presented 
results, the absorption capacities at the different temperatures were calculated. As 
can be seen in Table II, the value of the adsorption capacity at 20 °C was about 
two-times higher than those at the other temperatures. In addition, the CO2 ads-
orption capacities at 30, 40 and 50 °C showed a slight decreasing tendency with 
increasing temperature. As a whole, considering also energy consumption, 20 °C 
could be recommended as the best adsorption temperature. 

TABLE II. Relationships between CO2 adsorption capacities (mmol CO2/g ) and temperature 
and IL loading amount for [NH3e-mim][BF4]/NaY 

ILs loading, % 
Temperature, °C 

20 30 40 50 
10 0.071 – – – 
20 0.108 0.057 0.055 0.054 
30 0.039 – – – 

The temperature is one of the influential factors on adsorption capacity and 
penetration time. When the temperature increases, the adsorption capacity for 
CO2 and adsorption time were significantly decreased. The reason may be that 
increasing temperature limited the adsorption capacity for CO2 because the 
interaction between CO2 and –NH2 is weak and reversible and thus, higher tem-
peratures lead to desorption of CO2. Thus, the lowest temperature was advent-
ageous to the adsorption of CO2 on the surface of [NH3e-mim][BF4]/NaY. 

Effect of the ILs loading amount on CO2 adsorption capacity 

[NH3e-mim][BF4]/NaY was selected to investigate the effect of IL loading 
on the adsorption of CO2. Hence, [NH3e-mim][BF4]/NaY sorbents with IL load-
ings of 10, 20 and 30 % were prepared. The capacities of these SILs for CO2 
adsorption at 20 °C are presented in Fig. S-4 of the Supplementary material, from 
which it could be seen that the SILs with 10 and 30 % loadings reached satur-
ation after 10 min, while the SIL with a 20 % loading attained saturation after 25 
min. The CO2 adsorption capacities calculated from the data presented in Fig. S-4 
for the differently loaded ILs are listed in Table II. The SIL with a 30 % loading 
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had the lowest CO2 capacity, less than half of that of the SIL with a 20 % load-
ing. The reason lies in two aspects. On the one hand, increasing the loading with 
IL can enhance the adsorption; on the other hand, when reaching a certain degree 
of loading, the micropores of the support would be blocked, and hence the 
process of mass transfer during CO2 adsorption would be markedly retarded. As 
a result, there should be a maximum loading corresponding to a higher CO2 
adsorption capacity. From this study, the favored loading was at around 20 %. 

Recyclability of the adsorbent 

To examine the recyclability of [NH3e-mim][BF4]/NaY, the CO2 desorption 
test was performed in a rotary evaporator operated under vacuum at 100 °C for 3 
h. As shown in Fig. 3, the CO2 adsorption capacity increased during the first five 
repetitive runs and thereafter, gradually decreased during the following cycles. 
The adsorption capacity reached 0.45 mmol CO2 g–1 at the fifth run and dec-
reased to 0.29 mmol CO2 g–1 at the tenth run. This may be the result of loss of 
crystal water during vacuum heating, which would change the morphology of the 
IL and increase the specific surface area of the adsorbent. With less retained 
water, the silica–alumina ratio would become higher, the SIL more alkaline and, 
consequentially, the CO2 adsorption stronger. In addition, vacuum heating may 
increase the viscosity of the ILs supported on NaY. Fu12 reported that the adsorp-
tion capacity for CO2 could be improved by increasing the viscosity of supported 
ILs. The decline observed in the adsorption capacity is due to the leaking of IL 
during transport from the reactor to the regeneration container. 

Fig. 3. Results of the recycling experi-
ment for the adsorption of CO2 by 
[NH3e-mim][BF4]/NaY. 

Characterization of the adsorbent 

A comparison of the FT-IR spectra of [NH3e-mim][BF4]/NaY, [NH3e-mim] 
[BF4] and [NH3e-mim][BF4]/NaY after 10 cycles presented in Fig. 4. The com-
parison of FT-IR curves indicates that [NH3e-mim][BF4] was successfully sup-
ports on NaY. The imidazole ring skeleton stretching vibration band of [NH3e- 
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-mim][BF4] at 1571 cm–1 was shifted to 1573 cm–1 under the influence of NaY, 
and moved to 1575 cm–1 after 10 cycles. This means that the level of conjugation 
changed. Combined with the way of the vibration spectra changed, it could be 
seen that the weak interaction between [NH3e-mim][BF4] and NaY led to a 
decrease in the level of conjugation, which could increase the functional site for 
CO2 capture on [NH3e-mim][BF4]/NaY. Vacuum heating had the same effect of 
increasing the functional site for CO2 capture by decreasing the conjugation, 
which is consistent with the experimental results of recycling the adsorbent. 

 
Fig. 4. FT-IR spectra of: a) [NH3e-mim][BF4]; b) [NH3e-mim][BF4]/NaY; 

c) [NH3e-mim][BF4]/NaY after 10 cycles. 

The XRD patterns for NaY, [NH3e-mim][BF4]/NaY, [NH3e-mim][BF4]/  
/NaY with adsorbed CO2, [NH3e-mim][BF4]/NaY after 4 and adsorption cycles 
are shown in Fig. 5. The XRD curves indicate that the diffraction peaks of NaY 
supported IL were much weak at 2θ values 6.1, 9.9, 11.8, 15.6, 18.6, 20.2, 24.8 
and 26.9° but they reappeared after CO2 adsorption. By comparing the XRD 
patterns (c), (d) and (e) in Fig. 5, it could be seen that the characteristic peaks of 
NaY gradually reappear on recycling [NH3e-mim][BF4]/NaY. The results may 
probably result from changes in the intensity of light reaching NaY, due to the 
presence of ILs. Actually, the structure of NaY remained intact. This demons-
trates that [NH3e-mim][BF4] had been successfully supported on NaY, which 
was gradually reduced on recycling. In addition, the chemical properties of NaY 
were stable. 

The morphologies of NaY and [NH3e-mim][BF4]/NaY were observed using 
scanning electron microscopy, and the images are shown in Fig. 6. NaY had a 
plain surface Fig. 6a, while [NH3e-mim][BF4]/NaY had a rough surface, with 
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tiny particles evenly distributed, Fig. 6b. This confirms the FT-IR and XRD 
results that [NH3e-mim][BF4] had been successfully supported on NaY. 

 
Fig. 5. The XRD patterns of: a) [NH3e-mim][BF4]/NaY containing adsorbed CO2; b) NaY; 

c) [NH3e-mim][BF4]/NaY; d) [NH3e-mim][BF4]/NaY after 4 cycles; 
e) [NH3e-mim][BF4]/NaY after 10 cycles). 

    
 (a) (b) 

Fig. 6. Scanning electron microscopy (SEM) images of (a) NaY; (b) [NH3e-mim][BF4]/NaY). 

TG–DSC curves of [NH3e-mim][BF4] and [NH3e-mim][BF4]/NaY, both 
containing adsorbed CO2 are shown in Fig. 7. As shown in Fig. 7b, the gradual 
weight loss of [NH3e-mim][BF4]/NaY had three weight loss steps. The first step 
from 31 to 212 °C with a weight loss 7.18 % may result from the loss of small 
molecules and CO2 desorption. The second one, assigned to the decomposition of 
SIL, appeared from 250 to 500 °C, with weight loss 14.42 %. Compared to the 
decomposition temperature from 300 to 400 °C of [NH3e-mim][BF4] in Fig. 7a, 
the nature of the IL had changed. This proved that [NH3e-mim][BF4]/NaY ads-
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orbed CO2 by chemical action. The observed decreased stability of SIL may be 
due to the alkaline characteristics of NaY promoting the decomposition of IL. At 
50 °C, weight loss was about 5 %. This demonstrated that [NH3e-mim][BF4]/  
/NaY was thermally stable during the adsorption experiments. The third decom-
position step from 610 to 790 °C was due to further decomposition of the SIL. 

 
(a) 

 
(b) 

Fig. 7. TG–DSC curve of: a) [NH3e-mim][BF4] and b) [NH3e-mim][BF4]/NaY with adsorbed 
CO2; mT: mass at temperature T and m0: initial mass. 

CONCLUSIONS 

FT-IR, XRD, SEM and TG–DSC results demonstrated that molecular sieve- 
-supported ionic liquids had been successfully prepared. [NH3e-mim][BF4]/NaY 
had an excellent CO2 adsorption performance with adsorption capacity of 0.108 
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mmol CO2 g–1 SIL. Under the experimental temperatures, the adsorbent has 
good thermal stability. By optimizing the adsorption conditions, the optimal tem-
perature was found to be 20 °C, and the optimal IL loading was 20 %. In the 
investigation of the recyclability of the adsorbent, the CO2 adsorption capacity 
was found to increase in the first five repeated runs and gradually decrease with 
subsequent recycling. Vacuum heating could improve the CO2 adsorption cap-
acity of [NH3e-mim][BF4]/NaY. 

SUPPLEMENTARY MATERIAL 

CO2 adsorption behaviors of supported ionic liquids and NaY, Figs. S-1 and S-2, as well 
as the effects of temperature and ILs loading on CO2 adsorption by [NH3e-mim][BF4]/NaY, 
Figs. S-3 and S-4, are available electronically from http://www.shd.org.rs/JSCS/, or from the 
corresponding author on request. 
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И З В О Д  
ЈОНСКЕ ТЕЧНОСТИ НА НОСАЧУ ОД МОЛЕКУЛСКИХ СИТА КАО ЕФИКАСНИ 

АДСОРБЕНСИ ЗА CO2 

NA YANG
1
 и RUI WANG

2
 

1School of Environmental Science and Engineering, Shandong University, Jinan 250100, Shandong, China и 
2School of Environmental Science and Engineering, Shandong University, Jinan 250100, Shandong, China 

Одабранe су јонске течности [NH3e-mim][BF4], [OHe-mim][BF4] и [HOEAm] и нане-
сене на молекулска сита NaY, USY, SAPO-34 и MCM-41 као носаче. Нађено је да [NH3e- 
-mim][BF4]/NaY има одличне перформансе у адсорпцији CO2, са адсорпционим капаци-
тетом од 0,108 mmol CO2 g-1. Испитани су оптимални адсорпциони услови и рецикли-
билност [NH3e-mim][BF4]/NaY. Резултати показују да [NH3e-mim][BF4]/NaY добро 
адсорбује CO2 при 20 °C и 20 % садржаја јонске течности. Загревањем у вакууму адсорп-
циони капацитет CO2 достиже 0,451 mmol CO2 g-1 у петом пролазу, а смањује се на 0,29 
mmol CO2 g-1 на десетом пролазу. Одређивање структуре и карактеризација [NH3e-mim] 
[BF4]/NaY је урађена FT-IR, XRD, SEM и TG–DSC методама. TG–DSC анализа је показала 
добру термичку стабилност [NH3e-mim][BF4]/NaY на температурама испод 50 °C. 

(Примљено 22. фебруара, ревидирано 29. септембра, прихваћено 23. октобра 2014) 
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Fig. S-1. CO2 absorption behaviors of supported ionic liquids: a) [OHe-mim][BF4] and 
b) [HOEAm], ionic liquid loading: 20 %, T: 20 °C; c0: initial concentration of CO2 
before the adsorbent (mol/mol) and c: the concentration of CO2 after the adsorbent 

(mol/mol).) 
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Fig. S-2. CO2 absorption behavior of NaY. 
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Fig. S-3. Effect of temperature on CO2 adsorption by [NH3e-mim][BF4]/NaY. 
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Fig. S-4. Effect of the ILs loading on CO2 adsorption by [NH3e-mim][BF4]/NaY. 

_________________________________________________________________________________________________________________________

(CC) 2015 SCS. All rights reserved.

Available on line at www.shd.org.rs/JSCS/



 
J. Serb. Chem. Soc. 80 (2) 277 (2015)  

277 

Erratum 

Issue No. 9 (2014), Vol. 79, paper No. JSCS-4656, pp. 1185–1198: 

– Supplementary material Section should read: 

SUPPLEMENTARY MATERIAL 

Experimental details, total concentrations of the elements in soil and the sum of the 
available fractions are available electronically from http://www.shd.org.rs/JSCS/, or from the 
corresponding author on request. 
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