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serum albumin from an artificial mixture using a decreas-
ing ammonium sulfate stepwise gradient. In conclusion, 
this study demonstrates the potential applicability of small 
multi-modal cationic ligands such as benzothiazolium 
salts, compared to these congener cyanine dyes previously 
studied, for the separation and purification of proteins by 
chromatography, revealing a distinct and useful chromato-
graphic behavior by itself.

Keywords Multi-modal chromatography · Proteins 
purification · Steglich esterification · Benzothiazolium salt

Introduction

Affinity chromatography (AC) is potentially the most 
selective method for protein purification and is one of the 
most powerful techniques employed in the selective iso-
lation of target molecules in bio systems [1, 2]. The tech-
nique is based on the complementary relationship between 
structure, charge and hydrophobicity between a given pro-
tein and a stationary phase [3]. The use of AC offers sev-
eral advantages when compared to other protein purifica-
tion techniques: it has the power to eliminate purification 
steps, increases the yield of purified product and thereby 
improves economic processes [2]. These advantages make 
this technique ideal for large scale use and stabilization of 
bound protein through the use of biologically based condi-
tions to purify specific proteins. In this technique, the gra-
dient established promotes the interaction of biomolecules 
with the ligand enabling its purification, through biorecog-
nition, maintaining the stability and activity of the protein.

To obtain high yields and purity it is necessary to con-
sider mainly the type of ligand, the matrix to which it is 
attached and the purification procedure [4].

Abstract A new chromatography support was synthe-
sized from Sepharose CL-6B containing a benzothiazolium 
bromide salt as a ligand. The original goal of this study was 
the evaluation of the azolium salt individual contribution 
as a constituent part of thiacarbocyanine dyes in an affin-
ity or multi-modal relationship with standard proteins. This 
dye was previously post-grafted onto beaded cellulose by a 
curing method and successfully used as an affinity ligand 
for the interaction and isolation of different proteins. Fol-
lowing this idea, the immobilization of an azolium bromide 
salt onto Sepharose CL-6B in different concentrations was 
performed by Steglich esterification, using dicyclohexyl-
carbodiimide as a coupling reagent and 4-dimethylamino-
pyridine as basic catalyzer. The obtained crafted beaded 
Sepharose supports were qualitatively and quantitatively 
characterized by scanning electron microscopy, energy 
dispersive X-ray spectroscopy and elemental analysis. 
The interactions between the chromatographic supports 
obtained and several standard proteins were finally evalu-
ated. The best results were achieved using a chromato-
graphic support with a ligand density of 0.18 mmol of ben-
zothiazolium salt/g of chromatography support, enabling 
the separation of ribonuclease, α-chymotrypsin and bovine 

L. P. Alves · F. Sousa · R. E. F. Boto · P. Almeida (*) 
CICS-UBI, Health Sciences Research Centre, University of Beira 
Interior, Av. Infante D. Henrique, 6200-506 Covilhã, Portugal
e-mail: paulo.almeida@ubi.pt

L. P. Alves · S. S. Ramos · R. E. F. Boto · P. Almeida 
Department of Chemistry, University of Beira Interior,  
Rua Marquês d’Ávila e Bolama, 6201-001 Covilhã, Portugal

S. S. Ramos 
UMTP-UBI, Unit of Textile and Paper Materials,  
University of Beira Interior, Rua Marquês d’Ávila e Bolama, 
6201-001 Covilhã, Portugal



1598 L. P. Alves et al.

1 3

Besides the low cost, an ideal matrix will be rigid, 
highly porous, will allow high ligand substitution, and will 
not interact with the sample [5]. Common matrices are 
materials such as agarose, cellulose, dextran, silica, poly-
acrylamide, among others [6]. However, the beaded aga-
rose derivatives such as Sepharose matrixes are even more 
desirable because of their very loose network [7].

Another important and probably the most crucial param-
eter to take in mind is the nature of the ligand. Most exist-
ing affinity ligands have origin in natural sources such as 
heparin, gelatin, monoclonal antibodies, binding or recep-
tor proteins, which offer defined selectivity and specificity. 
However, biological ligands present some limitations, since 
this requires purification in their own right, may be contam-
inated with host DNA and viruses, show lot-to-lot varia-
tion, tend to be fragile, costly to produce and are not readily 
amenable to scale up [8, 9]. On the other hand, the exist-
ence of synthetic ligands, based on chemically synthesized 
small molecules offers several advantages. They eliminate 
biological contamination from infective agents (such as 
prions), inflammatory agents (such as endotoxins), or other 
biological contaminants such as DNA and RNA normally 
associated with the biological ligand source. Moreover, 
synthetic ligands usually present high stability and can be 
prepared from fairly inexpensive chemicals [10–12].

Cyanine dyes came to the limelight during the 19th cen-
tury [13]. Our research group had synthesized several car-
boxyalkylthiacarbocyanines [14, 15] and investigated their 
new applicability as ligands for AC [16].

Following these studies, the evaluation of the individual 
chromatographic contribution of a benzothiazolium salt as 
the core constituent part of a thiacarbocyanine dye used as 
ligand in a successful affinity or multi-modal methodology 
[16, 17] seems to be crucial to understand the role of each 
molecular interaction occurring between this complemen-
tary ligand-proteins pair. For the best of our knowledge, 
this is the first time that an ionic liquid [18] was used as 
ligand in AC.

The toxicity obtained for 91 different benzothiazolium 
salts related to the salt herein used against Euglena gracilis, 
with an observed enhance of the activity found in salts with 
substituents on the benzene ring were already described 
[19, 20]. From this data and from other previous stud-
ies [21] it can be concluded that benzothiazolium salts, as 
the ligand herein used not substituted in the benzene ring, 
but possessing a methyl group in the position 2, presents 
values of log ED50 between 2.755 and 3.214 which gener-
ally corresponds to an absence of a toxicity activity below 
50 μg mL−1. Other biological activity studied on benzo-
thiazolium salts and related ones, revealed inhibitory activ-
ity against transmissible gastroenteritis virus [22], anti-
bacterial, antifungal and antimicrobial activities [23–28] 
and anthelmintic activity [29]. Besides, benzothiazolium 

salts have been also described as germination inhibitors 
and activity stimulators on cucumber and corn seedlings 
depending on the range of concentration used [30] and both 
in the production of chlorophyll in Chlorella vulgaris [31], 
the already described effect of plants growth and chlo-
rophyll synthesis on Euglena gracillis [23, 24], increase 
sugar and chlorophyll contents in plants [32], and growth-
regulating activity in plants [25–27].

Attempts to immobilize the benzothiazolium salt by 
the previously developed curing method [33] using higher 
temperatures used for the congener’s benzothiazolium car-
bocyanine dyes [16], induced the undesirable decomposi-
tion of the ligand. Moreover, the use of lower temperatures 
revealed to be unsuccessful since the immobilization of 
the ligand onto the chromatographic support has not been 
observed. Within different esterification methods alterna-
tively used, namely thionyl chloride, N,N-dimethylforma-
mide (DMF) in the presence of sulfuric acid or tosylic acid, 
the so called Steglich esterification showed to be effective 
and easy to perform with this cationic ligand.

The Steglich esterification is generally performed at 
room temperature without the use of extreme acid or basic 
conditions, allowing the reaction to proceed smoothly in 
mild conditions. This esterification method uses N,N′-
dicyclohexylcarbodiimide (DCC) as a coupling reagent 
and 4-dimethylaminopyridine (DMAP) as a basic catalyst. 
Under these conditions, DCC and the carboxylic acid are 
able to form an O-acylisourea intermediate, which pos-
sesses a similar reactivity with the corresponding carbox-
ylic acid anhydride. Finally, the alcohol easily reacts with 
this activated carboxylic acid to form the desired ester. 
Accordingly, the carboxylic group moiety of the benzothia-
zolium salt makes this compound reactive and potentially 
able to bind onto hydroxylic macromolecules as agarose 
(Fig. 1).

The interactions between the prepared chromatographic 
supports with different amounts of ligands and several 
standard proteins were finally evaluated. The best results 
were achieved using a chromatographic support with a 
ligand density of 0.18 mmol of benzothiazolium salt/g of 
chromatographic support enabling to separate ribonucle-
ase (RNase), α-chymotrypsin and bovine serum albumin 
(BSA) from an artificial mixture using a decreasing step-
wise gradient of ammonium sulfate.

Materials and Methods

Materials and Reagents

All reagents were purchased from Sigma–Aldrich Company 
(St Louis, MO) and used as received. Solvents were of ana-
lytical grade and were dried over 4 Å molecular sieves prior 
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to use. 3-(10-carboxydecyl)-2-methylbenzothiazol-3-ium 
bromide (herein designed as benzothiazolium salt) was syn-
thesized according to the literature procedure [13]. All reac-
tions were monitored by thin-layer chromatography using 
0.20 mm Al-backed silica-gel plates (Macherey–Nagel 60 
F254). Sepharose CL-6B was obtained from GE Healthcare 
Life Sciences (Uppsala, Sweden). Polypropylene econo-
pac chromatographic columns were acquired from Bio-Rad 
(Hercules, CA). RNase, α-chymotrypsin and BSA were 
purchased from Sigma–Aldrich Company (St Louis, MO). 
Vivaspin concentrators were acquired from Sartorius Stedim 
Biotech (Goettingen, Germany). NZYTech color protein 
marker II was bought from NZYTech (Lisbon, Portugal).

Instrumentation

Sepharose CL-6B was dried in a Büchi TO-51 Glass Dry-
ing Oven, under vacuum, over phosphorus pentoxide. 
Elemental analysis (EA) was performed on a Carbo-Erba, 
CHNS EA-1108 Elemental Analyzer.

Scanning electron microscopy (SEM) images were 
acquired on a Hitachi S-2700, with a UHV Dewar detector 
(Rontec EDX). The sulfur mapping was made by an energy 
dispersive X-ray spectroscopy (EDS).

The absorbance measurements were recorded on a 
Thermo Scientific Evolution 160 UV–Vis spectrophotometer.

To provide constant voltage for electrophoresis applica-
tions, the PowerPac™ HC power supply from Bio-Rad was 
used.

Preparation of the Chromatographic Matrices

Sepharose CL-6B was washed in a sintered glass funnel 
with several portions of ethanol and diethyl ether and suc-
tion filtered to near dryness. Prior to use, the gel was dried 
for at least 24 h at 80 °C, under vacuum, over phosphorous 
pentoxide.

The dried Sepharose (1.0 g) was placed in a round-
bottom flask with the benzothiazolium salt (0.125–1.00 g, 

0.30–2.41 mmol). Two molar equivalents of DCC and 0.2 
molar equivalents of DMAP were added together 3 times 
each 2 h. The mixture thus obtained was swirled in DMF 
(30 mL) at room temperature for 96 h. To evaluate the chro-
matographic performance of the spacer arm and to assess its 
contribution to the proteins’ retention, the 11-bromoundeca-
noic acid (0.125–1.00 g, 0.47–3.77 mmol) was also immo-
bilized onto dried Sepharose using the same methodology.

The derivative gels thus obtained were sequentially 
washed off with large volumes of DMF and methanol to 
remove the excess of ligand and then subjected to Sox-
hlet extraction with the same solvents separately for 24 h 
each. The gels were stored at 25 °C in deionized water. The 
Sepharose beads samples were submitted under the same 
conditions in the absence of ligand as a control experiment, 
for each assay.

Chromatographic supports based on Sepharose beads 
derivative thus obtained were qualitatively and quantita-
tively characterized using SEM, SEM–EDS and EA.

Chromatographic Method

All chromatographic assays were executed using a workbench 
column (econo-pac column) at room temperature. The deriva-
tive Sepharose CL-6B (1 mL) was packed in a 1.5 × 12 cm 
econo-pac column and equilibrated with the buffer used for 
the binding step (ammonium sulfate [(NH4)2SO4] or sodium 
chloride [NaCl] in 10 mM Tris–HCl (pH 8.0)).

Standard protein solutions of RNase, α-chymotrypsin 
and BSA were used for AC studies with the concentration 
of 25, 12.5 and 25 mg mL−1, respectively, prepared in the 
same buffer used for the binding step. An artificial mixture 
of standard proteins was also prepared with equal amounts 
of the three protein solutions.

The protein or protein mixture solution (150 μL) was 
loaded onto the column and the elution performed with 
different concentrations of (NH4)2SO4 (0.1–1.5 M) or 
NaCl (0.1–1 M), depending on the conditions under study 
(hydrophobic or ionic conditions, respectively).

Fig. 1  a Benzothiazolium salt 
[3-(10-carboxydecyl)-2-meth-
ylbenzothiazol-3-ium bromide] 
synthesis; and b preparation 
of AC Sepharose CL-6B with 
benzothiazolium salt as ligand
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After several experiments, the best chromatographic 
conditions for the binding and elution were established. 
Briefly, after elution of the not retained species with 10 mL 
of 1.5 M (NH4)2SO4 in 10 mM Tris–HCl (pH 8.0), the ionic 
strength of the buffer was decreased to 0.6 M (NH4)2SO4 in 
10 mM Tris–HCl (pH 8.0). Finally, the column was loaded 
with 10 mL of 10 mM Tris–HCl (pH 8.0) buffer to promote 
the desorption of the most strongly bound protein. Frac-
tions of 1 mL of eluate were collected and the absorbance 
was measured at 280 nm.

The fractions were concentrated and desalted using 
Vivaspin concentrators and checked for purity by acryla-
mide gel electrophoresis (SDS-PAGE).

SDS-PAGE

The protein fractions recovered from the chromatographic 
experiments were analyzed by 15 % SDS-PAGE using a 
Bio-Rad system.

Briefly, protein samples were denatured by the addition 
of loading dye (62.5 mM Tris-HCI, pH 6.8, 2 % SDS, 25 % 
glycerol, 0.01 % bromophenol blue, 3 % DL-Dithiothrei-
tol), followed by incubation at 100 °C for 8 min. Initially, 
an electrical potential of 80 V was applied until the bromo-
phenol blue dye reached the running gel. Then, the elec-
trical potential was increased to 150 V for 1 h with Tris/
glycine/SDS buffer (25 mM Tris, 192 mM glycine, 0.1 % 
SDS, pH 8.3) and the gel was stained by Coomassie Bril-
liant Blue R-250.

Results and Discussion

Benzothiazolium Salt Synthesis and Sepharose CL-6B 
Derivatization

The required benzothiazolium salt was obtained by conden-
sation of 2-methylbenzothiazole with 11-bromoundecanoic 
acid in the absence of a solvent, as previously described 
[14]. The obtained compound showed spectral data fully 
consistent with the assigned structure.

This salt presents two suitable properties expected for an 
AC ligand. In one hand, the alkyl chain constitutes a con-
venient spacer arm between the aromatic moiety of the salt 
and the matrix. The use of a spacer arm will ensure that 
a ligand is placed at a suitable distance from the surface 
of the support, with ample space for complete attachment 
to the immobilized ligand, which potentially increases the 
affinity or multi-modal interaction between the protein and 
the derivatized Sepharose CL-6B [6]. On the other hand, 
the presence of a reactive carboxylic group in the benzo-
thiazolium salt enables the opportunity of a successful fixa-
tion onto Sepharose by esterification.

The attempts, to use the curing method previously used 
to immobilize a thiacarbocyanine dye, [16] were not effec-
tive in our case, due to the decomposition of the benzothia-
zolium salt observed at the high temperatures used. Some 
variations were attempted without success, namely low-
ering temperatures and using other catalysts such as thio-
nyl chloride, sulfuric acid and tosylic acid. Within differ-
ent esterification methods alternatively used, the so called 
Steglich esterification showed to be effective and easy to 
be used with this cationic ligand and therefore it was herein 
used for the purpose of this work.

Some of our initial studies, both in curing and Steglich 
esterification conditions were performed in cellulose beads 
following the previous literature [16]. However, we have 
found that Sepharose beads were easier and more success-
ful to derivatize with the benzothiazolium salt under Steg-
lich esterification. Additionally, the selection of Sepharose 
matrix in this study was supported by its suitable properties 
to be used in ligands immobilization, namely the ability to 
form a loose porous network [5] and the high mechanical 
and chemical stability after coupling.

Accordingly, benzothiazolium salt AC support was syn-
thesized by derivatization of the Sepharose CL-6B with 
benzothiazolium salt performed by Steglich esterification 
(Fig. 1). Following the same procedure, a support derivat-
ized with the spacer arm 11-bromoundecanoic acid was 
prepared to evaluate the contribution of the alkyl chain in 
ligand–protein interaction. The bromine atom at the end of 
the alkyl chain allows us to determine the ligand concentra-
tion by EA.

To remove all unbound ligand, the derivatized Sepharose 
CL-6B supports were sequentially subject to 24 h Soxhlet 
extraction with DMF and methanol.

The amount of benzothiazolium salt and 11-bromoun-
decanoic acid immobilized onto Sepharose CL-6B was, 
respectively, calculated from the percentage of nitrogen 
(Table 1), and the bromine present was determined by ele-
mental analysis.

A control sample obtained in the same Steglich esterifi-
cation conditions in the absence of any type of ligands was 
performed for each immobilization experiment, revealing 
an amount of nitrogen below the detection limit (0.07 g of 
nitrogen per g of chromatographic support).

The characterization of the Sepharose beads morphol-
ogy by SEM was also performed (Fig. 2). Sepharose beads 
submitted to the same reaction conditions in the absence of 
benzothiazolium salt (Fig. 2b) and after benzothiazolium 
salt immobilization (Fig. 2c), showed no significant dif-
ferences capable of changing the chromatographic perfor-
mance of the final supports.

The sulfur analysis map by SEM–EDS and the respec-
tive SEM micrograph (Fig. 3) show a uniform benzothiazo-
lium salt distribution over the Sepharose beads.
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Chromatographic Behavior of the New Supports

Pursuing the final goal of this work, namely the purification 
of proteins using benzothiazolium salts as ligands for AC, 
several experiments were carried out to study the interac-
tions established between the matrices previously prepared 
and standard proteins. In other words, protein binding is 
affected by several studied parameters, such as: ligand den-
sity, salt type (sodium chloride or ammonium sulfate), salt 
concentration in the eluent and pH.

RNase, α-chymotrypsin and BSA were the standard pro-
teins that presented a more distinct and selective binding to 
the chromatographic supports obtained and therefore herein 
used. Moreover, since the structure and functions of the 
studied proteins are well known and data are available, they 
were chosen as suitable models for this study.

Initially, the chromatographic behavior of the matri-
ces bearing benzothiazolium salt as ligand was compared 
with the control matrices and with the matrices bearing 
11-bromoundecanoic acid. Different stepwise gradients of 
NaCl (0.1–1.0 M) and (NH4)2SO4 (0.1–1.5 M) were con-
sidered and the results obtained with these elution strat-
egies revealed some differences. None of the three pro-
teins interact with the control experiment, what clearly 
shows that the ligand is responsible for the interactions 
observed with the three proteins. In fact, when using the 
NaCl gradient, different retention patterns were found for 
the RNase loaded onto the matrices with different ligands 
(benzothiazolium salt or 11-bromoundecanoic acid), 
which indicates that the aromatic moiety and the cationic 
charge of the benzothiazolium salt are responsible for 
some interactions, namely related to the ionic character 
of the ligand (Fig. 4). On the other hand, when using the 
(NH4)2SO4 gradient, the same chromatographic behav-
ior was observed for both matrices. These results suggest 
that the alkyl chain in the matrices is mainly responsi-
ble for the hydrophobic interactions. Considering these 
results, the evaluation of the binding/elution behavior of 
the proteins was undertaken using the (NH4)2SO4 elution 
strategy.

The effect of ligand density in the interaction with pro-
teins was evaluated to ascertain the most suitable ligand 
density. The ligand concentrations used in the immobili-
zation procedure were 2.41, 1.21, 0.60 and 0.30 mmol of 
benzothiazolium salt per g of dry Sepharose affording 0.38, 
0.36, 0.24 and 0.18 mmol of benzothiazolium salt bounded 
per g of chromatographic support, respectively.

When a 1.5 M (NH4)2SO4 in 10 mM Tris–HCl (pH 8.0) 
buffer solution was used as binding condition, a strong 
interaction mainly of α-chymotrypsin and BSA proteins 
with all the matrices prepared with the highest ligand con-
centrations was observed, preventing the desirable recovery 
of these retained proteins. On the other hand, the chroma-
tographic support obtained using the lower ligand concen-
tration (0.18 mmol of benzothiazolium salt bounded per g 
of chromatographic support) showed a desirable and differ-
ential interaction with all three proteins, when a decreas-
ing stepwise gradient of (NH4)2SO4 was used. This result 
allowed us to elect this support as the best from all herein 
obtained. A close ligand concentration of 0.20 mmol of 
11-bromoundecanoic acid per g chromatographic support 
was obtained using an initial amount of 11-bromound-
ecanoic acid of 1.88 mmol per g of dry Sepharose in the 
immobilization protocol.

The better results verified for the ligand lower concen-
trations could be easily understood since low ligand density 
can be advantageous in most of the cases, since the access 
of an isolated immobilized ligand to the buried binding 
sites of the protein is not hindered [34].

Figure 5 shows the chromatographic profile obtained 
by injecting an artificial mixture of the three studied pro-
teins, after selecting the most appropriated matrix and the 
best chromatographic conditions, which allowed the bind-
ing and elution of each protein. For instance, RNase did not 
interact with the support when 1.5 M (NH4)2SO4 in 10 mM 
Tris–HCl (pH 8.0) was used, whereas both α-chymotrypsin 
and BSA were totally retained with the same condition. 
When the ionic strength of the buffer was successively 
decreased to 0.6 M (NH4)2SO4 in 10 mM Tris–HCl (pH 
8.0), α-chymotrypsin was completely unbound from the 

Table 1  Ligand density of the chromatography supports

a Below nitrogen detection limit of the EA apparatus (0.07 %)

Sample Amount of benzothiazolium salt used per g of dry Sepharose Ligand density

Benzothiazolium salt/dry  
Sepharose (% w/w)

Benzothiazolium salt  
(mmol per g of dry Sepharose)

% N Benzothiazolium salt 
(mmol per g of support)

1 1:1 2.41 0.53 0.38

2 1:2 1.21 0.50 0.36

3 1:4 0.60 0.34 0.24

4 1:8 0.30 0.25 0.18

Sepharose control – – <0.07a –
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support. BSA showed the strongest interaction with the 
ligand and eluted at the final gradient step.

This result shows that the three proteins under study 
interact differently with the ligand. Due to the properties 
of α-Chymotrypsin and BSA, these proteins tend to bind 
to the ligand mainly by hydrophobic interactions, what was 
confirmed by the retention of the proteins with high ionic 
strength and elution with the decrease of the ammonium 
sulfate concentration. On the other hand, RNase is not 
able to interact with the ligand at high salt concentration 
and it is immediately recovered in the flowthrough. These 
results indicated that the hydrophobic interactions are not 
the predominant forces established between RNase and the 
ligands, suggesting that in this case the electrostatic inter-
actions may play a more relevant role. At the pH used in 
this study (pH 8.0) the RNase (pI 9.6) is positively charged, 
not interacting with the cationic ligand. This fact, confirms 
the importance of ionic interactions to mediate the interac-
tion of RNase with the support.

The purity of the recovered protein fractions corre-
sponding to the three eluting peaks was monitored by SDS-
PAGE, as shown in Fig. 6. Lane M represents the artifi-
cial mixture of the three proteins that was loaded onto the 

prepared column. By comparing with the control samples 
represented in lanes A, B and C, it is possible to identify in 
lane 1, the protein eluted in the first peak of the chromato-
gram, the RNase. In lane 2, the protein eluted in the second 
peak of the chromatogram, corresponds to α-chymotrypsin 
and finally the protein recovered from the third chromato-
graphic peak is BSA (lane 3).

The presence of more than one band in the SDS-PAGE 
of α-chymotrypsin may not be related to an isoform sepa-
ration phenomenon during the purification process, but 
is probably associated with the SDS-PAGE procedure. 
Moreover, α-chymotrypsin is a serine protease of the pepti-
dase S1 family consisting of 245 amino acid residues. 
This biomolecule has three peptidic chains held together 
by disulphide bonds which can be broken by addition of 
reducing agents (dl-Dithiothreitol or β-mercaptoethanol). 
These reducing agents are usually included in the SDS-
PAGE sample buffer to cleave disulphide bonds, allowing 
molecules to adopt an extended monomeric form. On the 
other hand, self digestion may occur when temperatures 
above 37 °C are used, which is used to denature proteins 
in the SDS-PAGE procedure. Consequently, the number 
of visible bands in this sample can also be originated by 

Fig. 2  SEM images of beaded Sepharose CL-6B with 100, 250, 500 and 5,000× magnification: a prior to use; b control experiment; and c sup-
port with a ligand density of 0.18 mmol/g support
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the fragments arising from the cleavage of intermolecular 
disulphide bonds or from the autolysis process [35–38].

Several additional assays were performed to check for 
leakage of the ligand, reproducibility and reusability of this 
support. The derivative support was washed meticulously 
several times and the color never faded. It was also left in 
water and ethanol at 4 °C for almost 6 months and the liq-
uid did not present any measured ligand molecules. After 
more than one hundred injections the color of the support 
remained the same.

Good reproducibility of the elution pattern was demon-
strated for fifty chromatographic runs (Fig. 5) and the stabil-
ity of the column was additionally confirmed by half year of 
consecutive runs (approximately one hundred), which did not 
influence the quality of the chromatographic performance.

These results indicate the possibility of application of 
the proposed derivative support in the purification of spe-
cific proteins from different crude extracts. The chromato-
graphic results herein described can arise from a judicious 
combination of various possible molecular interactions 
established within the ligand and the target protein in a spe-
cific spatial configuration, namely aromatic (π–π), electro-
static (ionic), and hydrophobic (including van der Waals) 
interactions due to the benzothiazole, azolium and N-decyl 
chain moieties of this benzothiazolium salt, respectively.

In addition, and regarding the toxicity data already 
described for benzothiazolium salts against Euglena gra-
cilis [19–21] it can be concluded that the ligand herein, 

Fig. 3  SEM micrographs and corresponding distribution sulfur map 
of chromatography support beads prepared with a ligand density of a 
0.38 (1,300×), b 0.36 (1,300×), c 0.24 (1,300×) and d 0.18 mmol/g 
support (1,300×)

Fig. 4  Chromatographic profile obtained for the support prepared 
with 11-bromoundecanoic acid (dashed line) and with benzothiazo-
lium salt (dashed line) loaded with RNase, using 10 mM Tris–HCl 
(pH 8) in the initial washing step, followed by desorption with 1 M 
NaCl

Fig. 5  Chromatographic profile obtained for the support prepared 
with benzothiazolium salt (grey dashed line) loaded with a mixture 
of RNase, α-chymotrypsin and BSA, using 1.5 M (NH4)2SO4 in the 
initial washing step, followed by a stepwise gradient of (NH4)2SO4 
from 0.6 to 0 M (represented by the black dashed line). Reproducibil-
ity and reusability assay: chromatographic profile after fifty chroma-
tographic runs (dashed line)
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should be absent of toxicity below 50 μg mL−1. It should 
be stressed that such high leakage never occurs in liquid 
chromatography, where the highest leakage found in high 
molecular weights as dyes in extreme conditions is around 
1–2 μg mL−1 [39] pointing to a minimum risk of toxicity 
when using the chromatographic support herein described.

Therefore, it can be finally concluded that the benzo-
thiazolium salt herein used represents a specialized ligand 
which combines structural and stereochemical features that 
are able to offer a pseudospecificity to a large number of 
proteins, when appropriate binding and elution conditions 
are used in a multi-modal chromatographic process, with a 
good reproducibility and a minimum risk of toxicity.

Conclusions

A new multi-modal chromatographic support was synthe-
sized from Sepharose CL-6B and a benzothiazolium salt. 
The studied support had a ligand density of 0.18 mmol/g 
support. This ligand exhibited the ability to separate 
RNase, α-chymotrypsin and BSA from an artificial mix-
ture using a decreasing stepwise gradient of ammonium 
sulfate. Nevertheless, we believe that a multi-modal inter-
action is responsible for the specific binding observed 
between the immobilized benzothiazolium salt and the 
standard proteins tested, it cannot be disregarded as the 
primordial hydrophobic interaction role was also observed 
in the congener chromatographic support derivatized with 
the spacer arm. Hence, shorter alkyl spacer arms should be 
used in future studies to achieve a better balance favoring 
the azolium ionic and π–π interactions at the expenses of 
the spacer arm hydrophobic interaction. Furthermore, it can 
also be concluded that the use of a concentration nearby 

0.20 mmol per g of immobilized ligand per g of support is 
fundamental to achieve a good AC performance.

Since it was the first time that azolium salts had been 
used for protein purification by AC, a promising unex-
plored field is herein opened. Namely, the inexpensive cost 
of the ligand, the mild Steglich esterification conditions 
used in the ligand immobilization, high stability, reproduci-
bility and minimum risk of toxicity of the chromatographic 
support and finally the capability to recognize in a specific 
way different proteins opened a new multi-modal chroma-
tography opportunity.
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