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Abstract
Microfluidic separation techniques, including electromigration and liquid 
chromatography have been studied, developed and applied in different fields 
of analytical chemistry. They can offer some advantages over conventional 
analytical tools such as high-performance liquid chromatography, e.g., higher 
mass sensitivity due to reduced chromatographic dilution, use of minute 
volumes of mobile phases, lower costs for both waste and organic solvent 
consumption and last but not list perfect coupling with mass spectrometry. 
Capillary/nano-liquid chromatography (CLC/nano-LC) have been recently 
proposed and applied to the analysis of a large number of compounds 
including proteins, peptides, drugs, herbicides, pesticides, enantiomers etc. In 
this paper principles, instrumentation and selection of experimental conditions 
are illustrated also presenting some selected applications to document the 
usefulness of these LC techniques. Advantages, limitations and future trends of 
CLC/nano-LC are also presented.
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liquid chromatography; enantiomers separation; chiral stationary phases.

Chiara Fanali1 
Giovanni D’Orazio2,3 
Salvatore Fanali2*

1Centro Integrato di Ricerca, Campus 
Bio-Medico University, Rome, Italy
2Istituto di Metodologie Chimiche, 
Consiglio Nazionale delle Ricerche 
(CNR), Monterotondo Rome, Italy
3Departamento de Quimica,  
Universidad de La Laguna (ULL),  
La Laguna, Tenerife, Spain
*e-mail: salvatore.fanali@cnr.it

Received: 17-06-2016
Accepted: 22-07-2016

Chiral Separations Using Nano-Liquid Chromatography



Fanali C, D’Orazio G, Fanali S Chiral Separations Using Nano-Liquid Chromatography

162 Scientia Chromatographica 2016; 8(3):161-169

1. Introduction
The separation of chiral compounds is an 

interesting topic in various areas including biochemistry, 
bio-medicine, clinical chemistry, pharmaceutical 
industry etc. Enantiomers are compounds possessing 
one or more asymmetric centres exhibiting quite similar 
properties (same molecular weight but substituent 
groups with different orientation on the space). Two 
enantiomers are mirror image and rotate the plane of 
the polarized light in the opposite direction. In nature, 
for example, only L-aminoacids are present. very often, 
in a certain compound one enantiomer exhibits quite 
different properties from its isomer, e.g., (+)- limonene 
and (-)-limonene have a different aroma, orange and 
lemon, respectively. 

A large number of drugs possess asymmetric 
center/centres and most of them are commercialized as a 
single enantiomer[1]. This is a need because ingested drugs 
can react with chiral compounds present in the organisms 
such as body fluids, cells etc. Often the antipode of a 
certain enantiomer in a drug can be pharmacologically 
less active or sometime even dangerous. Therefore there 
is a necessity to optimize analytical and/or preparative 
methods capable to analyze enantiomers in an easy, 
cheap, rapid and eco-friendly way.

Ananlytical methods so far used for enantiomers 
separation and analysis include gas chromatography 
(GC), high performace-liquid chromatography 
(HPLC), super critical fluid chromatography (SFC) and 
miniaturized techniques such as capillary electrophoresis 
(CE) and capillary-/nano-liquid chromatography (CLC/
nano-LC)[2-4].

Capillary techniques have been recently proposed 
as alternative and/or complementary tools mainly 
applied for analytical purposes and because their features 
can offer some advantages over the conventional ones. 
Among them it is worth mention their environmental 
compatibility, the reduced volumes of both mobile 
phases and sample with consequently reduction of waste, 

shorter analysis time and perfect coupling with mass 
spectrometry (MS) due to lower flow rates employed.

Both capillary/nano-LC and CE have been 
successful applied to enantiomers separation in different 
fields such as bio-medicine, forensic, pharmaceutical, 
agro-chemical analysis etc.[2,4]. 

This publication presents a brief discussion 
about the principles of enantiomers separation, the main 
features of CLC/nano-LC and the potentiality of these LC 
miniaturized techniques in analyzing chiral compounds. 
Finally some selected applications of CLC/nano-LC to 
chiral analysis will also be presented.

2. An overview on enantiomers separation
Because their very similar physical-chemical 

properties, the separation of two enantiomers is a 
difficult task in separation science, however the goal 
can be achieved employing a chiral environment (chiral 
selector, CS) on forming diastereoisomers exhibiting 
different properties.

Two different separation methods have been used 
since along time, namely indirect and direct ones. In 
the first case the CS reacts with the two enantiomers on 
forming stable products (strong bonding are formed) that 
are separated in conventional achiral media (stationary 
phases, background electrolytes). This method presents 
some advantages, e.g., increase the molecular weight 
offering higher sensitivity in mass spectrometry (MS), 
presence of more interaction sites with stationary phases. 
However it is worth mentioning that high optical purity 
of the CS is required[5].

The other process that is largely utilized, is the 
direct separation method making use of a CS added to 
the background electrolyte (in CE) or to the mobile phase 
in LC. Although this approach is widely used in CE, 
other practical solution have been proposed in LC and 
capillary electrochromatography (CEC). Among them 
the CS is bonded to the capillary wall or to silica or to 
different polymeric material. Here enantiomers interact 
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during the run on forming labile diastereoisomeric 

complexes with different physical-chemical properties 

and thus separated from each other. 

Although several model concerning chiral 

recognition have been proposed, the most simple model 

widely accepted is the so called “three-point” model 

where three contact points are proposed and one of them 

have to be stereoselective[6].

Figure 1 shows the three point interaction model. 

The compound at the left side of panel a and b is the CS. 

As can be observed the two enantiomers both interact 

with the CS, however the (+)-isomer exhibits three bonds, 

while the arbitrary (-)-isomer only two. The (+)-isomer 

is forming more stable complexes than its antipode.

The list of CSs that have been studied and applied 

till now is quite large and includes proteins, chiral 

amino acids (or their derivatives), peptides, antibiotics, 

cyclodextrins, polysaccharides (amylose and cellulose 

derivatives), chiral surfactants, chiral crown-ethers, 

synthetic chiral compounds etc. These CS have been 
used taking in mind their properties and considering 
the type of possible interactions for a successful chiral 
recognition utilizing different separation techniques 
including GC, HPLC, CE and CLC/nano-LC[2,5,7].

3. Capillary/nano-liquid chromatography main 
features and instrumentation

Although HPLC remains the most selected 
LC methodology for both preparative and analytical 
separations in a wide range of application areas, recently 
microcolumns of different I.D. either packed with 
stationary phases (SPs) or containing polymeric material 
(e.g., monolithic) have been developed and studied. 
Classification of miniaturized techniques is done 
considering the different I.D. of the columns employed, 
e.g., with 10-100 and 100-350 mm I.D., classify nano-
LC and CLC, respectively[8]. Another parameter to be 
considered is the mobile phase flow rate. In fact when 
using packed capillary column columns, flow rates in the 
range 10-800 nL/min and 1-10 mL/min are used in nano-

Figure 1. Three points interaction model for enantiomers resolution.
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LC and CLC, respectively. Concerning the efficiency, 
reducing column I.D. causes a reduction of plate-
heights, however as demonstrated also theoretically, 
in conventional HPLC I.D. lower than 2.1 mm is not 
offering advantages[9]. Recently in our lab we showed 
that the efficiency is increased passing from 150 to 25 mm 
I.D. packed capillaries[10]. Although these results are 
interesting, the efficiency observed in packed capillaries 
is not satisfactory when compared with the ones achieved 
with conventional columns “well-packed”.

The use of packed capillaries can offer several 
advantages over conventional columns, e.g., higher 
mass sensitivity. This has been demonstrated in practice 
and also theoretically considering the chromatographic 
dilution that is decreasing by decreasing the capillary 
radius (r 2)[8]. When dealing with practical nano-LC 
analysis, it must be considered that this technique, due 
to the reduced injected volumes (10-60 nL) exhibits 
low sensitivity and therefore other approaches have 
to be used to overcome this drawbacks. To solve the 
problem, detectors with higher sensitivity, e.g., MS can 
be proposed. In addition higher sample volumes could 
be injected, e.g., 500-1500 mL[11] carefully considering 
sample-solvent, mobile and stationary phases. This 
approach is based on a focusing effect where analytes are 
dissolved in a solvent with lower elution capability than 
the mobile phase causing their focusing on the column 
without affecting the efficiency.

Reducing I.D. column can offer several 
advantages over conventional systems, however other 
practical aspects have to be considered, e.g., extra 
column band broadening. Therefore attention must be 
paid in avoiding loss in efficiency that causes a decrease 
of resolution; this is obtained, e.g., carefully selecting 
i) the appropriate injection system (sample volume), 
ii) detector, iii) tubes connections etc.

Based on our experience the optimum detector 
cell (UV detector) is obtained utilizing the same packed 
capillary where the path length is the capillary diameter 
with a volume of a few nanoliters. When working 

with an MS, the column is directly connected through 
a capillary tip to the orifice; in this way mobile phase 
and analytes are tranferred to the MS increasing the 
sensitivity. To reduce band broadening, the capillary 
column can be directly connected to the injection valve. 
The injected sample volume must be as low as possible 
(usualy 10-60 nL) and tube connections I.D. are in the 
range 50-100 mm.

In nano-LC, mobile phase flow rates applied are 
in the range 10-800 nL/min and these can be generated 
utilizing dedicated pump systems commercially 
available. Syringe or reciprocating pumps are usually 
used to produce low flow rates.

A very simple approach that could be considered 
is the use of conventional pumping systems where 
a mechanical split is used in order to reduce the flow 
rate. The split is a stainless steel T connected with the 
pump, with the injection valve and with waste: selecting 
appropriate tubes (length and I.D.) the nano-flow can be 
easily attained. The production of a constant and stable 
flow can be achieved. This system is perfectly working 
in isocratic elution, however in our laboratory it has been 
demonstrated that step gradient can also be performed[12].

Figure 2 shows a scheme of a nano-LC laboratory 
assembled instrumentation.

4. Enantiomers separation by using nano-flow 
techniques.

The separation of enantiomers by using nano-
flow techniques such as CLC/nano-LC is of great 
interest for several groups interested in developing 
new chiral stationary phases and with experience in 
preparing their own column. This can be easily argued 
considering that only a few mg of material are needed 
to packing capillaries; this is very useful especially 
when new chiral stationary phases, usually expensive, 
are tested. Additionally, this technical approach results 
advantageous when the chiral selector (expensive) 
is added to the mobile phase; only a few mLx day of 
mobile phase are used. 
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A few examples concerning the applicability of 
the last mentioned approach are available in literature. 
Takeuchi firstly reported the study of enantiomers 
separation adding g-cyclodextrin (g-CD) to the mobile 
phase (acetonitrile-water, 2:8 v/v) using CLC where 
the capillary (350 mm I.D.) was packed with develosil 
ODS-5 particles. The separated enantiomers were R 
and S-1,1’-binaphtyl-2-2’-dihyl hydrogen phosphate[13]. 
Our group was also interested in this topic studying 
the enantiomers separation of different compounds 
of pharmaceutical interest such as non-steroidal anti-
inflammatory drugs or fluoroquinolone antibiotics[14-16] 
utilizing nano-LC with packed capillaries of 100 mm 
I.D. and different CDs (trimethylated-, sulphated-, 
dimethylated- or hydroxy-propyl-g-CD) added to the 
mobile phase. Without going into details, it is noteworth 
mentioning that the proposed method in addition to 
achieving good enantiomers resolution, allowed the 
calculation of association constants between CDs and 
analytes[14].

Although the described enantiomers separation 
method has some advantages over the ones performed 
with conventional HPLC, it presents some restrictions 
especially due to the limited applicability of known 
chiral selectors, e.g., reduced analytes sensitivity 
caused by the absorption of the CS. Therefore better 
results can be achieved utilizing CLC/nano-LC 
with chiral stationary phases (CSP). The CS can be 
adsorbed on the packed particles[4,17,18] or bonded to 
the stationary phase[11,19-22]. Finally the CS can be 
bonded on the capillary wall[23]. In this last approach 
bovine serum albumin (BSA) was chemically bonded 
to the capillary wall: some amino acid derivatives and 
hydoxy-benzodiazepines enantiomers were resolved 
using both open tubular electrochromatography and 
liquid chromatography. Although such system allowed 
achieving good chiral resolutions, along the time was 
not developed too much; this is most probably due to 
the use of capillaries with very low I.D. (<50 mm) and 
to a lower loadability.

Figure 2. Scheme of a nano-LC laboratory assembled instrumentation.
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In order to show the usefulness of CLC/nano-
LC for chiral separations applying CSPs with the 
chiral selector either adsorbed or bonded to the silica 
particles some practical aspects related to the selection 
of optimum experimental parameters and applications to 
real samples are reported.

Analysis of amino acid enantiomers is an important 
topic not only in biochemistry but also in food chemistry 
because several food products, being of natural origin, 
contain only L-amino acid. Most of these compounds 
do not possess absorbing groups in their chemical 
structure and therefore are very difficult to be analyzed. 
Being interested in microfluidic techniques employing 
UV detectors and mass spectrometry, it was decided to 
analyze amino acid enantiomers using nano-LC/MS[20]. 
Enantioseparations were achieved in a capillary column 
packed with silica-based particles containing chemically 
bonded vancomycin. Analytes were derivatized with 
fluorescein isothiocyanate (FITC); the derivatives had a 
higher molecular weight improving the MS response and 
additional interaction sites with the CS. The analytical 
method was optimized, validated and applied to the analysis 
of different orange juices. Analytical results obtained 
analyzing both fresh and commercial orange juices did 
not report the presence of D-amino acids documenting 
that the juice was not adulterated and/or was correctly 
stored. Later on nano-LC was applied to the analysis 
of hesperetin (HT) enantiomers in human urine after 
ingestion of orange juice. HT is a nutraceutical compound 
useful to treat several illness and is not naturally present in 
the orange juice that, on the other hand, contain esperedin 
that is transformed in HT in the body and excreted in the 
urine fluid. In this work several urine samples of a person 
that drank 1 L of orange juice were obtained at different 
times, treated with glucuronydase, extracted with organic 
solvent and analyzed. HT enantiomers were separated 
employing a capillary column packed with silica particles 
modified with phenyl-carbamate-propyl-b-cyclodextrin. 
Triethylammonium acetate buffer (1%, v/v, pH 4.5) and 
water/methanol (30:70, v/v) was the mobile phase used 
to elute in isocratic mode the studied enantiomers. The 

metabolism was stereoselective finding S-HT about 
five times higher than its antipode[21]. Figure 3 reports 
the nano-LC separation of the two enantiomers of HT 
present in an extract of human urine sample obtained after 
drinking orange juice.

Another interesting class of chiral selectors, 
widely studied and applied in HPLC, is represented 
by modified polysaccharides (cellulose or amylose). 
Conventional columns where the CS is either coated 
onto the silica surface or bonded to the particles are 
commercially available[24-29]. 

The work done till now with these CSs utilizing 
microfluidic techniques is scarce and therefore some 
examples will be proposed here to document the 
potentiality of such capillary columns.

Chankvetadze’s group widely studied different 
types of modified cellulose or amylose CS adsorbed 
onto silica particles utilizing CLC/nano-LC and 
comparing the results with the ones achieved in capillary 
electrochromatography (CEC)[30-34]. The capillary columns 
packed with porous material containing the polysaccharides 

Figure 3. nano-LC chromatogram of hesperetin enantiomers 
separation present in an extract of human urine sample obtained 
after drinking orange juice. Capillary 100 mm I.D.x22 cm packed with 
phenyl-carbamate-2-propyl-b-CD silica; mobile phase, 1% (v/v) TEAA 
pH 4.5 in methanol/water 70/30 (v/v), flow rate 400 nL/min (modified 
from ref. [21].).
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allowed to obtain good enantiomeric separation of various 
classes of compounds including carboxylic acids, basic 
drugs, nutraceutical compounds etc.

Recently two different types of silica (fully porous 
and core-shell) were modified adsorbing with cellulose 
tris(4-chloro-3-methylphenylcarbanate). The CSP was 
applied to the separation of some selected enantiomers using 
both nano-LC and CEC. Surprisingly core-shell material 
offered higher efficiency in CEC than in nano-LC generating 
sufficient electroosmotic flow even if the silica material is 
limited compared to the porous one. Enantioresolutions for 
ethozoline, praziquantel and thalidomide as high as 8.51, 
9.85 and 4.52 were obtained by using CEC with core-shell 
particles packed in a capillary column of 75 mm I.D.[35].

In another study we evaluated the enantioresolu-
tion of compounds of pharmaceutical and food chemistry 
interest employing nano-LC and CEC with capillaries 
packed with core-shell particles coated with amylose 
tris(3,5-dimethylphenylcarbamate). The CS was coated 
at concentrations in the range 1-5 % and the pore size of 
the support was 100 and 300 A. Both techniques allowed 
to obtain the enantioresolution for all studied compounds 
with slight better performance in CEC. As expected lower 
electroosmotic flow (EOF) was observed by increasing the 
concentration of the CS; on the contrary enantioresolution 
increased. The highest efficiency in both nano-LC and CEC 
was obtained using 1 % of amylose. From the obtained 
results it is noteworth mentioning that core-shell particles 
can offer advantages over fully porous silica due to the 
possibility to run nano-LC at higher mobile phase flow rates 
without compromising the efficiency of the separation. 
This is shown in Figure 4 where the enantioseparation 
of 4’-methoxyflavanone is obtained at different flow 
rates. As can be observed in the figure, at 1.5 mL/min 
baseline resolution of the studied flavanone derivative was 
obtained in a short analysis time (less than 1.5 min). The 
experiments were carried out with a laboratory assembled 
instrumentation without necessity of high pressure[34].

Fast chiral separations are a challenging issue 
in separation science and recently several groups paid 

attention to this topic. The use of core-shell material is one 
way to reach the goal, however recently new technology 
such as ultra high performace liquid chromatography 
(UHPLC) was developed. Dedicated instrumentation is 
available not only for conventional column but also for 
nano-LC. The basic principle behind this technique is 
the reduction of particles diameter. Reducing d causes 
a reduction of plate height (increase of efficiency) and 
a modification of the second part of van Deemter plot 
(more flat). This means that increasing the flow rate 
efficiency will not change too much, however shorter 
analysis time are obtained. Sub-2 mm particles are used 
in conventional columns of 2.1 mm with generation of 
very high pressure and need of special pump capable to 
operate at P> 800 atm. In our laboratory these particles 
have been packed into capillaries for 10-15 cm length 
operating without problems with a laboratory assembled 

Figure 4. nano-LC enantioseparation of 4’-methoxyflavanone 
obtained at different mobile phase linear velocities. Capillary column: 
100 µm I.D.x23 cm packed with core-shell silica particles (2.6 µm, 100 Å 
pore size) coated with amylose tris(3,5-dimethylphenylcarbamate) at 
2% (w/w) concentration. Mobile phase, 500 mM ammonium acetate 
buffer pH 4.5/H2O/MeOH/ACN (1:24:20:55, by vol.). (unplublished 
results).
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Figure 5. Separation of some selected herbicides and non-steroidal 
anti-inflammatory drugs enantiomers using a capillary column packed 
with silica hydride modified with vancomycin stationary phase. Capillary 
column: 75 µm I.D.x 11 cm packed 1.8 µm vancomycin-diol hydride-
based silica particles. Mobile phase: 500 mM ammonium acetate buffer 
pH 4.5/H2O/MeOH 5/10/85 (v/v/v), flow rate ~ 230 nL/min (herbicides) 
and 500 mM ammonium acetate buffer pH 4.5/H2O/ACN 1:9:90 (v/v/v), 
flow rate ~ 360 nL/min (NSAIDs). (modified from ref. [36]).

basic compounds, while very high enantioresolution 
factors were observed for acidic compounds such as 
anti-inflammatory drugs, herbicides and derivatized 
aminoacids. Based on the results achieved by NMR it 
was concluded that the different behavior can be ascribed 
to the secondary interactions between enantiomers and 
silica substituents, e.g., the hydride CSP does not contain 
free silanol groups[36]. 

As an example of good performace of the novel 
CSP towards the separation of acidic compounds, 
Figure 5 shows the separation of some selected herbicides 
and non-steroidal anti-inflammatory drugs. As can be 
observed the acidic compounds were baseline resolved 
with high Rs in a relatively short time.

5. Conclusions and future trends
CLC/nano-LC are powerful tools that can be used 

for the separation and analysis of enantiomers present in 
different matrices such as biological, food bio-medicine 
etc. Two different enantiomeric separation methods 
can be applied, however, the direct one can offer better 
results. The CS can be either added to the mobile phase 
or bonded to the stationary phase or to the capillary wall. 
The microfluidic techniques offers some advantages over 
conventional ones, e.g., lower consumption of mobile phase 
and/or stationary phase, reduced cost for waste, higher 
mass sensitivity, perfect coupling with mass spectrometry 
etc. Fast chiral separations can be obtained employing 
particles of lower diameter (increasing the efficiency 
and the flow rate-decreasing retention time). Advantages 
can be also obtained utilizing core-shell particles where 
more homogeneous material is obtained with analytes-CS 
interactions take place only on the outside of particles.

In conclusion new material and new chiral selectors 
need to be studied and developed for chiral separations 
employing capillaries as well as chip technology.
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