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Over the last several decades, 
the use of peptides in the 
pharmaceutical, nutra-

ceutical, and cosmetic f ields 
has increased substant ia l ly.  
The biopharmaceutical impor-
tance of these molecules is that 
they can selectively interact with 
a specific receptor, making them 
potential candidates for use in 
antitumoral, anticoagulant, anti-
hyper tensive, and antioxidant 
production (1,2).

Therapeut ic  pept ides are 
mainly produced by liquid- or 
solid-phase synthesis (3,4). Usu-
ally, these produc tion meth-
ods lead to a wide range of 
impurit ies, and the issue is 
that the chemical structure of 
these impurities can be similar 
to that of the target peptide.  
Therefore, fur ther processing 
and purifications are needed to 
reach purity specifications for 
pharmaceutical purposes (5 ). 
Preparative reversed-phase liq-
uid chromatography (pRPLC) is 
the most widely used technique 
for the purification and isola-
t ion of therapeutic peptides 
(6–10). Operative experimental 
parameters of the purification 

processes are obtained through 
trial-and-error strategies, which 
waste time and product while 
resulting in operating far from 
optimal conditions.

When dealing with complex 
mixtures, a detailed understand-
ing of the fundamentals of the 
separation process is extremely 
impor tant to overcome these 
difficulties. It is well known that 
the retention behavior of a pep-
tide could significantly dif fer 
depending on its concentration, 
mobile phase composition, ion-
pair reagent, and competition for 
adsorption because of the pres-
ence of other molecules (1,2).

In this respect, the investiga-
tion of retention mechanisms 
and thermodynamic equilibrium 
of the target peptide becomes a 
crucial and essential tool for the 
correct design of the separa-
tion process because of its clear 
advantages in regards to time, 
cost, and ecological impact.

In this study, the effect of the 
mobile phase composition and 
the type of ion-pair reagent on 
the retention mechanism of a 
therapeutic peptide, glucagon, 
was investigated and compared 

on two RPLC columns packed with 
C18 and phenyl-hexyl fully porous 
par ticles (FPPs), respectively. 
Both columns were designed 
to handle high-efficiency liquid 
chromatography (LC).

Materials and  
Experimental Conditions
All solvents were purchased 
from Sigma–Aldrich. A 100 × 
3.0 mm Supelco Titan C18 col-
umn (1.9 μm particle size, 300 
m2/g surface area) and a 100 × 
4.6 mm Phenomenex Luna phe-
nyl-hexyl (3.0 μm particle size,  
400 m2/g surface area) column 
were used. Uracil (Sigma–Aldrich) 
was injected for determining the 
void volume of the columns. Glu-
cagon was obtained from Frese-
nius Kabi iPSUM. 

All the measurements were car-
ried out on an Agilent 1290 Infin-
ity LC system, equipped with a 
binary solvent pump (max pres-
sure: 1200 bar), a column thermo-
stat, an autosampler, a photodi-
ode array detector (DAD), and a 
refractive index detector (RID). 
The RID was used for excess 
adsorption isotherms determina-
tion. The detection wavelength 
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was 220 nm, and the column tem-
perature was set to 25 °C.

Two dif ferent mobile phase 
compositions were used: MP-1 
was comprised of water and 
0 .02 % t r i f l uo roac et i c  ac id 
(TFA) and acetonitrile, whereas 
MP-2 comprised of water and 
20 mM ammonium acetate  
and acetonitrile.

The retent ion dependence 
of glucagon on the amount of 
organic modifier of MP-1 and 
MP-2 was per formed under 
isocratic elution conditions in 
the range between 28 and 38% 
(v/v)  with 1% increments of 
acetonitrile for both columns.  
The injection volume was set at 

0.5 µL, and the flow rate was set at  
0.4 mL/min.

Excess adsorption isotherms 
have been calculated with a 
mobile phase made of aceto-
nitrile and water. Temperature 
was set at 25 °C. The columns 
were f irs t ly equil ibrated with 
solut ions of known composi-
tion of acetonitrile in the bulk 
mobile phase ranging from 0 
to 100%. Then, 1 μL of a solu-
t ion with a s l ightly di f ferent 
composit ion with respec t to 
the bulk  MP (±1% acetoni -
tr i le) was injec ted. Retention 
volumes of the per turbat ion 
peaks were correc ted for the  
extra-column contribution.

Results and Discussion
Excess Adsorption
Excess isotherms allow one to 
study the preferential adsorption 
of the components of the mobile 
phase (in this case acetonitrile 
and water) on the surface of the 
stationary phase. This adsorp-
tion leads to changes in the com-
position of the stationary phase 
with respect to the bulk mobile 
phase that profoundly inf lu-
ences retention of analytes (12).  
Moreover, the study of excess 
isotherms allows one to describe 
polar (free silanols) and hydro-
phobic (coverage density) prop-
erties of stationary phases (11–16).

In this study, excess isotherms 
were calculated by means of 
the minor disturbance method 
(12,13). The excess of acetonitrile 
over water [Γ(c)] was determined 
from linear perturbations on a 
series of equilibrium concentra-
tions, when a steady-state equi-
librium between mobile and sta-
tionary phase has been reached, 
through the retention volume of 
perturbation peaks, as follows:

Г(c) =     ∫   [VR(c) - V0]dc  1
S

c
0    [1]

with S the total surface area of 
the adsorbent in the column 
(data obtained from manufac-
turer), VR (c) the retention vol-
ume of perturbation peak when 
the column is equilibrated with a 
mobile phase containing a con-
centration c of acetonitrile and 
V0 the thermodynamic void vol-
ume (14). The results are shown 
in Figure 1 for the two columns.

These profiles show an increase 
of the excess amount adsorbed 
of acetonitrile on the sur face 
of the stationary phase up to 
approximately 40% (v/v) of ace-
tonitrile (ϕACN = 0.4) in the bulk 
mobile phase, where the maxi-
mum value of the excess isotherm 
is observed. Fur ther increases 
of acetonitrile bulk concentra-
tion lead to a gradual and linear 
decrease of the excess amount 
in the region between 50–90% 
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FIGURE 1: Excess adsorption isotherms and tangent lines on the linear regions for the 
two columns employed in this work (C18: red, phenyl-hexyl: blue) expressed as µmol/m2 of 
acetonitrile adsorbed on the stationary phase (Γexc

ACN) as a function of the fraction of the 
organic modifier (ΦACN) in the bulk mobile phase. ACN = acetonitrile. 
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FIGURE 2: Dependence of retention factor (k) on the fraction of organic modifier (φ) and pair 
reagent. For the graph, trifluoroacetic acid (TFA) is green, ammonium acetate is purple; these are 
measured for C18 (full points) and phenyl-hexyl (empty points) type columns. Note that φACN is 
the volume fraction of the organic modifier in the mobile phase. ACN = acetonitrile.



WWW.CHROMATOGRAPHYONLINE.COM JUNE 2021  RECENT DEVELOPMENTS IN HPLC AND UHPLC  17

(v/v) (ϕACN = 0.5–0.9). This behav-
ior occurs because of the satura-
tion of all nonpolar sites present 
on the surface of the stationary 
phase with acetonitrile, preclud-
ing additional adsorbate accu-
mulation (14). The negative part 
of the excess isotherms observed 
at high acetonitrile percentages 
reveals the preferential adsorp-
tion of the second component 
of the binary mixture, which in 
this case is water. The amplitude 
of this region is directly con-
nected to the amount of free 
silanols present in the surface of 
the adsorbent accessible by the  
analyte (11,15,16).

The slope of the inflection tan-
gent line drawn in the decreas-
ing branch of the excess iso-
therm represent s the total 
amount of the adsorbed phase 
(Va = b) and the amount of aceto-
nitrile adsorbed (Va

ACN = a) can 
be derived from the y-intercept. 
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FIGURE 3: Comparison between chromatograms measured at 31% acetonitrile on (a) C18, 
and (b) phenyl-hexyl columns with MP-1 (blue) and MP-2 (red). The number of theoretical 
plates per meter (N/m) and the tailing factor (tF) measured at 5% peak height are indicated 
for each peak.
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The tangent line is given by (16) 
(see Figure 1):

V      = V      +VaФ          ≡ y = a+bФa
ACN ACN ACN

exc
ACN  

[2]

with ϕACN the volume fraction 
of the organic modifier in the 
mobile phase.

It is worth pointing out that 
the range of validity of equa-
tion 2 corresponds to the linear 
decreasing region of excess iso-
therm (that is, when adsorption 
capacity reaches its maximum 
value) (14).

Table I reports data related to 
excess amounts of acetonitrile 
and water adsorbed on the sta-
tionary phase measured on the 
two RPLC columns by means of 
equation 2. From the data, it can 
be evinced that the total amount 
of mobile phase, normalized per 
column surface area, adsorbed 
on the phenyl-hexyl column is 
20% larger compared to the C18 
column. Moreover, the phenyl-
hexyl column shows a higher 
amount of  adsorbed water 
(+25%), suggesting a larger pres-
ence of residual silanols on the 
particle surface. 

Dependence of Retention of  
Glucagon on MP Composition
The retention behavior of gluca-
gon at infinite dilution has been 
studied for MP-1 and MP-2 in the 
range 28–38% (v/v) of acetonitrile 
on the two columns. The results 
are reported in Figure 2 as reten-
tion factors of glucagon (k = (tR 
− t0 )/t0, with tR the retention time 

and t0 the dead time) as a func-
tion of the fraction of acetonitrile 
in the mobile phase. These data 
demonstrate that, as expected, 
under the same MP composition, 
the C18 column shows larger 
retention when compared to the 
phenyl-hexyl column, because of 
its higher hydrophobicity. 

It is well known that retention on 
the C18 column is to the greatest 
extent because of hydrophobic 
interactions between stationary 
phase and analyte. In addition to 
hydrophobic interactions, phe-
nyl-hexyl columns are character-
ized by π-π interactions, because 
of the presence of phenyl groups. 
The nature of the mobile phase 
and the extent of its adsorption 
on the stationary phase has great 
impact on retention (by preclud-
ing the analyte from establishing 
interactions with the functional 
groups of the stationary phase). 
In this regard, it is plausible that 
acetonitr ile as organic modi-
fier makes the phenyl-hexyl col-
umn less retentive for glucagon 
compared to the C18 column 
because of the larger presence 
of acetonitrile on the stationary 
phase (see Figure 1 and Table 
I) and π-π interactions between 
adsorbed acetonitrile molecules 
and phenyl groups in the sta-
tionary phase (17). Surprisingly, 
a dif ferent retention behavior 
has been observed on the two 
columns depending on the ion-
pair reagent used, as shown in 
Figure 2. On the one hand, MP-1 
containing trif luoroacetic acid 
(TFA) has led to larger retention 

on the C18 column (full green 
squares) if compared to MP-2, 
which contains ammonium ace-
tate (full purple points), because 
of the higher hydrophobicity 
of the complex TFA-peptide.  
On the other hand, on the 
phenyl-hexyl column, the most 
retentive mobile phase was MP-2 
(empty purple points) compared 
to MP-1 (empty green squares).

The opposite retention behav-
ior observed on the phenyl-
hexyl column could be because 
of a combination of the greater 
accessibility of residual silanols 
by the analyte and their amount 
compared to C18 column, the 
pH of the mobile phase and the 
strength of the ion-pair reagent. 

From excess adsorption results 
(Table I) it has been evinced that 
the amount of free silanols on 
the phenyl-hexyl column is 25% 
larger with respect to C18 col-
umn. Moreover, residual silanols 
are more analyte accessible on 
the phenyl-hexyl column, thanks 
to the rigidity of the ligand itself. 
Conversely, C18 ligands, having 
a large degree of freedom, limit 
the analyte-silanols interactions. 
These aspects indicate that the 
effect of free silanols on reten-
tion can be more pronounced on 
the phenyl-hexyl column, while it 
can be considered negligible on 
the C18 column.

At a low pH (MP-1), ioniza-
tion of free silanol groups is sup-
pressed and glucagon is positively 
charged (being its theoretical 
pIace is between 7.5 and 8.5 (18)).  
Conversely, when a buffer solu-
tion (pH = 7) is used (MP-2), the net 
charge of glucagon is slightly posi-
tive and silanols are deprotonated. 
In this last case, favorable charge-
charge interactions are introduced 
in the phenyl-hexyl column, leading 
to a larger retention if compared to 
MP-1 (19). These changes in both 
peptide and stationary phase char-
acteristics make interactions more 
or less favored, leading to a differ-
ent retention depending on the 
mobile and stationary phase type.

TABLE I: The excess amounts of mobile phase components adsorbed on the stationary 
phase for the two columns.

Parameter Phenyl-hexyl C18

Va [µmol/m2] 13.6 11.5

V a
ACN [µmol/m2] 11.8 10.1

V
a
H2O [µmol/m2] 1.8 1.4

%H2O/Acetonitrile 13/87 12/88
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Effect of Ion-Pair Reagents on  
Peak Shape and Efficiency
For the sake of comparison, the 
effect of the ion-pair reagent on 
the chromatographic behavior of 
glucagon on the two columns has 
been investigated and reported 
in Figure 3.

From these plots it can be 
evinced that the peak shape is 
highly influenced by the type of 
ion-pair reagent used. For both 
columns, ammonium acetate 
leads to a significant peak tail-
ing (red) compared to TFA (blue). 
Moreover, the tailing factor mea-
sured with MP-2 for the C18 col-
umn (tF = 3) is 3 fold smaller with 
respect to the one measured 
on the phenyl-hexyl column  
(tF = 9), indicating that, as already 
pointed out in the previous sec-
tion, analy te interactions with 
residual silanols are much more 
pronounced on the lat ter sta-
tionary phase. As a result, ef fi-
ciency measured with MP-2 on 
the phenyl-hexyl column (N/m = 
4000) is three times less than C18 
column (N/m = 22000). On the 
other hand, TFA leads to more 
Gaussian peaks, especially with 
phenyl-hexyl stationary phase, 
and, as a consequence, to effi-
ciencies as high as 130,000 N/m. 

These information may be 
helpful for the selection of the 
correct combination of station-
ary and mobile phases for the 
development of highly efficient 
and fast analytical methods for 
the identification and quantifica-
tion of the target peptide. In this 
regard, a phenyl-hexyl column in 
combination with TFA as ion-pair 
reagent may be an ideal candi-
date for ultrafast separations.

Conclusions
In this work, retention behavior of 
a therapeutic peptide, glucagon, 
has been investigated on two 
RPLC columns, C18 and phenyl-
hexyl, using a binary mobile phase 
made of acetonitrile and water 
with two ion-pairing reagents, 
TFA, and ammonium acetate.

Excess adsorption isotherms 
have shown that the total amount 
of mobile phase adsorbed is 
20% higher on the phenyl-hexyl 
column with respect to the C18 
one. Acetonitrile adsorption on 
the phenyl-hexyl column may 
inter fere with π-π interactions 
between analy te and phenyl 
groups in the stationary phase, 
with important consequences on 
retention. Moreover, it has been 
demonstrated that the char-
acteristics of both the ion-pair 
reagent and the ligand type have 
a deep influence on the type of 
interaction established between 
analyte and stationary phase, the 
peak shape and the efficiency of 
the separation. 

This information is of funda-
mental importance for the devel-
opment of reliable, selective, 
and fast analytical methods able 
to separate and identify the tar-
get peptide.
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