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bstract

Reversed-phase ultra-performance liquid chromatography was used for biopolymer separations in isocratic and gradient mode. The gradient
lution mode was employed to estimate the optimal mobile phase flow rate to obtain the best column efficiency and the peak capacity for three
lasses of analytes: peptides, oligonucleotides and proteins. The results indicate that the flow rate of the Van Deemter optimum for 2.1 mm I.D.
olumns packed with a porous 1.7 �m C18 sorbent is below 0.2 mL/min for our analytes. However, the maximum peak capacity is achieved at flow

ates between 0.15 and 1.0 mL/min, depending on the molecular weight of the analyte. The isocratic separation mode was utilized to measure the
ependence of the retention factor on the mobile phase composition. Constants derived from isocratic experiments were utilized in a mathematical
odel based on gradient theory. Column peak capacity was predicted as a function of flow rate, gradient slope and column length. Predicted peak

apacity trends were compared to experimental results.
 2007 Elsevier B.V. All rights reserved.
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. Introduction

The development and commercialization of novel biophar-
aceuticals based on peptides, proteins, and oligonucleotides

enewed an interest in liquid chromatography (LC) as a tool for
iopolymers analysis. While LC theory and practice are well
eveloped for so-called “small molecules” (a term customarily
sed for analytes with the molecular weight below ∼500 Da),
he separation principles of “large molecules” are understood to
lesser degree [1,2]. The reasons are several, among others: (i)
he chromatographic behavior of biopolymers is complex, com-
rising effects such as the changes in molecular conformation
3], incomplete recovery from the column [4], ghosting, peak

ailing, etc. This is especially noticeable for protein separations
n reversed-phase mode. (ii) Dedicated sorbents for the separa-
ion of biopolymers were developed later than the ones for “small
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olecules”. (iii) Biopolymer samples became readily available
nly after 1990. When the peptide and oligonucleotide synthesis
ecame routine, the analysts gained access to structurally related
amples of their choice for systematic analytical studies.

Chromatographic theory developed for small molecules cer-
ainly applies to biopolymers as well; however, practitioners
re well aware of characteristic differences in their retention
ehavior. For example, the isocratic retention of biopolymers
or in general all polymers and large molecular weight analytes)
s extremely sensitive to the changes in mobile phase elution
trength [2,5]. Since the reversed-phase (RP)LC isocratic sepa-
ation of biopolymers is difficult and impractical, only few such
eports can be found in the literature [6–9], and even fewer have
ttempted to measure Van Deemter curves to establish an optimal
obile phase linear velocity [10].
One can circumvent the practical difficulties of column
fficiency estimation by using Van Deemter (or others) chro-
atographic models, providing that the molecular diffusion

oefficient Dm of the analytes is known, and no irregular
dsorption–desorption behavior takes place. Unfortunately, the
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m values of biopolymers are rarely known [11]. The diffusion
oefficients can be approximated using various models [9,12].
alculations are complicated by the fact that the actual sep-
rations are often carried out at elevated temperature [13,14],
nd that solute diffusion in the stationary phase depends on the
orbent pore size [9,10]. Therefore, the reliable prediction of
ptimal LC conditions (column efficiency) for the separation of
eptides, oligonucleotides and proteins is not a trivial task.

As pointed out above, the separation of biopolymers is typ-
cally performed in a gradient mode. Separation performance
an be measured as resolution between individual peaks or as
eak capacity [9,15,16], which represents the maximum theo-
etical number of peaks that can be resolved within the gradient
ime. The peak capacity of RPLC for peptides has been recently
valuated both theoretically and experimentally [17].

Although it is possible to apply the peak capacity theory for
he prediction of optimal separation conditions, the challenges
f this approach are similar as outlined above. Any predic-
ion requires the knowledge of Dm, retention parameters S or B
defined by Snyder [9] or Neue [15,16] as the slope of log k or ln k
ersus mobile phase composition Φ), and k0 (extrapolated reten-
ion coefficient of the solute in a fully aqueous mobile phase).
nfortunately, none of these parameters are typically known.
hese constants are characteristic for each solute and must be
easured experimentally in isocratic or gradient LC mode.
In this work, we utilized an ultra-performance liquid chro-

atography (UPLC) system and RP columns packed with
.7 �m C18 sorbent to separate peptides, proteins, and oligonu-
leotides. We measured retention factors, peak widths, and peak
olumes of biopolymers under isocratic and gradient elution
onditions with several goals in mind. First, we estimated the
ptimal mobile phase linear velocity for various large molecules
sing the peak capacity theory. Second, we intended to illus-
rate the retention factor dependence on mobile phase elution
trengths, represented by the retention parameter B. Third, we
nvestigated the relationship between the retention parameters

and solute molecular weight. Fourth, a variant of the peak
apacity model was developed and applied to the separation of
ligonucleotides, which represent a class of biopolymers with
pecific retention behavior.

. Experimental

.1. Materials and reagents

Triethylamine (TEA), 99.5%, acetic acid, and hexafluoroiso-
ropanol (HFIP), 99+, were purchased from Sigma (St. Louis,
O, USA). Trifluoroacetic acid (TFA) was purchased from

ierce (Rockford, IL, USA). A 2–2 M solution of TEA and
cetic acid (triethylammonium acetate, TEAA) in water was
btained from Fluka (Seelze, Germany). HPLC grade methanol
nd acetonitrile were purchased from Fisher Scientific (Fair
awn, NJ, USA). A Milli-Q system (Millipore, Bedford, MA,

SA) was used to prepare deionized water (18 M� cm) for
PLC mobile phases. Bradykinin, leucine-enkephaline, renin

ubstrate, bovine insulin, bovine ubiquitin, bovine ribonucle-
se A, bovine serum albumin, bovine �-lactoglobulin A, and

d
o

a
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hosphodiesterase I were purchased from Sigma. Oligonu-
leotides were purchased from Integrated DNA technologies
IDT, Coralville, IA, USA). Oligonucleotides were purified by
PLC and digested by phosphodiesterase I [18] to generate
ligonucleotide ladders. Digestion was monitored by HPLC and
erminated at the desired moment by boiling the reaction mixture
or 5 min.

.2. HPLC instrumentation, columns, and conditions

HPLC experiments were carried out using an ACQUITY
PLC system with an ACQUITY UPLC photodiode array
etector (Waters, Milford, MA, USA). The columns used
n this study were 30 mm × 2.1 mm, 50 mm × 2.1 mm and
00 mm × 2.1 mm ACQUITY UPLC OST C18 columns packed
ith 1.7 �m sorbent. The UPLC system was operated with 50 �L
r 425 �L mixers as indicated in the discussion and in the figure
aptions.

The mobile phases used for oligonucleotide separation
ere A 0.1 M TEAA in water, pH ∼7.5; B mobile phase
:acetonitrile, 80:20 (v/v). The TEAA ion-pairing mobile phase

200 mL) was prepared by pipetting 10 mL of 2 M TEAA stock
nd adding 190 g of water; the pH was not adjusted, the final
H was approximately 7.5. The mobile phase B was prepared
y mixing 200 mL of 0.1 M TEAA with 39.3 g (50 mL) of ace-
onitrile. The alternative ion-pairing system for oligonucleotide
eparation consisted of (A) 15 mM TEA, 400 mM HFIP in water;
B) mobile phase A:methanol, 50:50 (v/v). Mobile phase A
as prepared by mixing 191.3 g of water, 13.44 g of HFIP and
.416 mL of TEA. The mobile phase B was prepared as A with
he addition of 158.2 g of methanol.

The separations of peptides and proteins were performed
ith the mobile phase A 0.1% TFA in water; (B) 0.1% TFA in

cetonitrile (A: 200 g of water, add 0.2 mL of TFA; B: 157.6 g
f acetonitrile, add 0.2 mL of TFA). All separations were per-
ormed at 60 ◦C; gradient and other separation conditions are
pecified in the figure captions.

For flow rates between 0.075 and 0.15 mL/min we used
0 mm × 50 �m PEEKsil tubing (Upchurch Scientific, Oak Har-
or, WA, USA), connected after the photodiode array detector
o maintain the combined pressure on the UPLC pump above
MPa.

. Results and discussion

.1. Peak capacity model

Expressions useful for the peak capacity prediction in RPLC
or random small molecules and biopolymers like peptides were
eveloped by Neue at al. on the bases of the linear-solvent-
trength gradient theory (LSS theory) [15,16,19]. These models
an be used for assessing the optimal mobile phase flow rate
or a separation under a given set of constraints. We will first

iscuss the model for peptides, and then examine the case for
ligonucleotides.

The simple model for the peak capacity P for peptides as well
s for the fast chromatography of small molecules resulted in the
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ollowing relationship:

= 1 +
√

N

4

B�c

B�c(t0/tg) + 1
(1)

The peak capacity P depends on the column efficiency N
valid for isocratic separation), the parameter B, which is defined
s the slope of the linear dependency of ln k versus the vol-
me fraction of the organic solvent in the mobile phase ϕ. The
arameter �c represents the volume fraction of the gradient span
elivered over the gradient time tg; t0 is retention time of an unre-
ained marker compound. For example, �c of 0.1 represents the
radient span of 10% organic modifier (typically acetonitrile or
ethanol).
It should be noted that this model is derived on the underlying

ssumption that the analyte properties are reasonably uniform
ver the elution range. In other words, any distribution of ana-
ytes and their molecular weight (which affects the plate count
nd the parameter B) is random over the chromatogram. This is
ot an unreasonable assumption for small molecules or peptides.

The model can be expanded, if the plate count N is expressed
s a function of the operating parameters, which include column
ength L and particle size dp, and the typical diffusion coefficient

m for the analytes of interest [19]:

= L

Adp + (βDmt0/L) + C(d2
p/Dm)(L/t0)

(2)

, β, and C are the terms of Van Deemter equation; the term β

s typically equal to 1, and can therefore be omitted in further
xpressions.

We have recently utilized the model for the theoretical eval-
ation of peak capacity in 2D-LC peptide separation [17]. It
as found that with appropriately chosen parameters B and Dm,

he predictions and experimental data agreed with acceptable
ccuracy.

The underlying assumption that the chromatographic prop-
rties of the separated entities do not change over the course of
he gradient is not true for the separation of oligomers, including
ligonucleotides. For these compounds, both the diffusion coef-
cient, which determines the plate count, and the parameter B
ary over the course of the gradient. It can be shown [2,7] that the
lope of the function ln k versus the volume fraction of organic
odifier in the mobile phase B becomes steeper with increasing
olecular weight, and that longer oligomers are more retained

n RPLC. It is also known that the diffusion slows down with
ncreasing molecular weight, which affects the plate count of
he analytes over the chromatogram.

From a practical point of view, Eq. (1) is suitable for evalu-
ting the peak capacity for peptide mapping applications, since
eptides generally elute randomly between 0 and 50% gradient
f organic modifier. Any peptide map generated by the digestion

1 (1/G ) ln(G

Rs =

2
2 2 0,2(

1/
√

N2
)

(((G2 + 1)k0,2 + 1)/(G2k0,2 +

t
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f a protein yields peptides with similar range of lengths and
etention behavior. The peak capacity can be readily simulated
or different columns, gradient times, and flow rates using uni-
orm value of �c = 0.5. On the other hand, oligonucleotides tend
o elute within a narrow span of gradient, in most cases within
–4% of organic modifier. Additionally, the separation selectiv-
ty (and the resolution) is lower for larger oligomers. This makes
t difficult to predict an “average” peak capacity from Eq. (1) for
ligonucleotides in general.

One therefore must use a different approach for the
ssessment of the performance of a gradient separation of
ligonucleotides. We will use the resolution for a peak pair
or this calculation and then show that the overall sample peak
apacity is nothing but the sum (or the integral) of the resolutions
n the chromatogram as shown in Eq. (3):

∗∗ =
∑

j

Rs,j (3)

he resolution Rs for every neighboring pair of oligonucleotides
s defined as

s = tr,2 − tr,1

(w2 + w1)/2
(4)

Denotations tr and w stand for the retention time and the peak
idth, indexes 1 and 2 indicate first or second eluting oligonu-

leotide. Under LSS conditions, the retention time of a peak is
function of its retention factor at the beginning of the chro-
atogram k0 and the generalized gradient slope G (defined by
q. (10)) [19]:

r,i = t0

(
1

Gi

ln(Gik0,i + 1) + 1

)
(5)

The peak width (also in time units) is derived from the column
fficiency N and the retention factor of the peak at the column
utlet ke:

i = 4
t0√
Ni

(ke,i + 1) (6)

The retention factor at the point of elution can also be derived
rom the LSS theory:

e,i = k0,i

k0,iGi + 1
(7)

Therefore the peak width becomes

i = 4
t0√
Ni

(
(Gi + 1)k0,i + 1

Gik0,i + 1

)
(8)

We can now assemble the equation for the resolution in every
egment of our gradient:

+ 1) − (1/G1) ln(G1k0,1 + 1)
1)) + (1/
√

N1
)

(((G1 + 1)k0,1 + 1)/(G1k0,1 + 1))
(9)

The gradient slope G contains the gradient parameters and
he compound-specific slope B of the log/linear relationship
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etween the retention factor and the solvent composition:

= B�c
t0

tg
= Bg (10)

is the gradient slope that can be influenced by the investigator
= �c × t0/tg. The resolution now is

s = 1

2g

(1/B2) ln(gB2k0,2 + 1) − (1/(
1/

√
N2
)

((((gB2 + 1)k0,2 + 1))/(gB2k0,2 + 1)) + (1
As we will see in Section 3 of this paper, both the reten-

ion factor at the beginning of the gradient k0 and the slope B
re the functions of the analyte. Furthermore, there is a linear
elationship between this retention factor and the slope B.

Eq. (11) can be further simplified for our purposes. If we
ssume that the plate counts of the closely eluting neighbor-
ng peaks as well as their gradient slopes are very similar, the
quation changes into

s =
√

N

4g

gBk0 + 1

(gB + 1)k0 + 1

×
(

1

B2
ln(gB2k0,2 + 1) − 1

B1
ln(gB1k0,1 + 1)

)
(12)

The N, B and k0 here are the average values for closely elut-
ng peaks of selected analytes. Next we assume that B1 and B2
hange much less with retention than k0 and that the term in k0
s much larger than 1:

s =
√

N

4

gB

gB + 1
ln

(
k0,2

k0,1

)
(13a)

Both the plate count N and the slope B depend on the MW
size) of analytes that we are considering. Since we are interested
n the peak spacing for peak pairs, we can express Eq. (13a) as
function of the specific retention range α0 of the analytes in
hich we investigate:

s =
√

Nav

4

gBav

gBav + 1
ln(α0) (13b)

The dependence of B, k0, Dm and N on the molecular weight
W of the analyte can be assessed from Eqs. (14a)–(14d).

arameters a, b, e, and f are numerical constants obtained from
egression (see later in this paper); d represents the parameters
f the Wilke–Chang equation (333.16 K, viscosity = 2.6 cP, sol-
ent molecular volume = 18 mL, association factor = 0.00468)
= 0.3604 × 10−3. For small molecules, the exponent of Eq.

14c) is −0.6. Similar values have been reported in the literature
or polymers [20]. The exact value depends on the environment
f the oligomer. A formula for the diffusion coefficient of poly-
ers based on the solvent-dependent Mark Houwink constant

an be found in textbook [21], page 88. A commonly found
alue is −0.6 for a good solvent, although Lukacs et al. [22]
eported a value of −0.71 for larger DNA (up to 6000 bp) in

salt solution. Considering the general recommendation for a

olymer in a good solvent as well as the fact that reversed-phase
hromatography is carried out in the presence of some organic
odifier and a low salt concentration, we selected the literature

o

h
(

gr. A  1169 (2007) 139–150

ln(gB1k0,1 + 1)

1
)

(((gB1 + 1)k0,1 + 1)/(gB1k0,1 + 1))
(11)

alue of −0.6 for the dependence of the diffusion coefficient
n the molecular weight of the oligosaccharides. It needs to be
tressed that one should not confuse this coefficient with the one
btained for compact molecules such as proteins, where a value
f −1/3 is found [23,24]:

= a ln(MW) − b (14a)

n k0 = e ln(MW) − f (14b)

m = d MW−0.6 (14c)

= L

H
= L

A + C(d2
p/Dm)u

= L

A + C(d2
p/d) MW0.6u

(14d)

This gives the following expression for the resolution:

s = 1

4

√
L

A + C(d2
p/d) MW0.6u

1

g(a ln(MW) − b) + 1
ln(α)

(15)

The peak capacity P** for any part or the entire chro-
atogram, can now be calculated from Eq. (3). For multiple

nalytes we simply sum up the resolution of multiple oligonu-
leotides for every segment j of the chromatogram.

There are several advantages expressing the peak capacity
his way. Contrary to Eq. (1), Eq. (3) does not require the knowl-
dge of the gradient span �c. If a wider than necessary gradient
pan is used in Eq. (1), the peak capacity is overestimated. Eq.
3) also correctly predicts the decline of the peak capacity for
arger oligonucleotides, while Eq. (1) yields an opposite trend
Eq. (1) relies on peak widths, larger oligonucleotides elute as
arrower peaks; see further discussion). Finally, the goal of a
ypical oligonucleotide separation is to resolve the parent com-
ound from several truncated oligomers called n − 1, n − 2, etc.
25,26]. In such a case the analysts are interested in the resolution
peak capacity) of adjacent peaks, which can be readily calcu-
ated from their molecular weight, provided that their retention
arameters B and k0 are known.

.2. Estimating optimal mobile phase flow rate for
iopolymer separation

For columns packed with conventional chromatographic sor-
ents (3–5 �m) the separation of biopolymers such as peptides,
roteins and oligonucleotides is generally performed with a
arger than optimal flow rates. While the <2 �m chromato-
raphic sorbents provide a higher separation efficiency and peak
apacity, it remains to be investigated what is the optimal mobile
hase velocity for biopolymers separation, and how it depends

n the molecular weight of the analytes.

Because the isocratic measurement of the theoretical plate
eight for the biopolymers using Van Deemter curves is difficult
the minimum occurs at very low flow rate; some proteins do not
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lute as well defined peaks under isocratic conditions), we have
nvestigated the application of the peak capacity theory to the
ame goals, employing a gradient elution mode.

If a constant gradient volume is maintained throughout the
xperiment (by varying the experimental flow rate and the time
f gradient proportionally), the plot of 1/(Rs)2 results in a pattern
hat is related to the theoretical plate height H of the analytes:

1

R2
s

= const

(
A + C

(
d2

p

d

)
MW0.6u

)
= const H (16)

he resolution is inversely proportional to the peak volume Vr:

1

R2
s

= 4
p2

v

(Vr,2 − Vr,1)2 (17)

v is a peak volume. And therefore

= const p2
v (18)

The following experiment was executed with the goal to eval-
ate the validity of the relationship proposed in Eq. (18). The
lot of squared peak volumes should permit an assessment of
he pattern of the theoretical plate height H as a function of the
ow rate.

The experiment depicted in Fig. 1A and B was carried out
y adjusting the flow rate proportionally to tg, so the gradient
olume in kept constant. Fig. 1A illustrates the plots of the square
f the peak volume p2

v versus the mobile phase flow rate for
5, 20, and 40mer oligodeoxythymidine peaks; the MWs of the
nalytes were 4501, 6022, and 12105.9 Da; respectively. The
hape of the curves indicated that the optimal flow rate is below
he flow rates used in this experiment.

Fig. 1A shows that the measured peak volumes decrease in the
ligonucleotide series from 15 to 20 to 40mer. This is the oppo-
ite behavior one intuitively expects. However, this behavior
oes not imply a greater column efficiency for larger oligonu-
leotides; instead it is related to the fact that the retention factor

t the column outlet decreases with the increasing molecular
eight of the analyte. The retention factor changes faster from

he column inlet to the outlet for the analytes with a larger molec-
lar weight (larger B). This is captured in Eq. (9) in conjunction

f
i
w
c

ig. 1. Pseudo Van Deemter curves measured in gradient RPLC mode represented
ligonucleotides, (B) peptides and proteins. Conditions: 50 mm × 2.1 mm, 1.7 �m AC
ere: A, 15 mM TEA, 400 mM HFIP; B, 50:50 mobile phase A:methanol. Oligonucl
radient slope �c × (t0/tg) was kept constant. Example of gradient: FR = 0.2 mL/mi
ater; B, 0.1% TFA in 50:50 water:acetonitrile. Protein/peptide gradient: 20–100%

onstant. Example of gradient: FR = 0.2 mL/min, tg = 30 min.
togr. A  1169 (2007) 139–150 143

ith Eq. (13a). The reduced retention factor compensates for
he increase in peak width caused by the lower plate count for
arge molecules. As a consequence, the peak volume becomes
maller for larger oligonucleotides.

Similar p2
v versus flow rate curves were measured for pep-

ides and small proteins as well (Fig. 1B). The analytes were:
eucine-enkephaline, 555.6 Da; bradykinin, 1060 Da; renin sub-
trate, 1758 Da; bovine insulin, 5733.5 Da, bovine ribonuclease
, 13,685 Da; and bovine �-lactoglobuline A, 18,352 Da. Only

elected plots are shown in Fig. 1B. As expected, the curves
or smaller peptides such as leucine-enkephaline or bradykinin
each the minimum at a larger mobile phase linear velocity
han proteins and oligonucleotides. The plots in Fig. 1 resem-
le Van Deemter curves. The optimal flow rate values for
eucine-enkephaline and bradykinin were in agreement with
onventional Van Deemter plots measured at isocratic elution
onditions (the position of maximum efficiency closely matched
he minimum on the curve p2

v versus flow rate; data not shown).
The results suggest that the proposed gradient method can

e used to evaluate the optimal chromatographic conditions for
he analysis of biopolymers. Nevertheless, the analysis of Fig. 1
eveals several features of the method that deserve additional
iscussion.

.3. Experimental evaluation of peak capacity: gradient
ime

In Section 3.2, we assessed the flow rates that achieve the
aximum plate count for the various biopolymers for columns

acked with a 1.7 �m C18 sorbent. Despite using a small particle
ize sorbent and elevated temperatures, these flow rates lie below
he operational values of analytical LC instruments. Does that

ean that even state-of-the-art columns are unsuitable for the
eparation of biopolymers?

The answer to this question is certainly not. Columns packed
ith a larger sorbent particle size have been successfully applied
or the analysis of biopolymers, despite the fact that they are typ-
cally operated at flow rates greatly exceeding the flow rate range
here the minimum plate height occurs. In addition, the peak

apacity theory presented in Eqs. (1), (13a) and (13b) implies

as a plot of the squared peak volume vs. mobile phase flow rate. RPLC (A)
QUTIY C18 column, 60 ◦C, 425 �L mixer. Mobile phases for oligonucleotides

eotide gradient: 30–54% B, proportionally varying flow rate and gradient time;
n, tg = 40 min. Mobile phases for protein/peptide separation: A, 0.1% TFA in
B, proportionally varying flow rate and gradient time; gradient slope was kept
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ig. 2. Estimation of optimal peak capacity for (A) oligonucleotides, and (B)
ere the same as in Fig. 1. Oligonucleotide gradient: 30–54% (B) in 26.67 m

onstant, the flow rate (hence gradient slope) varied.

hat the maximum peak capacity for a given analysis time is
chieved at flow rates much faster than those required for the
late count maximum. These equations suggest that not only
he column efficiency N, but also the gradient slope g has an
mportant impact on the overall peak capacity. The optimal com-
ination of both for a given analysis time determines the best
ow rate.

The peak capacity was experimentally evaluated for selected
iopolymers as shown in Fig. 2. The gradient time was fixed,
hile the flow rate was varied. Please note that this is a dif-

erent experimental design than in Fig. 1, where the gradient
lope was maintained constant by adjusting the gradient time
nd the flow rate proportionally. The approach used in Fig. 2
xpands the gradient volume and flattens the gradient slope. At
he same time, the plate count deteriorates with increasing flow
ate.

The peak capacity in Fig. 2A was calculated directly
rom chromatograms for 15–20mer, 20–25mer, and 25–30mer
ligonucleotide pairs (Fig. 2A). The retention times t1 and t2
epresent the first and second eluting peaks; similarly the peak
idths w1 and w2 (measured at 4σ, 13.4% of the peak height):

= 1 + t2 − t1

(w2 + w1)/2
(19)

The peak capacity in Fig. 2B was calculated from Eq. (20);
he gradient time tg was 10 min. The use of different methods
or the calculation of the peak capacity for peptides/proteins
as forced by the fact that their selectivity (peak spacing in the

hromatogram) varied with the effective gradient slope:

= 1 + tg

w
(20)

Fig. 2A and B illustrates that the overall peak capacity of
he column has indeed shifted towards faster than optimal flow
ates observed in Fig. 1A and B. Even though the column effi-
iency decreases at a higher mobile phase velocity, the peak
apacity loss is offset by the positive contribution of the shal-

ower gradient (Eqs. (13a) and (13b)), which – on average –
xpands the distance between the peaks. The shallower gradi-
nt is caused by the increased flow rate at the fixed gradient
un time. As one would expect, the maximum peak capacity

s
b
u
T

es/proteins using gradient RPLC. Column, LC conditions, and mobile phases
rotein/peptide gradient: 20–100% (B) in 10 min. The gradient time was kept

or peptides was obtained at a faster flow rates than for pro-
eins (Fig. 2B). Interestingly, the absolute peak capacity values
ere not in direct correlation with the analyte molecular weight.
eak compression [27] as well as other contributions to peak
idth play a distinct role in protein/peptides chromatographic
ehavior. For example insulin is formed by two chains cross-
inked via disulphide bonds, which forms a highly compact

olecule. The penetration into the pores of a packing becomes
indered for larger molecules, which in turn impedes perfor-
ance.
Oligonucleotides appear to have substantially different pat-

erns compared to peptides. The optimal peak capacity for
ligonucleotides is observed at about the same flow rate. This is
ue to the difference in the influence of the molecular weight of
he analyte on the two parts of Eq. (15). As the flow rate (or bet-
er the linear velocity u) increases, the value of the square root
ecreases, while the gradient steepness parameter g becomes
maller, which increases the value of the gradient contribution
o the resolution. Consequently, the position of the peak capacity

aximum in Fig. 2A remains rather insensitive to the molecular
eight of the oligonucleotide.
The comparison of Figs. 1 and 2 reveals information that

hould not be overlooked. The optimal peak capacity does not
oincide with the smallest peak volume. Therefore, operating at
ow rates providing the best peak capacity will result in a mod-
rate (in this case two to three times) loss of detection sensitivity.
his is acceptable for many applications, where the resolution

s the most desirable goal of analysis.

.4. Measurement of B parameters

The proposed peak capacity models in Eqs. (1), (13a) and
13b) rely on the knowledge or reliable estimates of the retention
actors such as B. Therefore, we investigated these parameters
xperimentally.

The constant B for oligonucleotides was adapted from Ref.
7] (Fig. 2 in [7]). Apparently, the B values increase with the

ize of the molecule. This correlates to observation made earlier
y Snyder [1,2,9]. We used the log–log fit [9] that seems to be
niversal for oligonucleotides, peptides and proteins (Fig. 3 and
able 1).
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Fig. 3. Factor B was measured at isocratic conditions for oligonucleotides and
peptides/proteins, and plotted as function log B vs. logarithm of analyte molec-
ular weight. B values are listed in Table 1. The column and the conditions for
proteins/peptides and oligonucleotides (TEA-HFIP, MeOH experiment) were
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he same as in Fig. 1. Data for TEAA, MeCN system for oligonucleotides were
dopted from Gilar et al. [7]. Circles: experimental data for oligonucleotides;
riangles: experimental data for proteins/peptides.

Eqs. (21) and (22) describe log B as a function of log MW or
he log length of oligonucleotides (n; number of nucleotides in
equence). The linear fit for log B versus log (MW) and log (n)
ave a correlation coefficient of R2 = 0.983 and 0.979, respec-
ively, for the TEAA ion-pairing system:

og B = 0.42 log(MW) + 0.60 (21)

og B = 0.43 log(n) + 1.63 (22)
In Ref. [7] we used Eq. (21) for the prediction of the B factor
or peptides and proteins for data taken from the literature [8].
lthough this equation predicts acceptable B values for tryptic
eptides in the MW range 1000–2000 Da, we believe this equa-

f
c
T
o

able 1
xperimentally measured B and ln k0 parameters for oligonucleotides (deoxythymidi

olute MW (Da) Ba

T 546.4 52.6
T 1154.8 83.6
T 2371.6 108.7
0T 2980 117.0
5T 4501 138.0
0T 9063.9 176.0

5T 7542.9 116.3
6T 7848.1 122.5
7T 8151.3 129.2
8T 8455.5 135.9
9T 8759.7 141.7
0T 9063.9 146.1

eucine-enkephaline 555.6 28.65
radykinin 1060 42.75
enin substrate 1758 41.57

nsulin 5733.5 76.37
biquitin 8565 109.5
ibonuclease A 13,685 127
-Lactoglobulin A 18,352 141.2

a From function ln k = ln k0 − B × Φ [15,16]. Parameters S and log k0 defined by Sn
togr. A  1169 (2007) 139–150 145

ion is incorrect. In light of recent experiments we propose Eq.
23). The fit of log B versus log MW for 7 peptides/proteins was
inear with a correlation coefficient of R2 = 0.978.

og B = 0.46 log(MW) + 0.18 (23)

Eqs. (21)–(23) are valid for the given chromatographic condi-
ions used for the separation. Understandably, the intercept and
he slope of the equations may change with temperature, the type
f stationary phase, organic modifier (acetonitrile, methanol,
sopropanol, . . .), and the nature of the ion-pairing system. We
nvestigated the impact of the last two parameters on oligonu-
leotide separations.

Fig. 3 compares data for two different ion-pairing systems
nd organic modifiers. TEAA was used in combination with
cetonitrile, while the TEA-HFIP ion-pairing system employed
ethanol as the organic modifier [28–32]. Eqs. (24) and (25) sig-

ificantly differ from Eqs. (21)–(23) (see also Fig. 3 and Table 1).
orrelation for both equations was R2 = 0.995:

og B = 1.27 log(MW) − 2.86 (24)

og B = 1.28 log(n) + 0.28 (25)

The predicted B values for the TEA-HFIP/methanol system
using the same column and temperature) are lower than the ones
erived from Eqs. (21)–(23), at least for the shorter oligonu-
leotides. However, because the change of the slope B with the
olume fraction of the organic modifier is steeper, the two lines
ross at the position corresponding to a 36mer oligonucleotide.
he slope of the log B − log (MW) relationship is much steeper
or TEA-HFIP ion-pairing system. The reasons for that are not
lear at this point, but the observation correlates with the fact that
EA-HFIP seems to be a more efficient system for the separation
f oligonucleotides than TEAA [7,18].

nes), peptides and proteins

ln k0
a Conditions

3.7 0.1 M TEAA, acetonitrile, 60 ◦C
7.3 0.1 M TEAA, acetonitrile, 60 ◦C

10.7 0.1 M TEAA, acetonitrile, 60 ◦C
12.1 0.1 M TEAA, acetonitrile, 60 ◦C
15.5 0.1 M TEAA, acetonitrile, 60 ◦C
20.8 0.1 M TEAA, acetonitrile, 60 ◦C

26.78 15 mM TEA, 400 mM HFIP, methanol, 60 ◦C
28.31 15 mM TEA, 400 mM HFIP, methanol, 60 ◦C
29.96 15 mM TEA, 400 mM HFIP, methanol, 60 ◦C
31.62 15 mM TEA, 400 mM HFIP, methanol, 60 ◦C
33.06 15 mM TEA, 400 mM HFIP, methanol, 60 ◦C
34.16 15 mM TEA, 400 mM HFIP, methanol, 60 ◦C

7.087 0.1% TFA, acetonitrile, 60 ◦C
9.196 0.1% TFA, acetonitrile, 60 ◦C
9.551 0.1% TFA, acetonitrile, 60 ◦C

24.81 0.1% TFA, acetonitrile, 60 ◦C
33.39 0.1% TFA, acetonitrile, 60 ◦C
32.73 0.1% TFA, acetonitrile, 60 ◦C
59.33 0.1% TFA, acetonitrile, 60 ◦C

yder [1,9] can be calculated as S = B/2.303 and log k0 = ln k0/2.303.
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Table 2
Comparison of predicted and experimental peak capacity and retention times

15–20mer 20–25mer 25–30mer 30–40mer 40–50mer 50–60mer Sum 15–60merb

Experimental data
t1 (min)a 12.89 16.49 19.07 21.11 24.18 26.35 12.89
t2 (min)a 16.49 19.07 21.11 24.18 26.35 28.05 28.05
t2 − t1 (min) 3.60 2.58 2.04 3.07 2.17 1.70 15.16
Pexp

c 19.8 13.1 10.1 15.2 11.0 8.5d 77.8

Predicted data
t1 (min)e 11.20 13.90 15.79 17.20 19.20 20.58 11.20
t2 (min)e 13.9 15.79 17.20 19.20 20.58 21.60 21.60
t2 − t1 (min) 2.70 1.89 1.41 2.00 1.38 1.02 10.40
Pcalc 16.2 11.6 8.8 12.7 8.9 6.8 64.9

P and tr were calculated for six selected segments, and for the entire 15–60mer range.
a Retention time tg values were obtained from Fig. 5A.
b The sum 15–60mer peak capacity is calculated by summing the contributions from the selected segments.
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c Calculated from Eq. (19), see also captions in Fig. 5.
d Only 50mer peak width was used for the calculation.
e Predicted from the model, Eq. (11).

.5. Peak capacity prediction for oligonucleotides and
omparison with experimental results

The peak capacity model developed here is a useful tool for
hoosing the optimal experimental parameters for biopolymer
eparation. We have investigated the impact of column length
, gradient time tg, and sorbent particle size dp in silico and
ompared the finding to experimental data. In this case study,
e utilized oligonucleotides as a sample. Unlike proteins and

eptides, oligonucleotides have a predictable chromatographic
ehavior, unaffected by secondary structure.

The peak capacity in the following examples was predicted
rom Eq. (11). Because the separation selectivity (hence the

c
1
f

ig. 4. Averaged peak capacity for 15–60mer oligonucleotides calculated for 2.1 mm

g = 16 min, and Van Deemter C term = 0.05, unless indicated otherwise. (A) P as a fu
ow rate 0.2 mL/min; (C) P as a function of flow rate at a fixed gradient run time of 1

ength (16, 32, and 48 min, for 50, 100, and 150 mm columns, respectively).
eak capacity) is greater for shorter oligonucleotides, we divided
5–60mer oligonucleotides into six subgroups and summed the
esults into an overall peak capacity. The comparison of exper-
mental and predicted P values are shown in Table 2. The data
re discussed in greater depth in Section 3.7. The simplified Eq.
12) provided comparable results, while the very simple Eqs.
13a) and (13b) predicted slightly higher peak capacity values.
owever, the trends observed with the simple Eqs. (13a) and

13b) were the same as for the more complex equations.

Fig. 4A illustrates the impact of the particle size of the

hromatographic packing on the average peak capacity of
5–60mer oligonucleotides. The peak capacity was calculated
or 50 mm × 2.1 mm columns packed with 1.7 �m, 3 �m, and

column I.D., 1.7 �m sorbent, �c = 0.024, initial gradient strength 9% MeCN,
nction of sorbent particle size; (B) P as a function of gradient run time at fixed
6 min; (D) P as a function of flow rate, the gradient time was scaled to column
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Fig. 5. 15–60mer oligodeoxythymidine separation using different gradient
slopes. Conditions: 50 mm × 2.1 mm, 1.7 �m ACQUTIY OST C18 column,
60 ◦C, 425 �L mixer, flow rate 0.2 mL/min. Mobile phases—A, 100 mM TEAA;
B, 80:20 mobile phase A:acetonitrile. The gradient was 40–70% B (8–14%
MeCN). Gradient slopes are indicated in the figure. The programmed LC gra-
dient was 40, 20, 13.3, and 10 min for (A), (B), (C) and (D) chromatograms,
respectively. The experimental peak capacity Pexp was estimated from the chro-
matograms for 25–30mer using Eq. (19); peak widths measured at 50% peak
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eight were multiplied by 1.7 to obtain peak width at 4σ. Peak capacity Pcalc

5–30mer was calculated from Eq. (11), for 2.1 mm × 50 mm, 1.7 �m column,
radient slope 0.6, 0.45, 0.3, and 0.15% MeCN/min; Van Deemter C term = 0.05.

�m sorbents, respectively. The gradient time was 16 min,
nd the overall gradient span �c was 0.024 (slope 0.15%
eCN/min, similar to conditions in Fig. 5A). Not surprisingly,

he best peak capacity was obtained for the column packed
ith the smallest particle size sorbent. The experimental data

llustrating this trend were published elsewhere [7].
Fig. 4B compares the peak capacity for three different col-

mn lengths. In this prediction, the gradient span �c was kept
onstant, while the gradient time was varied. The flow rate was
.2 mL/min. Fig. 4B illustrates a scenario intuitively understood
y practitioners: extending the gradient time (using shallow gra-
ients) is expected to improve the prospects for a successful
eparation. The gradient span of 2.4% acetonitrile per analysis

ay seem narrow; however, the separation of oligonucleotides

ndeed occurs within such a limited range of mobile phase elu-
ion strength (at least for the TEAA ion-pairing system with
cetonitrile as the eluent).
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Fig. 4C (as well as Fig. 4A and D for 1.7 �m, 50 mm long
olumn) shows the peak capacity as a function of flow rate for a
xed 16 min long gradient (�c = 0.024). The predicted P curve
or a 50 mm long column resembles the shape of experimental
urves shown in Fig. 2A, although the predicted peak capacity
aximum is shifted to a slightly larger flow rate. The absolute
values are not directly comparable, since the data in Fig. 2A
ere acquired with a TEA-HFIP ion paring system, rather than
ith TEAA, which was used for the prediction in Fig. 4.
Intriguingly, the gains in resolution for longer columns shown

n both Fig. 4B and C are not as pronounced as one may expect.
he gains in P are certainly not proportional to column length.
urthermore, at short gradient times and slow flow rates the
eak capacity predicted for longer columns is in fact less than
or shorter columns. This seemingly counterintuitive prediction
orrelates well with the practical experience of many chromatog-
aphers. It has been reported that for gradient RPLC separation
f proteins the resolution is practically independent of the col-
mn length [1,2]. This behavior is explained by the impact of
he gradient slope g defined as �c × (t0/tg). Longer columns
ave both greater efficiency N and volume (t0). At constant gra-
ient run time tg the gradient slope is proportionally shallower
or shorter columns. In other words, the peak capacity of longer
olumns is reduced by proportionally sharper gradient, which
ends to reduce or eliminate the positive impact of higher column
fficiency.

The full benefits of longer columns in a gradient separation
re realized when changing the gradient duration in proportion
ith the column volume (length). This scenario is depicted in
ig. 4D. All conditions are the same as in Fig. 4C, except for
xtending the gradient time to 32 min and 48 min for 100 and
50 mm columns, respectively. In this scenario, the gradient
lope �c × (t0/tg) is the same for all three columns. In such a
ase, the peak capacity calculated from Eq. (15) depends solely
n the square root of the column efficiency N, which is propor-
ional to the column length L. The expected gain for the scale up
rom a 50 mm column to a 100 mm column is (100/50)0̂.5 = 1.41.
imilarly, the peak capacity gain for the scale up from a 50 to
50 mm column is 1.73. The 41% or 73% increase in peak capac-
ty is achieved at the expense of 2× or 3× longer analysis times.

The impact of the gradient slope predicted in Fig. 4B was
valuated experimentally using a 15–60mer ladder of oligonu-
leotides. The results are shown in Fig. 5. Oligonucleotides
ere separated on a 50 mm × 2.1 mm, 1.7 �m Acquity OST C18

olumn; the gradient time (slope) was varied. Calculated peak
apacities Pcalc for 25–30mer peaks can be compared to Pexp
btained from chromatograms. The details are given in the cap-
ion to Fig. 5. The experimental Pexp values clearly followed the
rends predicted from the model (see Figs. 5–7). The correla-
ion coefficient between predicted and experimental results was
.998.

Fig. 5 suggests that shortening the analysis time by using
harp gradients is detrimental for resolution. Fig. 6 illustrates

n alternative approach. Oligonucleotide separations were per-
ormed at different flow rates, reducing the gradient time
roportionally to the flow rate. The gradient slope g was there-
ore constant throughout this experiment.
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Fig. 6. 15–60mer oligodeoxythymidine separation at various flow rates. Gradi-
ent slope �c × (t0/tg) was kept constant by adjusting the gradient and the flow
rate proportionally. Conditions: 50 mm × 2.1 mm, 1.7 �m ACQUITY OST C18

column, 60 ◦C, 425 �L mixer. Mobile phases—A, 100 mM TEAA; B, 80:20
mobile phase A:acetonitrile. The gradient was 45–64.5% B (9–12.9% MeCN).
Flow rates are indicated in figure. The programmed LC gradient was 52, 26,
13, and 6.5 min for (A), (B), (C) and (D) chromatograms, respectively. The Pexp

values for 25–30mer were obtained as described in Fig. 5. Peak capacity Pcalc

25–30mer was calculated as in Fig. 5, gradient slope 0.6, 0.3, 0.15, and 0.075%
MeCN/min; Van Deemter C term = 0.05.

Fig. 7. Strategy for reducing analysis time without compromising peak capac-
ity. 15–60mer oligonucleotide ladder was separated with constant gradient slope
(0.15% MeCN/min), initial gradient mobile phase strength was changed as
indicated in figure. Conditions: 50 mm × 2.1 mm, 1.7 �m ACQUITY OST C18

column, 60 ◦C, 425 �L mixer. Mobile phases—A, 100 mM TEAA; B, 80:20
mobile phase A:acetonitrile. The flow rate was 0.2 mL/min. The Pcalc and Pexp

values for 25–30mer were obtained as described in Fig. 5.
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When increasing the flow rate, the column efficiency
ecreases as shown earlier in Fig. 1A. However, Fig. 6 indi-
ates that the loss in peak capacity is less detrimental compared
o using sharp gradients (compare Figs. 5 and 6). Therefore,
t is more practical to maintain relatively shallow gradient and
educe the analysis time by increasing the flow rate and gradient
ime proportionally (maintaining constant gradient slope).

When applying Eq. (1), one can easily arrive to mislead-
ng results by choosing a larger tg and �c than justified by the
etention behavior of the chosen analytes. For example, while
eptides typically elute in a composition range between 0 and
0% acetonitrile (�c = 0.5), the effective elution window for
ligonucleotides is only several percent of organic modifier. This
s illustrated in Fig. 7. The gradient slope �c × (t0/tg) was kept
onstant for all experiments, while the initial mobile phase elu-
ion strength varied. Because oligonucleotides eluted within the
ame mobile phase elution strength span, the remaining space in
he chromatogram is not useful for the separation. Predicting the
eak capacity from unrealistically large tg and �c, the separation
apabilities of the column will be overestimated. Therefore, we
refer to calculate the P for experimental data from the newly
eveloped models (Eqs. (11), (12), (13a), (13b) and (15)). P can
e realistically predicted from Eq. (1) when using rational tg and
c values, if possible estimated from experiment.
The peak capacity model predicts the scenario experimentally

onfirmed in Fig. 7. The figure illustrates a suitable approach
or reducing the analysis time without undesirable sacrifice in
eak capacity. The initial gradient strength may be optimized,
hile keeping the gradient slope constant, and by doing so, the

esolution of oligonucleotides is virtually unaffected. A small
oss in the peak capacity P is observed only in Fig. 7D. Due
o the gradient delay of the LC system, the early eluting peaks
luted under isocratic conditions (a 425 �L mixer was used).

.6. Fast analysis of oligonucleotides

Equipped with the knowledge of the optimal mobile phase
ow rate and column length/gradient time scale-up relation-
hips, one can develop fast methods for the biopolymer
eparation. Fig. 8A and B illustrate the method development for
15–35mer ladder. Flow rate, gradient slope, and initial mobile
hase elution strength were selected appropriately, guided by
ata in Figs. 2A, 5 and 7. Fig. 8B shows the first result, using the
obile phase flow rate of 0.2 mL/min, a gradient slope 0.25%
eOH/min and initial mobile phase strength of 19% MeOH.

he separation achieved for the 15–35mer ladder was more
han adequate, therefore it was possible to further shorten the
nalysis time. This was achieved by doubling the flow rate and
educing the gradient time to half of the initial value (there-
ore, the gradient slope was unchanged). The initial gradient
lution strength was also adjusted to further reduce the analysis
ime. The separation at 0.4 mL/min was accomplished in less
han 4 min (Fig. 8A). As expected, the peak capacity somewhat

ecreased, but this is acceptable as long as the resolution meets
he requirements defined by the analyst.

Fig. 8C shows the separation of a 30–60mer oligonucleotide
adder at the flow rate of 0.2 mL/min. In this case, the peaks
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Fig. 8. Fast oligonucleotide separations in UPLC. (A) and (B) 15–35mer
oligodeoxythymidine ladder. (C) 30–60mer oligodeoxythymidine ladder. Con-
ditions: 50 mm × 2.1 mm, 1.7 �m ACQUTIY C18 column, 60 ◦C, 50 �L mixer.
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obile phases—A, 15 mM TEA, 400 mM HFIP; B, 50:50 mobile phase
:methanol. Initial gradient strength, gradient slope and flow rate are indicated
ext to chromatograms.

re not completely resolved. Therefore, it is not advisable to
urther increase the flow rate and decrease the gradient time.
he achieved separation is a compromise between speed and

esolution.
One may consider using longer columns to improve the sep-

ration. It is important to understand that this is possible at the
xpense of the separation time. Fig. 4C shows the best strat-
gy for scaling up column length. As discussed above, the peak
apacities achieved with 50–100 and 150 mm columns are in
atios of 1:1.41:1.73, when the gradient time is scaled to the
olumn volume (Fig. 4C). One may wonder whether it is possi-
le to avoid extending the analysis time for longer columns by
djusting the flow rate as suggested in Fig. 6 (keeping the gradi-
nt slope constant). The scenario can be as follows: 50, 100, and
50 mm columns can be operated at 0.2, 0.4, and 0.6 mL/min,
espectively, while maintaining a constant gradient time. One
pparent problem represents the high operational pressure of
ong columns at high flow rates. More importantly, this strategy

ails to provide a higher peak capacity. Calculated P ratios for
0–100 and 150 mm long columns are 1:1.07:1.10.

For fast separations, we prefer to use a 50 �L mixer over
he 425 �L one. The smaller mixer adds less gradient delay and

o
t
t
t
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educes the overall analysis time. Precautions have to be made
or the separation of biopolymers to avoid imperfect mobile
hase mixing, especially for shallow gradients. The premixed
obile phases used here resolved any issues with artifacts caused

y insufficient mobile phase mixing.

.7. Benefits and limitations of the peak capacity model

As discussed above, the peak capacity is a useful tool for
rediction of separation quality at various chromatographic con-
itions. Some limitations of the model defined by Eq. (1) were
oted [17], such as the necessity to define an appropriate gradient
pan and B constant. The model in Eq. (1) has been successfully
sed to estimate the peak capacity for RPLC separation of pep-
ides, because the �c is typically 0.5, and the elution pattern of
nalytes in the chromatogram is random [17].

Notwithstanding its utility, this simple model is not appli-
able for oligonucleotides or oligomers with a specific elution
ehavior. Most importantly, their retention increases, and the
eparation selectivity decreases with the oligomer chain length.
lso, they tend to elute in an extremely narrow �c range. Hence,
different mathematical model must be used.

The model presented in Eq. (3) addresses this problem by
alculating the peak capacity as a sum of resolution values for
eighboring peaks (segments) across the chromatogram. The
efinition of resolution (Eqs. (11), (12), (13a), (13b), (14a),
14b), (14c), (14d), (15)) encompasses the selectivity term
n (k0,2/k0,1), as well as the steepness of B of the retention pattern.
onsequently, the peak capacity prediction accurately captures

he experimentally observed trends of diminishing separation
rospects for longer oligonucleotides, as illustrated in Table 2.
he modeling can be performed without prior knowledge of �c.
ince the model contains predetermined k0 and B values, it can
e also used to predict oligonucleotide retention times (Table 2).

Although the new proposed model is suitable for the oligonu-
leotides peak capacity prediction, some limitations should be
entioned: (i) The k0 and B values have to be obtained experi-
entally for the desirable chromatographic system. The model

eliability depends on the accuracy of the k0 and B estimates.
he values need to be adjusted when different ion-pairing sys-

em, organic modifier, or the stationary phases are considered.
ii) The oligonucleotide diffusion coefficients Dm were calcu-
ated from a theoretical model. Inaccurate Dm estimates will
ntroduce some bias into P prediction. (iii) The peak capac-
ty model was developed for homooligonucleotides. Separation
f heterooligonucleotides partially depends on their sequence
7,18]; the spacing between peaks is more irregular and reso-
ution varies. However, when using experimentally measured
0 values for heterooligonucleotides of interest, Eq. (11) should
redict the correct P values. (iv) Peak capacity cannot be reliable
alculated for oligonucleotides with strong secondary structure.
n such case the k0 and B (hence the separation selectivity) will
hange unpredictably. (v) The model does not include the impact

f the gradient delay of the LC instrument. It is assumed that
he gradient starts immediately after the sample is injected onto
he column. Table 2 lists the predicted P for six segments of
he chromatogram, 15–20, 20–25, 25–30, 30–40, 40–50, and
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0–60mer; and the total 15–60mer peak capacity is defined as
he sum of all segments. The predicted P values were compared
o the experimental peak capacity obtained from Fig. 5A; sep-
ration conditions were the same as used for the theoretical
rediction. Apparently, the model underestimates P; this was
lso observed in Figs. 5–7 for the 25–30mer span.

Experimental and predicted retention times are listed in
able 2. A systematic shift towards shorter times can be seen
or the experimental data. This could be partially explained by
he gradient delay of the LC system (in this case 0.5 mL), which
s not considered in the prediction.

In spite of the limitations, the developed model is a suit-
ble tool for method development and in silico experiments,
llowing the users to semi-quantitatively evaluate the impact of
hromatographic conditions on the oligonucleotide separation
erformance.

. Conclusions

The peak capacity theory was applied to solve several prac-
ical problems in RP separation of biopolymers. First, the peak
apacity model was used to evaluate an optimal mobile phase
inear velocity for the separation of peptides, proteins and
ligonucleotides. The results obtained in gradient elution mode
ere in agreement with the values derived from Van Deemter

quation. The proposed gradient method is simple and appli-
able to a range of analytes from moderate to large molecular
eight.
The retention data of biopolymers were measured at isocratic

onditions and used to define the slope of the ln k function versus
he fraction of organic modifier Φ in the mobile phase (factor B).
he relationship of B to the molecular weight of the analyte was
efined for oligonucleotides, peptides and proteins. A rational
rediction of B allows for more accurate peak capacity modeling
n RPLC.

The peak capacity theory was validated by experimentally
easured trends using UPLC columns packed with a 1.7 �m

orbent. The flow rate for the maximum peak capacity for
0 mm × 2.1 mm column was found to be 0.15 mL/min for
ligonucleotides and 0.4–0.8 mL for proteins and peptides (col-
mn temperature 60 ◦C). The impact of gradient slope, initial
radient strength and flow rate on the separation was evaluated.
he data indicate that the proposed peak capacity model realis-

ically describes the separation behavior of oligonucleotides in
PLC.
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