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Reversed-phase gradient LC-MS/MS bioanalytical methods of 5-100% organic solvent in a 1-3 min gra-
dient time are common in today’s bioanalytical laboratory. The goal of this work was to develop a
theory-guided systematic strategy for maximizing resolution and speed in rapid gradient LC-MS/MS
bioanalysis. We studied the effect of gradient time (t¢), initial and final eluent strength (% B=% organic),
and flow rate (F) on the separation of multiple critical pairs (Rs) and peak capacity (n.) in a gradient
elution of a mixture of five structurally related compounds. By optimizing the gradient time t;, the initial
and final percentages of the organic component of the mobile phase, comparable resolution and peak
capacity could be achieved in a shorter run time. More importantly, we demonstrated that higher flow
rates improved resolution, peak capacity and reduced run time in rapid gradient separations on a 5 um
particle column. A straightforward mathematical explanation of the phenomenon was provided applying
basic resolution equations in gradient elution theory. A systematic approach to execute a rapid gradient
LC-MS/MS bioanalytical method to shorten run time and improve resolution is proposed, taking into
consideration not only the analytes of interest but also potential matrix effects from the dosing vehicle
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1. Introduction

Rapid gradient LC-MS/MS methods with short run times have
been widely used in analyzing samples from pharmacokinetics
(PK) studies in drug discovery and development. In bioanalytical
reversed-phase LC methods, linear gradient elution on short 5-cm
columns in less than 3 min is quite common [1-8]. Bioanalysts tend
to apply a generic approach of starting the gradient program with
a mobile phase of low organic content and ending with a mobile
phase of high organic content without due consideration as to
where the analytes elute vis-a-vis the column dead volume time
and the end of the gradient time.

The effect of gradient parameters and the optimization scheme,
in the rapid gradient LC-MS/MS setting, were studied using a test
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mixture of four analytes and one internal standard, which rep-
resents a moderately complex example of bioanalytical method
development. The central theme of the work presented in this
paper deals with the efficient use of gradient elution to achieve
the required separation following the selection of the column,
and mobile phases A and B. The chromatographic theory of the
linear-solvent-strength (LSS) model [9-11] lays the basis for the
optimization of gradient elution to achieve the best possible reso-
lution per unit time.

Neue et al. related peak capacity to gradient elution parameters
[2,12-15]. They studied the effect of gradient time, flow rate, tem-
perature, column length and particle size on the maximum possible
peak capacity in a gradient elution where gradient time t; instead of
the time window between the first and last actual peaks (tgs—tg 1)
was used. They did point out that in general, higher resolution is
achieved at high flow rates, especially for rapid gradients from 0
to 100% organic, but no explanation of this phenomenon was pro-
vided. Wang et al. optimized peak capacity in gradient elution on a
2.1 x 50 mm, 3.5 um column for peptide separation [16]. They stud-
ied effect of gradient time, flow rate, temperature, and final eluent
strength on peak capacity. Their goal was to achieve the maximum
separation for the tryptic peptides of a protein within the maximum
acceptable run time (up to 2 h, in their laboratory), Wang et al. also
concluded that there were strong interactions between individual
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gradient elution variables (e.g., gradient time and flow rate) which
make the optimization quite complicated. In a more recent pub-
lication, Petersson et al. [17] conducted a thorough investigation
of the effect of flow rate, gradient slope and temperature on peak
capacity using the same equations as Neue et al. [2,12-15]. They
demonstrated that the maximum peak capacities were achieved at
maximum gradient times and flow rates when performing gradient
elution on sub-2 wm particle columns at temperature above 45 °C.
This unexpected observation was convincingly explained through
application of the gradient theory.

Even though peak capacity is a useful concept in describing the
resolving power of a method for complex mixtures, other param-
eters such as resolution are often more meaningful to describe an
actual separation. In this paper, we present the effect of gradient
parameters — gradient time (t¢), initial and final % B and flow rate
(F) - on the resolution (Rg) of critical pairs in a mixture of ana-
lytes from a current BMS development project. Conditions typical of
fast gradient LC-MS/MS bioanalytical methods with a 2.1 x 50 mm
column, 3 wm or 5 pm particles and a t¢ of 1-3 min were used to
separate the 5 compounds. The effect of F on R; in a rapid gradient
bioanalytical method was systematically examined experimentally
and explained theoretically using equations of the LSS model. The
work presented herein also deals with the misconception that the
optimal flow rate determined under isocratic elution will also be
optimal under gradient elution, a point previously addressed by
others [16,17]. Finally, we present a systematic approach to exe-
cute a gradient LC-MS/MS bioanalytical method to achieve shorter
run time and improved resolution.

2. Theory

The LSS model for HPLC gradient elution was developed by Sny-
der et al. [9-11] and has since been applied by others in attempts
to make gradient method development less empirical.

The resolution between two chromatographic peaks is defined
as [10]:

1.18(6 — ty)

Ri= —— 52—~
*T Wi+ Wi

(M
where t1 and t; are the retention times of the two peaks while Wi ; 1
and W, , are the peak widths at half height of the two peaks.

The separation power of a gradient elution can also be measured
by peak capacity n. [12-15,17]:

t,
ne = (2)
where t; is the gradient time and W is the average peak width.
Because in a real separation, peaks will only occupy a fraction
of the gradient, other authors have suggested the following alter-
native equation [16]:

_try—tR1
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where tg; and tgy are the retention times of the first and last real
peaks in the chromatogram, W is the average peak width.

Resolution Rs, in an isocratic elution, can also be expressed as
[10]:

ne (o[t

where N is the column plate number which can be calculated by
N=5.54(tR/W1/2)2 in isocratic elution. k is the (average) retention
factor of the two adjacent peaks, and « is the separation factor
(a=ky/ky, where ki and k; are values of k for the adjacent peaks
1 and 2).

ne

(3)

The retention factor kinisocratic elution or kg in gradient elution
[12] is defined as:

k(orkg) = £ 0 (5)
to
where tg is the peak retention time and ¢ is the column dead
volume time.
In gradient elution, Snyder used the concept of the effective
or average retention factor, k*, which is defined by the following
equation for small molecules [9-11]:

_ 20¢6F
= Vn(A%B)

where t; is the gradient time (min), F is flow rate (mL/min), Vjy is
the column dead volume, A% B is the difference between the initial
and final % B.

Combining equations derived by Snyder et al. [9-11] and Neue
et al. [12] the Ry in gradient elution can be expressed as:

R = (%) N1/2 ln(a)[ kr } 7)

k* (6)

24+ k*

Eq. (7) nicely links the effective retention factor k* to resolu-
tion in gradient elution in the same way that the retention factor
k is linked to resolution in isocratic elution, which makes it use-
ful in designing a gradient elution. It should be noted that the
o term in the Rg equation has taken different forms in the liter-
ature - (¢ —1), (¢ —1)/e, or In(e) - but the different forms are
mathematically equivalent when « is close to 1, as shown by our
calculations (data not shown) using the « values obtained from our
experiments.

3. Experimental
3.1. Chemicals and materials

The five proprietary compounds used in the experiments
described herein were provided by Discovery Chemistry of Bristol-
Myers Squibb Co. (Princeton, NJ). A mixture of five compounds
each of 10 ng/mL in water/acetonitrile (50/50, v/v) was used in all
the experiments. Deionized water (>18 MS2) was prepared from a
Milli-Q purification system from Millipore Corporation (Millford,
MA). HPLC grade acetonitrile was purchased from Burdick & Jack-
son (Muskegon, MI). ACS grade formic acid was purchased from EM
Science (Gibbstown, NJ). Ammonium formate was purchased from
J.T. Baker (Phillipsburg, NJ). Polyethylene glycol (average molecu-
lar weight =400, PEG400) was purchased from Sigma-Aldrich (St.
Louis, MO) and 0.01% PEG400 was prepared in water/acetonitrile
(50/50, v/v).

3.2. LC-MS/MS conditions

The mass spectrometer used was a Sciex API4000 triple
quadrupole instrument from Applied Biosystems/MDS Sciex (Con-
cord, Ontario, Canada). The HPLC system used was Shimadzu
LC-10ADvp pumps (Columbia, MD) in an Aria TLX2 configuration
from Thermo Fisher Scientific-Cohesive Technologies (Franklin,
MA). There was a 0.167-min adjustment for tg related calcula-
tions due to 10s delay in mass spectrometer acquisition after
injection due to Aria software. The autosampler was a CTC HTS
PAL from LEAP Technologies (Carrboro, NC). The injection vol-
ume was 10 uL. The API4000 mass spectrometer was operated
in Turbo lon-Spray mode and the MS/MS detection of each
compound was performed in the multiple reaction monitoring
(MRM) mode. Each mass spectrometer parameter was kept con-
stant in all the experiments conducted, e.g., CUR=30, GS1=50,
GS=50, CAD=6, IS=4500V, and EP=10. All compound related
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Fig. 1. A mixture of compounds of 1-5 on Luna C18 (2), 2 x 50 mm, 3 wm with mobile phase A of 10 mM ammonium formate/0.1% formic acid in water and mobile phase B
of 0.1% formic acid in acetonitrile. The gradient was 5-100% B in 3 min with a flow rate of 400 pL/min. (k*=2.5). Compound 5 gives response in the MRM channel monitored
for compound 4 (red), in addition to its own MRM channel. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of the

article.)

parameters — DP, CE, CXP - were kept constant and the dwell
time was 30ms for each compound. The MRM for each com-
pound is not listed here as the information is not relevant to
the theme of this paper. A syringe pump from Harvard Appa-
ratus (Holliston, MA) was used in the post-column infusion
experiments.

Gradient chromatographic experiments were carried on either
a 3pm or 5pm Luna C18 (2), 2 x 50 mm column (Phenomenex,
Torrance, CA, USA). LC Mobile phase A was 10 mM ammonium for-
mate/0.1% formic acid in water and mobile phase B was 0.1% formic
in acetonitrile. The chromatographic conditions in the experiments
conducted were as follows: first, the gradient time, t;, was var-
ied from 1 to 12 min while the other gradient variables were kept
constant, e.g., flow rate (F) =400 p.L/min, initial % B=5, and final %
B=100. Second, the initial % B was varied from 5 to 80 at 5, 20, 30,
40, 50, 60, 70, 80 while the other gradient variables were kept con-
stant, e.g., flow rate F=400 p.L/min, final % B=100, and t¢ =3 min.
Third, the final % B was varied from 100 to 50 at 100, 90, 80, 70,
60, 50 while the other gradient variables were kept constant, e.g.,
flow rate F=400 wL/min, initial % B=40, and t¢ = 3 min. Fourth, the
flow rate F was varied from 0.1 to 1 mL/min at 0.1, 0.2, 0.3, 0.4, 0.5,
0.6, 0.8, 1.0 mL/min while the other gradient variables were kept
constant, e.g., initial % B=40, final % B=100, t; =3 min. In all exper-
iments, the chromatographic run was continued for at least 2 min
beyond the gradient time.

[socratic experiments were conducted to calculate the column
efficiency at various flow rates (F=0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.8,
1.0mL/min) at 58% B. A5 pm Luna C18 (2), 2 x 50 mm column was
used in the experiments when the flow rate was varied while a
3 wm Luna C18 (2), 2 x 50 mm column was used for the rest of the
experiments. The chromatographic conditions in the experiments
are also detailed in Section 4 and described in the figure captions.
All experiments were conducted in at least triplicates and the aver-
age from at least three measurements is presented in the data
shown.

Biologic matrix effect was tested with selected gradi-
ent elution methods by conducting post column infusion
of the analyte solution while injecting rat plasma extract,
obtained via acetonitrile protein precipitation and diluted PEG400
solution [18].

4. Results and discussion
4.1. Typical rapid gradient elution in LC-MS/MS bioanalysis

In a common rapid gradient elution method depicted in Fig. 1,
5-100% organic mobile phase B in 3min with a flow rate of
400 p.L/min, a chromatogram obtained with a sample containing
four analytes plus an analogue internal standard is shown. Com-
pound 1 is a pro-drug of the active compound 4; compounds 2 and
5 are the metabolites of the parent compound 4 and compound
3 is the internal standard. This mixture of compounds repre-
sents a typical drug mixture sample from biological matrices in
pharmacokinetic studies and contains chromatography separation
challenges commonly seen in rapid gradient LC-MS/MS bioanal-
ysis: compound 5 gives a response in the SRM channel of the
parent compound 4 as can be seen by the red trace at the reten-
tion time of compound 5; compounds 1, 4 and 5 can undergo
in-source conversion and interfere with compound 2. Therefore,
chromatographic separation was required between compounds
4 and 5, as well as between compound 2 and compounds 1, 4
and 5. The chromatogram in Fig. 1 achieves acceptable resolution
between interfering peaks but improved resolutions are desirable.
One additional observation from this chromatogram is that all five
compounds elute after 2 min leaving the first 2 min or two-thirds
of the gradient time, devoid of any peak, which is a waste of instru-
ment time. The ultimate goal of high throughput bioanalysis is high
speed analysis with high quality data.

As presented in Eq. (7), the resolution of a gradient elution is
governed by the column efficiency N term, selectivity « term, and
the retention k* term. Plate number N is determined by the col-
umn length, particle size, and flow rate. It should be noted that N
is also a function of the retention factor and is also analyte depen-
dent[17,18]. Selectivity « is largely controlled by column stationary
phase and mobile phase. As shown in Eq. (6), k* is affected by
gradient time (t;), flow rate (F), column dead volume (Vy;), and
the difference between the initial and final % mobile phase B (A%
B). Screening columns and mobile phases is one of the options to
achieve improved chromatography resolution. Meanwhile, for a
fixed column and mobile phases the gradient variables defined in
Eq. (6) determine the resolution. The compound mixture depicted
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Fig. 2. Effect of gradient time (t;) on (A) Rs; between peaks 2/4, 3/4, and 4/5, and on
(B) peak capacity (n.). Other variables are F=400 wL/min, A% B=5-100 using the
column and mobile phases A and B described in Fig. 1.

in Fig. 1 were used to demonstrate the effect of these gradient elu-
tion parameters on the resolution (R;s) in rapid gradient elution,
calculated using Eq. (1), of three critical pairs: 2/4, 3/4, and 4/5. The
effect on the peak capacity (n.), calculated using Eq. (3), was also
evaluated. It should be noted that in this equation W, , (peak width
at half height) was used instead of W (peak width at baseline) for
ease of determination by the mass spectrometer software.

4.2. The effect of gradient time (tg)

Although gradient time of t;=1-3 min is most common in a
rapid gradient LC-MS/MS bioanalytical method, for illustration
purpose, the effect of changing the gradient time (t¢), with the other
gradient elution variables kept constant, on the R of three critical
pairs and on the n. was evaluated at t; up to 12 min, which was
beyond what bioanalysts would consider a rapid gradient. Results
are shown in Fig. 2. Longer gradient times generate higher reso-
lution and peak capacity which is consistent with reports in the
literature [13-17]. As summarized in Table 1, the retention time tg
and peak widths of the first and last peaks also increase when tg
increases. k™ increased from 0.84 at t; =1 min to 10.1 at t; =12 min.
At tg=1min, all five compounds eluted after the gradient com-
pleted. When t; and k* increase, the first and last peaks elute at
relatively lower % B. Increasing t¢ to improve Rs and n. is not the best
option for bioanalysis, where short run times and fast turnaround
of sample analysis is essential. The shortest t; gaining sufficient Ry
is preferred. In this particular example, t; of 4-6 min with the cor-
responding k* of 3.4-5.0 provide adequate resolution and a good
balance between performance and run time. As an example, the
following resolution values are obtained at t; of 5min and k* of 4:
Rs (2/4)=3.68, Rs (3/4)=1.27, and R (4/5)=3.20.

Table 1

The effect of gradient time on the first and last peak retention times and other parameters associated with the two peaks. The resolution and peak capacity results obtained for the same experiment are shown in Fig. 2.

At final — first (min)

0.30
0.53
0.74
0.93
1.12
1.29
1.63
1.95
2.24

ti/to

W1, final peak (min)

0.0381
0.0352
0.0375
0.0399
0.0422
0.0452
0.0475
0.0513
0.0566

% B final peak

tg final peak (min)

W), first peak (min)

0.0361
0.0401
0.0425
0.0444
0.0472
0.0490
0.0526
0.0534
0.0596

% B first peak

tg first peak (min)

1.21
1.76
2.26
2.73
3.18
3.61
4.44
525
6.04

k*

tc (min)

4.8

100t

1.51
2.29
3.00
3.66
4.29
4.90
6.07
7.20
8.28

100f

0.84
1.68
2.52
3.36
4.20
5.0

7.1

100t

89
77
70
65

9.0
109

100f

92

12.7

87
83
77
73
71

14.4

62

17.8

58
55
53

6.72
8.40

10.1

21.0

10
12

24.2

1. k* as calculated using Eq. (6)

2. tg (retention time) of the first and last peaks as measured.

3. % B for the first and last peaks as calculated using the respective retention times and the elution gradient program.

4. Wy, (peak width at half height) as measured.

0.5Ld?[F, where L is the column length in cm, d is the column diameter in cm, and F is the

5. t1/to as calculated using the retention time of the first peak (t; ) and the column dead time (to). to is calculated by using the equation ty

flow rate in mL/min.

6. At (retention time window) is the difference between the first and last peak retention times.

T At 100% B plateau.
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Fig. 3. Effect of initial % B on (A) R between peaks 2/4, 3/4, and 4/5, and on (B) peak
capacity (nc). Other parameters: F=400 pL/min, t; =3 min, final % B=100 using the
column and mobile phases A and B described in Fig. 1.

4.3. The effect of initial and final eluent strength (% B)

The effect of changing the initial % B, with the other gradient
elution variables kept constant, is shown in Fig. 3. The R of all the
three critical pairs and the n. reach a maximum at initial % B=50.
Retention time tg of all five peaks become shorter when the initial %
Bincreases. The difference in the average peak width between 5 and
50% B is negligible and a slight increase is observed when the initial
% B is above 60. When the initial % B is beyond a certain high value,
e.g., 60, the high-organic shallow gradient elution results in a blast
elution of the early eluting components with reduced resolution
[10]. k* increased from 2.5 at initial % B value of 5-12 at initial %
B value of 80 as calculated by Eq. (6). Increasing initial % B has the
potential of reducing run time and thus it is a more appealing option
toimprove Rs and n. in a bioanalytical method. The peak widths and
the retention times of the first and last peaks as a function of initial
% B are summarized in Table 2.

The effect of the final % B was also evaluated at 100, 90, 80,
70, 60, and 50 with the initial % B set at 40 (data not shown). The
resolution R of all the three critical pairs increase when final % B
is decreased from 100 to 50%, with some of the late eluting peaks
eluting beyond the gradient time t; when the final % B is below
~75. The average peak width, the retention times of all peaks, and
the retention time window increased with a decrease in the final
% B. The results indicate that the optimum final % B needs to be
determined experimentally for a particular mixture of compounds.

4.4. The effect of flow rate (F)

Flow rates of 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.8, and 1.0 mL/min were
evaluated on a 2 x 50 mm, 5 pm column and the resulting chro-
matograms are shown in Fig. 4 while the Rg and n. results are shown
in Fig. 5. When the flow rate increases, the compounds elute with
shorter retention times and within a narrower retention time win-
dow, the % B at the elution of the last peak decreases, and the tg

Table 2

The effect of initial % B on the first and last peak retention times and other parameters associated with the two peaks. The resolution and peak capacity results obtained for the same experiment are shown in Fig. 3.

At final — first (min)

0.72
0.85
0.96
1.09
1.16
1.01
0.71
0.43

ti/to

9.1

W), final peak (min)

0.0374
0.0390
0.0380
0.0407
0.0425
0.0433
0.0472
0.0438

% B final peak

100t

tg final peak (min)

2.99
2.82
2.64
2.40
2.06
1.64
1.21
0.88

W first peak (min)

0.0417
0.0417
0.0427
0.0445
0.0489
0.0524
0.0478
0.0460

% B first peak

tg first peak (min)

2.28
1.97
1.68
1.31
0.89
0.63
0.50
0.45

k*

Initial % B

77
73
69
66
65

2.5

7.9

6.7
52

95

3.0
34

4.0

20
30
40

92

88

3.6

25
2.0

84
82
82

5.0
6.0
8.0

12.0

50
60
70
80

68

75
83

1.8

86

T At 100% B plateau.
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Fig. 4. Chromatograms of a mixture of five compounds 1-5 at different flow rates. Other parameters: t; =3 min, initial % B=40 and final % B=100. Column: Luna C18 (2),

2 x50mm, 5 pm.

decreases while the t;/ty increases indicating that the first peak
is better separated from the solvent front. The peak widths and
the retention times of the first and last peaks and related infor-
mation are summarized in Table 3. As shown in Fig. 5, higher R
and n. were obtained at higher flow rates. These results demon-
strate that running at a higher flow rate in a rapid gradient elution
mode will reduce run time and improve resolution, and peak capac-
ity. This is in contrast with isocratic elution in which a decrease in

o Ave Rs(2/4)
u Ave Rs(3/4)
A Ave Rs(4/5)
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Fig. 5. Effect of flow rate (F) on Rs; between peaks 2/4, 3/4, and 4/5 (A), and on
peak capacity (n.) (B). Average W, of 5 peaks was used in n. calculation. Other
parameters: t; =3 min, initial % B=40 and final % B=100. Column: Luna C18 (2),
2 x50mm, 5 pm.

resolution is expected at high flow rates. This enhanced peak capac-
ity at high-flow in (rapid) gradient elution were reported by Neue
[13] and Wang et al. [16]. Petersson et al. [17] reported the simi-
lar results on sub-2 wm particle columns and provided an excellent
and convincing explanation for this unexpected phenomenon by
correlating experimental and calculated results using peak capac-
ity equations and also linked the phenomenon to the empirical
van Deemter equation. Nonetheless, their calculating peak capacity
using t; (Eq. (2)) instead of tgs—tg1 (Eq. (3)) in a mixture over-
estimated the change of peak capacity and resolving power of a
method. AsWanget al.[16] appropriately pointed out, areal sample
generally occupies only a fraction of the maximum possible time
window t¢. Using the full gradient time t; to calculate the peak
capacity results in a hypothetical maximum peak capacity which
may never be achieved in real sample analysis.

In the current work, the impact of flow rate on rapid gradi-
ent elution was probed by applying the resolution equations from
Snyder (Eqgs. (6) and (7)). Because our test mixture was behaving
as a “regular” sample mixture per Snyder’s definition [9-11]. The
resolution (Rs) results matched well with the peak capacity and
confirmed the Rs changes of individual critical pairs was consistent
with the change of resolving power for the mixture under different
conditions.

4.4.1. Resolution increases as a function of flow rate

There is a key difference between k used in isocratic resolution
Eq. (4) and k* used in gradient resolution Eq. (7). Retention factor
k in isocratic elution is independent of flow rate (Eq. (5)) but k*
in gradient elution is affected by flow rate (Eq. (6)). In an isocratic
elution the optimum flow rate for resolution Rs of a method is the
same as the optimum flow rate for column efficiency N. On the other
hand, in gradient elution, the optimum flow rate for resolution R
or peak capacity . is not necessarily the same as the optimum flow
rate for column efficiency N.

In gradient elution, as can be seen from Eqgs. (6) and (7), both N
and k* are affected by flow rate. Just as in isocratic mode, column
efficiency N reaches a maximum at a certain flow rate determined
by van Deemter curve and further increase of flow rate will decrease
N. On the other hand, k* and hence the k*/(2 +k*) term in Eq. (7),
increases as the flow rate increases. Thus, at high flow rates, the
effect of flow rate on N is opposite to that on k*. It is reasonable
to assume that selectivity o changes follows the same trend as the
k*/(2 + k*) term. Putting all these factors and trends into the mathe-
matical relations defined by Eqs. (6) and (7), it can be deduced that
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at high flow rates, up to 1 mL/min as shown in Fig. 5, the larger val-
ues of k* (and possibly &) could more than make up for the decrease
in N, resulting in higher Rs. Thus, in gradient elution Rs could reach
the optimum at a flow rate which is significantly higher than that
in isocratic elution.

High flow rate rapid gradient elution LC-MS/MS method with
a 3 or 5 um particle column has been common in high through-
put bioanalytical applications and most of those who practiced in
this fashion normally acknowledged that R or separation was com-
promised for speed. Turning to smaller particle (e.g., sub-2 wm)
column uHPLC was indentified as the (only) viable option to achieve
high resolution separation at high flow rate for high speed analysis
[19-22]. In various vendor brochures, presentations, and publica-
tions on sub-2 pm particle column and uHPLC technology it is often
stated that 3 and 5 um particle columns achieve best separation
efficiency at lower flow rate, e.g., ~100-200 p.L/min (for a 2 mm ID
column), determined by van Deemter curves [19] and running at
high flow rates will reduce separation/resolution power on these
columns whichis true inisocratic elution. Our results demonstrated
that higher resolution and peak capacity in gradient LC elution are
achieved at higher flow rate on a 5 um particle stationary phase as
Petersson et al. demonstrated on 1.7 pm particle columns [17]. It
is obvious that achieving higher resolution/peak capacity at higher
flow rate in a gradient method is a relatively easier task with sub-
2 wm particles than with 5 pm particles. The optimal flow rate for
column N is much higher for a sub-2 wm particle stationary phase
and the van Deemter curve stays relatively flat in the usable flow
rate region 0.5-1.5mL/min [17,19] indicating that the loss of col-
umn efficiency at higher flow rate from a sub-2 p.m particle column
is much less than on a 5 wm column which is the foundation for
the current practice with sub-2 pwm particle columns for speed and
resolution.

The experimental data suggest that this favorable effect of flow
rates is more profound for rapid gradient elution especially those
from O to 100% B. This can be explained using Egs. (6) and (7). In
Eq. (7), mathematically, the maximum value of the retention term
k*/(2 +k*)is close to 1.0 when k* tends to infinity. Meanwhile, k* as
defined by Eq. (6) is affected by the combination of t;, F, Viy, and
A%B.

A rapid and steep gradient elution may involve a short t; (e.g.,
1-3min) and a large A% B (e.g., 0-100% B). With small t; and
large A% B, a large F value (high flow rate) is needed to obtain k*
large enough to bring the k*/(2 + k*) term close to 1.0. On the other
hand, in a slow gradient elution, e.g., t;=30min, such as LC-UV
methods developed for analysis of active pharmaceutical ingredi-
ents, the t; in Eq. (6) is large enough so that the k*/(2 +k*) term
is close to 1.0 even at relatively low flow rates. Hence, increas-
ing the flow rate will not have the significant effect it has when
a short t; is used. Under these circumstances, the flow rate that
gives optimum resolution, obtained using Eq. (7), is close to the
flow rate that gives the highest N. The same is true for a shal-
low gradient, due to the effect of the smaller A% B term on k* in
Eq. (6).

The interplay of the gradient elution parameters described
above is shown graphically in the theoretical plots of k*/(2 + k*) vs.
flow rate shown in Fig. 6, with F ranging from 0.1 to 2 mL/min,
tc=1,2,3,6,12,20 and 30 min, and with A% B=100 and A% B=40,
respectively on a 2 x 50 mm column. With A% B=100 (Fig. 6A), it
can be seen that at short t; of 1, 2 or 3min (blue, pink and yel-
low lines, respectively), the k*/(2 +k*) term, significantly small at
lower flow rates, continues to increase with flow rate up to the
highest flow rate (F=2 mL/min). In contrast, at higher values of t;,
12 min or more, the k*/(2 + k*) term tends to 1.0 at lower flow rates.
At a very long t; (e.g., 30 min), the increase in the k*/(2 + k*) value
with flow rate is insignificant beyond 0.5 mL/min. A comparison of
Fig. 6A, where A% B=100, and Fig. 6B, where A% B=40, illustrates
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Fig.6. Atheoretical plot of the impact of flow rate (F) on the retention term (k* term)
in the R, Eq. (7) in gradient elution with different gradient times (t;), e.g., 1-30 min,
with two A% B values [100 in (A) and 40 in (B)]. Column: 2 x 50 mm.

that flow rate has overall a smaller effect on the k*/(2 + k*) term in
a shallower gradient, at all values of t.

4.4.2. Comparison of experimental and theoretical resolutions as
a function of flow rate

We calculated the theoretical Rg, using Eq. (7), for the experi-
ments conducted at different flow rates from 0.1 to 1 mL/min, for
which the experimentally obtained Rs, obtained using Eq. (1), was
already presented above (Fig. 5). Each calculated term in Eq. (7)
- N2, k*[(2+k*), In(cr), and Rs - at different flow rates is plotted
against flow rate in Fig. 7. Column efficiency N at different flow rates
was calculated using N=5.54 (tR/W”z)2 for compounds 2, 4 and 5
from the isocratic elution experiments conducted for this purpose.
The N'/2 from compound 5 is used in the plot shown and also for the
calculation of the R of the three critical pairs with the assumption
that column efficiency is the property of a column, staying the same
in either isocratic elution or gradient elution, and that it is analyte
independent. It needs to be pointed out that we did not observe the
optimum N, which is presumably at or below 0.1 mL/min, indicat-
ing the optimal flow rate to be lower than expected from the Van
Deemter curves shown in text books and product brochures. Sim-
ilar phenomenon was also observed by Jemal and colleagues [18].
The selectivity o was calculated using equation o =k;/k; in which
ki and k; (k=kg, gradient retention factors) were obtained using
Eq. (5).

The trend of the plot of the calculated theoretical Rs versus
flow rate, shown in Fig. 7D, for each of three pairs of compounds,
matches quite well with the plot of experimental R, obtained using
Eq. (5), versus flow rate shown in Fig. 5A. There is a 2-fold differ-
ence between the two sets of the R; values and this may indicate
that the Rs Eq. (7) may need a correction factor. Nonetheless, we
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can conclude that we not only theoretically explained why higher
resolution can be achieved at higher flow rates but also experi-
mentally confirmed that higher Rs is achieved at higher flow rates
(0.6-1.0mL/min) in a gradient elution where A% B=60 (initial %
B=40 and final % B=100) and t; =3 min.

4.5. Recommended procedures to execute a rapid gradient elution
in LC-MS/MS bioanalysis

Adequate resolution and capacity in a gradient elution
LC-MS/MS method is required to provide sufficient separation
between target analytes which may interfere with each other. It
is also important to have enhanced peak capacity/resolution to
protect the analytes from unexpected interferences from matrix
components. On the other hand, a short run time is always desirable
for higher throughput sample analysis.

As shown above, selecting appropriate gradient elution parame-
ters - tg, initial and final % B, and flow rate (F) - will shorten the run
time and improve the resolution and peak capacity on fixed column
type and dimensions (stationary phase packing, diameter, length,
and particle size) and mobile phases A and B. Column temperature
was not included in the current evaluation but rather being fixed.
In general, increasing temperature of the column will improve the
speed of separation by reducing solvent viscosity and increasing
solute diffusion [14,16] as well as increasing peak capacity of the
gradient method [17]. A recommended procedure for executing a
rapid gradient elution in LC-MS/MS bioanalysis is outlined below.

(1) Select a column, appropriate column temperature (e.g.,
40-50°C), mobile phases A and B which were established
during the column and mobile screening phase of method
development. Select the highest flow rate that is compatible
with the backpressure limit of the LC pump and the acceptable
flow rate range for the mass spectrometer. Select a reason-

ably high k*, e.g., k*=4-6 to obtain a value closer to 1.0 for the
k*/(2+k*) term with the goal of balancing between sufficient
retention/resolution and gradient time.

(2) Calculate, using Eq. (6), the t; of a full-range gradient elution
(e.g., 5-100% B) to achieve the selected k* (e.g., 4). Conduct
the full-range gradient elution with the calculated t; and then
examine the resulting chromatogram to determine the reten-
tion time tg and % B at which the first and last peaks elute. It
should be pointed out that this full-range gradient can also be
used as the initial gradient in the column and mobile phase
screening process.

(3) Run a few putative shorter gradient elutions by selecting the
final % B to be equal to the % B at which the last peak elutes in
step 2 and selecting at least two different initial % B values that
are 10-30% less than the % B at which the 1st peak elutes in step
2. For each putative elution, a different (shorter) t¢, calculated
using Eq. (6), is used in order to maintain k*=4.

(4) Examine the resulting chromatograms and select the gradient
elution with an initial % B that sufficiently reduces the “wasted”
time before the first peak and at the same time does not cause
the elution of the first peak too close to the solvent front. In
general, it is recommended that t/ty be > 3.0.

(5) Assess matrix effectin the selected gradient elution by conduct-
ing post-column infusion of the analyte solution while injecting
a blank plasma protein precipitation extract, which contains
phospholipids and dosing vehicle (e.g., 0.01% PEG400, when
applicable).

For demonstration purpose the execution of a gradient elution
with the mixture of five compounds shown in Fig. 1 was illus-
trated in Fig. 8. In this particular example, a flow rate of 0.4 mL/min
was selected, the t; of a full-range gradient elution (5-100% B) to
achieve the selected k* =4 was 5 min (Fig. 8A). Two resulting shorter
gradients following the suggested procedures are shown in Fig. 8B
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and C. The resulting gradient, A% B=50-86% with t;=1.8 min
(Fig. 8C), was chosen as the final gradient when no matrix effect
with this method was confirmed. A 3-fold reduction of gradient
time t; compared to the starting “generic” gradient elution method
(Fig. 8A) was achieved while the desired effective retention factor
(k*=4)was maintained. At higher flow rates, e.g., 0.8 or 1. 0 mL/min,
further reduction in run time (e.g., tc <1 min) and enhancement in
resolution were achieved.

5. Conclusions

We suggested a systematic and efficient strategy for achieving
maximum resolution and speed in rapid gradient LC-MS/S bio-
analytical methods. This was based on the fact that the gradient
time tg, the initial and final percentages of the organic component
of the mobile phase can be optimized to shorten the run time of
a gradient method. It was also demonstrated experimentally and
explained mathematically using the linear-solvent-strength (LSS)
gradient theory that increasing flow rate improves both resolu-
tion and peak capacity in a rapid gradient method, even with a
5 pm particle column. This derives from the fact that, in gradient
mode, any decrease in column efficiency at higher flow rate is more
than compensated by the corresponding increase in k*. This effect
is less pronounced for longer gradient, where the k*/(2 +k*) term
of the resolution equation reaches a plateau at lower flow rates.
This suggests that speed and high resolution analysis are achieved
simultaneously at higher flow rates in rapid bioanalytical gradient
elution contrary to the conventional wisdom that a compromise
must be made between resolution and speed. Taking this further,
there is even more advantage to use high flow rates with sub-2 um
columns in rapid gradient elution not only because of the slower
decrease or flattening in N with increase of flow rate, which has
been broadly discussed in the literature [19-22], but also because

of the increase in the retention k* term (k*/(2 +k*)) at higher flow
rates.
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