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Abstract

Reversed-phase solid-phase extraction (SPE) is the method of choice for the purifica-

tion of proteomics samples. Even though the efficacy of SPE methods is sample

type-dependent, the manufacturers' protocols are used in most studies. Using an

optimized SPE method can lead to a substantial gain in identification and recovery. In

this tutorial, we give a brief introduction to the most important parameters influenc-

ing SPE performance, and we present a short workflow (16 measurements) for opti-

mizing the SPE procedure. This is complemented by method performance

assessment instructions and a short troubleshooting guide to help users further

understand and investigate their SPE methods.
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1 | INTRODUCTION

The “bottom-up” approach is a widely used method for proteomic

analysis. After protein digestion, several inorganic ions, surfactants,

and other unfavorable components are present in the sample that are

detrimental to and interfere with the MS analysis and affect the pro-

teome data. Thus, sample preparation removing these contaminants

has become essential. Different methods are available for proteomic

sample preparation, such as Filter Aided Sample Preparation (FASP) or

solid-phase extraction (SPE). FASP facilitates the use of a semi-

permeable membrane for combining the digestion and clean-up

steps.1,2 This method gained large popularity during the past decade;

however, most workflows use separate digestion and clean-up steps.

SPE is the most commonly applied method for peptide purification;

even so, it is overlooked in most studies. The most widespread version

of SPE is low-pH reversed-phase purification. Several standard manu-

facturer protocols are available and most are used without further

optimization. Detailed optimization can lead to a 20%–30% gain in

identification and 30%–50% in the recovery of peptides; therefore, it

is crucial to use the best method possible.3 However, there is no ulti-

mate method for all the sample types (e.g. cell cultures, plasma, tissue,

membrane protein extracts, vesicles, glycopeptide enriched samples,

histidine enriched materials), because large differences in matrix com-

ponents and distribution of physicochemical properties of peptides

influence the results. Therefore, careful optimization should be per-

formed before analyzing a large sample cohort, considering its

properties.

The workflow of SPE can be divided into five main steps

(Figure 1). First, the stationary phase is activated (usually with medium

elution strength solvent) to make the functional groups of the
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stationary phase well-accessible for the analytes. Then equilibration is

necessary with the sample loading buffer. Next, the sample is loaded

onto the column (see Note 1), which retains the target compounds,

while most of the contaminants flow through the cartridge. During

the wash step, the molecules that are non-specifically bound or are in

the void volume of the stationary phase are washed away. Last, the

elution of the bound target compounds to a clean microcentrifuge

tube (see Note 2) is performed. A detailed description of the peptide

SPE procedure is shown in Figure 2. Solvent strength is determined

by the partition coefficient of the given analyte group between the

stationary phase and the given solvent. Using a “weak solvent,” the

analytes have a preference for binding to the stationary phase,

whereas using a “strong solvent,” analytes spend more time dissolved

in the moving phase. A detailed description of solvent strength is out

of the scope of this paper; however, it is important to know that the

sample loading is performed using weak solvents, and elution from

the stationary phase is achieved using strong solvents.

Several stationary phases and formats are available to perform

SPE purification; the latter include vacuum and spin cartridges, pipette

tips and spin tips, disks, multi-well SPE plates, and so forth. Spin tips

and cartridges are designed specifically for micro-scale sample prepa-

ration, and they are primarily used in proteomics studies. When the

stationary phase is selected, one should always consider the origin

and the amount of the samples to be purified. A few examples of the

application of reversed-phase SPE through various proteomic studies

have been collected in Table 1.3–22 In these studies, different types of

samples (e.g. various tissue specimens, cell lines, different biofluids,

isolated exosomes, enriched samples for specific post-translational

modifications [PTMs]) from humans, as well as other mammalian ori-

gins have been analyzed. Typically, 0.1% trifluoroacetic acid (TFA)

aqueous solution was used for sample loading. For elution, however, a

wide variety of solvents were used, ranging from 40% to 95% acetoni-

trile or methanol with or without additives, typically with 0.1% TFA. In

most of these studies, the manufacturer protocols were applied with-

out any optimization regardless of the sample type or the chemical/

biological modifications of the peptides.

The target audience of this tutorial is young investigators and stu-

dents with moderate experience in SPE and laboratories working with

samples of diverse origins. First, we briefly list the most important

parameters that are useful to optimize and briefly explain their effects.

F IGURE 1 A short workflow of the solid-phase extraction steps.
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Subsequently, we describe a fast optimization workflow for those four

parameters, which have the largest impact on the identification and

recovery of peptides. This optimization process is fairly simple and

requires only a few hours of laboratory work. For more detailed infor-

mation, we suggest excellent papers listed among the refer-

ences.18,23–29

2 | MOST IMPORTANT PARAMETERS
INFLUENCING SPE PERFORMANCE

During SPE purification, there are several parameters determining the

SPE performance. The resin types, as well as the composition of load-

ing and elution solvents fundamentally define the retention

characteristics. Whereas, other parameters like resin-to-sample ratio,

temperature during sample loading and elution, or the number of elu-

tion steps are used to yield the maximum recovery of peptides.

The most important parameters influencing the peptide recovery

and identification performance are summarized in Table 2 along with

their suggested optimization range and expected effects.

2.1 | Type of resin

The surface chemistry (e.g. C8, C18, HLB), the exact method of func-

tionalization and end-capping, and the surface coverage all strongly

influence the retention characteristics of SPE resins. Therefore, even

stationary phases utilizing the same surface chemistry have slightly

F IGURE 2 Detailed workflow of peptide solid-phase extraction (SPE) purification.

BUGYI ET AL. 3 of 14

 10969888c, 2023, 8, D
ow

nloaded from
 https://analyticalsciencejournals.onlinelibrary.w

iley.com
/doi/10.1002/jm

s.4965 by C
ochrane H

ungary, W
iley O

nline L
ibrary on [13/09/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



T
A
B
L
E
1

E
xa
m
pl
es

o
f
th
e
ap

pl
ic
at
io
n
o
f
re
ve

rs
ed

-p
ha

se
SP

E
th
ro
ug

h
va
ri
o
us

pr
o
te
o
m
ic
st
ud

ie
s.

R
ef
er
en

ce
[3
]

[4
]

[5
]

[6
]

[7
]

St
at
io
na

ry
ph

as
e

Se
lf
-p
ac
ke

d
C
1
8
sp
in

ti
ps
,

T
he

rm
o
P
ie
rc
e
C
1
8
C
o
lu
m
ns

Se
lf
-p
ac
ke

d
O
as
is
H
LB

sp
in

ti
ps

T
he

rm
o
P
ie
rc
e
C
1
8
C
o
lu
m
n

C
1
8
M
ic
ro
Sp

in
C
o
lu
m
ns

(T
he

N
es
t

G
ro
up

)
T
h
er
m
o
P
ie
rc
e
C
1
8
C
o
lu
m
n

T
h
er
m
o
P
ie
rc
e
C
1
8
ti
p
s

Sa
m
pl
e
ty
pe

P
ho

sp
ho

pe
pt
id
es

o
f
ra
t
sm

o
o
th

m
us
cl
e
di
ge

st
an

d

H
eL

a
tr
yp

ti
c
di
ge

st

P
ro
st
at
e
ti
ss
ue

Lu
ng

ti
ss
ue

sa
m
pl
es

A
he

av
ily

gl
yc
o
sy
la
te
d
fr
ac
ti
o
n

o
f
d
ep

le
te
d
an

d
p
o
o
le
d

hu
m
an

p
la
sm

a

E
xt
ra
ce
llu

la
r
ve

si
cl
es

is
o
la
te
d

fr
o
m

in
va
si
ve

b
re
as
t
ca
n
ce
r

ce
ll
lin

es
an

d
p
la
sm

a
sa
m
p
le
s

Q
ua

nt
it
y
lo
ad

ed
1
μg

pr
o
te
in

2
0
0
μg

pr
o
te
in

5
0
μg

pr
o
te
in

1
μg

p
ro
te
in

N
.A
.

M
an

uf
ac
tu
re
r
ad

vi
se
d

lo
ad

in
g

N
.A
.

0
.5

ng
to

3
0
μg

6
–6

0
μg

0
.5

ng
to

3
0
μg

0
.5

n
g
to

8
o
r
8
0
μg

Lo
ad

in
g
so
lv
en

t
0
.1
%

H
F
B
A
in

H
2
O

2
%

H
3
P
O

4
in

9
8
%

H
2
O

N
.A
.(
M
P
st
at
es

0
.5
%

T
F
A
in

5
%

A
C
N
)

0
.1
%

T
F
A
in

H
2
O

R
ef
er
en

ce
m
et
h
o
d
:0

.1
%

T
F
A

in
H

2
O
;O

p
ti
m
iz
ed

m
et
h
o
d
:

0
.1
%

H
F
B
A
in

H
2
O

N
.A
.(
M
P
st
at
es

0
.1
%
–1

.0
%

T
F
A
in

H
2
O
)

E
lu
ti
o
n
so
lv
en

t
0
.1
%

T
F
A
in

3
0
:7
0
v/
v%

H
2
O
:

A
C
N
,a
nd

0
.1
%

F
A
in

3
0
:7
0
v/
v%

H
2
O
:A
C
N

1
0
0
v/
v%

M
eO

H

N
.A

.(
M
P
st
at
es

3
0
:7
0
v/
v%

H
2
O
:A
C
N
)

0
.1
%

T
F
A
in

2
0
:8
0
v/
v%

H
2
O
:

A
C
N

R
ef
er
en

ce
m
et
h
o
d
:0

.1
%

T
F
A

in
3
0
:7
0
v/
v%

H
2
O
:A
C
N
;

O
pt
im

iz
ed

m
et
h
o
d
:0

.1
%

T
F
A
in

3
0
:7
0
v/
v%

H
2
O
:

A
C
N
,a
n
d
0
.1
%

F
A
in

3
0
:7
0
v/
v%

H
2
O
:A
C
N

N
.A
.(
M
P
st
at
es

0
.1
%

F
A
in

5
0
:5
0
-
2
5
:7
5
v/
v%

H
2
O
:

A
C
N
)

Is
th
e
m
et
ho

d

o
pt
im

iz
ed

o
r

re
co

ve
ry

an
al
yz
ed

?

In
-h
o
us
e
o
pt
im

iz
at
io
n
w
as

ca
rr
ie
d
o
ut
,a
nd

re
co

ve
ry

w
as

an
al
yz
ed

.

N
O

N
O

In
-h
o
u
se

o
p
ti
m
iz
ed

m
et
h
o
d
fo
r

hy
dr
o
p
h
ili
c
sp
ec
ie
s,
re
co

ve
ry

an
al
yz
ed

.

N
O

P
T
M

sp
ec
if
ic
it
y

P
ho

sp
ho

ry
la
ti
o
n

N
O

N
O

G
ly
co

sy
la
ti
o
n

N
O

A
dd

it
io
na

l

m
o
di
fi
ca
ti
o
n

T
ry
pt
ic
pe

pt
id
es

w
er
e

la
be

le
d
w
it
h
1
0
-p
le
x
T
M
T

re
ag
en

ts
.

R
ef
er
en

ce
[8
]

[9
]

[1
0
]

St
at
io
na

ry
ph

as
e

Z
ip
T
ip

C
1
8
pi
pe

tt
e
ti
ps

Z
ip
T
ip

μC
1
8

pi
pe

tt
e
ti
ps

Z
ip
T
ip

C
1
8
pi
pe

tt
e

ti
ps

G
ly
ge

n
T
o
pT

ip
C
1
8
pi
pe

t
ti
ps

O
as
is
H
LB

μE
lu
ti
o
n

p
la
te

C
1
8
Se

p
-P
ak

(w
at
er
s)

Sa
m
pl
e
ty
pe

B
ul
ls
em

en
fr
o
m

yo
un

g
an

d

ad
ul
t
bu

lls

H
um

an
he

al
th
y
sa
liv
a

P
ep

ti
d
e
LK

P
N
M

in
b
o
n
it
o
m
u
sc
le

h
yd

ro
ly
sa
te

Q
ua

nt
it
y
lo
ad

ed
N
.A
.

0
.7
5
,1

,2
,4

,a
nd

5
μg

pe
pt
id
e

1
.8
,2

.5
,5

,7
.5
,a
nd

1
2
.5

μg
pe

pt
id
e

2
8
,3

7
.5
,7

5
,1

5
0
,a
nd

1
8
7
.5

μg
pe

pt
id
e

1
5
,2

0
,4

0
,8

0
,a
n
d

1
0
0
μg

p
ep

ti
d
e

1
2
5
m
g
b
o
n
it
o
h
yd

ro
ly
sa
te

+
0
.0
5
–0

.3
m
g
LK

P
N
M

M
an

uf
ac
tu
re
r
ad

vi
se
d

lo
ad

in
g

1
–5

μg
2
μg

5
μg

7
5
μg

3
0
–5

0
μg

N
.A
.(
M
P
st
at
es

1
%
–1

0
%

o
f
th
e

to
ta
lS

P
E
d
ev

ic
e
b
ed

)

Lo
ad

in
g
so
lv
en

t
N
.A
.(
M
P
st
at
es

0
.1
%

T
F
A
in

H
2
O
)

1
%

A
A
so
lu
ti
o
n

M
ill
i-
Q

d
ei
o
n
iz
ed

w
at
er

E
lu
ti
o
n
so
lv
en

t
5
0
:5
0
v/
v%

H
2
O
:A
C
N
,a
nd

2
0
:8
0
v/
v%

H
2
O
:A
C
N

4
0
:6
0
v/
v%

M
eO

H
:H

2
O

4 of 14 BUGYI ET AL.

 10969888c, 2023, 8, D
ow

nloaded from
 https://analyticalsciencejournals.onlinelibrary.w

iley.com
/doi/10.1002/jm

s.4965 by C
ochrane H

ungary, W
iley O

nline L
ibrary on [13/09/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



T
A
B
L
E
1

(C
o
nt
in
ue

d)

R
ef
er
en

ce
[8
]

[9
]

[1
0
]

St
at
io
na

ry
ph

as
e

Z
ip
T
ip

C
1
8
pi
pe

tt
e
ti
ps

Z
ip
T
ip

μC
1
8

pi
pe

tt
e
ti
ps

Z
ip
T
ip

C
1
8
pi
pe

tt
e

ti
ps

G
ly
ge

n
T
o
pT

ip
C
1
8
pi
pe

t

ti
ps

O
as
is
H
LB

μE
lu
ti
o
n

p
la
te

C
1
8
Se

p
-P
ak

(w
at
er
s)

N
.A
.(
M
P
st
at
es

0
.1
%

F
A
in

5
0
:5
0
v/
v%

H
2
O
:A
C
N
)

Is
th
e
m
et
ho

d
o
pt
im

iz
ed

o
r

re
co

ve
ry

an
al
yz
ed

?

N
O

C
o
m
pa

ri
so
n
w
as

pe
rf
o
rm

ed
,d

if
fe
re
nt

am
o
un

ts
o
f
lo
ad

in
g
m
at
er
ia
lw

er
e
te
st
ed

.R
ec
o
ve

ry
an

al
yz
ed

.
N
O

P
T
M

sp
ec
if
ic
it
y

N
O

N
O

N
O

A
dd

it
io
na

lm
o
di
fi
ca
ti
o
n

R
ef
er
en

ce
[1
1
]

[1
2
]

[1
3
]

[1
4
]

St
at
io
na

ry
ph

as
e

C
1
8
St
ag

eT
ip
s

In
-h
o
us
e
m
ad

e
C
1
8
St
ag

eT
ip
s

Z
ip
T
ip

C
1
8
,

m
ic
ro
be

d
Z
ip
T
ip
U
-

C
1
8
,Z

ip
T
ip

C
4

pi
pe

tt
e
ti
ps

O
M
IX

C
1
8
an

d
m
ic
ro
be

d
O
M
IX

C
1
8
pi
pe

tt
e
ti
ps

(A
gi
le
nt

T
ec

hn
o
lo
gi
es
)

C
1
8
ti
ps

(E
pp

en
do

rf
P
er
fe
ct
P
u
re
)

O
as
is
H
LB

μE
lu
ti
o
n
p
la
te

(2
m
g
H
LB

so
rb
en

t)
,O

as
is

H
LB

5
m
g,

O
as
is
H
LB

1
0
m
g,

O
as
is
H
LB

3
0
m
g,

Se
p
-

P
ak

C
1
8
5
0
m
g,

Se
p
-P
ak

tC
1
8
5
0
m
g,

an
d
Se

p
-P
ak

C
1
8

1
0
0
m
g

Sa
m
pl
e
ty
pe

Ly
si
ne

-

ac
et
yl
at
ed

pe
pt
id
es

H
is
to
ne

di
ge

st
o
f
H
E
K
2
9
3
ce
lls

U
nl
ab

el
ed

B
SA

an
d

1
4
C
-m

et
hy

la
te
d
B
SA

sa
m
pl
es

P
o
o
le
d
h
u
m
an

p
la
sm

a

Q
ua

nt
it
y
lo
ad

ed
5
m
g
pr
o
te
in

be
fo
re

en
ri
ch

m
en

t

N
.A
.

4
μg

sa
m
pl
es

1
5
0
μg

p
ro
te
in

M
an

uf
ac
tu
re
r

ad
vi
se
d
lo
ad

in
g

2
–4

μg
N
.A
.

1
–5

μg
7
5
μg

N
.A
.

N
.A
.(
M
P
st
at
es

1
%
–1

0
%

o
f
th
e
to
ta
lS

P
E
d
ev

ic
e
b
ed

)

Lo
ad

in
g
so
lv
en

t
0
.1
5
%

T
F
A
in

H
2
O

N
.A
.(
M
P
st
at
es

0
.1
%

T
F
A
in

2
%

A
C
N
)

N
.A
.(
M
P
st
at
es

0
.1
%

T
F
A
in

H
2
O
)

N
.A
.(
M
P
st
at
es

0
.5
%
-1
.0
%

T
F
A
in

H
2
O
)

N
.A
.

H
2
O

E
lu
ti
o
n
so
lv
en

t
0
.2
%

F
A
in

4
9
.8
:5
0
v/
v

%
H

2
O
:A
C
N

N
.A
.(
M
P
st
at
es

0
.1
%

T
F
A
in

4
0
:6
0
v/
v%

H
2
O
:A
C
N
)

N
.A
.(
M
P
st
at
es

0
.1
%

F
A
in

5
0
:5
0
v/
v%

H
2
O
:A
C
N
)

N
.A
.(
M
P
st
at
es

0
.1
%

F
A
o
r

0
.1
%

A
A
in

5
0
:5
0
–

2
5
:7
5
v/
v%

H
2
O
:A
C
N

o
r

H
2
O
:M

eO
H
)

N
.A
.

2
0
:8
0
v/
v%

H
2
O
:A
C
N

Is
th
e
m
et
ho

d

o
pt
im

iz
ed

o
r

re
co

ve
ry

an
al
yz
ed

?

N
O

N
O

B
in
di
ng

,r
ec
o
ve

ry
,a
nd

de
sa
lt
in
g
ef
fi
ci
en

cy
w
er
e
an

al
yz
ed

.
T
h
re
e
so
rb
en

ts
w
it
h
d
if
fe
re
n
t
so
rb
en

t
si
ze
s
w
er
e

co
m
p
ar
ed

,a
n
d
re
co

ve
ry

w
as

an
al
yz
ed

.

P
T
M

sp
ec
if
ic
it
y

A
ce
ty
la
ti
o
n

N
O

N
O

A
dd

it
io
na

l

m
o
di
fi
ca
ti
o
n

H
is
to
ne

s
an

d
hi
st
o
ne

va
ri
an

ts

w
er
e
de

ri
va
ti
ze
d
by

tr
ea

tm
en

t
w
it
h
pr
o
pi
o
n
yl

an
hy

dr
id
e
re
ag
en

t.

(C
o
n
ti
n
u
es
)

BUGYI ET AL. 5 of 14

 10969888c, 2023, 8, D
ow

nloaded from
 https://analyticalsciencejournals.onlinelibrary.w

iley.com
/doi/10.1002/jm

s.4965 by C
ochrane H

ungary, W
iley O

nline L
ibrary on [13/09/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



T
A
B
L
E
1

(C
o
nt
in
ue

d)

R
ef
er
en

ce
[1
5
]

[1
6
]

[1
7
]

[1
8
]

[1
9
]

St
at
io
na

ry
ph

as
e

G
ly
ge

n
T
o
pT

ip
C
1
8
pi
pe

t
ti
ps

P
ri
m
ed

o
lig

o
R
3
re
ve

rs
ed

-
ph

as
e
SP

E
m
ic
ro
co

lu
m
n

In
-h
o
us
e-
m
ad

e
R
P

m
ic
ro
co

lu
m
ns

pa
ck

ed
w
it
h

o
lig

o
R
3
R
P
re
si
n

E
m
p
o
re
™

SD
B
-X

C
ex

tr
ac
ti
o
n
d
is
ks

SO
LA

μ™
H
R
P

SP
E
sp
in

p
la
te
s

Z
ip
T
ip

C
1
8

p
ip
et
te

ti
p
s

Sa
m
pl
e
ty
pe

E
xo

so
m
es

o
f
br
ea

st
ce
ll
lin

e
E
nr
ic
he

d
gl
yc
o
pe

pt
id
es

fr
o
m

fr
es
h
pr
o
st
at
e
ti
ss
ue

Ly
si
ne

-a
ce
ty
la
te
d
pe

pt
id
es

o
f

tr
ip
le
-n
eg

at
iv
e
br
ea

st
ca
nc

er

ce
lls

P
ho

sp
ho

p
ep

ti
d
es

fr
o
m

H
eL

a
ce
ll
lin

e

P
o
rc
in
e
re
ti
n
al
ti
ss
u
es

Q
ua

nt
it
y
lo
ad

ed
N
.A
.

2
5
0
μg

pe
pt
id
es

be
fo
re

en
ri
ch

m
en

t

1
0
0
μg

o
f
pe

pt
id
es

be
fo
re

en
ri
ch

m
en

t

1
0
0
μg

o
f
p
ep

ti
d
es

b
ef
o
re

en
ri
ch

m
en

t

5
0
μg

p
ro
te
in

b
ef
o
re

SD
S
P
ag
e
an

d

d
ig
es
ti
o
n

M
an

uf
ac
tu
re
r
ad

vi
se
d

lo
ad

in
g

7
5
μg

N
.A
.

N
.A
.

N
.A
.

N
.A
.

1
–5

μg

Lo
ad

in
g
so
lv
en

t
N
.A
.(
M
P
st
at
es

0
.1
%

F
A
o
r
0
.0
5
%

T
F
A
in

H
2
O
)

N
.A
.

0
.1
%

T
F
A
in

H
2
O

0
.1
%

T
F
A
in

0
%
–4

%
A
C
N

0
.1
%

T
F
A
in

H
2
O

E
lu
ti
o
n
so
lv
en

t
N
.A
.(
M
P
st
at
es

0
.1
%

F
A
o
r
0
.0
5
%

T
F
A
in

4
0
:6
0
v/
v%

H
2
O
:A
C
N
)

N
.A
.

0
.1
%

T
F
A
in

4
0
:6
0
v/
v%

H
2
O
:

A
C
N

0
.1
%

T
F
A
in

2
0
:8
0
v/
v%

H
2
O
:A
C
N

1
0
0
v/
v%

M
eO

H

0
.1
%

T
F
A
in

5
0
:5
0
v/
v%

H
2
O
:A
C
N

Is
th
e
m
et
ho

d
o
pt
im

iz
ed

o
r
re
co

ve
ry

an
al
yz
ed

?

N
O

N
O

N
.A
.

In
-h
o
us
e
o
p
ti
m
iz
at
io
n
w
as

ca
rr
ie
d
o
u
t,
re
co

ve
ry

an
al
yz
ed

.

N
O

P
T
M

sp
ec
if
ic
it
y

N
O

G
ly
co

sy
la
ti
o
n

A
ce
ty
la
ti
o
n

P
ho

sp
ho

ry
la
ti
o
n

N
O

A
dd

it
io
na

lm
o
di
fi
ca
ti
o
n

T
ry
pt
ic
pe

pt
id
es

w
er
e

la
be

le
d
w
it
h
1
0
-p
le
x
T
M
T

re
ag
en

ts
.

P
ep

ti
de

s
w
er
e
la
be

le
d
w
it
h
th
e

T
M
T
1
1
pl
ex

ki
t.

R
ef
er
en

ce
[2
0
]

[2
1
]

[2
2
]

St
at
io
na

ry
ph

as
e

O
M
IX

C
1
8
pi
pe

tt
e
ti
ps

(A
gi
le
nt

T
ec

hn
o
lo
gi
es
)

T
he

rm
o
P
ie
rc
e
C
1
8
C
o
lu
m
ns

W
at
er
s
O
as
is
H
LB

G
ly
ge

n
T
o
p
T
ip

C
1
8
+

gr
ap

h
it
e

pi
pe

t
ti
p
s

W
at
er
s
Se

p
-P
ak

C
1
8
9
6
-w

el
lp

la
te

Sa
m
pl
e
ty
pe

R
hi
pi
ce
ph

al
us

sa
ng
ui
ne
us

sa
liv
ar
y
gl
an

d

an
d
m
id
gu

t

La
be

le
d
H
L6

0
ce
ll-
su
rf
ac
e
pr
o
te
in
s

M
o
u
se

ad
ip
o
se

ti
ss
u
e

Q
ua

nt
it
y
lo
ad

ed
1
5
0
μg

pr
o
te
in

5
0
–1

0
0
μg

pr
o
te
in

be
fo
re

en
ri
ch

m
en

t
8
0
μg

p
ep

ti
d
e
b
ef
o
re

SC
X
fr
ac
ti
o
n
at
io
n
(1
5

fr
ac
ti
o
n
s)

M
an

uf
ac
tu
re
r

ad
vi
se
d
lo
ad

in
g

7
5
μg

0
.5

ng
to

3
0
μg

N
.A
.(
M
P
st
at
es

1
%
–1

0
%

o
f
th
e
to
ta
lS

P
E
de

vi
ce

be
d)

7
5
μg

N
.A
.(
M
P
st
at
es

1
%
–1

0
%

o
f
th
e
to
ta
lS

P
E

d
ev

ic
e
b
ed

)

Lo
ad

in
g
so
lv
en

t
N
.A
.(
M
P
st
at
es

0
.5
%
–1

.0
%

T
F
A
in

H
2
O
)

0
.1
%

H
F
B
A
in

H
2
O

2
%

H
3
P
O

4
in

9
8
%

H
2
O

H
2
O

M
o
b
ile

p
h
as
e
o
f
SC

X
fr
ac
ti
o
n
at
io
n
(t
h
at

co
n
ta
in
ed

5
0
0
m
M

K
C
l,
1
0
m
M

K
H

2
P
O

4

in
2
5
%

A
C
N
)

6 of 14 BUGYI ET AL.

 10969888c, 2023, 8, D
ow

nloaded from
 https://analyticalsciencejournals.onlinelibrary.w

iley.com
/doi/10.1002/jm

s.4965 by C
ochrane H

ungary, W
iley O

nline L
ibrary on [13/09/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



T
A
B
L
E
1

(C
o
nt
in
ue

d)

R
ef
er
en

ce
[2
0
]

[2
1
]

[2
2
]

St
at
io
na

ry
ph

as
e

O
M
IX

C
1
8
pi
pe

tt
e
ti
ps

(A
gi
le
nt

T
ec

hn
o
lo
gi
es
)

T
he

rm
o
P
ie
rc
e
C
1
8
C
o
lu
m
ns

W
at
er
s
O
as
is
H
LB

G
ly
ge

n
T
o
p
T
ip

C
1
8
+

gr
ap

h
it
e

pi
pe

t
ti
p
s

W
at
er
s
Se

p
-P
ak

C
1
8
9
6
-w

el
lp

la
te

E
lu
ti
o
n
so
lv
en

t
N
.A
.(
M
P
st
at
es

0
.1
%

F
A
o
r
0
.1
%

A
A
in

5
0
:5
0
–2

5
:7
5
v/
v%

H
2
O
:A
C
N

o
r
H

2
O
:

M
eO

H
)

0
.1
%

T
F
A
in

3
0
:7
0
v/
v%

H
2
O
:

A
C
N
,a
nd

0
.1
%

F
A
in

3
0
:7
0
v/
v

%
H

2
O
:A
C
N

1
0
0
v/
v%

M
eO

H
0
.0
5
%

T
F
A
in

6
0
:4
0
v/
v%

H
2
O
:A
C
N

0
.1
%

T
F
A
in

3
0
:7
0
v/
v%

H
2
O
:A
C
N

Is
th
e
m
et
ho

d

o
pt
im

iz
ed

o
r

re
co

ve
ry

an
al
yz
ed

?

N
O

C
o
m
pa

ri
so
n
w
as

pe
rf
o
rm

ed
,r
ec
o
ve

ry
w
as

an
al
yz
ed

.
N
O

P
T
M

sp
ec
if
ic
it
y

N
O

N
O

N
O

A
dd

it
io
na

l

m
o
di
fi
ca
ti
o
n

C
el
l-
su
rf
ac
e
pr
o
te
in
s
w
er
e
co

va
le
nt
ly

bi
o
ti
ny

la
te
d.

A
bb

re
vi
at
io
ns
:A

A
,a
ce
ti
c
ac
id
;A

C
N
,a
ce
to
ni
tr
ile
;B

SA
,b

o
vi
ne

se
ru
m

al
bu

m
in
;F

A
,f
o
rm

ic
ac
id
;H

F
B
A
,h

ep
ta
fl
uo

ro
bu

ty
ri
c
ac
id
;H

LB
,h

yd
ro
ph

ili
c-
lip

o
p
h
ili
c
b
al
an

ce
;M

eO
H
,m

et
h
an

o
l;
M
P
,m

an
u
fa
ct
u
re
r's

p
ro
to
co

l;

N
.A
.,
in
fo
rm

at
io
n
no

t
gi
ve

n
in

th
e
ar
ti
cl
e;

P
T
M
,p

o
st
-t
ra
ns
la
ti
o
na

lm
o
di
fi
ca
ti
o
n;

R
P
,r
ev

er
se
d-
ph

as
e;

SC
X
,s
tr
o
ng

ca
ti
o
n
ex

ch
an

ge
;S

P
E
,s
o
lid

-p
h
as
e
ex

tr
ac
ti
o
n
;T

F
A
,t
ri
fl
u
o
ro
ac
et
ic
ac
id
;T

M
T
,T

an
d
em

M
as
s
T
ag
.

BUGYI ET AL. 7 of 14

 10969888c, 2023, 8, D
ow

nloaded from
 https://analyticalsciencejournals.onlinelibrary.w

iley.com
/doi/10.1002/jm

s.4965 by C
ochrane H

ungary, W
iley O

nline L
ibrary on [13/09/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



TABLE 2 Parameters to be optimized during the development of an SPE method. The solvent system is inherent to the stationary phase
chosen for the sample clean-up; however, as it is seen in the examples in Table 1, most of the solvent systems use mainly highly aqueous loading
buffers and organic elution solvents.

Parameters Optimization range Expected effect Difficulty of optimization Importance of optimization

Resin chemistry,

particle size and

porosity, vendor

C18 stationary phases are used

for general applications.

Lower binding chemistries

can be used for hydrophobic

peptides and special

hydrophilic properties might

be of use for PTM analysis.

Defines all the characteristics

from qualitative annotations

to quantitative aspects.

Optimization is limited only by

resources and time.

However, these three

characteristics are linked

together by the available

phases on the market.

Careful selection of resin

should be addressed. This is

the most important factor

for a successful cleanup

procedure.

Resin-to-sample ratio Based on the manufacturer's

instructions.

Analyte breakthrough should

be avoided at high loading,

while permanent retention

of the compounds can be

avoided at low loading

levels.

It can be addressed in a few

steps with different loadings

of a test sample.

An important factor for

repeatability and accuracy.

The maximum loading

capacity is often

overestimated in protocols.

This should be addressed

before the detailed

optimization of the method.

Solvent composition of

sample loading buffer

0% - 20% organic solvent

content

Proper binding avoiding

analyte breakthrough.

It can be addressed in a few

steps.

Important to optimize.

Solvent composition

and volume of

washing buffer

0.5–2 times the loading

volume. Absolute range

inherent to the stationary

phase used.

Proper desalting efficiency

along with minimized sample

loss on hydrophilic species.

It can be addressed in a few

steps.

Moderate effect in general

used, high importance for

hydrophilic species.

Solvent composition of

elution solvent

Organic solvent content: 70%–
100% ACN or MeOH

An increase in recovery and

repeatability can be

expected.

It can be addressed in a few

steps.

Moderate effect in general use,

high importance for

hydrophobic species.

Ion pairing reagents 0.01%–1% FA/TFA/HFBA Ion pairing reagents are

especially useful for

providing sufficient

retention of analytes. Too

strong ion pairing causes

permanent retention, and

too weak ion pairing causes

analyte breakthrough.

Proper ion pairing results in

good binding, thus good

repeatability.

Moderately difficult, since ion

pairing reagents also

influence the pH of buffers.

Important to optimize.

Volume of elution 0.5–2 times as stated in the

manufacturer's instructions.

An increase in recovery and

repeatability can be

expected.

It can be addressed in a few

steps and should be

optimized together.

Important to optimize.

Number of elution steps 1–5 Optimum can be found

between hands-on time and

the efficiency of elution.

Contact time between

solvents and the

stationary phase

From seconds to a couple of

minutes. Controlled by

centrifugal speed/vacuum/

incubation with solvents.

Most of the manufacturer

protocols give a good

indication for this

parameter. A minor increase

in recovery and repeatability

can be expected with

further optimization.

Easy to optimize. Moderately important to

optimize.

Bead suspension and

incubation after

loading or elution

No mixing/mixing 0–2 min

incubation before solvent

flow

A minor increase in recovery

and repeatability can be

expected.

Feasible only with a classic

cartridge setup, and not with

pipet tip SPE systems.

Moderately important to

optimize.

Loading and wash

solvent temperature

24–0�C A minor increase in recovery

and repeatability can be

expected.

It can be addressed in a few

steps; however, incubation

of solvents and stationary

phases takes a longer time.

Moderately important to

optimize.

Cartridge temperature 24–4�C

Elution solvent

temperature

24–50�C

Abbreviations: ACN, acetonitrile; FA, formic acid; HFBA, heptafluorobutyric acid; MeOH, methanol; PTM, post-translational modification; SPE, solid-phase extraction; TFA,

trifluoroacetic acid.
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different retention characteristics. Several stationary phases have

been developed for special applications, for example, Waters HLB

reversed-phase media for samples with hydrophilic characteristics.30

Further important parameters are particle size and the porosity of the

material. These characteristics are inherent to the type of SPE used,

so have to be carefully selected in the beginning. To help this process,

most vendors provide sheets for selecting the appropriate resin for

the compounds in interest. The most commonly used stationary phase

is C18-functionalized silica.

2.2 | Resin-to-sample ratio

The amount of peptides retained is strongly determined by the

amount of available active functional groups on the stationary phase.

If too much material is loaded, a substantial part of the peptides will

not be retained and thus will be lost in the flow-through fraction. On

the other hand, if the amount of peptides is much less than ideal,

some of them may be permanently bound and cannot be eluted from

the cartridge. Therefore, manufacturer instructions on the loading

capacity of the given phase should be taken into consideration and

checked before starting the optimization workflow.

2.3 | Incubation and mixing steps

Incubating and suspending the resin in the sample loading or elution

solvents can help to reach the binding sites, thus increasing binding or

elution performance, respectively. However, these steps are only fea-

sible with a classic cartridge setup, and not with pipet tip SPE systems.

For additional tips, see Notes 3 and 4.

2.4 | The temperature during sample loading and
elution

Binding to the reversed-phase stationary phase is strongly influenced

by the temperature. In general, lower temperatures (e.g. 10�C) facili-

tate stronger binding, while higher temperatures (e.g. 50�C) weaken

the binding, due to weakened interactions between the analyte and

the stationary phase. As a result, cooled sample loading increases the

binding efficiency, while heated elution may help in maximizing recov-

ery from the cartridge. This is especially important when performing

quantitative proteomics analyses. However, the optimal temperature

depends on the stationary phase applied, thus it has to be optimized.

For additional tips, see Note 5.

2.5 | Composition of sample loading buffer with
emphasis on ion pairing reagents (IPRs)

The ultimate goal during sample loading is to bind as many peptides

as possible to the stationary phase. Most peptides have acidic

properties, their isoelectric points are in the range of 2–5. The use of

appropriate pH (e.g. pH < 2) allows peptides to be positively charged,

thus forming ion pairs with, for example, TFA. Ion pairs are well

retained on the reversed-phase media. Usually, perfluorinated carbox-

ylic acids are used for IPRs, and the strength of the binding increases

with the number of carbon atoms (thus increasing hydrophobicity).

The concentration of the IPR influences both the pH and the peptide/

IPR ratio, thus careful optimization is necessary.

2.6 | The volume of elution solvent and number of
elution steps

In general, increasing the volume of the elution solvent increases the

recovery from the stationary phase. However, SPE purification is typi-

cally followed by solvent evaporation (to concentrate the sample), and

in this case, larger elution volumes may cause higher sample loss. This

is attributed mainly to two things: (i) a larger interaction surface with

the walls of the microcentrifuge tubes; and (ii) an increased possibility

of sample droplets escaping the tube. Another important factor to

maximize recovery is the number of elution steps: using more—smaller

volume—elution steps instead of using one-step elution with a large

volume is desirable (e.g. 3 � 50μL is more efficient than 1 � 150μL).

2.7 | Composition of elution buffer

The optimal organic solvent ratio during elution relies on the

hydrophobic-hydrophilic nature of the sample. When working with espe-

cially hydrophobic samples (e.g. membrane proteins), high organic solvent

content may be needed for optimal elution, while hydrophilic samples

(e.g. highly glycosylated plasma fractions) require lower organic solvent

content. In the elution step, it is important to weaken the ion paring

effect with the stationary phase, thus the use of less hydrophobic carbox-

ylic acids, such as formic acid (FA), may facilitate complete elution.

3 | ASSESSMENT OF METHOD
PERFORMANCE

The performance naturally can be assessed by applying the FDA Bioa-

nalytical guidelines.31 However, this can easily become complicated

when trying to apply it to tens of thousands of peptides. Thus, for a

general utility assessment for proteomics, we advise addressing three

more general parameters according to the aim of the study: recovery,

peptide/protein identification performance, and distribution of chemi-

cal properties of the detected peptides/proteins. Along with the per-

formance, the repeatability of the method should also be checked

based on the abovementioned three parameters (see Note 9).

Recovery is an essential parameter for quantitative proteomics

experiments; it can be addressed in two ways. When a respective con-

trol is available (see Notes 10–11) and can be injected into the HPLC-

MS system without significant damage, it is advisable to perform the
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comparison based on the protein intensity values of all commonly

quantified proteins. When a control sample is not available (this is

mostly the case), labeled or synthetic peptides may be spiked in the

sample before cleanup and recovery can be calculated the traditional

way (see Notes 12–13). Calculating recovery in proteomics experi-

ments is inherently biased by the ion suppression effects of co-eluting

components during the HPLC-MS run. Therefore, it is common to

observe recoveries over 100% when an effective SPE cleanup is per-

formed (the investigated peptide is suppressed more by matrix com-

ponents in the control sample than in the purified sample). The target

range for recovery is 70%–130%.

Peptide/protein identification performance is the most straight-

forward parameter to compare. The higher the performance for

removing matrix components (and the recovery of the peptides), the

lower the ion suppression during HPLC-MS measurements, thus the

higher the identification performance will be.

It is important to ensure that the chemical distribution of the ana-

lytes does not bias the findings when using the clean-up methods. Non-

complete binding/elution of the peptides or excessive washing may

cause a partial loss of the analytes. Therefore, it is advised to check the

sanity of the results based on chemical parameters, such as peptide

length (number of amino acids per peptide), hydrophobicity (Grand

Average of Hydropathy, GRAVY score32), and IEP. Peptide GRAVY

scores can be calculated by averaging the contributions of individual

amino acids; an Excel sheet for this is available from the authors upon

request. For the calculation of protein GRAVY scores, we recommend

the web application developed by Stephan Fuchs.33 IEP calculations

can easily be performed by using the Isoelectric Point Calculator by

Kozlowski.34 The distribution acquired by using the tested methods can

be compared visually or by mathematical correlations.

4 | FAST OPTIMIZATION WORKFLOW

The fast optimization workflow presented here provides time-efficient

optimization of the SPE procedure for a given sample type. It requires

16 measurements on a test sample and only a couple of hours of labo-

ratory work. This workflow is only given as an example; the exact

chemical compositions and parameter settings can be adjusted based

on the manufacturer's recommendations and the reader's previous

expertise.

Step 1:

Choose a stationary phase for your purpose. Take the manufac-

turer's protocol as a starting step.

Step 2:

For optimization purposes, prepare a test sample for 16 experi-

ments. The parameters to be optimized are the following:

a. Composition of sample loading buffer

0.1% TFA versus 0.5% TFA versus 0.1% heptafluorobutyric acid

(HFBA) versus 0.5% HFBA—four conditions, leave the other steps of

the original protocol as they are

b. Temperature of sample loading

Cooled cartridge and solvents versus room temperature (RT) cartridge

and solvents—two conditions, leave the other steps of the original

protocol as they are or use the parameter optimized in the

previous step.

c. Temperature of elution

Elution solvent heated to 40�C versus at RT—two conditions, leave

the other steps of the original protocol as they are or use the parame-

ters optimized in the previous steps.

d. Composition of elution solvent

• Organic solvent content: for hydrophilic samples, use 10% lower

organic solvent content; for hydrophobic samples, use 10% higher

organic solvent content than suggested in the manufacturer's

protocol versus using the original composition. For samples without

any distinction in hydrophobicity, this step can be left out.

• Acid type: compare TFA and FA, and keep acid concentration con-

stant (see Note 6).

Four conditions, leave the other steps of the original protocol as

they are or use the parameters optimized in the previous steps.

e. Elution volume

Add one more step of elution to the manufacturer's protocol—two

conditions, leave the other steps of the original protocol as they are

or use the parameters optimized in the previous steps.

Altogether, only 14 experiments should be performed when a

step-by-step optimization is done. As a rule of thumb, the effects of

the various parameters discussed above can be considered additive.

The number of samples analyzed can be reduced to 10 when every

experiment of the Fast Optimization Workflow is performed at the

same time.

Step 3:

Evaluate the acquired data and choose the best-performing

method. Depending on the nature of the planned study, evaluation

may be based on the number of peptides/proteins identified or on a

quantitative measure (e.g. the average area of the quantified peaks).

Naturally, both aspects can be considered when choosing the optimal

parameters. For detailed instructions, see Section 3.

Step 4:

Compare the method with the optimized parameters to the man-

ufacturer's protocol in two additional experiments.

5 | TROUBLESHOOTING

The most common consequences of problems occurring are the fol-

lowing: (i) poor recovery of analytes, (ii) a low number of detected
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peptides, and (iii) an unexpectedly skewed distribution of physical–

chemical parameters of the identified peptides. These problems usu-

ally go hand-in-hand, and there is a multitude of reasons that can

cause problems. Peptides can be found in the loading/wash flow-

through, in the elution fraction, or stuck on the stationary phase.

Decomposition of peptides under the generally applied experimental

conditions is not expected, mainly loss of PTMs can cause perfor-

mance loss. Here, we list the most common reasons, explanations

where necessary, and possible solutions. Problems occurring only at

the SPE cleanup will be discussed, troubleshooting during other sam-

ple preparation steps or the HPLC-MS measurement is out of the

scope of this tutorial.

OBSERVATION A: Generally poor identification and quantitation

performance (possibly along with non-normal distribution of chemical

properties).

Reason 1: The resin is not activated/wetted properly before sam-

ple loading; therefore, most of the peptides are lost during loading.

Most of the resins on the market need an activation step, as indi-

cated in this tutorial as well. If the stationary phase is not prepared for

the binding properly, secondary interactions between the analytes

and the chemical bonding of the particles are weaker than they should

be. As a result, peptides will be weakly retained (or not at all) and flow

through the column/spin tip. Thus, they end up in the loading/wash

fractions that are usually discarded.

Reason 2: The sample or the sample loading buffer has too high

solvent strength.

Solvent strength is defined by the partition coefficient of the ana-

lytes between the stationary phase and the solvent. During sample

loading, the strong retention of the analytes is required on the column/

spin tip; therefore, a sufficiently weak solvent has to be used. Usually,

0%–10% organic solvent is used during loading on C18 materials, for

example, 20% acetonitrile content can cause a substantial sample loss.

Reason 3: The sample loading solvent did not contain a sufficient

concentration of ion-pairing reagents.

When ion pairs are formed by the deprotonated IPR ion and the

positively charged peptide, a larger and more hydrophobic compound

is produced. This increases retention during sample loading. If the

concentration of the IPR is too low, then not all the peptides will form

ion pairs, and a part of the population will have weaker retention. The

IPRs are usually used for controlling the pH as well (see Reason 4).

Reason 4: The sample loading/wash solvents have incorrect pH or

are not buffered well.

As peptides are ionizable compounds (weak acids or bases), sol-

vent pH is one of the most important factors in controlling retention

on reversed-phase materials. Low pH (<3) is required when acidic pep-

tides are of interest (most cases), and high pH (>10) is required for

basic peptides. The rationale behind this is to keep all the copies of a

given peptide in ionized/non-ionized form. This can be achieved by

adjusting the pH to at least two units above or below the peptide's

pKa/pKb values. Unfortunately, this is not ubiquitously achievable,

because we work with a large population of different peptides. If

using the digestion buffer as the sample loading solvent, one should

be particularly careful.

Reason 5: Washing was too extensive.

Even when using sufficiently weak solvent for sample loading and

washing, weakly retained peptides can still be eluted. This is particu-

larly true when the stationary phase is operated near the upper limit

of its capacity.

Reason 6: The solvent flow rate is too fast.

The time of binding to the stationary phase is insufficient because

the speed of centrifugation or the applied vacuum was too high. A

high solvent flow rate also decreases the time of interactions needed

for eluting the peptides. To address this issue, consider reducing the

solvent flow rate by lowering the centrifuge rotation speed or the vac-

uum. Introducing a reapplication step at loading, and/or an additional

elution step may also help overcome this issue.

Reason 7: The elution was incomplete and peptides are stuck on

the stationary phase.

This can especially be the case when a small amount of sample is

introduced on a high-capacity resin. As a result, many binding sites are

available for each peptide. This can either be caused by a high solvent

flow rate (see Reason 6) or insufficient elution conditions. Increasing

the organic solvent content of the elution solvent (and/or adding iso-

propanol) and removing ion-pairing reagents can facilitate elution.

Raising the elution temperature can also be effective, and multiple

elution steps can also be beneficial (see Note 6).

Reason 8: The resin is insufficiently packed or is too old.

Degradation of the silica and bleeding of the stationary phase

chemistry are more likely to occur when shelf-life is exceeded. Unfor-

tunately, this cannot easily be investigated. However, insufficient

packing of the material is easily visible, and can also be indicated by

restricted solvent flow through the stationary phase.

Investigation points for Reasons 1–7:

When developing a method, it is always advisable to collect

the Load, Wash, and Elution fractions separately and store them

for further analysis. If an appropriate control sample is used, one

can decipher the distribution of peptides among the three fractions

and determine the ratio that is still retained on the stationary

phase.

OBSERVATION B: Hydrophilic peptides, glycopeptides, and

phosphopeptides have poor recovery. This is mainly in connection

with the loading and wash steps; peptides end up in the discarded

flow-through.

Reason 1: The sample loading/wash solvent strength was

too high.

Reason 2: The washing step was too extensive.

Reason 3: The chosen stationary phase is not suitable for this

group of peptides.

Explanations for Reasons 1 and 2 can be found under Observa-

tion A. If the stationary phase is deemed to be unsuitable, the user

should try specific stationary phase types, such as HLB, HILIC, or

mixed-mode resins capable of retaining polar compounds.

OBSERVATION C: Long and/or hydrophobic peptides have poor

recovery. This is mainly due to the elution step, where peptides end

up being retained on the stationary phase.

Reason 1: The elution solvent strength was too low.
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To address this issue, one should consider using fully-organic elu-

tion solvents and adding isopropanol to the elution solvents. Another

possible solution is to increase the temperature (e.g. 50–60�C) of the

elution solvent to weaken the bonds and facilitate elution.

Reason 2: Elution was not extensive enough, and peptides are still

retained on the stationary phase. The issue can be solved by adding

more elution steps.

Reason 3: The chosen stationary phase is not suitable for this

group. The reader should try lower-binding chemistries, such as C8.

OBSERVATION D: Repeatability issues occur.

Reason 1: Uncontrolled sample loading pH or ion pairing. Special

attention is needed when using the digestion solution directly for

sample loading.

Reason 2: Solvents do not go through all the SPE columns. This is

usually the case for centrifugal spin tip systems. If the centrifugation

is insufficient, for example, not long enough or the speed of the cen-

trifuge is too low (centrifugal force is not enough to compensate for

the back pressure), some solvent may be retained on the top of the

stationary phase.

Reason 3: The microcentrifuge tubes used for sample collection

are not “protein low-bind” leading to undiscovered recovery issues.

Reason 4: Elution volume is too high, and the repeatability issues

are mainly caused by subsequent dry-down steps. As solvent volumes

increase, the possibility of escaping solvent droplets during dry-down

also increases.

Reason 5: The column dries before the sample is added. This oblit-

erates all the column activation and conditioning efforts. This is com-

mon in vacuum-operated SPE systems, requiring activation and

conditioning to be started over.

Reason 6: The binding capacity of the column is exceeded, result-

ing in an uncontrolled breakthrough of the analytes during the loading

step. The sample amount should be decreased to match the capacity.

As a rule of thumb, manufacturer recommendations should be fol-

lowed but critical assessment should also be taken.

OBSERVATION E: Salt contamination is observed during sample

dry-down or the HPLC-MS runs.

Reason: The washing was insufficient. To resolve this issue,

increase the wash volume.

6 | ADDITIONAL NOTES

Note 1. Reapplying the flow-through to the stationary

phase once or twice may help in the complete binding of

the target compounds. The peptides not retained in the

first step of sample loading may go through a different

flow path in the second step reaching empty binding sites.

Note 2. Always use protein low-bind microcentrifuge

tubes in all SPE steps.

Note 3. A 1-min incubation may help by providing

enough time for the analytes to reach binding equilib-

rium with the stationary phase.

Note 4. Suspending the resin in the applied solvent

before centrifugation may increase the efficiency of

elution.

Note 5. Cooling the cartridge may require up to 24 h to

reach equilibrium.

Note 6. It might be beneficial to use FA for the last 1–2

steps of elution and keep the original buffer component

for the previous steps. This way, the ion pairing is weak-

ened and two solvents with slightly different selectivity

can be used for optimal elution.

Note 7. It is useful to keep the effluents of the loading

and the wash step for future analysis if troubleshooting

needs to be done.

Note 8. Generalized (stringent) database search and

quantitation parameters should be used for all the mea-

surements when they are compared. However, in some

cases, it can be useful to perform the assessment with

looser criteria (for all the samples in question) to deter-

mine smaller differences that may otherwise be hidden.

Note 9. When assessing the repeatability of methods,

at least five technical replicates should be used.

Note 10. You may consider using an already purified

sample as the control. However, it is advised only at the

initial step of the method development. The matrix com-

ponents in a real sample (digestion buffers, enzymes,

small metabolites, etc.) can dramatically change the

binding characteristics, thus altering method perfor-

mance. This is the main reason why SPE methods

should be optimized for all the distinct sample types.

Note 11. An unpurified sample may only be used as the

control if it does not contain large quantities of surfac-

tants and urea.

Note 12. When spiking peptides in the sample, they

should cover the whole range of chemical diversity to

be analyzed. This includes peptide length and hydropho-

bicity, different phosphorylation positions, different

types of glycans attached, and so forth. It is advised to

use at least six different peptides. Additionally, they

should match the quantities in the real sample to pro-

vide viable information on the method's performance.
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Note 13. Spiking exogenous proteins in the sample

before the digestion is not advisable, because it does

not only reflect the SPE performance.
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