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bstract

The use of two different monoliths located in capillaries for on-line protein digestion, preconcentration of peptides and their separation has been
emonstrated. The first monolith was used as support for covalent immobilization of pepsin. This monolith with well-defined porous properties
as prepared by in situ copolymerization of 2-vinyl-4,4-dimethylazlactone and ethylene dimethacrylate. The second, poly(lauryl methacrylate-co-

thylene dimethacrylate) monolith with a different porous structure served for the preconcentration of peptides from the digest and their separation
n reversed-phase liquid chromatography mode. The top of the separation capillary was used as a preconcentrator, thus enabling the digestion
f very dilute solutions of proteins in the bioreactor and increasing the sensitivity of the mass spectrometric detection of the peptides using a

ime-of-flight mass spectrometer with electrospray ionization. Myoglobin, albumin, and hemoglobin were digested to demonstrate feasibility of
he concept of using the two monoliths in-line. Successive protein injections confirmed both the repeatability of the results and the ability to reuse
he bioreactor for at least 20 digestions.
 2008 Published by Elsevier B.V.
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. Introduction

Every protein features a unique sequence of amino acid
esidues. Deciphering the sequence is a key step in proteomics
nd different strategies can be applied to address this challenge.
ne of these strategies, the bottom-up approach, involves pro-

ein digestion to produce smaller peptide fragments, which are
hen separated and identified. In the most common implemen-
ation, each step is carried out separately and requires both
ime and manual handling. In order to avoid these drawbacks,

ystems are being developed that enable in-line protein diges-
ion using an immobilized enzyme reactor followed by liquid
hromatographic separation of the resulting peptides and their
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haracterization using a coupled electrospray ionization (ESI) or
atrix-assisted laser desorption ionization (MALDI) with mass

pectrometry (MS) [1–6]. All steps following the protein sample
reparation starting from injection to data interpretation should
e automated. Consequently, this approach minimizes both the
isk of mishandling sample and the time required to complete
he analysis. The most common enzyme currently used for the
igestion of proteins is trypsin. This enzyme exhibits good speci-
city and a large database of peptide fragments, characterizing a
ast variety of proteins, has already been created. Given that the
ize of samples handled in proteomics is very small, it is desir-
ble to develop miniature immobilized enzyme reactors placed
n capillaries or microfluidic devices for such studies.

Proteolysis in solution is carried out with small amounts

f enzyme to avoid the undesired autodigestion that yields
ragments obscuring those originating from the proteins of inter-
st. Therefore, long reaction times are required to completely
igest the proteins. In contrast, immobilization enables the
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reparation of reactors characterized by a high local concen-
ration of the enzyme and very fast reaction kinetics. The “site
solation” effect then prevents the immobilized enzymes to
igest each other. Although proteolytic enzymes immobilized
n porous particles have long been known [7] their use in pro-
eomics is limited [8–12]. In contrast, monoliths are rapidly
aining popularity as carriers for the immobilization of trypsin
6,13] and other enzymes since the fast mass transport character-
stic of monoliths further increases the reaction rate. Numerous
eviews have appeared describing in detail the application of
onolithic supports in systems that enable fast enzymatic con-

ersion [14–15], their use for the fabrication of immobilized
icrofluidic enzymatic reactors [16,17], and more specifically

or the immobilization of trypsin [3].
Monoliths were first used as stationary phases in high-

erformance liquid chromatography (HPLC) [18–21]. The
onolithic structure fills the entire column volume and does not

ontain any interparticular voids typical of classical columns
acked with particulate stationary phases. As a result, all of the
obile phase must flow through the monolith thus replacing the

sual diffusional mass transport with much faster convection.
he organic polymer monoliths are prepared from liquid pre-
ursors by polymerization in situ [19]. These and many other
dvantages of monoliths have led to their acceptance in chro-
atography and other fields. Their applications in a variety

f applications including HPLC, gas chromatography, capillary
lectrochromatography (CEC), and solid-phase extraction has
ecently been summarized in several reviews [22–34] and books
35,36].

We advocated the use of porous polymer monolithic sup-
orts for immobilization of trypsin more than a decade ago
13]. Our initial research that was later extended to demonstrate
pplications of monoliths with various chemistries and in var-
ous sizes and formats [6,13,37–39] served as an inspiration
o numerous immobilization studies in other laboratories [17].
n this study, we report immobilization of another proteolytic
nzyme—pepsin, which digests proteins at acidic pH, a property
hat facilitates the direct coupling of the monolithic reactor with
SI-MS. Pepsin should not be seen as an alternative to trypsin

or protein identification but rather as a complementary tool that
ay be used both to determine and confirm the respective order

f each peptide fragment obtained from the tryptic digestion
40]. In order to achieve this, the cleavage sites favored by the
wo enzymes must be different, which is the case with trypsin
nd pepsin. Indeed, trypsin cleaves proteins specifically at the
-end of the Arg and Lys residues while pepsin at pH 2 cleaves
ainly at C-end of Phe and Leu residues [41]. The specificity

f pepsin is lower than that of trypsin and some amino acid
equences are not cleaved despite the presence of Phe and Leu,
hile other sequences can be cleaved even in their absence.
lthough this would be detrimental for protein identification,

his lack of specificity can be utilized for quantitative protein
nalysis [42,43]. Due to miscleavages, pepsin digestion gener-

tes longer peptides that provide a signature of a specific protein.
hus, pepsin digestion has been successfully applied to quanti-

ative protein analysis affording the reproducible formation of
pecific peptide markers [42]. Pepsin digestion is also a critical
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tep in the hydrogen–deuterium exchange mass spectrometry
or the analysis of protein dynamics [44].

In contrast to trypsin, immobilization of pepsin on solid
upports is less common. For example, Krenkova et al. mod-
fied the inside wall of a 10 �m I.D. capillary with epoxy
ilane, then hydrolyzed the epoxide and oxidized the resulting
iol with periodate to obtain aldehyde surface groups subse-
uently used to immobilize pepsin [45]. Following stabilization
f the linkage with sodium cyanoborohydrate, this capillary
as used in flow through mode in a process involving the

apillary zone electrophoresis separation of cytochrome c, myo-
lobin, and mellitin, followed by digestion of the separated
roteins, and detection of the resulting peptides via on-line cou-
led ESI-MS. Similarly, Schoenherr et al. prepared 5 cm long
oly(glycidyl methacrylate-co-ethylene dimethacrylate) mono-
ith in 48 �m I.D. capillary [46] and modified it as described
bove to obtain aldehyde moieties for the attachment of pepsin.
he immobilized pepsin microreactor was then used in capillary
lectrophoresis–digestion–capillary electrophoresis configura-
ion with ESI-MS detection to create two-dimensional peptide

aps of cytochrome and myoglobin. These multistep column
reparation processes had to be used because the direct reaction
f enzyme with epoxide [7,45] could not be used as pepsin is
nown to denature in basic environment and therefore it must
e immobilized from its solution in acid, typically at pH 4, con-
itions that would lead to hydrolysis of the reactive epoxide
unctionalities rather than coupling of the enzyme.

Efficient identification of peptides resulting from protein
igestion requires their separation to precede the MS detection.
lthough the digest can be collected off-line, desalted, precon-

entrated and then injected in the LC–MS system, an in-line
ystem including enzymatic reactor, preconcentrator, and HPLC
olumn is more advantageous since it enables the combination
f all of these steps without any manipulation and facilitates
utomation. In contrast to electrophoretic separation systems
entioned above, the combination of LC with ESI-MS is also

asier to implement. Monolithic polymers can be used for all
he three functions. This report describes an on-line system in
hich model proteins myoglobin, albumin and hemoglobin are
igested by pepsin immobilized in a monolithic polymer-based
icroreactor, the resulting peptides being then concentrated

nd separated in a methacrylate-based monolithic column using
PLC followed by ESI-MS detection.

. Materials and methods

.1. Chemicals

Ethylene dimethacrylate (EDMA), lauryl methacrylate
LaMA), 1-propanol, 1,4-butanediol, 2,2-azobisisobutyronitrile
AIBN), 3-(trimethoxysilyl)propyl methacrylate, tris(hy-
roxymethyl)aminomethane (Tris), urea (98%), iodoacetamide
nd 1,4-dithio-dl-threitol (>95%) were purchased from

ldrich (Milwaukee, WI, USA). Polymerization inhibitors
ere removed from EDMA and LaMA by passing them

hrough a column filled with activated basic alumina (Aldrich)
hile EDMA was distilled under reduced pressure. 2-Vinyl-
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,4-dimethylazlactone (VAL) was a generous gift from 3M
ompany (St. Paul, MN). Acetonitrile and water (both of MS
urity grade), sodium hydroxide, hydrochloric acid, acetic
cid, formic acid, bovine blood hemoglobin, ovalbumin from
hicken egg white, and equine heart myoglobin were obtained
rom Sigma (St. Louis, MO, USA).

.2. Instrumentation

Scanning electron micrographs of monoliths were obtained
sing a S-4300 SE/N scanning electron microscope (Hitachi,
leasanton, CA, USA).

LC experiments were performed with a nanoAcquity UPLC
ystem (Waters, Milford, MA, USA), equipped with pumps
elivering the mobile phase at a flow rate 0.2–100 �L/min and an
uto-sampler with a 2 �L sample loop. The mobile phase for the
C separations was 2% formic acid in water (A) and 2% formic
cid in acetonitrile (B). The mobile phase gradient included
00% A for the initial 25 min followed by a linear increase
o 80% B in 40 min and keeping this composition for another
5 min. After this sequence, the mobile phase was switched back
o A and the system was equilibrated for 40 min prior to the next
njection. The typical flow rate was 500 nL/min.

A time-of-flight mass spectrometer (Micromass LCT,
anchester, UK) was used for detection. Data were acquired

etween 600 and 1200 Thompson. A Picoview nanospray inter-
ace (New Objective, Woburn, MA, USA) was used for ESI,
ith a 3 cm × 10 �m I.D. distal coated silica tip (New Objec-

ive). The emitter tip was placed at a distance of ca. 5 mm from
he MS entrance in an angle of approximately 45◦. In order to
et a stable spray, the capillary voltage was adjusted in the range

f 1600–1800 V.

A 6-port analytical Cheminert valve equipped with an electric
ctuator (Vici Valco, Houston, TX, USA) was used to bypass
he enzymatic reactor during the peptide separation to pre-

o
i
H
t

ig. 1. Scheme of the in-line system: (A) protein solution is injected in the immobiliz
n the top of HPLC column; (B) the reactor is bypassed and peptides are separated in
gr. A  1188 (2008) 88–96

ent pepsin from denaturing by acetonitrile (Fig. 1). The valve
llowed flow through the reactor for the initial 25 min, then auto-
atically switched to bypass the reactor and finally switched

ack to the initial position 5 min before the next injection.

.3. Preparation of protein solutions

To 100 �L of a solution containing 1 mg hemoglobin or
lbumin (both proteins contain cysteine residues) in 0.1 mol/L
ris buffer pH 7.8 was added 5 �L of 200 mmol/L 1,4-dithio-
l-threitol solution prepared in 100 mmol/L tris buffer, after
ixing, the solution was allowed to react for 1 h at room tem-

erature. The sulfhydril functionalities in the reduced protein
ere alkylated with 20 �L of 200 mmol/L iodoacetamide solu-

ion in 100 mmol/L tris buffer for 1 h. Then, 20 �L of the
,4-dithio-dl-threitol solution was added to neutralize any unre-
cted iodoacetamide and the mixture allowed to react at room
emperature for another 1 h. Protein solutions were then diluted
o a concentration of 1 �mol/L using 10 mmol/L aqueous HCl
pH 2). As myoglobin does not include cysteine residues, it was
issolved directly in 10 mmol/L aqueous HCl to achieve a con-
entration of 1 �mol/L. Protein solutions were kept at 15 ◦C in
he sample rack, and were freshly prepared at least every 4 days.
he typical injected volume of 2 �L contained 2 pmol of the
rotein.

.4. Preparation of monolithic capillary column

Polyimide coated fused-silica capillaries of 100 �m I.D. were
urchased from Polymicro Technologies (Phoenix, AZ, USA).
heir inner surface was vinylized to enable covalent attachment

f the monolith. The capillary was activated by sequential rins-
ng with acetone, water, 200 mmol/L NaOH, water, 200 mmol/L
Cl, ethanol. Vinylization was achieved by pumping through

he capillary 20 wt.% solution of 3-(trimethoxysilyl)propyl

ed pepsin reactor in 2% aqueous formic acid, digested, and peptides are trapped
a gradient of acetonitrile.
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Fig. 2. SEM micrographs of the cross-section of 100-�m I.D. monoliths in capillaries: (A) support for the enzymatic reactor prepared from 24% VAL, 16% EDMA,
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4% 1-propanol, 26% 1,4-butanediol and 0.4% AIBN; (B) HPLC column prep
5% 1,4-butanediol and 0.4% AIBN; polymerizations were carried out at 70 ◦C

ethacrylate in ethanol adjusted to pH 5 with acetic acid at
flow rate of 250 nL/min for 1 h using a syringe pump (KdSci-
ntific, New Hope, PA, USA). The capillary were then rinsed
ith acetone, dried in stream of nitrogen, and kept at room

emperature.
The vinylized capillary was filled with a mixture containing

4% lauryl methacrylate, 16% ethylene dimethacrylate, 45% 1-
ropanol, 15% 1,4-butanediol (all weight percentages) and 1%
IBN (with respect to monomers). After sealing the ends of the

apillary with a rubber septum, 20 cm long monolithic column
as prepared by heating in a 70 ◦C water bath (VWR, Scientific
roducts, West Chester, PA, USA) for 24 h. After removing the
eals, monolithic columns were washed with acetonitrile at a
ow rate of 250 nL/min for 5–10 min using the liquid chromato-
raphic pump system until the back pressure was stable. When
ot in use, the columns were stored in 1:1 water–acetonitrile
ixture with both ends immersed in water.

.5. Preparation of enzymatic microreactor

The vinylized I.D. 100 �m capillaries were filled with
mixture containing 24% vinylazlactone, 16% ethylene

imethacrylate, 34% 1-propanol, 26% 1,4-butanediol and 1%
IBN (with respect to monomers). Thermally initiated poly-
erization was carried out at 70 ◦C in a water bath for 24 h to

fford the 15 cm long reactive monolithic support. The monolith
as sequentially washed with acetone, 400 mmol/L buffer solu-

ion prepared from sodium citrate acidified to pH 5.0 by HCl
t a flow rate of 1 �L/min for 20 min. Then a 5 mg/mL pepsin
olution in the citrate buffer was pumped through the monolith
t a flow rate of 250 nL/min for 3 h. The enzymatic reactor was
tored filled with a solution of sodium citrate.

. Results and discussion
.1. Monolithic support for enzymatic reactor

The preparation of the enzymatic reactors was carried out
n two steps. The first step affords the monolithic support via

i
a

rom 24% lauryl methacrylate, 16% ethylene dimethacrylate, 45% 1-propanol,
4 h.

he thermally initiated in situ polymerization of a mixture con-
isting of vinylazlactone, ethylene dimethacrylate, AIBN, and
orogens. The second step, achieves the attachment of pepsin via
ts covalent immobilization onto the azlactone functionalities of
he support.

The porous properties of the monolithic support must be
uned to facilitate flow through the pores of the capillary column
t a low back pressure. Therefore, we first varied the composi-
ion of the porogenic solvent in the polymerization mixture while
eeping the contents of both monomers constant at 24% for viny-
azlactone and 16% for ethylene dimethacrylate. A highly porous

onolith, with the morphology shown in Fig. 2A, was obtained
y using a mixture consisting of 34% 1-propanol and 26% 1,4-
utanediol as the porogens. This monolithic support contains
nough active sites for immobilization of pepsin although its
arge microglobules only afford a relatively small surface area
f less then 10 m2/g [38].

The reactive amine functionalities of pepsin react readily with
he azlactone groups in a ring opening reaction (Fig. 3) that
eads to the attachment of the enzyme to the monolithic support
hrough a dipeptide spacer, which positively affects the activity
f the biocatalyst. The pH value of the enzyme solution has to
e carefully selected to preserve activity of the pepsin during
his immobilization step while also preserving the ability of the
zlactone moieties to react with the amine groups of pepsin. Typ-
cally, the reaction of azlactone functionalities is sluggish at low
H while pepsin is irreversibly denatured at pH values exceed-
ng 6. Therefore, we carried out the immobilization reaction at

pH of 5.0—a good compromise between the two opposing
equirements. An additional benefit of this procedure is that the
ctivity of pepsin is reduced at this pH allowing for immobiliza-
ion without the addition of an inhibitor to the pepsin solution
n order to prevent autodigestion.

.2. Monolithic nanoHPLC column
The optimal pH value for protein digestion using pepsin
s 2.0; such strong acidic conditions required for digestion
re not well suited for separations involving typical silica-
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F ity of the monolithic poly(vinyl azlactone-co-ethylene dimethacrylate) support and
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Fig. 4. Separation of peptides resulting from the in-line digestion of 2 pmol
of myoglobin in 15 cm × 100 �m I.D. immobilized pepsin reactor using a
20 cm × 100 �m I.D. monolithic column. Myoglobin concentration in solution
1 �mol/L, injection volume 2 �L; mobile phase: 2% formic acid in water for
2
a
a
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t
p

T
A
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1
1

ig. 3. Scheme of the immobilization reaction involving azlactone functional
epsin.

ased packed reversed-phase columns since the C18 ligands
end to detach from the support at low pH. In contrast, most
olymer-based chromatographic separation media can be used
ith mobile phases at any pH. For example, the ester groups of
oly(glycidyl methacrylate-co-ethylene dimethacrylate) do not
ndergo hydrolysis even after treatment in concentrated HCl
or several hours [47]. Therefore we used a methacrylate-based
onolithic column for the separation of peptides in our in-line

ystem. To obtain the desired retention, similar to that of typical
eversed-phase columns, the monolithic column was prepared
rom a mixture including lauryl methacrylate with a C12 chain
48]. A column with a similar composition but prepared under
ifferent conditions was used for the CEC separation of peptides
49]. The porous structure of this monolith, shown in Fig. 2B,
iffers significantly from that of the monolith used for the immo-
ilization of pepsin: both its microglobules and its pores between
heir clusters are much smaller. As a result, this monolith exhibits

larger surface area. The combination of the larger surface
rea and more hydrophobic C12 chemistry enhances both reten-
ion and column efficiency. Obviously, the smaller pore size
lso leads to a decrease in permeability and higher pressure
s required to achieve flow. For example, a back pressure of
MPa/cm is observed for water at a flow rate of 500 nL/min,
hich is 10 times higher than that found for the enzymatic reac-
or (0.1 MPa/cm). Despite this increase, the chromatographic
ystem used in this study can easily handle the observed back
ressures of up to 20 MPa without requiring any adjustment in
he length of the separation column.

1
I
i
p

able 1
ssignment of peaks from Fig. 4 to peptides in accordance to their molecular mass s

eak Peptide Mass Position

1 A 1856.0 138–153
B 4133.9 70–106

2 C 3146.6 106–135
D 4270.9 33–69
E 4449.2 70–109

3 F 4653.4 30–69
4 G 8769.3 30–106

H 3241.7 107–137
5 I 11995.0 30–137
6 J 7359.6 70–137
7 K 4767.5 110–153
8 L 5082.8 107–153
9 M 13834.1 30–153
0 N 9198.7 70–153
1 O 3133.6 1–29
5 min pumped through the complete system followed by switch of the valve
nd use of a 0–80% linear gradient of acetonitrile gradient in 2% aqueous formic
cid in 40 min. Flow rate of 500 nL/min.

.3. On-line digestion of proteins

Performance of the in-line protein digestion, preconcen-
ration, and separation system was demonstrated using three
roteins that differ widely in molecular sizes: myoglobin (MW

7,000), albumin (MW 42,700) and hemoglobin (MW 64,500).
n the first implementation we started the in-line process with
njection of the protein in the enzymatic reactor, followed by
umping the aqueous formic acid solution of digested pep-

hown in Fig. 5

Sequence

FRNDIAAKYKELGFQG
TALGGILKKKGHHEAELKPLAQSHATKHKIPIKYLEF
FISDAIIHVLHSKHPGDFGADAQGAMTKAL
FTGHPETLEKFDKFKHLKTEAEMKASEDLKKHGTVVL
TALGGILKKKGHHEAELKPLAQSHATKHKIPIKYLEFISD
IRLFTGHPETLEKFDKFKHLKTEAEMKASEDLKKHGTVVL
F + B
ISDAIIHVLHSKHPGDFGADAQGAMTKALEL
F + B + H
B + H
AIIHVLHSKHPGDFGADAQGAMTKALELFRNDIAAKYKELGFQG
H + A
F + B + H + A
B + H + A
GLSDGEWQQVLNVWGKVEADIAGHGQEVL
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ides onto the top of the separation column where they were
dsorbed. Then the mobile phase with a gradient of acetonitrile
as pumped through both the reactor and the in-line monolithic

olumn to achieve separation of the peptides accumulated at the
op of the hydrophobic monolith. While this in-line approach
lways worked well for the first run producing a set of well-

eparated peptides, no digestion seemed to occur in subsequent
uns. This was due to deactivation of the immobilized pepsin
y acetonitrile. In contrast to trypsin [39], pepsin is rapidly
enatured in this solvent. Therefore, a 6-port valve was inserted

s
t
a
t

ig. 5. Mass spectra of 11 peaks obtained by on-line digestion/separation of myog
olecular masses are summarized in Table 1.
r. A  1188 (2008) 88–96 93

etween the reactor and the separation column that enabled by-
assing the enzymatic reactor during the separation cycle, thus
voiding contact of the enzyme and acetonitrile.

A typical chromatogram of peptides obtained after the diges-
ion of a solution of 1 �mol/L myoglobin exhibits 11 distinct
eaks (Fig. 4) while mass spectra of the resulting peptides are

hown in Fig. 5. Mass to charge values and charges, found with
he help of isotopic fragments, are also reported in Fig. 5 and
llow for the calculation of the molecular masses of the pep-
ides. Fifteen peptides shown in Table 1 were identified with

lobin shown in Fig. 4. Assignment of 15 peptide fragments associated with
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ass deviation of 2 Da or less and correspond to those found by
thers [42,50,51] in pepsin digests of horse heart myoglobin.

Analysis of the peptides indicates that cleavages occurred
xclusively at Phe and Leu with one exception of an additional
leavage after Asp in fragment E. Although this cleavage site
as previously reported for pepsin digest of myoglobin [50], it

s also possible that it was caused by the formic acid present
n the solution. It is worth noting that no cleavage occurred at
everal other Phe and Leu locations since the corresponding
eptide fragments were not detected. This confirms that pepsin
igestion is not exclusively specific for an amino acid residue
nd also depends on the neighboring sequence.

Myoglobin is a rather small protein and its digestion well-
tudied. However, less is known about the digestion of larger
roteins using pepsin. Therefore, we also used our enzymatic
eactor for the digestion of albumin and hemoglobin. Fig. 6 illus-
rates the in-line digestion of both of these proteins. Although
nterpretation of the results would be difficult due to the non-
pecific nature of this enzymatic cleavage, the chromatograms
emonstrate that the immobilized pepsin reactor also enables
he digestion of larger proteins that are more likely to be found
n actual experimental samples.

.4. Preconcentration of peptides in the analytical column

Typically, the sample quantities available in proteomics are

mall or their concentration is low. To determine the sensitivity of
ur system we injected 2 �L of myoglobin solution while vary-
ng its concentration between 0.1 and 1 �mol/L corresponding
o 0.2–2 pmol of protein (Fig. 7). The chromatograms suggest

i
t
O
e

ig. 6. Separations resulting from the injection of 2 �L of 1 �mol/L hemoglobin (A)
f these proteins in system in which the reactor is replaced with an empty capillary (B
f 1 �mol/L protein solutions. For separation conditions see Fig. 4.
gr. A  1188 (2008) 88–96

hat 500 fmol of protein are sufficient to obtain the desirable MS
esults.

Since poor MS spectra were obtained after digestion of
00 nmol/L myoglobin solution, we used the hydrophobic sepa-
ation column as a preconcentrator. The injections of 2 �L of the
00 nmol/L solution were repeated 10 times with 5 min between
ach successive injection. As a result, the overall quantity of the
igested protein is 2 pmol. The peptide peak intensities shown in
ig. 7D are now again comparable to those obtained after a single

njection of 1 �mol/L protein solution. This experiment illus-
rates that the monolithic analytical column can also be used as
n efficient pre-concentrator and our in-line system can readily
perate with very dilute samples. The peptides accumulate at the
op of the separation column before their release and separation
n the gradient of acetonitrile.

.5. Stability of the enzymatic reactor

In order to test the stability of the system, a myoglobin solu-
ion was injected 30 times, the protein was digested and the
eptides were separated. Fig. 8 confirms that there is no sig-
ificant change in elution profile during the first 20 injections
ith mass spectra identical to those presented in Fig. 5. No intact
yoglobin is detected in these runs. The performance of the sys-

em then slowly deteriorates and fewer peptides are detected as
llustrated in the trace corresponding to the 25th injection shown

n Fig. 8. A large peak is detected at 76.5 min and its mass spec-
rum corresponds to intact myoglobin co-eluting with peptide
. These changes in activity may reflect the degradation of the

nzyme or more likely, contamination of the aqueous part of

and albumin solution (C) in immobilized pepsin reactor and from the injection
) and (D). Immobilized pepsin reactor 15 cm × 100 �m I.D., injection of 2 �L
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ig. 7. Comparison of digestion/separation using myoglobin solutions with diffe
�mol/L (2 pmol injected) (A), 400 nmol/L (800 fmol) (B), 100 nmol/L (200 fm

D). For other conditions see Fig. 4.

he mobile phase pumped through the reactor with acetonitrile.
he latter may result from the programming both independent

umps in the Waters LC system. A pressure spike occurring
uring sample injection and valve switching may allow a very
mall amount of acetonitrile to run through the enzymatic
eactor.

r
i
u
a

ig. 8. Repeated digestions of myoglobin in the enzymatic reactor. Inset: mass spect
ig. 4.
oncentration or different injected volume. Injection volume 2 �L; concentration
); 10 successive injections of 2 �L of 100 nmol/L (2 pmol) myoglobin solution

Several reactors containing immobilized pepsin were pre-
ared during this study using identical conditions. All tested

eactors afforded similar results and could be used for at least 20
njections. In contrast, the monolithic separation capillary col-
mn did not need to be replaced at all despite its long-term use
t pH 2.0. As expected, the porous polymer monolith exhibits an

rum of the peak eluting at 76.5 min after the 25th injection. For conditions see
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xcellent stability even under the harsh conditions used in these
xperiments.

. Conclusion

Monolithic polymers are very useful building blocks for
he creation of complex systems combining several func-
ions/devices. They are becoming very popular as supports for
mmobilized enzymes and the fabrication of fast bioreactors.
imultaneously, they also enable rapid separations of peptides
riginating from the digestion step. The on-line configuration
ncluding monolithic bioreactor, preconcentrator, and separa-
ion HPLC column coupled with ESI-MS affords rapid in-line
igestion of proteins, separation of peptides and characterization
f their molar masses. Although the in-line concept with mono-
ithic building blocks is demonstrated with pepsin, it can easily
e extended to a variety of enzymes. Experiments with other
roteolytic and glycolytic enzymes are currently in progress.
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4081.
39] D.S. Peterson, T. Rohr, F. Svec, J.M.J. Fréchet, Anal. Chem. 75 (2003)
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