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Abstract

We report here on the preparation of monolithic capillary columns in view to their integration in a microsystem for on-chip sample preparation
before their on-line analysis by electrospray and mass spectrometry (ESI-MS). These monolithic columns are based on polymer materials and
consist of reverse phases for peptide separation and/or desalting. They were prepared using lauryl methacrylate (LMA), ethylene dimethacrylate
(EDMA) as well as a suitable porogenic mixture composed of cyclohexanol and ethylene glycol. The resulting stationary phases present thus
a Cl2-functionality. The LMA-based columns were first prepared in a capillary format using capillary tubinguof i78. and tested in
nanoLC—-MS experiments for the separation of a commercial Cytoch@uiigeest composed of 12 peptidic fragments whose isoelectric point
values and hydrophobic character cover a wide range. The LMA-based columns were capable of separating the peptidic fragments and their
performances were seen to be similar as those of standard commercial columns dedicated to proteomic purposes with calculated separatior
efficiencies up to 14% 10° plates/m. Monolithic LMA-based phases were then successfully polymerized in microchannels fabricated using
the negative photoresist SU-8. After the polymerization, the systems were seen to withstand the pressures applied during the nanoLC-MS
separation tests that were carried out in the same conditions as for the monolithic capillary columns. The pressure drop during these tests
of the in-microchannel monoliths was as high as 50 bar; however, the separation was not as good as for a capillary format which could be
accounted for by the monolith dimensions.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction and high-throughput analysis is possible. Last, these small
devices are appropriate for the analysis of reduced-sized
These last years novel miniaturized analytical tqal2] samples like biological ones.
are emerging which are referred to @$AS (Micro-Total Here we report the development of a microfluidic de-

Analysis Systems) or Lab-on-a-chip devices. These minia- vice dedicated to the preparation of protein samples prior to
turized and integrated devices are of great interest in thetheir on-line analysis by electrospray and mass spectrometry
fields of analytical biology and chemistj§,4] asthey canbe  (ESI-MS). The system includes different modules, includ-
used with little handling. Furthermore, sample loss and con- ing a chromatographic device and an integrated ionization
tamination are decreased. In addition to this, fast, automatedemitter tip with the shape of a nils] for the introduction

of the sample into the mass spectrometer, as illustrated on

Fig. L
Abbreviations: AcCN, acetonitrile; AIBN, 2,2azobisisobutyronitrile; % hi ti tl £ d und |
CyOH, cyclohexanol; Cyt C, Cytochront& EG, ethylene glycol; EDMA, n-chip separations aré mostly performed unaer an elec-

ethylene dimethacrylate; HCOOH, formic acid; HV, high voltage; IDA, trical field [6]; electro-based pumping systems are easier
information dependant acquisition; LMA, lauryl methacrylate; MeOH, to implement on a microchip format since no valve is re-
methanol; SEM, scanning electron microscopy; SPE, solid phase extrac-quired. Nonetheless, these latter imply the addition of salts
tion; (itjr;js:j:(;?ngfaitﬂ;?tﬁiztau;%fz?; Tg'cgc;t?Ch”O'ogy processes. iy the solution, which are detrimental for the analysis in
fax: 133-3-20-33-61-36: mobiles 33-6-60-67-37-78. ESI-MS[7]. Only a few compositions of the mobile phase

E-mail address: christian.rolando@univ-lille1.fr (C. Rolando). are acceptable for both the electrochromatography and the
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Fig. 1. Schematic representation of the microfluidic system which includes a chromatographic device and an integrated ionization emitteretip with th
shape of a nib.

nanoelectrospray ionization, leading to a non-satisfying is only governed by diffusion phenomena. It is hence very
compromise for real analytical wof8—10]. Here, the flow slow, especially for high molecular weight analytes and the
relies on a hydraulic pumping system, which excludes any operating pressure is high as the consequence of the lower
electro-driven separation. This implies the use and introduc- porosity.

tion of a stationary phase in the microchannels, this phase Polymer macroporous monoliths are prepared us-
suiting such a microfluidic context. Creating a stationary ing a radical polymerization process initiated either by
phase means structuring the microchannel so as to generat&V-irradiation or by the temperature. The reaction mixture
a high surface area for the analytes to interact with the solid is composed of (i) monomers, mono-vinylic ones which
support. A first idea to achieve that is to pack particles in bear the functionality and poly-vinylic ones which are
a section of a microchannfl1]; they are maintained using  cross-linking agents, (ii) a porogenic solvent which governs
frits. However, it is difficult to control the packing density of the formation of the porous structure and (iii) an initia-
the particles and to introduce frits in a microchani@|,13] tor. The monolith structure and porosity are influenced by
In addition, frits are prone to clogging and are the site of bub- the porogen content in the reaction mixture, the quantity
ble generatiofiL4]. Bead trapping was also demonstrated us- and quality of the initiator, the ratio mono-/poly-vinylic
ing either barg15] or a kind of restriction in the microchan- monomers and the temperature in case of a thermally
nel[16]. A second idea is to structure the microchannel using induced polymerization[24]. Monomers mostly belong
microtechnology techniques by etching pillar-shaped struc- to the families of either acrylatg25] compounds or
tures in it[17]. Nonetheless, this microtechnology-based styrene/divinylbenzeng6]. Monolithic phases have found
route does not allow the generation of a surface area which isa number of applications mainly as chromatographic station-
high enough for chromatographic purposes and, in addition, ary phases for any separation mode (nhormal separgitjn

the fabrication cost is very high for routine productids]. reverse phase separati@8], ion exchange separati¢29],

A third idea that we have chosen for our microfluidic devel- affinity separation[30], capillary electrochromatography
opment is to use a monolithic phase, that can be prepared31], pressure assisted capillary electrochromatography

in situ in a microchannel and that is based either on silica and as solid supports for reactdB2]. Compared to their

or on polymer. Monoliths can be described as intercon- silica-based counterpartf83], polymer-based monoliths
nected networks of cross-linked and porous glob[18s20] withstand a wide range of pH valugt]. In addition, a great
which present a bimodal porosity; large through-pores variety of chemistry[23] and consequently of separation
(>50-100 nm) which consist of the preferential pathway for modes is possible as a result of the large range of functional
fluids to flow through the column and small pores2(nm) monomers that can be introduced in the reaction mixture.
where molecular interactions take place between analytes So, monoliths present a series of advantages for mi-
and stationary place. As the material is monolithic here, crofluidic applicationd35]; they are prepared in one step
there is no restraint in the porosity properties dictated by the in a local way providing the polymerization is initiated by
packing of spherical particles which usually gives a 26% UV-irradiation. Their physical and chemical properties can

calculated interstitial void volume in packed coluni@s8]. be adjusted providing some changes in the polymerization
These mass transfer limitations linked to diffusion phenom- mixture composition to fit microfluidic applications. Firstly,
ena affect the separation performances in HHRC]. In their porosity can thus be promoted so as to decrease the

particle-based devices, the liquid floasound the particles pressure drop along the column. Indeed, a too high pres-
whereas it flowghrough the material in case of monolithic  sure drop may damage the bonding between the top and
materials. The resistance to mass transfer is thus lower usinghe bottom wafers and cannot be provided by an on-chip
this material and can be further promoted by the presencepumping system. As a consequence, porosity is a critical
of through-pores greater than 600 nm whereby convection parameter for materials dedicated to microfluidic appli-
phenomena appear in addition to the usual diffusion onescations. Secondly, depending on the application field, the
[22,23] This results in a faster and enhanced mass transfer.monolith functionality can be tailored. Hence, their use in
On the contrary, using particle-based columns, mass transfem microsystem format has already been described as SPE
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phaseg36], mixing-inducing structureg37], micro-reactor Pyrex lid
solid support$38], and reverse phas§39] for electrochro- SU-8 2002 (layer 0)

matography Fig. 1). suswalls —_, Microchannel
We report here on the preparation of monolithic phases SV®27%(er)  Silicon substrate
for microfluidic applications and especially on the prepa- SY82002(aver0)

ration of stationary phases for chromatographlc purposesFig. 2. Schematic representation of the microtechnology route used for the

in a re\_/erse-phgs_e_ separation _mOd?- _The monolith _p0|y' fabrication of the SU-8-based microsystem with a multi-layered structure.
merization was initiated by UV-irradiation and monoliths

were first prepared in a capillary tubing as this consists of

a good model for microchannels and then in microchan- indicated volume ratio; 1% wt. AIBN was then added. The
nels that were fabricated in the negative photoresist SU-8. N2-degased polymerisation mixture was injected in the cap-
The resulting monolithic columns were first studied for illary tubing, which was then closed at its extremities and
their morphology and porosity properties and then tested placed under UV-irradiation for 2 h. Once the reaction was

for the separation of a Cyt C digest in nanoLC—MS completed, the resulting monolithic phase was abundantly
experiments. washed with MeOH to remove the un-reacted chemicals and

placed overnight in oven (8) for drying.

2. Experimental 2.3. Microsystem preparation
2.1. Materials and chemicals The microsystems were fabricated using a SU-8-based
technology that has been described elsewhere and that
UVs transparent fused-silica capillary tubing (& i.d.; mainly relies on a series of standard photolithography steps
360um o0.d.) was purchased from Polymicro Technologies that allow for forming and patterning the successive layers
(Phoenix, AZ). The UV lamp (2x 20W, 365nm,I = of SU-8[40]. The microsystems consist of microchannels

2100uW/cm?) was purchased from Elvetec (France). Lau- made in the negative photoresist SU-8 using photolithog-
ryl methacrylate (LMA), ethylene dimethacrylate (EDMA), raphy techniquedrig. 2 illustrates the SU-8 multi-layered
2,2-azobisisobutyronitrile (AIBN), trimethoxysilylpropyl-  structure used to build the microsystem. A first thin layer
silane, methanol (MeOH), ethylene glycol (EG), cyclohex- of SU-8 2002 (3um) was deposited on a supporting sili-
anol (CyOH), acetone, sodium hydroxide (NaOH) and hy- con wafer. On that layer, a second and thick layer of SU-8
drochloric acid (HCI) were purchased from Sigma—Aldrich 2075 (height of~200um) was deposited as walls having
(L'isle d’Abeau, France). The commercial Cytochrome a 200um thickness, i.e. to form the microchannel and the
C digest was purchased from Dionex (Amsterdam, accesses for the introduction of the transfer capillary tub-

The Netherlands). Deionized water (18.20ywas pre- ing. This layer also includes pillars that support the Pyrex
pared using a Milli-Q system from Millipore (Billerica, lid and allow for optimizing its bonding on the main SU-8
MA, USA). layer. The microsystem was closed using a Pyrex wafer
also coated with a SU-8 2002 layer (&n); it was thus
2.2. Monolith preparation in capillary tubing bonded on the bottom wafer using a SU-8/SU-8 bonding

technique. It should be noted that the two thin layers of

Capillary tubing was connected to a syringe-pump (Har- SU-8 2002 that were deposited on the supporting Si wafer
vard Apparatus, Holliston, MA, USA) using appropriate and the Pyrex lid were introduced in the structure so as to
connections (UpChurch Scientific, Oak Harbour, WA, USA) enhance the adhesion of the SU-8 resist walls; this is critical
for the preparation steps. Capillary tubing was treated us- when dealing with high-aspect ratio structures such as mi-
ing a previously described procedygs]. It was first rinsed crochannels. This wall-based structure allowed to diminish
with acetone (15 min) and deionized water (15min), acti- the stresses between the bottom and the top wafer and thus
vated by a 0.2 M NaOH solution (30 min), washed again with to enhance the wafer bonding together with to prevent from
deionized water (15 min), treated with a 0.2 M HCI solution any wafer warpingFig. 3 is a photograph of one of the
(30 min) and washed again consecutively with deionized wa- resulting microsystems with the wall and pillar structures
ter (15min) and acetone (15 min) before drying for 90 min below the Pyrex lid. The microchannels were of 200
(80°C). Once back to room temperature, the capillary tubing depth, of 100-50p0.m width and of 3 cm total length. The
was filled with a 15% vol. 3-trimethoxysilylpropylsilane so- microsystem was connected to the lab-world using stan-
lution in acetone, closed using appropriate caps (UpChurchdard fused-silica capillaries coated with polyimide (2@
Scientific, Oak Harbour, WA, USA) and let for treatment i.d.; 150um o0.d.) so as to facilitate the injection of the
reaction for 24 h at room temperature. After a 2h acetone chemicals and the coupling for the nanoLC-MS separation
washing, the tubing was finally placed overnight in oven tests. These capillaries were introduced in the microchan-
(80°C) for drying. The monomer mixtures and the poro- nels at their inlets and outlets and glued in place using a
gens were first prepared separately and then mixed in the2-component epoxy glue.
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Fig. 3. Photograph of a microsystem made according to the multi-layered structure fabrication route.

2.4. Monolith preparation in microchannels another separation test was run. The pressure drop during
the nanoLC runs was measured using the Ultimate Micro
The monoliths were prepared in microchannels according Pump system and recorded Bhromeleon software (LC
to the procedure described above for the polymerizations Packings-Dionex, Amsterdam, The Netherlands). Detection
in capillary tubing except from the preliminary inner wall was achieved using mass spectrometry techniques on an API
treatment step which was suppressed here. Indeed, the miQStar Pulsar Q-q-TOF mass spectrometer (Applied Biosys-
crochannel inner walls did not present any silanol groups tems, MA, USA). The monolithic column was connected
as is the case for the fused-silica capillary tubing and there at its outlet to a 50 cm long fused-silica capillary tubing
was no chance for the monolith to escape from their sup- (20pum i.d.; 280wm 0.d.) using a Teflon butt-to-butt connec-
port due to the presence of the transfer capillaries at bothtion (LC Packings-Dionex, Amsterdam, The Netherlands).
ends of the microchannels. UV-initiated polymerization was This transfer capillary tubing was connected at its other
carried out after a mask was placed on both ends of the mi-end to a fused-silica PicoTip source (20 i.d.; 360um
crochannels. Thus, the 2.8 cm-long microchannel containedo.d.; 15um i.d. at its tip; New Objective, Cambridge, MA,

a 2.2 cm-long monolithic column. USA) using the same butt-to-butt Teflon connection as pre-
viously. The tip position was adjusted to 1-2mm in front
25. Test in nanoLC-MS of the MS inlet. Detection was carried out in positive mode

with a 2.2-2.5kV HV and the spectra were acquired on a

The monolithic columns were tested for separation ex- m'z 300-2000 range, the nanoLC set-up being coupled to
periments on a nanoLC set-up from LC Packings-Dionex the mass spectrometer. The data acquisition was controlled
(Amsterdam, The Netherlands) including an Ultimate Mi- by softwareBioanalyst (Applied Biosystems, MA, USA)
cro Pump to pump solvents through the columns, an Ac- in IDA mode with a detection cycle time of 10s. Frag-
curate stream splitter and a Famos injection system. Thementation was triggered for any doubly charged species
separation tests were carried out using a commercial Cy-reaching an intensity threshold of 30 counts with a relative
tochromeC digest (Dionex, Amsterdam, The Netherlands) collision energy that had been calculated taking account
which was directly injected onto the column without any of the charge state of the selected species and with Ar as
pre-concentration step. The elution was performed using acollision gas. Once selected and fragmented, eluted species
gradient of solvent A (95% D, 5% AcCN, 0.1% HCOOH)  were excluded from the MS/MS selectioft .5 Da mass
and solvent B (95% AcCN, 5% 40, 0.1% HCOOH), this  window exclusion around the iom/z value) for 1 min.
gradient having been optimized for the separation of the
CytochromeC digest on a commercial PepMap column . .
(LC Packings, Amsterdam, The Netherlands): solvent B 3 Results and discussion
content was in.creased from 5 to 59% in 30 min, frqm 50 31 Preparation of the monalithic capillary columns
to 95% in 1min, was kept for 5min at 95% and finally
was decreased back to 5% in 1 min. The column was al- Monolithic columns were first prepared in capillary tub-
lowed to re-equilibrate for approximately 40 min before ing of 75um i.d. which was cut in pieces of 15-20cm
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length. This capillary tubing was seen as a good model of
microchannels due to its size close to that of microfabricated )ﬁrQC H )\Ifo\/\oﬁ\(
channels. It is also an appropriate support for the study ma O % O EGDMA

of the monolithic phases as it is easily connected to any
pumping system using dedicated connectors. We used hereFig. 4. Monomers used for the polymerization, LMA or lauryl methacry-
capillary tubing which was transparent to UV-irradiation to late as fu_nctional monomer and EDMA or ethylene dimethacrylate as
enable an UV-initiated polymerization for the preparation of ©ss-inking agent.
the monoliths. Indeed, this polymerisation initiation mode
enables a spatial control of the reaction in the microchan- tion from proceeding and secondly, when using photomasks
nels and thus the preparation of columns having a given for the irradiation of the polymerization mixture, the mono-
length using appropriate photomasks. It should be notedlithic column was seen to be polymerized in the irradiated
that the inner diameter of the capillaries was dictated by zones and not under the mask, which shows that the poly-
the most currently commercially available capillary tubing merization process was induced by UV-irradiation and not
having an i.d. of 7fum. in a thermal way Fig. 4).

The column preparation and the polymerization process
were done in standard conditions as already widely described3.2. Sudy of the porosity and morphology properties of
in the literature with a first preliminary treatment of the in- the monolith
ner walls using a heterobifunctional coupling agent which
ensures the covalent anchoring of the monolith in its capil- The monolithic columns prepared in capillary tubing
lary support. Then, the polymerisation mixture was injected were observed under scanning electron microscopy (SEM).
into the capillary which was placed under UV-irradiation for The obtained photograptFig. 5 first shows the typical
around 2 h. The resulting monolithic was abundantly washed structure of monolithic materials. They are composed of
using MeOH and dried overnight in an oven. The polymeri- small and interconnected globules which form a monolithic
sation mixture was composed here of LMA and EGDMA porous structure. The monolithic material presented here
(seeFig. 4 as monomers in a 65/35 molar ratio and 60% has an homogeneous appearance with regularly-shaped and
vol. of porogen composed of cyclohexanol and ethylene gly- sphere-like small nodules. The size of the globules was
col in a 80/20 volume ratio. AIBN was last added as 1% roughly determined to be in a 0.6-12B range, accord-
wt. of the monomers. The polymerization process was not ing to an enlarged SEM photograph; it should be noted that
initiated through a thermal activation. Firstly, wrapping cap- this size is more than five-fold less than those of conven-
illary tubing in an aluminium foil prevents the polymeriza- tional porous particles packed in chromatographic devices,

Z01rm

20 ym

Fig. 5. Scanning electron microscopy (SEM) photograph of a section of capillary tubing which contains a monolithic phase; enlarged view of thhe monoli
morphology in inset.
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which authorizes the preparation of narrower columns i.d. 75um) as well as for a commercial PepMap column
than when using porous particles. In addition, the column (Dionex, The Netherlands) (L = 15cm, i.d. 75um). The
presents a low inter-particular void content and a structure fluid viscosity was taken as 0.94mPas, calculated as the
that suits for chromatographic applications as flow-through viscosity of a solvent mixture composed of 9.5% AcCN
is not favoured in a too great extent. This monolithic col- and 90.5% HO (95% solvent A and 5% solvent B). These
umn was prepared using an appropriate porogenic mixturerespective values (se€able 1 confirm that monolithic
(CyOH/EG 80/20) and presents an appropriate structurecolumns are more permeable and that the mass transfer is
for separation purposes with no “large” pores but rather a much higher that with columns based on packed particles
continuous structure. In addition, they are in agreement with those indicated in
The study of the monolith morphology and porosity prop- the literature[41]. We then calculated the corresponding
erties also included the measurement of the pressure dropmean pore diametek, for the column material applying the

observed along a column during a separation testkgge Kozeny—Carman equation as proposed by Gusev gt
for its profile). The typical pattern of the pressure plot=
f(r) presents a plateau with a maximal valueRnax when 5 x Bo

the acetonitrile content is low, i.e. at the beginning and the dp = 2 x
end of the gradient and a drop when the acetonitrile con-

tent was abruptly increased up to 7686« 31-36 min,B = . _ .
95%). The pattern of this plot is illustrated Fig. 6 for whered, is the mean pore d|am_eteBo the permeablllt_y of
in-microsystem tests. For the monolithic column tested here the column an@T the total porosity of the colum_n. Th|s lat-
the APpay value was of 80 bar. This value can be compared ter was approximated to be 0.6 for the monolithic column

to the pressure drop observed when operating a commerciaféllssurorl"nfg the total pOfO?Ity was equal tp the vdolgrgef mtr;:-
column based on packed silica-particles; this column is of uced of porogen as a first approximation, and 0.3 for the

15cm and exhibits a pressure drop of 125bar. As a mat- PepMap column_. The coefficient 2 is Iinke_d tq the shape
ter of fact, thisPyax value is linked to what is called the of th? pores .Wh'Ch are gssumed to be c_yl!ndrlcal and the
macroporosity of the column, i.e. the large through-pores of coefficient 5 is an empirical Kozeny coeff|C|_ent for such a
the monolithic phase or the inter-particle voids in a column Stucture composed of packed sphere particles. The mean
based on packed particles. It reflects thus the resistance tPore diameter values calculated using this model gives a 0.7

mass transfer of the column material; this accounts for that and 0.5.m values, respectively, for our mon_ollthlc column_
Pmax is higher for a particle-based column as the flow oc- and a PepMap one. These values agree with the respective

curs around the particles in the 26% inter-particular void and Pressure drop values measured on both columns: the higher

not through the material. We then calculated the permeabil- the porosity, the lower the pressure drop. Nonetheless, ac-

ity Bo of our column to compare it to a commercial column cording to Vervqort et al., the coefficient values.must be
based on packed particles, using Darcy’s law: changed depending on the phase pordgi8} and this for-
' mula cannot be used for high-porosity materials £ 0.8).

_ nkQ However, the estimated values fdg allow us to compare
°= AAP our monolithic column to a PepMap one in terms of mean
pore diameter. The calculated value could not be confirmed
using the SEM picture of the monolithic phaged. 5); this
latter is obtained for a monolith in a dry state whereas the
dy value is calculated for a swollen polymer using the phase
permeability and thus a measured pressure drop value and
the liquid viscosity Table J).

&T

whereL is the column lengthQ the fluid flow-rate through
the column,A the section area of the column and the
pressure drop along the column expressed in PaBgalas
calculated for the described monolithic colunin£ 17 cm,

3.3. Separation tests using a Cyt C digest sample

Separation tests were carried out against a Cytoch@me
digest sample which is commercially available. This sample
consists of 12 peptidic fragments of bovine Cytochrathye
which cover a wide range of physical and chemical proper-
Acetonitrile ties, such as their molecular weight, iso-electric point (pl)
and hydrophobicity (lo§). Due to these various properties,
this digest sample is used to adjust the separation gradient
on conventional columns and is a good reference sample to
assess the separation capabilities of a chromatographic col-
Fig. 6. Pressure drop measured along the in-channels monolithic columnsUmn. Table 2summarizes the properties of the 12 fragments
during a separation test using a nanoLC set-up connected to ESI-MS. contained in the Cytochrom@ digest.

Pressure drop (bar)

0 10 20 30 40 50 60

Time (min)
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Table 1

Comparison of the monolithic column discussed here with a commercial PepMap column based on porous silica particles; dimensions of the column
(lengthL and A section area), test parameters (flow-r@@nd maximum of pressure drapP) as well as physical properties (permeabilly and mean

pore diametedp)

L (cm) A (um?) Q (nl/min) AP (bar) Bo (Lm?) dp (um)
Monolithic 17 0.44x 10¢ 200 80 1.51x 1072 0.7
column
PepMap column 15 0.44 10 100 125 0.4x 1072 0.5
Table 2

List of the CytochromeC fragments contained in the commercial digest sample with their sequence, mono-molecular weight, isoelectric point (pl) and
hydrophobic character (Kyte—Doolittle scale) calculated ugtrgasy software

Sequence Fragment sequence MadgsH{ H)* pl Hydrophobic character
56-73 GITWGEETLMEYLENPKK 2138.05 4.5 —0.96
56-72 GITWGEETLMEYLENPK 2009.95 4.1 -0.79
9-22 IFVQKCAQCHTVEK 1633.82 8.1 0.02
39-53 KTGQAPGFSYTDANK 1584.77 8.5 -1.19
40-53 TGQAPGFSYTDANK 1456.67 55 —0.99
26-38 HKTGPNLHGLFGR 1433.78 11.0 —0.88
89-99 GEREDLIAYLK 1306.7 4.7 —0.61
28-38 TGPNLHGLFGR 1168.62 9.4 -0.39
92-99 EDLIAYLK 964.53 4.1 0.21
80-86 MIFAGIK 779.45 8.5 1.6
74-79 YIPGTK 678.36 8.6 —0.57
9-13 IFVQK 634.39 8.8 0.82

Separation tests were performed on a nanoLC set-up. 1 mass spectra) or their sequence determined using the MS/MS
of the Cyt C digest sample (800 or 80fmol) was directly spectraFig. 7 shows the MS trace obtained for the sepa-
injected into the column without a first pre-concentration ration of 800 fmol of the Cyt C digest on the LMA-based
step. Peptides were detected using MS techniques with ancolumn that was tested here; the peptidic fragments are well
on-line coupling of the column to an API QStar Pulsar separated as seen on this graph. The reconstructed chro-
Q-g-TOF mass spectrometer instead of the UV diode arraysmatograms were plotted for all the peptidic fragments, as
detector. MS is first more sensitive than UV detection and shown onFig. 8 as well as the corresponding mass spectra.
second allows for identifying the eluted species using their They were first used to determine the retention time of each
molecular weight (deduced from tma'z value read on the  peptidic species. We chose not to use the apparent retention

100 - fragment 39-53 +

fragment 40-53 _ 5
oy = 7-76 10
fragment 28-38

(4 -
o~ 80
3 fragment 80-86
B "

C 604 fragment 9-22

()
'E fragment 92-99 +
= fragment 89-99

(< | fragment
._; 0 26-38 fragment 56-73
E l / fragment 56-72
()]
C 20

0 g T T T T T 1
0 5 10 15 20 25 30 35
1 Time (min)
To

Fig. 7. MS trace of a separation on a LMA-based monolithic column; separation experiment using a Cyt C digest sample at 800 fmol and a 200 nl/min
flow-rate. Tp is indicated as an arrow at the elution start.
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Fig. 8. Reconstructed chromatograms (left) and corresponding mass spectra (right) for two fragments of the Cyt C for the separation based dn 800 fmol o
digest sample; fragments 56—7B  To = 22.06 min; Nye = 145x 10° plates/m) (top) and 9-22(— Tp = 16.08 min; N;e| = 66x 10° plates/m) (bottom).

time value but a relative retention tinTe defined asl, = an isocratic separation experiment and not a gradient one as
Trapp— To WhereTy is the time where elution starts afighpp we did here as the increased AcCN amount results in nar-
the absolute value read on the chromatogram. This allowsrowing peaks. Nonetheless, the separation results obtained
us to suppress the dead time linked to the coupling of the in gradient conditions can be correlated to those obtained in
monolithic capillary column to the mass spectrometer using isocratic conditions using the LSS modé#] so as to cor-
capillary tubing which increases the retention time values on rect the separation efficiency values. The results presented
the MS trace. The reconstructed chromatograms were alsan Table 3for the separation of 800 fmol of a Cytochrome

used to determine the relative separation efficiedgy this C sample were seen to correlate well with this model and
latter was calculated using the following formula, assuming the curveN,q = f(T; — Tp) fit an exponential curve with a
a Gaussian peak shape: correlation factor of 0.9224.
The corresponding mass spectra allowed us to deter-
T, — To\? mine whether peptides were co-eluted or not and whether
Nret = 5.54 x ( w ) peaks overlapped. From these data, it comes out that the

LMA-based column discussed here gave a very nice separa-
whereT; — To andw are the relative retention time and cal- tion of the 12 fragments of the Cyt C digest with separation
culated peak width at its half-height respectively, afigd efficiency values which were comparable to those obtained
is given as a total number of plates. It should be noted thaton a commercial column based on packed silica-particles
the relative separation efficiency was calculated here using(PepMap, Dionex, The Netherlands). Nonetheless, it should
a relative retention timd; — To which is lower than the  be noted that the shortest fragments were eluted in the
absolute retention tim&,. Consequently, the relative effi- injection peak (fragments 74-79 and 9-13) and are not in-
ciency values appear to be lower as they are under-estimateddicated inTable 3and that two fragments (fragments 39-53
The inter-test reproducibility was investigated with a series and 40-53) were co-eluted as shown on the corresponding
of consecutive separation runs, which allow for assessingmass spectra.
the result dispersion. The column performed well and the Using the same column, a separation test with a 80 fmol
separation was reproducible from one test to another one.Cyt C sample, i.e. 10-fold less material than previously, was
Table 3summarizes these data for the separated Cytochromecarried out. The MS trace was not as nice as this obtained
C fragments. Separation efficiency should be calculated for with a more concentrated sample, but the peptidic frag-
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Table 3
Separation results on a LMA-based monolithic column for either a 800 fmol sample or a 80 fmol one
Fragment Test with 800 fmol Cyt C Test with 80 fmol Cyt C

Averaged relative Relative efficiency Relative Averaged relative Relative efficiency Relative

retention time Nrer (plate):d efficiency Nyl retention time Nrel (platefd efficiency Ny

(Ty — To) (min)2d (163 plate/myd (Ty — To) (miny2d (103 plate/my-d
56-72 23.72+ 0.32 49615+ 7980 292+ 47 23.06+ 0.04 43459+ 5229 256+ 31
56-73 22.03t 0.26 22599+ 2761 133+ 16 21.65+ 0.05 £ €
9-22 16.04+ 0.04 9087+ 2064 53+ 12 15.91+ 0.11 16824+ 3215 99+ 19
89-99 9.16+ 0.06 2452+ 699 14+ 4 9.17+ 0.16 4485+ 44 26.4+ 0.3
92-99 8.79+ 0.02 945+ 33 5.6+ 0.2 9.11+ 0.10 £ £
26-38 6.124+ 0.12 881+ 79 52+ 05 6.35+ 0.12 2461+ 44 14+ 0.3
28-38 4.18+ 0.04 809+ 332 48+ 1.9 4.56+ 0.05 1530+ 189 9+ 1.1
80-86 3.274+ 0.09 1513+ 854 89+ 5 3.44+ 0.07 504+ 3 3.0+ 0.02
40-53 2.64+ 0.09 532+ 75 3.1+ 04 2.68+ 0.08 1002+ 15 5.9+ 0.09
39-53 2.49+ 0.08 1038+ 81 6.1+ 0.5 2.54+ 0.09 990+ 30 5.8+ 0.2

2 Relative retention time calculated using the reconstructed chromatograms and talen-&%)(with Ty being the elution start time.
b Relative separation efficiency in number of plates calculated using the peak width at its half+nedgitt the relative retention timefy(— To);

Nrel = 5.54 % ((Tr — To)/w)?.
¢ Separation efficiency in number of plates/m calculated using the column lehgthlZ cm).
d Result dispersion assessed using a series of three consecutive tests carried out in the same conditions.
€ Not determined.

ments were retained on the column and separated. Thus, outhe 12 peptidic fragments contained in the Cyt C digest.
monolithic home-made columns are able to separate smallFig. 9 shows the reconstructed chromatograms for some of
amounts of sample like this 80 fmol Cyt C digest sample. the Cyt C fragments. As previously, the precise relative re-
As before, we plotted the reconstructed chromatograms fortention time7; — Ty and the relative separation efficiency
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Fig. 9. Examples of reconstructed chromatograms for a series of Cyt C fragments for the separation using 80fmol of the digest sample (test 1),
from left to right and from top to down, fragments 56-78 { To = 21.68min; Nye = 325 x 10° plates/m), fragments 9-221}(— Tp = 16.05min;

Nel = 971 x 103 plates/m), fragments 28-387;(— To = 4.58min; Ny = 9.5 x 103 plates/m), fragments 92-997,(— To = 9.39min;

Nrel = 30.4 x 10° plates/m).
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800007 plot Nyl = f(T; — To) obtained using the averagdik and

E (Ty — Top) values which has a correlation factor of 0.9567.
g 60000+ The number of plates for an isocratic elution can be as-
Py sessed to be around a value of 500. This plot also highlights
g that the gradient composition could be improved with a less
5 400001 steep increase in acetonitrile so as to give a better peptide
% separation with higher separation efficiency value.
§ 20000 y=503618 % s . _ _
= R%= 0.9567 4. Separation test in the microsystem

O'o 5 10 15 20 25 For the tests in microsystems, the same reaction mixture

Retention time (minute) composition was used to prepare the monolithic phase, i.e.

) ) ) ) . a porogen composed of ethylene glycol and cyclohexanol
Fig. 10. Correlation between the calculated relative separation efficiency d LMA and EDMA introd di 65/35
in number of plates and the relative retention time, assuming a logarithmic an an as monomers introduced in a

variation of the retention time for the linear gradient used. Correlation Molar ratio. Nonetheless, the phase was made more porous
plot obtained for a separation test using 80 fmol of a Cyt C digest sample. by introducing a larger volume of porogen in the reaction
mixture, 70% against 60% before. This aimed at preventing
from any problems caused by a too high pressure drop along
valuesN,e were calculated for the different separation tests the monolithic column which could result in the rupture of
that were carried out and the result dispersion was assessethe cover lid bonding. The rupture may be detected as irides-
as well; these values are summarizedable 3 Again the cence that appears between the SU-8 walls underneath the
shortest fragments which are eluted in the injection peak arePyrex cover lid caused by the leaking of the liquid outside
not mentioned in this Table. It should be observed that the the microchannels. The in-microsystem polymerisation suc-
efficiency values are much greater than previously when aceeded as demonstrated by the resulting white trace in the
800 fmol sample was run, which demonstrates that the col- selected channel (ségg. 1J). It should be noted here that
umn was saturated for the earlier experiment using a moreno weakness neither of the microsystem nor of the cover lid
concentrated sample at 800 fmdl/ However, the minority bonding was observed after some hours pumping and the
peptides are more difficult to detect like fragments 56—72 use of several chemical solutions. This is, to our knowledge,
and 89-99 for example which are hardly detected. As be- state-of-the-art performances for microfabricated systems,
fore, we plottedNye| = f(T;y — To) which corresponds to an  as the system including a polymerized monolith was able to
exponential curve. Thus, as for the separation of 800 fmol withstand an up to 50 bar pressure dréjg( 6) for a whole
of Cyt C digest, the separation results fit the model that cor- night nanoLC runs.
relates the efficiency values obtained with a gradient exper- The in-microchannel monolithic column was tested in the
iment to this of an isocratic separatidfig. 10presents the = same conditions as before in nano-LC-MS coupling using

Transfer
capillaries

Microchannel

Microchannel
with monolith

Fig. 11. Photograph of a SU-8-based microsystem including a monolithic column seen as a white trace in the first microchannel.




S Le Gac et al. / J. Chromatogr. B 808 (2004) 3-14 13

100 - {M+3H)*
28-38
Intensity x 10
80 -
=R | (M+2H)?*
Frd 40-53
7] J (M+2H)*'
s 28-38 (M2H)
2 - 26-38
£
[
> 404 (M+2H)2‘\
- 2+
=] (M+2H) 89-99 2
S 62.99 | o (M+H)*
14 - 92-99
20 - |
(M+H)"
28-38
0 L [

300 400 500 600 700 800 900 1000 1100 1200 1300
m/z

Fig. 12. Mass spectrum corresponding to the injection peak on the MS trace obtained for separation test carried out using the on-microsystem monolith
column. Arrows indicate the identified peptides from the Cyt C digest. The intensity is multiplied by 10 ei0660.

a CytochromeC digest sample at 800—0.08 fmpl/ 1 p ratio from the capillary to the microchannel format was ap-
being injected into the column. A poorer separation of the parently the main reason why a poor separation was achieved
Cyt C fragments was achieved on the monolithic column on the monolithic phase. A microsystem with optimized di-
prepared in the microchannel in spite of the relative high mensions is currently under development and fabrication so
pressure drop that was measured during the separation test@s to improve these results.

Fig. 12represents the mass spectrum averaged over the elu-

tion peak. It is noteworthy that the peptides were efficiently

desalted on the monolithic column but that most of the pep- 4. Conclusion

tides were eluted in the injection peak. However, there were

major changes here compared to the capillary format that In this paper we described the successful preparation of a
could account for these results. Not only the total poros- monolithic phase, which was based on LMA as functional
ity of the monolithic phase was higher in the microchannel monomer and a cyclohexanol/ethylene glycol mixture as
as in the capillary format, 70% against 60% volume in the porogen in a capillary format for chromatographic purposes.
capillary format, but the inner wall preliminary treatment This monolithic column was first tested in nanoLC/MS for
was suppressed here and the column dimensions were drathe separation of a Cytochron@digest sample at 800 and
matically changed. Hence, the observed low performances80fmol in a capillary format. The column was seen to ex-
of the monolithic column could be accounted for by the hibit separation capabilities and quality close to these ob-
following points. Firstly, as the porogenic content was in- tained with a commercial column using the 800 fmol sam-
creased, the resulting monolithic phase was more porousple. However, using 80 fmol of Cyt C digest, the separation
and consequently, its separation ability was lower. Secondly, was outstanding, as the column was not saturated anymore
the microchannel inner walls were not treated so as to se-as demonstrated by the higher efficiency valNeblonethe-
cure the covalent anchoring of the monolith in its support; less, the low-level peptides were more difficult to be de-
thus, there may be some fissuring at the inner wall prox- tected and identified in MS. Lastly a polymer monolithic
imity through which samples could flow without interacting column was successfully prepared in a SU-8-based micro-
with the monolithic stationary phase and its hydrophobic fabricated channel and also tested for the separation of the
groups. Lastly, and surely, mainly, the column dimensions Cyt C digest sample. The column dimensions afford a poor
were dramatically changed compared to the case in the capseparation of the Cyt C fragments, but the system including
illary format; in the microsystem, the column dimensions the monolithic column was robust and was able to withstand
were a section area fchannel= ! x d with | andd being high pressure values for 24 h at a time.

respectively of 100 and 2Q0m (2 x 10* um?) and a length

of 2.2 cm against a circular section areaabpiliary = r?

with an inner diameter being of 76m (0.44 x 10* pm?) Acknowledgements

and a column length of 17cm in the capillary format. As

well known, the chromatographic separation techniques are The authors would like to thank the French network for
sensitive to thésectiordL ratio for the column; the lower this  micro- and nanotechnologies for their financial support for
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