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Abstract

We report here on an integrated microfabricated device dedicated to the preparation of biological samples prior to their on-line analysis by
electrospray ionization-mass spectrometry (ESI-MS). This microfluidic device is fabricated using the negative photoresist SU-8 by microtech-
nology techniques. The device includes a chromatographic module plus an ESI interface for MS. The chromatographic module is dedicated
to sample purification and is based on a polymer monolithic phase which includes hydrophobic moieties. The ESI interface is integrated onto
the chip and is based on a capillary slot. We present here the integration of these different modules onto a single system that is fabricated via a
SU-8-based microtechnology route. We present also their testing for the purification of peptide samples. This started with a partial integration
step with the combination of at least two of the modules (microsystem + monolith; microsystem + nib) and their test before the fabrication and
testing of fully integrated microsystems.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction As microsystems become smaller, operations become
much faster. In addition, as they are highly integrated,

Novel analytical tools named as microTAS (micro-total there is no need for an extensive handling of the samples

analysis systems) are currently emerg[tig4]. These de- which can be time-consuming and causes sample loss and
vices integrate a whole analytical or reaction process, from contamination. The former point is of particular interest for
the sample extraction to final analysis and characterization biological samples which often contain femtomolar amounts
(and even quantification) step. Their development is due to of material. Consequently, using microsystems not only

the current need for high-throughput and automated systemsprovides lower analysis times but also enhances analysis

This microfluidic trend is particularly noticeable inthe fieldof conditions and sample treatment. There are numerous

biological analysis and protein stud{@s-7], where aneedfor  examples of microsystems dedicated to biological purposes
high-throughput operation results from the high number of both described in the literature and commercially available
molecular species, especially proteins to be identified, char-[6,8-10] Microfluidic systems are mostly based on an

acterized and sequenced so as to “know” proteomes. Suctelectrically-driven pumping. Figeys and Aebersdltil]

microTAS devices are also developed as diagnostic tools forreported the use of a cartridge external to the system and
medical applications. inserted in the microsystem-MS connection for sample

preparation. This treatment step can also be achieved using

* Corresponding author. Tel.: +33 3 20 33 61 35; fax: +33 3 20 33 61 36. @n electrically driven separation technique such as CEC,
E-mail addressseverine.le-gac@univ-lillel.fr (S. Le Gac). CE, MEKC (respectively capillary electrochromatography,
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capillary electrophoresis, micellar electrokinetic chromatog- based on the use of the negative photoresist SU-8 has also
raphy). Detection relies on optical techniques or on MS been developed for the fabrication of the microsyst{28s
techniqueq12]. In the case of proteomic analysis, the last We report here the integration of the modules onto a single
step of the protocol consists of an MS-based characterization,SU-8-based system. This started with a partial integration
identification and sequencing as the latter techniques arestep that consists of combining two of the modules together.
currently the most powerful methods for protein studies Thus, monolithic phases were prepared in SU-8-based mi-
[13]. Consequently, microfluidic devices dedicated to pro- crochannels and tested for the purification of peptide samples.
teomic applications are mostly interfaced to MS techniques. Then, the microsystem fabrication process was changed so
They include an outlet connection to MS, either with a that the microchannel outlet was coupled to an integrated
matrix-assisted laser desorption ionization (MALDLO] ESI source based on a capillary slot. The latter systems were
or ESI ionization mode[14,15] The latter connection finally tested for their ability to perform on-line analysis us-
usually consists of a transfer capillary inserted in the outlet ing ESI-MS techniques of standard peptide samples that had
microchanne[16] and of a standard ionization emitter tip. ~ flown through SU-8-based microchannels.
Other alternatives may be preferred in order to develop and
fabricate a microfluidic system to be connected to ESI-MS.
Firstly, in the case of an ESI-MS-based analysis an electroos-2. Experimental
motic flow (EOF)-based pumping technigue is not optimal as
this implies the addition of charges in the solution present as 2.1. Materials and chemicals
salts. Such salts can deteriorate the ionization process of the
analytes[17]. Thus, it is preferable to achieve the sample The UV lamp (2x 20W, 365nm, | =2100uW/cn?)
preparation on a real stationary phase and by using anothewas purchased from Elvetec (France). Lauryl methacrylate
pumping system (e.g. external, centrifugal. Therefore,the  (LMA), butyl methacrylate (BMA), ethylene dimethacry-
sample treatment modules may be based on a polymer stalate (EDMA), 2,2-azobisisobutyronitrile (AIBN), methanol
tionary phas¢18-20]and an external pumping system such (MeOH), ethylene glycol (EG), cyclohexanol (CyOH), ace-
as a syringe-pump is used to make solutions flow through tone, sodium hydroxide (NaOH), formic acid (HCOOC), tri-
the microfluidic device. In addition, the integration of the fluoroacetic acid (TFA) and hydrochloric acid (HCI) were
ionization source and its fabrication using microtechnology purchased from Sigma-Aldrich (L'isle d’Abeau, France). The
techniques allow for improving the MS coupling quality and commercial cytochrome(Cyt C) digest was purchased from
consequently the analysis conditions. It ensures source reDionex (Amsterdam, The Netherlands). Synthetic peptides
producibility and the control of fabrication as well as the having an around 20 wt.% salt content were purchased from
suppression of dead volunj21,22] and gluing[16] prob- Sigma-Aldrich. Deionized water (18.29%) was prepared us-
lems resulting from the use of a transfer capillary inserted in ing a Milli-Q system from Millipore (Billerica, MA, USA).
the outlet microchannel.
We report here on the development of such an integrated2.2. Microsystem fabrication
microfluidic system for protein sample preparation before
their on-line analysis by ESI-MS$-(g. 1). The system is fab- Microsystems were fabricated according to a procedure
ricated using the negative photoresist SUR8]. The sys- describedin earlier publicatiof3,24] It consists of a multi-
tem includes a chromatographic module based on a polymerlayer structure mainly based on the negative photoresist SU-8
monolithic phas§24] as well as an integrated interface to MS  but also pyrex and silicorfig. 2 illustrates the multi-layer
for sample ionization and having the shape of a[@k-30] structure.
Starting form these technological choices, the modules to be  More integrated microsystems that include a nib-shaped
integrated on the microsystem have been first studied, de-interface with MS were fabricated using a similar microtech-
veloped and tested in a separate way. Their fabrication andnology process except that it included the fabrication of the
testing have been described elsewhere. A reliable processib in another SU-8 layer. The nanoESI interface was pro-
duced using a previously described procedai@.
For both microsystems, accesses for the insertion of cap-
Integrated illaries were fabricated in the main layer of SU-8. Capillaries

ionizati . .
_ 'o:c:f:(::n were then glued into place using two-component epoxy glue.
Inlet Chromatographic These capillaries allow for connecting the microsystem at its
reservoir module / .
| 1 ] NS inlet and outlet to the real world.
Dr:f’:;:';" Microchannel / 2.3. Monolith preparation

Fig. 1. Schematic representation of the microfluidic system which includes Monolithic polymer phases were prepared usinga Wldely

an enzymatic micro-reactor, a chromatographic device and an integratedd€scribed pr0t000|.ba§ed ona PhOtOF?Olymerizatiqn process
ionization emitter tip having the shape of a nib. [18]. The polymerization reaction mixture was first pre-
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Fig. 2. Schematic representation of the multi-layer structure used for the fabrication of the SU-8-based microsystems.

pared using cross-linking (EDMA) and functional (LMA or  brated with two washing steps, one using the elution solution
BMA) monomers Fig. 3), a suitable porogenic mixture and (ACN-water 50:50 (v/v), 1% TFA, 1QL) and the other acid-
AIBN as radical initiator. The porogen consists either of a ified water (deionized water, 1% TFA, Q). The peptide
cyclohexanol—-ethylene glycol (80:20, v/v) mixture in case of solution is then loaded onto the monolithic material (g:+3.
LMA-based monoliths or of butanediol-propan-1-ol (80:20, Following this, the monolithic phase is washed using acidi-
v/v) in case of BMA-based monoliths. The porogen and the fied water (deionized water, 1% TFA) (4@). Finally, the
monomeric mixtures were introduced in a 65/35 volume ra- peptides are eluted using ACN-water acidified with 1% of
tio in the polymerization mixture and AIBN as 1% (w/w) of TFA (5ulL). Several stages of elution may then be carried
monomers. The resulting mixture was sonicated and intro- out with increasing amounts of ACN in the elution solution.
duced in the microchannels. A photomask was used to defineSolutions are collected at the tip of the outlet capillary and are
the zone to be irradiated and the system was placed under dater analyzed using MALDI-MS techniquesplLof the so-
UV lamp for around 2 h. The resulting polymer phase was lution is added to J.L of a matrix solution (dihydrobenzoic
washed using methanol before its use so as to remove anyacid DHB, 10 mg/mL, water—-MeOH 50:50 (v/v)). MALDI-
unreacted chemicals. These monolith preparation steps weréMS analysis is made in the positive reflectron mode.
carried out using a syringe-pump.

It should be noted that a preliminary step which consists 5 5 op.line tests using ESI-MS techniques
of the treatment of the inner wal[48] so as to covalently
anchor the monolithic phase in its support, was suppressed  on.jine tests of the microsystems were carried out using
here for the in-channel polymerization. Firstly, the surface 5 nanoLc—MS—MS set-up. The experiment was monitored
chemistry was change_d between the fused-silica capillariesfrom the nanolLC (LC Packings-Dionex, The Netherlands)
andthe SU—8—b§sed microsystems and secondly, we assumeg; ihe injection of JuL of sample (Famos injection system,
that the recess in the channel geometry as well as the presy ¢ packings-Dionex) and the elution in gradient conditions
ence of capillaries would prevent the monolithic phase from 4t 5 flow-rate of 200 nL/min (Ultimate Micro Pump and Ac-
escaping its support. We are fully aware that there may be ¢ rate stream splitter, LC Packings-Dionex). The elution was
through-pores between the channel walls and the monolithic performed using a gradient of solvent A (100% water, 0.1%
phase that results in non-optimized conditions for the tests TFA) and solvent B (95% ACN, 5% water, 0.1% TFA). This

of the monolithic phases; nonetheless, this is not as crucial gradient corresponds to a linear increase in the ACN content
for purification steps as for separation processes, as observeaom 510 80% in 30 min. The monolithic column was allowed

here. to re-equilibrate for approximately 40 min before another test
) _ _ was run. The pressure drop during the nanoLC runs was mea-
2.4. Off-line tests using MALDI-MS techniques sured using the Ultimate Micro Pump system and recorded

o ] by Chromeleorsoftware (LC Packings-Dionex). Detection

In-channel monolithic phaseS were first tested for the off- was achieved on QqTOF mass Spectror‘neter7 API Qstar Pul-
line purification of a peptide sample using MALDI-MS tech- - sar (Applied Biosystems, MA, USA). The microsystem was
niques (Voyager DE, Perspeptive Biosystems, Boston, MA, connected at its inlet and outlet to a fused-silica capillary
USA). The test protocol borrows much from the protocol used tybing (20pm i.d.; 280um o.d.) using Teflon butt-to-butt
for desalting stages e.g. using@Tipmaterial. Pumping of  connections (LC Packings-Dionex). Thus, the system was
liquids through the monolithic material is based on the use connected to the nanoLC system and at its output to a fused-
of a syringe-pump placed upstream to the microsystem; thesijica PicoTip source (2@m i.d.; 360pm o0.d.; 15um i.d. at

flow-rate was of 200 nL/min. Firstly, the column is equili- its tip; New Objective, Cambridge, MA, USA) using the same
butt-to-butt Teflon connection as previously. The tip position
)\'ro‘ )\“,o. )ﬁro o was adjusted to 1-2 mm in front of the MS inlet. Detection
C.H, CizHas \/\OJ\( was carried out in positive mode with a 2.2—2.5kV HV (high
BMA © LMA © © EGDMA voltage) and spectra were acquired ana300—2000 range.

Fig. 3. Monomers used for the polymerization, LMA or lauryl methacry- Data acquisition was controlled by softhmanalyst(Ap-

late and BMA butyl methacrylate as functional monomers and EDMA or plied Biosystems) ilj IDA moqe with a detection cycle time
ethylene dimethacrylate as cross-linking agent. of 10 s. Fragmentation was triggered for any doubly charged
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species reaching an intensity threshold of 30 counts with a prised of two thick walls of the resist SU-8; this allows for
relative collision energy that had been calculated taking ac- decreasing the surface area between the bottom of the mi-
count of the charge state of the selected species and withcrosystem and its Pyrex covetig. 2). A large surface area

Ar as collision gas. Once selected and fragmented, elutedwould result in the warping of the Pyrex lid and would thus

species were excluded from the MS—-MS selecti#@.6 U compromise the system bonding. Lastly, two thin layers of

mass window exclusion around the ioviz value) for 1 min. SU-8 are deposited on the silicon wafer and on the Pyrex
lid so as to promote the adhesion of the main SU-8 structure

2.6. On-line tests of the fully integrated microsystems onto the top and the bottom wafers. The microchannels are

linear and have a length of 3cm a depth of L00. Various
Fully integrated microsystems were tested on an ion trap width values are available onto a single wafer (from 100 to
mass spectrometer (LCQ Deca XP+, Thermo Finnigan, San250u.m). Due to the dimensions of the microchannels, it was
Jose, CA, USA) so as to assess the ionization performanceseen that no separation step was conceivable using the tech-
of the integrated nib tips and the ability of the systems for nology we are developing and a hydraulic pumping system
on-line analysis using ESI-MS techniques. A channel of [24]. The channel section is too large and the channels are
the microsystem was continuously fed at a given flow-rate too short. We thus decided, using these microsystems, to fo-
(100400 nL/min) using a syringe-pump. HV was applied on cus on a simple purification step or desalting stage using a
the silicon support of the microsystem, in the same way as hydrophobic phase before the MS analysis of the samples.
for the stand-alone nib tips; electrical contact was achieved at
the nib level where the liquid sample is in close contact with 3.2. Modules to be integrated on the microsystem
silicon. HV supply was of 2.0 kV for this series of tests on in-
tegrated microsystems. The temperature of the inlet transfer3.2.1. NanoESI interface
capillary of the ion trap mass spectrometer was of’XD0rhe A first choice to be made concerning the microsystem
test sample consisted of the same mixture of standard pep-dealt with its coupling to ESI-MS. We decided to integrate
tides as for the cleaning tests (100% water, 0.1% HCOOH; the ionization source as part of the microsystem in order to
each peptide being at 1 pmall). Nonetheless, here, thisso- optimize the coupling conditions. Thus, any dead volume
lution was diluted with methanol so as to give a MeOH-water [21,22]or glue[16] problems are avoided. In addition, using
50:50 (v/v) solution, the final concentration of the peptides a microtechnology route for the fabrication of the ionization
being then of 0.5 pmolLL. The mass spectra were plotted as sources should ensure their robustness and reproducibility.
an average over a 2 min period of signal acquisition. In this context, we came to a nib-like design for the micro-
fabricated sources. The emitter tip is composed of a reservoir
feature, a capillary slot and a point-like structure where elec-

3. Results and discussion trospraying occur$25-30] The nib prototypes were fab-
ricated using the negative photoresist SU-8 and they were
3.1. Microsystem description tested in stand-alone conditions so as to validate their func-

tioning and to assess their ionization performances. We were

We aim at developing a microsystem dedicated to protein thus able to determine the critical (geometrical) parameters
sample preparation before their on-line analysis using ESI- in order to reach optimal analysis conditid28], these crit-
MS techniques. This integrated microsystem would then be ical parameters being the nib dimensions at its tip, both the
used for the treatment steps required before an MS analy-slot width and the height of material used to fabricate the nib
sis to optimize this latter, such as protein digestion, sam- point structure. The ESI-MS tests were carried out first using
ple purification and salt removal. Typically, protein samples standard peptide samples at various concentrations and HV
are injected into the microsystem inlet, proteins are digestedvalues in the nanoESI range, and then using more complex
on an enzymatic microreactor on the cligi], the result- solutions, such as protein digeR28]. It was thereby demon-
ing peptide mixture is then cleaned, purified and eventually strated that this alternative ionization tip having the shape of
separated using a hydrophobic stationary phase. Finally, thea nib is suitable for fabricating nanoESI sources and that the
resulting cleaned peptide solution is analyzed on-line using nib performances were very good and could even outstand
ESI-MS techniquesrig. 1is a schematic representation of those of standard capillary-based ionization {R8].
such a microsystem. The microsystems are fabricated using
the negative photoresist SU-8 by employing standard pho- 3.2.2. Monolith
tolithography techniquel3]. We designed a multi-layered A second choice was to determine which kind of stationary
structure for the microsystem as discussed in former papersphases or solid supports would be appropriate for microfluidic
[23,24]s0 as to ensure the robustness of the bonding as wellapplications. We chose to use a polymer-based monolithic
as its resistance to a wide variety of conditions, acidic as well support to prepare the sample treatment modules. The pro-
as organic conditions. Firstly, the microsystem is fabricated teolytic enzyme (tryspin) can be anchored in a covalent way
on a silicon wafer and the cover wafer consists of Pyrex so on a monolithic support and the same type of materials can
that the system is transparent. The microchannels are com-be used for the preparation of a hydrophobic stationary phase
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[32,33] In addition, these monolithic materials present a se- 3.2.3. Partial integration

ries of advantages that make them suitable for microfluidic ~ Once every module as well as the fabrication route for
applications. They have a double porosity, small pores which the microsystem had been determined and carefully designed
are involved in molecular interactions between the analytes and studied, we moved to the integration of the different parts
and the stationary phase as well as large through-pores whichtowards the production of fully integrated microsystems.
facilitate the flowing through the monolithic phajg2—37]

Consequently, the resistance to mass transfer of monolithicz 3 on_jine tests of nanoES! interfaces

phases is lower than those of conventional packed phases.

Secondly, their preparation in situ in microchannels is much e first step consisted in validating on-line analysis using
easier than the packing of porous particles for example. Fi- hiy tins. There were indeed still some doubts left concerning
nally, the monolith physical and chemical properties are easy e tip consumption and the sample flow-rate in the capillary
to adjust depending on the application field. By changing the ¢4t during the electrospray ionization.

polymerization mixture composition, the porosity properties, Thus, a nib structure (slot width of 10m) was tested for

the morphology and the functionality of the monolith canbe . jine analysis using a nanoLC separation step. A standard
modulated. Furthermore, the monolithic support functional- capillary (i.d. 10um; 0.d. 28Qum) was glued in place on a
ization can be performed once the monolith is formed. nib structure using a two-component epoxy glEig(5). This

We first made preliminary studies in a capillary format a5 connected to the outlet of a nanocolumn (PepMap, i.d.
of different types of monolithic phases for various applica- 75, m) for the ionization and analysis of the eluted solution

tions. In particular, we developed hydrophobic phases for de- fom the column. The MS detection was carried out using
salting or separation purposes. We thus determined reliablegp, ion trap mass spectrometer, LCQ Deca XP+. The analysis
conditions for the polymerization as well as suitable reaction onditions in ESI-MS were not changed compared to usual
parameters, such as the nature of the porogen, which is theyn,)ysis: the flow-rate through the column was maintained at
solventto be used for the polymerizati@4]. For example, a 100 nL/min and the ionization voltage was of 1.5kV, as used
binary porogen composed of cyclohexanol and ethylene gly- ith 4 picoTip ionization emitter tip. The separation test was
col was seen to be appropriate for the preparation of phaseg;aried out on 800 fmol of a commercial Cyt C digest using
based on LMA, giving a good balance between micro- and 4 tine conditions.

macro-pores. The scanning electron microscopy (SEM) pho-  The spray was seen to be stable for several hours (several
tograph of the phas&{g. 4) shows that the monolith is cOm-  nano| C runs) as expected with a standard tip. The analysis
posed of particles having a regular size and a homogeneougt the solution eluted from the column was possible and the
repartition along the capillary section. In addition, no large ¢ayme as using routine conditiorig. 6 presents the base
through-pores which prevent the analytes from interacting peak trace of one separation run; the mass spectrum of the
with the stationary phase were observed, as was the case fofragment 92-99 which is eluted at 23.8 min is placed in in-
other monolithic phases that we prepaf2d]. This LMA- sert. This preliminary test for on-line analysis using a nib
based phase demonstrated good separation capabilities evefy shows that this kind of tips is entirely reliable for on-line

for very low gmounts of biological material, down to 0.8 fmol analysis, the sample being continuously fed into the capillary
of a Cyt C diges{24].

Fig. 5. Photograph of a nib-shape nanoESI interface used for on-line tests.

Fig. 4. Scanning electron microscopy (SEM) photograph of a section of The nib structure is fabricated using the negative photoresist SU-8 and its
a monolithic phase prepared from LMA/EDMA and a binary porogenic capillary slot is coupled to standard capillary tubing (i.du10) for on-line
mixture. MS analysis.



218
°1OO Fragment 92-99 | =27110°
* (M+H)* e
20Imax = 7.34 107 % 80
g 6o
BN = 40
> 15/ 2
% B 20
c g ,
9 500 750 1000 1250 1500 1750 2000
< 10 m/z .
o Tr=23.8 min
>
.ﬁ
T 9]
" Lknlhhuuuumlwwquv
0
0 10 20 30 40
Time (min)

J. Carlier et al. / J. Chromatogr. A 1071 (2005) 213-222

3.5. Off-line tests

We first decided to test the in-channel monolithic columns

for the purification of peptide samples. The test sample con-

sisted of a series of commercial peptides having a high level
of salts (up to 20 wt.% of salt for each peptide). The protocol
of the tests borrows much from a stand@idTip protocol.

The sample is first loaded onto the monolithic column. This
is then washed using acidic water (water, 1% TFA) so as
to remove species that are not specifically trapped onto the
phase. Then, the peptides are eluted using ACN—water mix-
tures acidified with 1% TFA. The solution flow was mon-
itored using a syringe-pump and the eluted solutions were
collected at the outlet of the column in microtubes. The so-

Fig. 6. Base peak trace obtained for the separation of 800 fmol of a Cyt C lutions to be pumped through the column were Changed at

digest using a nanoLC set-up coupled to a nib-shaped nanoESI interface. In

insert, mass spectrum corresponding to the Fragment 92—-99 of Cyt C, which
is eluted at 23.8 min. (flow-rate 100 nL/min, HV of 1.5kV).

slot, and not only for stand-alone analysis, the sample being
in this latter case simply dropped in the reservoir feature of
the nib. Thus, nib tips can be used as the outlet interface of
microfluidic systems for the on-line analysis of samples by
ESI-MS techniques.

3.4. In-channel monolithic column

Another step towards the integration was to polymer-
ize monolithic materials in microchannels. The microfluidic

systems that we use were fabricated according to the pro-
cedure previously described. The system consists of linear

microchannels built using the negative photoresist SU-8 be-
tween two walls of the resist. The polymerization of mono-
lithic phases had already been validated in SU-8 microchan-
nels as previously described by [#1]; the presence of a
thin layer of SU-8 on the top wafer did not hinder the pho-

topolymerization process. A photomask was placed above the

microchannel for the spatial control of the polymerization re-
action. Thus, the monolithic phase was prepared only in the
irradiated part of the microchannel. The monolithic phase

can be visualized at the end of the polymerization process as

a white trace in the microchann@4]. As we aimed here at

preparing a phase dedicated to sample cleaning and desalting

<

we use less hydrophobic monomers, such as butyl methacry
late mixed with ethylene dimethacrylate. Nonetheless, the
molar ratio was changed to a 50:50 mixture of BMA/EDMA
to give a polymer with a higher level of cross-linkage.

It should be noted that using a whole microsystem hav-
ing several microchannels, the contact surface area was larg

enough so that the bonding was able to resist the use of vari-

ous chemicals required for the preparation of the monolithic

almost the same time as the microtubes for the collection of
eluted solutions. Finally, the collected solutions were ana-
lyzed off-line using MALDI-MS techniques (DHB matrix).

Fig. 7 presents the mass spectra obtained for the pep-
tide test sampleRig. 7A) as well as for the eluted solution
(Fig. 7). It was first seen that the test sample contained a
high level of impurities, salts as well as polymers. After pass-
ing through the monolithic module, the peptide solution was
seen to be cleaned; no salt adduct was detected and the con-
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column as well as the high pressure observed when solutions

flow through the column. Nonetheless, it was not too large
and prevents the cover wafer from warping. This pressure
drop was measured to be of around 50 bar uSihgpmeleon
software on the nanoLC set-up.

Fig. 7. MALDI-MS mass spectra obtained for the off-line tests of an in-
channel monolithic phase using atest solution composed of standard peptides
and impurities. Peptides are labelled with stars (matrix DHB). (A) Native
peptide solution. (B) Eluted solution after passing through the monolithic
column.
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tamination had entirely disappeared. The peptides could be 100,

easily identified. e'gﬂg;};;;"e
Nonetheless, this protocol was not appropriate as we did & 80+

not have a continuous picture of the elution from the mono-

lithic column. In other terms, the changes of the microtubes

were more or less arbitrary and the results were not as relevani’

as those obtained using on-line analysis.

17-21 min
~

tensity %

60 -

ve In

40

Relati

3.6. On-line tests 20

The microsystem including a monolithic phase was thus 0 10 20 30 0 50 80
also used for on-line tests. As already discussed, this is more 5
relevant as the former tests as the precise time for the peptide
elution can be determined. The microsystem was thus con- 44,
nected to a nanoLC set-up upstream to it and to a standard
ionization source downstream to it for an on-line analysis
using ESI-MS techniques. ;

The experiment was monitored from the nanoLC set-up
for the injection of the test sample and its elution using a gra-
dient based on deionized water and acetonitrile. Thpd, 1
of the same peptide sample as before having a high contami-
nation level and each peptide being at around 1 putolfas
injected into the system. The elution was then made using J
a gradient between solvent A (100% water, 0.1% TFA) and 0 e -
solvent B (95% ACN, 5% water, 0.1% TFA), with a one-step
linear increase in solvent B in 30 min. The MS analysis was
carried outin MS and MS-MS modes. Every time MS detects Fig. 8. Ms (A) and MS—-MS (B) traces obtained for on-line tests of an
ion having an intensity higher than a 30 counts threshold, this in-channel monolithic column. Peptides are eluted between 17 and 21 min
ionis fragmented‘ (flow-rate of 200 nL/min, HV of 2.2-2.5kV).

The MS and MS-MS traces-ig. 8A and B) of the
experiment showed that the peptides were eluted in a 4-
min duration period between 17 and 21 min, which corre- on a Si wafer, which is cleaved at the end of the fabri-
sponds to an amount of ACN of around 50%. All the pep- cation process so as to release the point of the nib. This
tides injected in the test sample are detected on the masds achieved in a first layer of SU-8 which is directly de-
spectrum corresponding to this 4 min duration. Peaks cor- Posited onto the Si wafer. Photographs of the resulting fabri-
responding to peptides are labelled with a sign on this cated microsystem are presenteéig. 11, with an enlarged
mass spectrumF{g. 9. A close look at each peak shows View corresponding to the integrated nib tiid. 11, lower
that the peptides are pretty well desalted and that the panel).
monolithic column was efficient for the sample cleaning
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3
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(Fig. 10A-D).
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3.7. Fully integrated microsystems O KKDSGPY
80 4 + KPPTPPPEPET

3.7.1. Description 2 * x RGDSPASSKP

The last step in the development of our systems was § 6o C RKRARKE
the integration of the different modules, the monolithic col- E | x 100
umn and the ionization nib tip, onto a single SU-8-based 2 4o ¥
microsystem. The first prototype which we designed is 3 A | +
shown inFig. 1 It is fabricated using the negative pho- % 20| \ A c X
toresist SU-8 and it includes a monolith-based purification /] ©
module and an on-chip ionization emitter tip having the 0 e '

300 500 700 900 1100 1300 1500

shape of a nib. Firstly, the microtechnology process to pro-
duce the microsystems was modified to include the fabri-
cation of the nib tip. The fabrication of the integrated nib _ . . L _

Fig. 9. On-line tests of an in-channel monolithic column: mass spectrum

tip is baSicaI_Iy the same a_s this of FSOlated nib tipS;. the corresponding to the 17-21 min duration time. Peptides are labelled with
nib structure is produced using photolithography techniques signs (flow-rate of 200 nL/min, HV of 2.2-2.5kV).

m/z
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Fig. 10. Zooms on the peptide peaks in the mass spectrum corresponding to the 17—21 min elution time. (A) Peak corresponding to tHespéaiesipf
KKDSGPY (MW = 793.40). (B) Peak corresponding to the (M +# l4pecies of KKDSGPY (MW = 793.40). (C) Peak corresponding to the (M £28)ecies
of RGDSPASSKP (MW = 1000.49). (D) Peak corresponding to the (M #2BPecies of KPPTPPPEPET (MW = 1188.60). (Flow-rate of 200 nL/min, HV of

2.2-2.5kV.)

Fig. 11. Photographs of an integrated microsystem fabricated using the neg-

ative photoresist SU-8. (A) Views of two independent analysis devices com-

3.8. On-line tests of empty fully integrated microsystems

Fully integrated microsystems that are composed of mi-
crochannels as well as nib-like outlet interfaces were tested
for on-line analysis before the preparation of any monolithic
phase. This allowed us to check the reliability of the inte-
grated ionization nib-like emitter tips and the relevancy of
their dimensions for on-line analysis of peptide samples af-
ter their preparation onto the microsystem. On-line tests of
empty microsystems were carried out on an ion trap mass
spectrometer in similar conditions as for the stand-alone nib-
like ionization emitter tips: the ionization voltage was directly
applied onto the Sibottom wafer that supports the SU-8-based
feature. The microsystem was continuously fed with a pep-
tide solution (0.5 pmo}(L each, water—MeOH 50:50, 0.05%
HCOOH) using a syringe-pump. The liquid flow-rate wasin a
100-400 nL/min range. These were relatively high flow-rate
values but they were linked to the comparatively high value
of the nib tip slot width. The latter was determined to be of
around 2Qum using an SEM photograph (enlarged view).
The optimal HV supply to observe a stable spray was seen
to be of 2.0kV. This high value is again to be accounted by
the large features of the nibs and the resulting high flow-rate

posed of microchannels and nanoES! interfaces having the shape of nib. (8)t0 be used. It was also seen that the temperature of the inlet

Enlarged view of the interface for MS based on a capillary slot.

transfer capillary of the ion trap mass spectrometer had to
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be changed and decreased to improve electrospray ionizatiomesults before the preparation of any monolithic phase in a
phenomena. As a matter of fact, as the liquid flow-rate was microchannel and its test for sample cleaning and desalting.
high, the droplets that are formed at the nib tip were large
and the charge concentration is relatively low. A too high
temperature was observed to prevent from the peptide ion-
ization as charges were killed due to the high temperature of
the inlet capillary. Thus, the MS inlet transfer capillary was
only heated at 100C for this series of experiments.

These tests showed that on-line analysis using integrate

4. Conclusion

In this paper we described the development of integrated
dmicrosystems dedicated to on-line analysis of protein sam-
. . ) S : ples using ESI-MS techniques. We showed the separate devel-
microsystems including a nib-like outlet interface was pos- - o .

opment of the modules and their integration into a microsys-

sible on a 100-400 nL/min range of flow-rate values. Mass - ) .
. ; tem consisting of a chromatographic module, an enzymatic
spectra were plotted as an average over 2 min of signal ac- . . . . .
micro-reactor for the digestion of proteins and an interface

quisition. The mass spectra exhibit a h|_gh m_a>qma| Intensity for mass spectrometry that has the shape of a nib. The fabrica-
and all the peptides were detected and identifiégl. 12rep- : . )
) : tion route for the microsystem used the epoxy-based negative
resents the mass spectrum obtained for the on-line test of a . g
: . . ) photoresist SU-8. In-channel monolithic columns were suc-
fully integrated microsystem using a 100 nL/min flow-rate. . :
. . . . cessfully prepared and tested both on-line and off-line for
Peaks corresponding to peptide species are labeled with a sta

Nonetheless, it should be noted that the signal-to-noise ratioihe desalting of peptide samples. Integrated microsystems

including a nib-shaped outlet interface were fabricated and
(S/N) on these mass spectra was pretty low. The tested sam- L N
. . . . tested for the characterization of the ionization interface.

ple consisted of a mixture of peptides (0.5 pmalf having

a high amount of salts. This sample was first prepared and

used for the test of in-channel monolithic phases to assess

their ability to purify and desalt peptide samples (as described Acknowledgements

above). This high amount of salt hinders electrospray ioniza-

tion phenomena. This results in alow S/N of the mass spectra  The authors would like to thank tt@enHommeesearch

as obtained in this series of experiments. network(BioChipLabconsortium). The Mass Spectrometry
Nonetheless, the analysis performances of these integratedacility used for this study is funded by the European com-

nib tips were outstood by those of stand-alone nibs that had al-munity (FEDER), the Rgion Nord-Pas de Calais (France),

ready been tested and descrili@8,29]. For these integrated the CNRS and the Univergitles Sciences et Technologies de

prototypes, the run conditions were not satisfying, the flow- Lille. We also would like to thank Christophe Boyaval from

rate to use was too high, HV values were in the 2.0 kV range IEMN for the SEM images as well as Adeline Page from

and ionization conditions were seen not to be suitable for on- the Mass Spectrometry facility for her kind help on the ion

line analysis. As already mentioned, this is to be linked to the trap mass spectrometer. Finally, we would like to thank Dr.

relatively large dimensions of the nib-like outlet interfaces. Christian Rolando for his help in supervising this work.

Thus, we decided to first change and improve the nib shape

and dimensions so as to enhance the analysis conditions and

References
100 o hax= 3.7 x 108
O KKDSGPY [1] T. Kitamori, Fresenius. J. Anal. Chem. 371 (2001) 89.
e 80 A RGPFPI [2] K. Sato, A. Hibara, M. Tokeshi, H. Hisamoto, T. Kitamori, Adv.
Fa + KPPTPPPEPET Drug Delivery Rev. 55 (2003) 379.
‘@ 6o x RGDSPASSKP [3] C.X. Zhang, A. Manz, Biochips (2003) 101.
(] C RKRARKE [4] R.E. Oosterbroek, A. van den Berg, Lab-On-A-Chip: Miniaturized
.q‘:', . x + Systems for (Bio) Chemical Analysis and Synthesis, Elsevier Ltd
2 Publishers, 2003.
';:‘: 0 [5] G. Marko-Varga, J. Nilsson, T. Laurell, Electrophoresis 24 (2003)
o 20 A 3521,
(o] [6] N. Lion, T.C. Rohner, L. Dayon, I.L. Arnaud, E. Damoc, N. Youh-
0 Y . " L novski, Z.-Y. Wu, C. Roussel, J. Josserand, H. Jensen, J.S. Rossier,
350 450 550 650 750 850 950 1050 1150 M. Przybylski, H.H. Girault, Electrophoresis 24 (2003) 3533.
m/z [7] D. Figeys, D. Pinto, Electrophoresis 22 (2001) 208.
[8] L. Bousse, S. Mouradian, A. Minalla, H. Yee, K. Williams, R.
Fig. 12. Mass spectrum obtained for the on-line test of an empty in- Dubrow, Anal. Chem. 73 (2001) 1207.

tegrated microsystem using its nib-like outlet interface. Flow-rate of [9] J. Khandurina, A. Guttman, Curr. Opin. Chem. Bio 7 (2003) 595.
100 nL/min, HV supply of 2.0kV, temperature of the MS inlet cap- [10] M. Gustafsson, D. Hirschberg, C. Palmberg, H. Joernvall, T.
illary of 100°C, peptides (KKDSGPY MW =793.40; RGDSPASSKP Bergman, Anal. Chem. 76 (2004) 345.

MW =1000.49; KPPTPPPEPET MW =1188.60; RGPFPI MW =685.39; [11] D. Figeys, R. Aebersold, Anal. Chem. 70 (1998) 3721.

RKRARKE MW =942.58) at 0.5 pmaliL each (water—-MeOH 50:50 (v/v),  [12] Anon, Lab on a Chip 1 (2001) 7N.
0.05% HCOOH solution). [13] R. Aebersold, M. Mann, Nature 422 (2003) 198.



222

J. Carlier et al. / J. Chromatogr. A 1071 (2005) 213-222

[14] G.A. Schultz, T.N. Corso, S.J. Prosser, S. Zhang, Anal. Chem. 72 [26] S. Le Gac, S. Arscott, C. Cren-Olive, C. Rolando, J. Mass Spectrom.

(2000) 4058.

[15] Y. Tachibana, K. Otsuka, S. Terabe, A. Arai, K. Suzuki, S. Naka-
mura, J. Chromatogr. A 1011 (2003) 181.

[16] D.M. Pinto, Y. Ning, D. Figeys, Electrophoresis 21 (2000) 181.

[17] T.L. Constantopoulos, G.S. Jackson, C.G. Enke, J. Am. Soc. Mass

Spectrom. 10 (1999) 625.

[18] C. Yu, F. Svec, J.M.J. Frechet, Electrophoresis 21 (2000) 120.

[19] D.J. Throckmorton, T.J. Shepodd, A.K. Singh, Anal. Chem. 74
(2002) 784.

[20] C. Yu, M.H. Davey, F. Svec, J.M.J. Frechet, Anal. Chem. 73 (2001)
5088.

[21] N.H. Bings, C. Wang, C.D. Skinner, C.L. Colyer, P. Thibault, D.J.
Harrison, Anal. Chem. 71 (1999) 3292.

[22] J. Li, P. Thibault, N.H. Bings, C.D. Skinner, C. Wang, C. Colyer, J.
Harrison, Anal. Chem. 71 (1999) 3036.

[23] J. Carlier, S. Arscott, V. Thorny, J.-C. Fourrier, F. Caron, J.-C. Ca-
mart, C. Druon, P. Tabourier, J. Micromech. Microeng. 14 (2004)
619.

[24] S. Le Gac, J. Carlier, J.-C. Camart, C. Cren-Olive, C. Rolando, J.

Chromatogr. B 808 (2004) 3.

[25] S. Le Gac, S. Arscott, C. Rolando, Electrophoresis 24 (2003) 3640.

38 (2003) 1259.

[27] S. Arscott, S. Le Gac, C. Druon, P. Tabourier, C. Rolando, Sens.
Actuators B 98 (2004) 140.

[28] S. Arscott, S. Le Gac, C. Druon, P. Tabourier, C. Rolando, J. Mi-
cromech. Microeng. 14 (2004) 310.

[29] S. Le Gac, S. Arscott, C. Rolando, Electrophoresis, in press.

[30] S. Le Gac, C. Cren-Olive, C. Rolando, S. Arscott, J. Am. Soc. Mass
Spectrom. 15 (2004) 409.

[31] K. Tobal, S. Le Gac, C. Cren, C. Rolando, Proceedings of the 52nd
American Society for Mass Spectrometry Conference, Nashville, TN,
2004.

[32] D. Josic, A. Buchacher, J. Biochem. Biophys. Methods 49 (2001)
153.

[33] D. Josic, A. Buchacher, A. Jungbauer, J. Chromatogr. B 752 (2001)
191.

[34] E.C. Peters, F. Svec, J.M.J. Frechet, Adv. Mater., 11, Weinheim,
Germany, 1999, 1169.

[35] F. Svec, J.M.J. Frechet, Macromolecular 28 (1995) 7580.

[36] F. Svec, J.M.J. Frechet, Polym. Mater. Sci. Eng. 81 (1999) 544.

[37] F. Svec, J.M.J. Frechet, Ind. Eng. Chem. Res. 38 (1999) 34.



	Integrated microfabricated systems including a purification module and an on-chip nano electrospray ionization interface for biological analysis
	Introduction
	Experimental
	Materials and chemicals
	Microsystem fabrication
	Monolith preparation
	Off-line tests using MALDI-MS techniques
	On-line tests using ESI-MS techniques
	On-line tests of the fully integrated microsystems

	Results and discussion
	Microsystem description
	Modules to be integrated on the microsystem
	NanoESI interface
	Monolith
	Partial integration

	On-line tests of nanoESI interfaces
	In-channel monolithic column
	Off-line tests
	On-line tests
	Fully integrated microsystems
	Description

	On-line tests of empty fully integrated microsystems

	Conclusion
	Acknowledgements
	References


