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THÈSE

présentée et soutenue publiquement le 27 Septembre 2012

pour l’obtention du grade de

Docteur de l’université Paris-Sud 11
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Introduction générale

Les nanotechnologies sont fréquemment présentées comme une perspective de
progrès décisif dans l’évolution des technologies d’analyse biologique à haut débit
(biopuces et séquençage) et notamment dans le domaine du diagnostique de pa-
thologies où l’on recherche toujours des outils de diagnostic plus sensibles, plus
spécifiques, plus précoces et plus discriminants. Certains espoirs sont fondés juste-
ment sur la miniaturisation qui permet d’augmenter la densité de l’information pour
une taille d’échantillon biologique donnée, ainsi qu’une maîtrise fine des propriétés
moléculaires à l’échelle nanométrique pouvant parfois compenser les difficultés de
détection de biomolécules in vivo ou dans des échantillons biologiques (interactions
trop rapides, structures trop volatiles, concentrations trop faibles, mélanges trop
complexes, présences de substances interférentes). La miniaturisation permet en
outre une exploration plus intime et moins traumatisante des patients en analysant
des fluides biologiques plus accessibles que les tissus par exemple pour détecter des
traces de certains biomarqueurs.

Les laboratoires sur puces, sont définis comme des dispositifs miniaturisés uniques
permettant des analyses rapides et une faible consommation d’échantillons et de
réactifs. Ces dispositifs offrent des performances accrues et sont relativement com-
pacts, portables voire implantables. Ils permettent soit d’intégrer en série les diffé-
rentes étapes d’un protocole d’analyse soit de réaliser un parallélisme permettant
des analyses à haut débit. C’est dans ce contexte qu’il devient particulièrement
intéressant de tirer profit des avantages de la miniaturisation pour concevoir des
systèmes dédiés au diagnostic de certaines pathologies et qui reposent sur l’analyse
de fluide biologiques, complexes dans leur composition, afin de doser un ou plusieurs
bioamarqueurs d’une pathologie donnée.

Un biomarqueur, étant un paramètre permettant de caractériser un état phy-
siologique, un état pathologique, l’évolution d’une maladie ou la réponse à un trai-
tement, est un élément indispensable pour établir un diagnostic plus précoce no-
tamment dans le cas des maladies neurodégénératives qui sont connues pour leur
progression lente dans le temps.

La phosphorylation est impliquée dans plusieurs pathologies humaines telles que
les maladies neurodégénératives ou encore le cancer. Plusieurs phosphoprotéines ont
été identifiées comme étant biomarqueurs potentiels de ces maladies telle que la
protéine Tau phosphorylée, biomarqueur potentiel de la maladie d’Alzheimer. Il est
donc nécessaire de pouvoir les analyser avec des seuils de sensibilité bas pour amé-
liorer les diagnostics actuels. Cependant, étant peu abondantes dans les liquides
physiologiques, les phosphoprotéines nécessitent une étape de préconcentration afin
d’enrichir en protéines phosphorylées cibles et éliminer les interférents et ainsi aug-
menter la sensibilité de l’analyse.

Une des techniques de préconcentration les plus utilisées en microsystèmes est
celle basée sur l’extraction sur phase solide (SPE). Les monolithes sont particulière-



2

ment intéressants comme support solide de préconcentration notamment pour leur
intégration et leur synthèse relativement facile au sein de ces dispositifs. Toutefois,
malgré leurs nombreux avantages, les monolithes n’ont pas été largement exploi-
tés pour la préconcentration de protéines, en particulier les phosphoprotéines, en
microsystème analytique. Le premier article portant sur ce thème est apparu en
2011 1.

C’est dans ce cadre que se situe mon travail de thèse qui a consisté principa-
lement à concevoir un module de préconcentration par IMAC (Immobilized Metal
affinity Chromatography) de phosphoprotéines sur une phase monolithique afin de
pouvoir ensuite l’intégrer en amont d’un module de séparation par électrophorèse
de zone au sein d’un même dispositif microfluidique. Un tel dispositif a pour finalité
de préconcentrer des biomarqueurs phosphorylés à partir d’échantillons biologiques
complexes afin de contribuer au développement d’outils miniaturisés contribuant
notamment au diagnostic précoce de certaines maladies notamment les maladies
neurodégénératives telle que la maladie d’Alzheimer.

La première partie de ce mémoire consiste en une étude bibliographique dédiée
aux différents thèmes clés indispensables à la compréhension de l’objectif final de la
thèse.

Le premier chapitre bibliographique porte sur l’état de l’art des microsystèmes
analytiques. Nous présentons ainsi les différents matériaux utilisés pour la microfa-
brication des dispositifs miniaturisés d’analyse ainsi que leurs avantages et inconvé-
nients, principalement le verre et les matériaux polymériques tels que le polydimé-
thylsiloxane. Nous développons également les différentes techniques de microfabri-
cation des microsystèmes analytiques aussi bien les techniques dites “dures” que les
“douces”.

A la suite de cette première partie est présentée une revue. Celle-ci a été rédigée
en collaboration avec l’équipe et fait l’objet du deuxième chapitre bibliographique.
Elle porte sur les avancées consacrées à l’analyse de protéines en microsystèmes entre
2007 et 2010.

Nous y avons notamment détaillé l’impact du flux électroosmotique ainsi que
des traitements de surface sur la séparation électrophorétiques de protéines en mi-
crosystèmes. Dans cette partie sont également présentés les différents modes de
préconcentration et de détection de protéines dans ces dispositifs. Enfin, nous pré-
sentons les différentes techniques de séparation de protéines dans les microsystèmes
analytiques.

L’état de l’art de la préconcentration, sur phase solide, de protéines au sein des
microsystèmes analytiques est ensuite détaillé dans le troisième chapitre. Nous y
introduisons alors le principe de ce mode de préconcentration puis nous présentons
les monolithes organiques comme support solide de préconcentration en détaillant
leur mode de synthèse ainsi que leurs avantages et inconvénients. Nous détaillons
également les quelques exemples de la littérature portant sur la préconcentration de

1. HuiWang, Jicheng Duan, Hongjiu Xu, Liang Zhao, Yu Liang, Yichu Shan, Lihua Zhang,
Zhen Liang, and Yukui Zhang. Monoliths with immobilized zirconiumions for selective enrichment
of phosphopeptides. Journal of Separation Science, 34(16-17) :2113-2121, 2011.
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protéines sur phases monolithiques puis sur phases particulaires en microsystèmes.
Le dernier chapitre de cette partie bibliographique est dédié à la phosphorylation

et aux biomarqueurs. Nous présentons quelques généralités sur les phosphorylations
des protéines ainsi que les techniques d’enrichissement et d’analyse de biomarqueurs
phosphorylés. Dans cette partie, nous définissons les biomarqueurs et citons comme
exemple la protéine Tau phosphorylée, biomarqueur potentiel de la maladie d’Alz-
heimer.

La partie expérimentale de ce travail de thèse comporte trois chapitres présentant
les principaux résultats et études effectuées. Le chapitre 5 est consacré à l’optimi-
sation de la polymérisation d’un monolithe poly(EGMP-co-BAA) qui sera utilisé
comme matrice de préconcentration de phosphoprotéines par IMAC. Le choix de ce
monolithe, en particulier, est principalement dû à la présence de groupements phos-
phate dans la matrice et qui, grâce à leur affinité aux ions métalliques, permettent
une immobilisation efficace de ces derniers et par la suite un chargement satisfaisant
de l’échantillon. L’optimisation a été réalisée en format capillaire pour simplifier
les étapes de caractérisation qui ont porté principalement sur la morphologie ainsi
que les propriétés physiques du monolithe, notamment sa perméabilité et sa surface
spécifique.

Le chapitre 6 de ce travail est dédié aux différentes tentatives de transposition
de la synthèse du monolithe préalablement optimisée au sein d’un microcanal en
PDMS.

La synthèse in-situ du monolithe organique poly(EGMP-co-BAA) au sein du ca-
nal en PDMS a constitué un défi important de ce travail. En effet, selon la littérature,
la polymérisation d’un monolithe dans le PDMS est fortement inhibée par la per-
méabilité importante du PDMS à l’oxygène aussi bien que par sa forte hydrophobie.
Peu de travaux ont reporté avec succès à ce jour la polymérisation d’un monolithe
organique au sein d’un dispositif en PDMS 2 3 4 5. Cependant, cette polymérisation
manque de reproductibilité ce qui explique le peu d’articles portant ce sujet dans la
littérature. Nous avons alors choisi de tester un certain nombre de solutions reposant
sur des traitements, dont certains n’ont pas été décrits auparavant et visant généra-
lement à hydrophiliser la surface du PDMS. Au cours de ce travail, nous avons choisi
de ne pas tester les traitements de surface basés sur les modifications par greffage
chimique qui jusqu’à présent, restent les seules approches proposées dans la littéra-

2. Mohamed F. Bedair and Richard D. Oleschuk. Fabrication of porous polymer monoliths in
polymeric microfluidic chips as an electrospray emitter for direct coupling to mass spectrometry.
Anal. Chem., 78(4) :1130-1138, 2006.

3. Jeffrey M Burke and Elisabeth Smela. A novel surface modification technique for forming po-
rous polymer monoliths in poly(dimethylsiloxane). Biomicrofluidics, 6(1) :016506-016506-10, March
2012.

4. Karine Faure, Maximilien Blas, Omar Yassine, Nathalie Delaunay, Gérard Crétier, Monique
Albert, and Jean-Louis Rocca. Electrochromatography in poly(dimethyl)siloxane microchips using
organic monolithic stationary phases. ELECTROPHORESIS, 28(11) :1668-1673, 2007.

5. HuiWang, Jicheng Duan, Hongjiu Xu, Liang Zhao, Yu Liang, Yichu Shan, Lihua Zhang, Zhen
Liang, and Yukui Zhang. Monoliths with immobilized zirconium ions for selective enrichment of
phosphopeptides. Journal of Separation Science, 34(16-17) :2113-2121, 2011.
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ture et permettant la polymérisation, bien que non reproductible, de monolithe au
sein des microsystèmes en PDMS.

Dans une première partie de ce chapitre, nous développons les optimisations
réalisées sur le processus de microfabrication des microsystèmes en PDMS et en
deuxième partie, nous détaillons les différentes stratégies de traitement de surface
réalisées pour la transposition de la polymérisation in-situ du monolithe.

Le chapitre 7, dernier chapitre du mémoire, porte sur l’optimisation des diffé-
rentes étapes d’enrichissement de phosphoprotéines par IMAC en format capillaire
en prenant comme exemple un phosphopeptide modèle dérivé par un agent fluo-
rophore. Les différentes étapes de l’IMAC ont été optimisées après avoir rappelé
brièvement son mode et son principe. Ce module d’IMAC a été par la suite trans-
posé sur un microsystème en verre.
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��M���������	���N�O	���N���PQ�R H�"&  !'�%�EJS?��,�����,7!"��-"����������&%�T"!.��&�%��*,&*,�-�-�%���,7!"�%�EJS?*!,%���,!��������*#+��$�����"#���$���(H��,!������� �* ����� ��-����!��%&��� ��,!�������*!,* !��!*!,%:&<+'���(J!��"�"!�9 ��',&�*������UVUWXYZ[\]̂*,-�����> !��,7!"�%�EJS?'-.��,���%��',&�*�������� !�& �VUWXUV[ &,�%� :�<*&����&�!�* !��!B_D(H�*,&8 ���%�"��,!�����������!��!8� ��-%!�� ����*�̀ �EJS?,��,&�5����*,&.*,�-�-������! ����,�%�5����#+%,&*#&8�(a��b��9 !�&%�T"!��&�%� !��,7!"��:���'-�-,! �������!8 �$��*��%!��23���BcdD(E&�,'!,!���,������  ��,���!8� ��-%� !��,7!"�9%���,!����������** -����!�,��*��5���;�,��b�"��-�!*,�� :-�!*�%�* !��!V̂(e��&��"&����<��* ��9 ��,!�������* !��!!5�"%�ẐfgBhD9 �%-*i�%�T ��&,'!��$���B2_9h92hD&���"&,� �,�"���%�T �%�EJS?!*,��"&  !'�B2dD(H���&%�T"!��&��%���,7!"������!��,!�������*!,* !��!V̂ �&�� !* �*!,�%����*�5-,�T-��*!, !����,�%� :!�' �%�"&��!"�j()!**� &���"�$�� :!�' �%�"&��!"�%:�� �$��%���,�����,7!"���� :!�' �7&,�-���,� !�!�'����> !'&����!�*&���%�"&��!"��� !��,7!"��& �%�/T'�,�0(034(H&,�$�� :!�' �%�"&��!"������*-,���,>klm9 ����,7!"��*,-���������"!,!"��,�#+%,&*#&8�/T'�,�0(03(84n%!�� �"!�%:��!�' ���7-,���,>klm9 ����,7!"���&��#+%,&*#� ��/T'�,�0(03(!4(J!�� �"!�%�"&  !'�9 !�&%�T"!��&�%� !�&��  !8� ��-%����,7!"��,�����'����, !7&,"�%�"&  !'�(o����* �� :!�' �%�"&��!"����7!�8 �9* �� !�&��  !8� ��-%� :-"#!���  &����',!�%���* �� �"&  !'����'-�-,! ������I"!"�B_D(oT�%�*&�5&�,�!��,���, !7&,"�%�"&  !'�� ���8���-5�%��������*&,�!��%��!��,���, ��*!,!���,��*�,������� &,�%��,!�������* !��!  ̀!*,����&�%�'!p9 ����*�%:�<*&����&��� !%�����-%�*����!�"�%�* !��!(E&�, �"&  !'�%�EJS?��,����8��,!�%�5�,,�9� !-�-%-�&��,-$�� :!�'.



���������	
����
���
����������������


�������� ��
��������� !"#$%$&'()*+,$)%%+'+-./).'+&)0)*+&)0123+425#6'0$7#.-++%485#6'0$7#$8+9+*%2%.$*'+-270+&&.$*')7-2&9229:-.$0+-+3$--2,+�;<=�>2*&-+32&70:3.&'+-(:%)'+70:&+*%:+720?�@#2%%23#2062A)*+70+&&.$*&)7:0.+)0+B�  9C$007+09+%'(:-.9.*+0-+&,0$)7+9+*%&9:%#6-+'+-2&)0123+'+">D?&2*&2-%:0+0-+&,0$)7+E9+*%&&.-$F2*+�"$)0)*+70+&&.$*82&&+70+&&.$*4G�  9C$005A-2/)2-.%:'+3$--2,++&%':%+0.$0:+�H+0:&)-%2%7+)%&(+F7-./)+0720-+12.%/)+-(:*+0,.+.*3.'+*%++&%7-)&:-+I:+42),9+*%2%.$*')-.80+7203$)0&9$6+*52)*.I+2)'+-2&)0123++%/)+-2/)2*%.%:'(+&7J3+&23%.I+&+&%9$.*&:-+I:+�K*3+/).3$*3+0*+-(.*L)+*3+'+-27).&&2*3+A-21$03+')3$--2,+2),9+*%+,:E*:02-+9+*%M)&/)(B3+/)+-27).&&2*3+')7-2&92&$.%&)7:0.+)0+B-(:*+0,.+'+'.&E&$3.2%.$*'+&-.2.&$*&?.EH0:&)-%2*%'+-2':%:0.$02%.$*'+-20:%.3)-2%.$*')">D?�N$0&/)+-27).&&2*3+277-./):++&%82&&+A.-+F.&%+)*+'.9.*)%.$*')*$980+'(+&E7J3+&0:23%.I+&B-2&)0123+')&)8&%02%+%'$*3)*+'.9.*)%.$*'+&&.%+&23%.1&B-2&)0123+')&)8&%02%A3+3.&+%02').&2*%720)*+'.9.*)%.$*'+&,0$)7+9+*%&?.EOPB-2&)0123+')">D?�>2*&-+32&'()*+7).&&2*3+.97$0%2*%+A-+8$9820'+9+*%.$*./)+B-2&)0123+')&)8&%02%+&%.97$0%2*%A-(:*+0,.+'+'.&&$3.2%.$*'+&-.2.&$*&QRSTSQR:%2*%7-)&.97$0%2*%+/)+3+--+'+-2-.2.&$*?.EHA-+&.-$F2*++&%2-$0&':%:0.$0:�U-&(2,.%'$*3A3$99+3+-2+&%&$)I+*%-+32&A'+%0$)I+0)*3$970$9.&+*%+09+&'(:*+0,.+'.&7$*.8-+�H$*3+0*2*%-(.*L)+*3+')%+97&'(+F7$&.%.$*A-()%.-.&2%.$*'()*+')0:+'+%02.E%+9+*%&%0$7.97$0%2*%+'$.%V%0+:I.%:+320.-62:-.9.*2%.$*'+&,0$)7+9+*%&9:%#6-+&70:&+*%&B-2&)0123+')">D?�W)'+-B'+X &'+7-2&92TYA-2&%0)3E%)0+')">D?+*&)0123++&%+*'$992,:+�H+%%+':%:0.$02%.$*7+)%V%0+')+B)*+3$*3+*%02%.$*%0$7.97$0%2*%+'+,0$)7+9+*%&&.-2*$-&B-2&)0123+')">D?3+/).+*%02Z*+02.%'+&0:23%.$*&'+&3.&&.$*'+3#2Z*+&B-2&)0123+�U-+F.&%+'$*3)*3$9E70$9.&B2'$7%+0+*%0+-270+&&.$*A-27).&&2*3++%-+%+97&'(+F7$&.%.$*2)7-2&92TY�[��������\
�����������
]� >(2)%0+&%+3#*./)+&'+3$--2,+7$-69J0+&E92%:0.2)F.*$0,2*./)+&$)7$-69J0+&E7$-69J0+&&$*%:,2-+9+*%0277$0%:+&'+92*.J0+9$.*&3$)02*%+%$)%+1$.&'2*&-2-.%%:02%)0+�̂62*+%2-;�_=$*%0:2-.&:)*3$--2,+'()*+7)3++*"DDW&$)&)*+70+&&.$*'+̀ 7&.2I+3XaN'(23:%$*.%0.-+bcdY�N+9.30$&6&%J9+$8%+*)+&%720%.3)-.J0+9+*%0$8)&%++%0:&.&%+B'+&70+&&.$*&.*%+0*+&&)7:0.+)0+&B



����������	
���

���
��	
�	���
	������	��	������
����

����	��������
��	��������	����� !"#$%&'()("*+,-!.!*/0&)+*+0"!&&1+2",&1(& )3,&!!+ )3)*"41!+5&(*346 743+*"8-&!,& & *",&!&*,%)(",&!)0"1+!9-43&!(&1*!#:1)-*3&*. &,&(455);&,& -(&&1<==>)+*+ 34 4!+ )35%+8-" &,&$"1?�@A#B400& 3+!&1*+!-35)C;-3&D#DDE"5!%);"*,%-*"5"!&3-10+5)1;&,&,"(754340+*7)1&&*,%+*7)145&1(41*)(*)2&(,&-F!-G!*3)*!,&<==> -"!3+)5"!&35&(455);& )3 3&!!"41HD�IJKLM &1,)1*�01H*&0 +3)*-3&)0G")1*&#
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Review

Recent innovations in protein separation
on microchips by electrophoretic methods:
An update

Lab-on-a-chip electrophoresis is becoming increasingly useful for protein analysis,

thanks to recent developments in this field. This review is an update of the review

we published at the start of 2008 [Peng, Y., Pallandre, A., Tran, N. T., Taverna, M.,

Electrophoresis 2008, 29, 156–177]. The superiority of polymers for the manufacture of

analytical microchips has been confirmed. This trend implies several modifications to the

processes previously used with glass/silicon chips and requires a better understanding of

the interfacial phenomena of these materials. Significant progress in chip-based tech-

niques for protein analysis has been made in the last 2 years. In addition to advances in

traditional electrokinetic modes, counter-flow gradient focusing techniques have

emerged as useful methods not only for separation, but also for the online preconcen-

tration of samples. This review, with more than 175 references, presents recent advances

and novel strategies for EOF measurement, surface treatment, sample pretreatment,

detection and innovations relating to the different modes of separation.

Keywords:

Chip / Detection / Electrophoretic separation / Miniaturization / Proteins
DOI 10.1002/elps.200900465

1 Introduction

The miniaturization of CE was one of the earliest examples

of mTAS systems to emerge in the early 1990s [1]. This new

technique resulted from a combination of conventional CE

for the analysis of ultra-small volumes (nL) with micro-

fabrication techniques.

The microchip concept has since attracted considerable

attention among researchers worldwide, as witnessed by the

growing number of applications for microchips in many

areas of analytical science (e.g. sample preparation, detection

and separation modes) and by the many reviews dealing

with microchips in analytical chemistry that have appeared

in the last 2 years [2–19]. Microchips for the analysis and

separation of biomolecules, including proteins in particular,

have advanced tremendously in recent years.

In this review, we discuss and summarize novel and

improved techniques and applications of protein analysis on

microchips based on electrically driven methods. This

review follows on from a previous review dealing with

studies published before 2007 [20].

We will begin by describing the role of EOF and the

various means for controlling and adjusting it in micro-

channels to achieve high separation efficiencies for proteins.

We include an exhaustive summary of the reported methods

for accurately measuring on EOF on all types of chips, from

the simplest to the most sophisticated. Unfortunately,

analyte adsorption on the surface of microchip channels

remains a major drawback of on-chip protein analysis.

Adsorption can interfere with microfluidic transport and can

affect separation performance and reproducibility. In

addition, the uncontrolled adsorption of fluorescently

labeled proteins, for example, may dramatically decrease

detection sensitivity. It is therefore necessary to modify the
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channel surface, whatever the type of microchip used, to

minimize undesired adsorption. Most CE chips are made

from various glass substrates, from inexpensive soda lime

glass to high-quality quartz. Various polymers have recently

been used to make microchips for CE separation. These

polymers include cyclic olefin copolymer (COC), PMMA,

and PDMS. Whatever the microchip material used, it is

important to adjust the EOF magnitude to improve resolu-

tion. Excellent reviews devoted to the surface treatment of

microchips for electrophoretic separation have been

published [21–25]. Dynamic adsorption and permanent

surface modification are the two strategies most frequently

used for the surface treatment of microchips. Dynamic

adsorption is a simple, rapid surface modification techni-

que, in which surface modifiers are added to the separation

buffer and physically adsorbed onto the channel surface.

Permanent surface modifications involve specific chemical

reactions to change the surface composition and properties

and are generally performed before the separation.

The sensitivity of MCE at low concentrations is known

to be problematic in many cases, due to the short optical

path length or extremely small amount of sample injected.

Various on-line sample preconcentration techniques, (e.g.
electric field gradient focusing (EFGF), temperature gradi-

ent focusing (TGF) and ITP) [19, 26] and applications of

highly sensitive detection schemes have been developed to

overcome poor sensitivity. These techniques have been

applied to MCE and are described in Section 3. Recent years

have witnessed the evolution of common ‘‘chemical’’ stra-

tegies of preconcentration, consisting principally of stacking

approaches, into more sophisticated systems facilitated by

the high integration capacity of microchips. The creation of

chips with multiple functions is important for the genera-

tion of more complex systems incorporating multiple

analytical operations into a single device [26–31]. The field of

detection has also been enlarged beyond fluorescence, to MS

and conductivity in particular, with several new examples of

successful protein detection in microsystems.

Finally we also review, in Section 4, recent innovations

focusing on the different separation modes for the MCE of

proteins, such as electric field gradient techniques (EFG),

with an update on classical separation modes, such as CZE,

MEKC, CGE and IEF [32–35].

Even over the short time frame considered here, this

young and dynamic field has produced important contri-

butions, with the description of new and unique techniques,

and several new applications. This emerging, rapidly

developing field of research has led to the publication of

almost 175 publications and reviews.

2 Impact of EOF and surface treatments
on protein separation

The optimization of a large number of parameters is

required to achieve high-resolution protein separation in

lab-on-a-chip (LOC) devices. The surface charge of the

separation channel and its associated EOF are the most

widely studied of these parameters.

However, analyte adsorption is often observed when

analytical chips made from commercial polymers or glass.

This phenomenon leads to local variation in EOF, a loss of

analytical performance and poor reproducibility.

This has led to the emergence of methods for the

accurate measurement of EOF on chips [36]. As this topic

was not dealt with in our first review, we will focus on the

different strategies that have been developed to measure

EOF on chips. Recently developed surface treatments and

EOF modulation methods will then be presented to illus-

trate ways in which the surface charge of LOC devices can be

fine-tuned and used to increase protein separation effi-

ciency. Only papers published since 2006 describing simple

ways to treat the surface of microchip for protein separation

will be discussed here.

2.1 EOF measurement

For counter-electro-osmotic separation, the following Eq. (1)

shows the direct correlation between the resolution RS and

the magnitude of mobilities

1

4

Dmep

ðmeoþ mepÞ
ffiffiffiffi

N
p

ð1Þ

Dmep the difference in electrophoretic mobility between the

two species, mep the mean electrophoretic mobility, meo the

electroosmotic mobility and N the theoretical plates.

Based on this relationship, the resolution may be

increased by ensuring that the absolute values of EO and

electrophoretic mobilities are approximately equal. Efficient

protein separation therefore often requires a fine adjust-

ment of EOF intensity.

The origins of EOF were described in detail in a recent

paper by Beattie [37]. However, the interfacial phenomenon

and the electrical double layer at the polymer surface remain

poorly understood, as pointed out and discussed in a paper

in 2003 [38]. Some very recent papers present a detailed

discussion of EOF on polymer chips [39, 40]. The main

difficulty in understanding EOF in polymeric microchips is

identifying the origin of the charges. According to Beattie,

the surface charge of such complex interfaces is probably

due to the hydroxyl ion [37]. These authors also discussed

the source of interfacial charge when water is present at the

hydrophobic interfaces of polymeric microchannels. They

assumed that hydroslip played a key role in the electro-

kinetic migration occurring on such devices, due to a high

shear rate. The concentration of dissolved gas also strongly

affects the slip because these two factors seem to be directly

correlated.

Most EOF measurement techniques were developed in

the last 25 years [36, 41]. One recent review focused on EOF

measurement on chips and provides specific details about

these methods [36]. Most of these measurement techniques

are adapted from those reported for conventional CE. We
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will therefore focus here on methods successfully adapted

for COC measurements. Finally, most of these methods can

be classified into the following major categories: (i)

sampling zone method, which is based on Kolchrausch

regulating function; (ii) current monitoring; (iii) neutral

marker detection; (iv) frontal electrophoresis; and (v) in situ
methods.

The sampling zone method was introduced as early as

1998, by Fu et al. [42]. Several alternative methods have since

been proposed, making use of different detection systems:

amperometric detection [36], conductivity detection [43] and

indirect LIF detection [44]. The underlying principle is based

on the system peaks phenomena extensively described in

previous publications [45, 46]. Wang et al. added diluted

electroactive ionic species to the BGE and injected a sample

similar to the BGE but at a different concentration. This

created a sampling zone driven by the EOF, which was

detected at the end of the channel. The EOF was deduced

from the migration time of the negative peak.

The current monitoring method is slightly easier to use

with microfluidic chips because amperometric detection is

replaced by current measurement [47]. This method is the

most widely employed to measure EO mobility on chips.

Two BGE at different, but similar, concentrations are placed

in each reservoir of a channel chip. The channel is filled

with the same electrolyte as the end reservoir. The current

required to maintain a constant electrical potential by a

generator is recorded against time as the solution in the first

reservoir flows into the channel and replaces the second

electrolyte. This technique is based on the hypothesis that

the resistance of the channel corresponds to the sum of the

resistances of highly conductive zones and weakly conduc-

tive zones. The main limitations of this technique are that

EOF is measured for a variable electrolyte composition, low

EOF cannot be measured accurately and the non-linear

changes in current making it difficult to estimate the EOF

from the theoretical intersection of two straight lines.

Another type of method, adapted from techniques

developed for conventional CE, involves measuring the

migration time of neutral markers [48–55]. Several methods

have been derived from this technique, including the use of

non-neutral markers, the electrophoretic mobility of which

is evaluated by a complementary technique, such as CE, for

deduction of EO mobility from apparent values measured

on a chip [56]. These methods are easier to handle but are

limited by the adsorption of the markers to the channel wall.

Shakalisava et al. recently introduced a new method for

EOF measurement based on frontal electrophoresis on

microchips, with fluorescent markers and optical detection

[57]. This method requires a simple monochannel micro-

chip and does not require voltage optimization for sample

injection and separation.

The last type of techniques is often referred to as ‘‘in-
situ’’ techniques. Particle imaging velocimetry or particle

tracking velocimetry is the most famous technique of this

type. In most situations, fluorescent beads are placed in the

microchannel and the motions of each particle can be

measured by image analysis [58]. A video camera is used to

record images at regular time intervals and image proces-

sing by cross-correlation makes it possible to measure the

mobility of the particles. This technique, unlike many

others, can provide a precise image of EOF heterogeneity in

the microchannel. However, it is limited by the difficulty

that only transparent chips can be used for this kind of

measurement. The electrophoretic mobility of the particle is

subtracted by a calibration step because most of the

commercially available fluorescent nanoparticles have

widely dispersed electrophoretic mobilities. This step clearly

complicates particle imaging velocimetry measurement.

Another type of measurement is possible but has yet to

be adapted to microchips: techniques based on measure-

ments of the amount of liquid effluent leaving the channel

over time. Measurements of liquid weight as function of the

time are directly linked to the flow of liquid generated by

EOF. However, the main limitation of this technique, which

has precluded its transposition to chips, is evaporation. A

low-conductivity electrolyte could be used to reduce Joule

heating and, thus, evaporation. This would make it possible

to use this technique for LOC measurements, provided that

temperature could be efficiently controlled.

2.2 Surface treatment of microchip for

electrophoresis

The large surface-to-volume ratio of analytical microchips

places surface chemistry at the forefront of separation

techniques. Polymer-based microfluidic chips have recently

been developed and have become valuable tools for

separating biological molecules more cheaply and reliably.

However, most of the polymers used in the production of

analytical microchips, including PDMS, still have certain

defects, such as the strong adsorption of hydrophobic

molecules. Proteins are particularly prone to surface

adsorption in polymer-based chips, as well as on glass or

silicon chips. This phenomenon decreases separation

efficiency and results in poor resolution. The most common

strategy for dealing with this problem involves treating the

surface to obtain hydrophilic microchannels [10]. A number

of reviews dealing with surface treatment for electrophoretic

separation have been published [21, 22, 25].

As this emerging field was not discussed in our previous

review, we will focus here on recent publications (since

2006) describing simple methods for coating channel walls.

Covalent/adsorbed coatings and static/dynamic coatings

have been developed to minimize the non-specific adsorp-

tion of proteins. Acrylamide, cellulose, PEG and their deri-

vatives are commonly used for the modification of

microchannels. New surface treatment for polymer chips

have also been developed, as the patterning of polymer

substrates is cheaper and easier than the methods used for

glass or silicon microfabrication. Several studies have

recently suggested the use of sandwich technology, or even

the mixing of several materials, to achieve coating
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procedures compatible with several materials. However,

these techniques are likely to make surface treatment much

more complicated [59–61].

2.2.1 Polymers and derivatives

Polymers are widely used for chip surface treatment and

PEG, celluloses and their derivatives are by far the most

frequently used polymers.

Wang et al. used a biocopolymer based on chitosan with

primary amino groups to form a film on the surface of

PDMS chips [62]. PEG chains were attached to the chitosan

biopolymer in situ, after its deposition on the microchip. The

main advantage of this non-covalent strategy is that oligo-

meric PEG chains can be grafted onto the chip in mild

conditions without organic solvent, thereby preventing

swelling of the PDMS. Wang assumed that hydrophobic

interactions and hydrogen bonds were the primary points of

anchorage. EOF was decreased by a factor of two and non-

specific adsorption of biomolecules was also found to be

decreased by this treatment. The EOF of the modified

surface channel appeared to be more stable than that of the

native PDMS channel. Biofouling was characterized by

fluorescence microscopy, using FITC-tagged BSA as a

model protein well known to adsorb onto the PDMS surface.

No fluorescence was observed after 24 h of incubation with

BSA and rinsing.

PEG has been silylated after its adsorption onto a glass

microchip and Timperman’s group showed that longer PEG

chains are associated with lower EOF [63]. PEG has also

been used to coat acrylic plastic chips for EFG separation, to

improve protein separation and prevent biofouling [64].

Cellulose can be used as an alternative to PEG and

acrylamide. Baba’s group has thermally immobilized

hydroxypropyl methyl cellulose (MC) on PMMA microchips

[65]. This resulted in a much lower EOF of only

4� 10�6 cm2/V s, as measured by the current monitoring

method. This strategy makes it possible to prevent hydro-

phobic interactions between SDS, SDS-protein and the

PMMA channel wall. In a previous study, the same group

developed an efficient method for dynamically coating the

PMMA microchip with MC to reduce protein adsorption

with a non-ionic detergent [66]. They more recently used an

evaporation step, after rinsing the PMMA chip with

MC, to limit protein adsorption [67]. However, this techni-

que had a weaker effect on EOF than that based on hydro-

xypropyl MC, as they obtained an EOF value of about

1� 10�5 cm2/V s.

Soper and Shadpour dynamically coated their 2-D

PMMA chip with methyl hydroxyethyl cellulose (HEC), to

separate 633 Alexa Fluor-proteins by SDS-CGE and MEKC

methods [68]. Zhang et al. also reported dynamic coating

with HEC in COC microfluidic devices [69]. This treatment

decreased EOF by 70% and BSA was separated with 104

theoretical plates in a 3.3-cm-long microchannel.

Liu et al. have developed a PEG functionalized acrylic

copolymer for the production of an adsorption-resistant

microfluidic chip [70]. This strategy is of particular interest

because it avoids the need for surface treatment through the

synthesis of a new material for the direct microfabrication of

electrophoretic microchips. The microfabrication process is

similar to that used for PDMS microchips. The UV–visible

transmittance was measured and found to be slightly lower

than some of the grades of PMMA used for microfabrica-

tion. FITC-labeled HSA was analyzed electrophoretically on

the copolymer chip and the symmetric peak shape obtained

demonstrated lower levels of interaction between the surface

and HSA. This copolymer chip separated peptides and

proteins with a high efficiency. The hydrophobic adsorption

of a brush-like copolymer of butyl methacrylate and PEG

onto the PMMA microchip has also been used for the

separation of BSA and lysozyme [71].

The covalent grafting of polyethyleneimine onto PMMA

microchips has been used to achieve the separation of basic

proteins. This strategy leads to a reversal of the EOF [72].

Another interesting approach for tuning the EOF involves

the water-plasma hydroxylation of PMMA before bromosi-

lylatation to stabilize and increase EOF mobility [73]. Other

strategies for modifying the surface with biocompatible

materials have been described. Butyl moieties of a phos-

pholipid copolymer have been added to a PMMA chip [74].

The coating provided a stable EOF and low levels of serum

protein adsorption.

Root et al. recently performed size-based protein

separation with an acid-labile surfactant (ALS) on a glass

microchip dynamically coated with poly-(N-hydro-

xyethylacrylamide) polymer [75]. Proteins from 18 to

116 kDa in size were separated with high resolution with

ALS and SDS for comparison. This study, like many others,

clearly indicates that polyacrylamide (PAA) remains one the

best molecules for coating the inner channel of microchips

for protein separation.

2.2.2 Surfactants

Over the last 10 years, surfactants have made a major

contribution to the impressive separation of proteins on

microfluidic chips.

The dynamic modification of PDMS chips by non-ionic/

ionic surfactants is probably one of the easiest methods for

controlling EOF and improving the non-fouling properties

of PDMS.

Huang et al. proposed a dynamic modification of

channels with a mixture of two surfactants, n-dodecyl-b-D-

maltoside (DDM) and SDS, in various proportions [76].

Surface charge density and EOF can be finely tuned by

varying the SDS/DDM ratio. High-resolution electro-

pherograms have been recorded for ladders of streptavidin

with different numbers of attached Alexa fluor molecules.

Wang et al. very recently used DDM to alter the channel

surface of a PDMS/glass microchip and to make it more

hydrophilic and non-ionic [77]. In conjunction with this

treatment, hyproxypropyl cellulose was added to the elec-

trolyte to suppress adsorption and to serve as a sieving
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matrix. With this system, the baseline resolution of lipo-

proteins was achieved.

SU-8 is a photoresist commonly used in the fabrication

of master PDMS microchips, but it can also be directly used

in the manufacture of microfluidic chips. Sikanen et al. have

compared SU-8 microchips with commercial glass micro-

chips [78]. FITC-BSA was electrokinetically analyzed on both

kinds of chip. The adsorption phenomenon, which is

stronger on SU-8 chips than on glass chips, is easily

decreased by adding anionic surfactants and SU-8 developer.

This treatment also improved the repeatability of migration

time and the SU-8 chip was shown to be of particular

interest for protein analyses requiring a high EOF and low

levels of protein adsorption. Chip manufacture with this

photoresist is straightforward, and the dimensions can be

precisely controlled to ensure reproducible analyses [79].

A covalently grafted PEG-PDMS chip was recently

developed by Zhou et al. [80]. PEG additives terminating in a

vinyl group were added to the PDMS prepolymer. When the

PDMS was thermally cured, the vinyl group reacted with the

silane groups on the PDMS, covalently linking the PEG

group to the PDMS network. The ability of the resulting

surface to suppress non-specific adsorption was tested with

FTIC-labeled BSA. The presence of SDS in the buffer

increased the separation time, but also increased the reso-

lution of FITC-lysozyme and FITC-cytochrome separation

on a 0.5% PEG-PDMS microchip. This surfactant was

shown to adsorb to the surface and to increase EOF.

In the most recent publications describing the use of

surfactant to reduce protein adsorption, SDS was the most

frequently used surfactant for the separation of protein

mixtures on chips.

2.2.3 Other strategies for improving protein analysis

It is currently difficult to imagine one universal coating or

surface treatment that could optimize the separation of all

proteins on all kinds of chip material. For this reason, this

field of research remains highly active, with new strategies

frequently being developed.

Novel semi-stable coatings and supported lipid bilayer

membranes initially developed for CE have been recently

been adapted to microchips [81]. Phillips et al. demonstrated

that bilayers of phosphatidylcholine are suitable for use to

coat hybrid glass-PDMS chips. With this system, green

fluorescent protein (GFP) was separated very efficiently

from a eGFP-Crakl fusion protein in cell lysates. The

stability of this zwitterionic and negatively charged

membrane was demonstrated by EOF measurements.

Recently, thermoresponsive poly-N-isopropylacrylamide was

covalently attached to PDMS chips by Sugiura et al., to

control protein adsorption (Fig. 1) [82]. These authors

detected less than 1% IgG on the modified surface of the

PDMS chip after washing the surface at 101C with PBS

(Fig. 1) [82]. They suggested that the thermoresponsive

properties of this polymer should facilitate efficient protein

separation at relatively low temperature.

Ionic liquids (IL) also provide an interesting alternative

for overcoming protein adsorption. Xu et al. used IL in

ternary systems with water and non-ionic surfactant to

modify the surface of PDMS chips. An excellent synergistic

effect was demonstrated between IL and surfactant [83]. The

addition of IL to a phosphate buffer resulted in an increase

in EOF. In hybrid systems of this type, the adsorption of

fluorescent dyes and protein is minimized. Due to the high

ionic conductivity of IL, field-amplified sample stacking

(FASS) was observed. The same authors subsequently used

1-ethyl-3-methylimidazolium tetrafluoroborate as the

supporting electrolyte, with SDS, for MCE with LIF detec-

tion [84].

The 1-ethyl-3-methylimidazolium tetrafluoroborate

molecule is highly conductive, with a low viscosity and low

joule heating and is miscible with water. It decreased

protein adsorption and, in label-free protein analysis, a sub

ng/mL detection limit was achieved for several proteins.

These authors have recently used 1-butyl-3-methylimidazo-

lium dodecane sulfate (BAS), a type of IL surfactant, due to

its capability to prevent protein adsorption to PDMS chips

[85]. They demonstrated that this molecule is superior to

MEKC in many ways (see Section 4.1).

Finally, one set of new strategies is based on multiple or

complex synthesis steps, generating densely packed and

homogeneous coatings. Atom-transfer radical polymeriza-

tion (ATRP) has recently appeared as a useful strategy for

minimizing protein adsorption. Sun et al. explored the use

of surface-initiated ATRP to grow a PEG-functionalized

layer on a polyglycidyl methacrylate-co-methyl methacrylate

(PGMAMMA) surface [86]. These authors compared two

new methods (hydrolysis and aminolysis) with oxygen

plasma treatment for activating the PGMAMMA surface

before immobilizing the ATRP initiator. Hydrolysis gave a

better separation of proteins, and it was suggested that this

was because the ethylenediamine used during aminolysis

treatment damaged the microchannel surface. Pan et al.
developed a similar technique, ‘‘in-channel ATRP,’’ for

modifying thermoset polyester (TPE) microchips [87]. The

Figure 1. Confocal laser scanning
microscopy of poly-N-isopropylacryla-
mide grafted onto a PDMS microchan-
nel showing the presence or absence
of FITC-biotin after several washes
with 1 mL of PBS (reprinted with
permission) [82].
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resulting PEG-functionalized TPE surface displayed low pH-

stable EOF and low levels of protein adsorption.

In these publications reporting ATRP-based strategies

for producing microchips, some of the results obtained

concerning the separation of protein mixtures are clearly

impressive and will be discussed in the section devoted to

CZE separation. However, it should be stressed that these

approaches, although quite promising, require very specific

synthesis skills for production of the microchip.

Prospects for the development of future surface treat-

ments to improve the electrophoretic separation of proteins

depend on the introduction of polymer multilayers [88] and

active electrical control of the surface charge by inorganic

layers in a system referred to as the gate-controlled surface

[89].

Polymer multilayers are of potential interest for the

maintenance of more constant EOF values, but the perfor-

mance of these multilayers in the prevention of protein

adsorption depends strongly on the chemical nature of the

protein. Alkaline, acidic, hydrophobic and hydrophilic

proteins therefore cannot be efficiently separated simulta-

neously on the same multilayer coating.

Gate-controlled electro-osmotic devices bearing elec-

trically active interfaces on the separation channel are

considered promising. In such devices, the surface charge

can be adjusted by an electrically polarizable interface

controlled by electrodes. However, it will probably be

necessary to combine this versatile strategy with the use of

thin organic coatings to limit protein adsorption, and

scientists working in the field of microfluidics will need to

develop this area of research further. Progress is slowed by

several problems relating to the control of electrochemical

phenomena, the integration of gate electrodes and finding

electrical material suitable for the fine-tuning of the EOF. In

conclusion, electroactive surfaces for controlling the surface

charge of the channels are likely to be a key development

addressing the issues of surface treatment in microchips.

However, several technological advances and also expensive

facilities are required for the micromanufacture of such

complex devices. Most analytical scientists will probably

continue to use PEG and cellulose derivatives to coat

microchips for protein electrophoretic analysis, as these

molecules currently have a superior performance for the

reduction of EOF and adsorption.

3 Pretreatment and detection of protein
samples on microchips

3.1 Preconcentration of proteins

Target proteins in biological samples are often present in

trace amounts. Specific purification procedures are there-

fore required to concentrate them and to remove unwanted

salts and buffer components, together with more abundant

proteins, for subsequent analysis. These preconcentration

steps are necessary to improve separation efficiency because

only small amounts of sample can be handled within the

microchannels of microdevices. Sensitivity is also a major

concern when considering preconcentration steps on chips.

Various strategies may be used to enhance the sensitivity of

microdevices. The most frequently used techniques for

increasing microchip sensitivity are of two types: static and

dynamic online sample preconcentration [19, 26].

3.1.1 Dynamic online sample preconcentration

methods

3.1.1.1 ITP and transient-ITP

ITP is a simple and effective separation and preconcentra-

tion method easily integrated into chips to precede other

operations, including zone electrophoresis in particular. In

ITP, a long sample plug is injected between discontinuous

buffers containing leading electrolyte (LE), and terminating

electrolyte (TE) solutions. The LE solution contains ions of a

higher effective mobility than those of the sample, whereas

the TE solution contains ions of lower effective mobility.

Cui and coworkers [90] suggested using ITP stacking to

concentrate a mixture of three fluorescent proteins in a

microfluidic PDMS chip with two T-junctions (Fig. 2) [90].

The LE used in this work was 10 mM HCl in Tris (pH 9.5),

and the TE was 60 mM e-amino-n-caproic acid in Tris (pH

10). The sample solution contained R-phycoerythrin, GFP

and allophycocyanin mixed and diluted in the LE solution to

concentrations of 0.03, 0.06 and 0.06 mg/mL, respectively. All

the solutions were prepared with 2% w/v MC, to decrease

EOF. The protein samples initially introduced into the

microfluidic chip were successfully stacked into adjacent

zones with an estimated concentration 40 times higher than

their initial concentration.

Mohamadi et al. have recently reported a fully auto-

mated preconcentration and stacking method based on t-t

Figure 2. Schematic configuration of a PDMS microchip allow-
ing ITP preconcentration of proteins. The protein sample
solution is superimposed on the LE. R1–4 are reservoirs and
T1–2 are T-junctions. Constant voltages are applied between R1

and R2, whereas R3 and R4 are left electrically floating. The
lengths of the straight channel and branch channels are 20 and
5 mm, respectively. The microchannel is 10 mm deep and
300 mm wide. Reprinted with permission from [90].

Electrophoresis 2010, 31, 147–173152 N. T. Tran et al.

& 2009 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.electrophoresis-journal.com



ITP on a standard cross-channel microchip made of PMMA

(Fig. 3) [91]. The ITP stacking was followed by on-a-chip

non-denaturing gel electrophoresis (GE) in MC solution,

which successfully separated the free HSA from its immu-

nocomplex. The LE buffer was 20 mM Tris-HCl (pH 8.3)

supplemented with 0.01% Tween-20, to decrease protein

adsorption onto the microchannel walls, and the TE buffer

was 192 mM glycine in 25 mM Tris (pH 8.3). ITP-based

sample stacking increased the peak intensities of the labeled

HSA and the anti-HSA antibody by factors of 40 and 270,

respectively. The addition of 5 or 10 mM NaCl to the LE

enhanced the signal by a factor of 800.

Recently, Lin et al. combined ITP with GE on a plastic

device for the on-chip sample preconcentration of FITC-

labeled protein markers [92]. In this work, the ITP-GE

microchip design made it possible to introduce the sample

and TE solutions simultaneously, via a single syringe pump,

to form the sandwiched zones. Figure 4 [92] shows the

stacking and separation of six FITC-labeled protein markers.

If the strongest peak, that for BSA, is used for normalization,

the normalized peak height of the other five proteins after

stacking is 2–3.5 times that for BSA. Moreover, the weakest

peak, that for trypsin, displays the greatest enhancement of

peak height of any of the proteins present. These observations

strongly indicate that ITP stacking preferentially increases the

concentration of analytes with lower concentrations. Such

discrimination could lead to a decrease in the dynamic

detection range and has not been reported for other enrich-

ment methods in CE. This phenomena, however, is char-

acteristic for ITP methods alone and has been reported

previously for protein separation [93].

A microchip-based immunoassay combining ITP with

GE for the preconcentration of antigen and antibody before

binding was recently developed by Park et al. [94]. This ITP

system increases the sensitivity of an immunoassay for

a-fetoprotein by a factor of 200. The quartz-based LabChip

developed in this work generates high-quality data, through

intelligent control of the automated system. Similarly, an on-

chip immunoassay involving ITP concentration, in-channel

reaction, CGE separation and LIF detection has been shown

to be a potentially rapid and sensitive method for both clinical

and research applications. This device was described for the

measurement of a-fetoprotein, which was detected within

136 s, with a detection sensitivity of 5 pM [95].

Despite the small number of examples of successful

protein enrichment by ITP, this technique remains a flexible

and powerful method for the online concentration of

biomolecules and can provide very high enrichment factors

for low-concentration samples.

3.1.1.2 Field amplified stacking-based methods

Many online sample preconcentration methods for proteins

have been proposed. One of the earliest examples used on

microchips is provided by field-amplified stacking-based

methods. These methods include FASS [19, 96–98], field-

amplified sample injection (FASI) [26, 96, 97], large-volume

sample stacking [26], pH-mediated stacking and normal

sample stacking [26]. In this work, we focus on FASS and

FASI because these are the simplest methods and also the

most widely used in recent years.

Generally speaking, FASS involves injecting a plug of

samples in a low-concentration buffer into a BGE of the

same composition, but at higher concentration. An electrical

field discontinuity is generated across the concentration

boundary. Charged analytes are then automatically stacked

Figure 3. Schema of online ITP preconcentration. (A) Chip layout. The BW, SW and all the channels were filled with the desired
concentration of MC in the LE. The BR reservoir was filled with the same concentration of MC as used in the microchannels but prepared
in the TE. The sample was loaded into the SR reservoir. (B–F) The channel intersection during sample injection and preconcentration.
Part (B) shows the sample flow before arrival of the TE zone at the intersection. Part (C) shows the intersection of the TE zone facing the
sample flow. Part (D) shows the intersection after switching the voltage to the separation step. Part (E) shows formation of the sample
plug at the beginning of the separation channel. Part (F) shows the stacked protein sample zones resulting from the transient ITP. Parts
(D–F) show autonomous phenomena, occurring sequentially with no stop in less than 1.5 s. E1, E2 and E3 show the electric field strength
in TE, sample and LE zone, respectively. Reprinted with permission from [91].
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due to a change in velocity on crossing the concentration

boundary. This ‘‘stacking’’ effect results in a substantial

concentration of the analyte at the concentration boundary.

Other mechanisms based on changes in the pH or viscosity

of the BGE have been proposed to establish a difference in

velocity between the two regions.

FASS is very simple and easy to apply to a wide range of

analytes, including biomolecules such as proteins. FASS is

thus the most common method used for CE applications.

However, FASS has one major disadvantage: samples must

be prepared in low-conductivity matrices, limiting the use of

this method to low-conductivity samples.

Until now, FASS has been largely underexploited for

analyses of proteins on microchips. The most recent attempt

to use this technique is that reported by Yang et al. [99]. On a

glass microchip coated with a polyallyl-glycidyl ether-co-N,N-

dimethylacrylamide to decrease EOF and to control the exact

location of the stacked sample, a fluorescein-labeled protein

was separated from fluorescein sodium salt by stacking,

which increased the signal by a factor of about 100.

FASI is a modified version of FASS based on the

difference in conductivity between the sample solution and

BGE. It is the most frequently used stacking method, due to

its simplicity and practicality.

Pan and Zhao [100] recently reported a highly effective on-

a-chip concentration method for the detection of GFP on a

simple cross-channel microchip by combining field-amplified

concentration and reversed-voltage concentration. The field-

amplified preconcentration was achieved by applying the

appropriate voltages to the various reservoirs of the microchip.

GFP was then stacked in the BGE zone, close to the sample/

BGE boundary. The application of a new set of voltages led to

another round of field-amplified stacking because of the

presence of a boundary between the low-conductivity matrix

and the high-conductivity GFP-concentrated zone. GFP was

stacked in the running buffer close to the boundary. The

results obtained demonstrate the importance of both the field-

amplified preconcentration and reversed-voltage concentration

steps for maximizing the GFP concentration factor. With field-

amplified preconcentration only, the GFP signal was increased

by a factor of only 6. With reversed-voltage concentration only,

GFP was concentrated by a factor of 10. However, with a

combination of field-amplified preconcentration and reversed-

voltage concentration, the total concentration factor was 14.

FASS and FASI are simple and almost universal

methods for the online preconcentration of proteins.

3.1.1.3 Sweeping

Sweeping is a powerful online sample preconcentration

technique that improves the detection sensitivity of MCE. This

approach is designed to focus the analyte into narrow bands

within the channel, thereby increasing the sample volume that

can be injected, with no loss of MCE efficiency. It makes use of

the interactions between an additive, such as a pseudostationary

phase (PSP) or complexing agent, in the separation buffer and

the sample in a matrix devoid of the additive used. Pan and

Zhao [100] recently developed a microchip for strong GFP

enrichment through a combination of field-amplified precon-

centration and sweeping. Their work clearly demonstrated the

potential of BSA as an excellent PSP for GFP sweeping. With

2% BSA in the running buffer, the GFP signal was enhanced

by a factor of 95. It should therefore be possible to concentrate

proteins by sweeping methods, and BSA seems to be suitable

for use as a PSP for online protein concentration.

3.1.1.4 Preconcentration by focusing

The potential of techniques based on focusing to concentrate

analytes is well known. In these methods, analytes are focused

at the points at which migration velocities fall to zero.

Figure 4. Separation of 1000 ppm and 100 ppm of FITC-labeled
proteins markers without stacking (A and B, respectively) and
with stacking (C). Reprinted with permission [92].

Electrophoresis 2010, 31, 147–173154 N. T. Tran et al.

& 2009 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.electrophoresis-journal.com



Recently developed preconcentration techniques based on

focusing for use with proteins on microdevices include EFGF

and TGF. An excellent review was recently published by

Shackman and Ross [101], in which the theoretical basis of

these focusing techniques was explained and these techniques

were compared with conventional electrophoretic approaches

for enrichment. These counterflow gradient focusing methods

are suitable for use not only as an analytical method (see

Section 4.4), but also for preconcentration.

As these methods were not considered in our previous

review, we will briefly summarize the development of these

techniques since 2002.

3.1.1.4.1 EFGF

EFGF is an emerging technique for the concentration of

biomacromolecules, such as proteins, based on the opposing

forces of an EFG and hydrodynamic flow. EFGF can easily be

manipulated to retain target proteins by focusing in the

separation channel. This method is particularly attractive for

isolating and concentrating trace target proteins of interest.

Tolley’s group has provided an exhaustive theoretical

description of EFGF [102, 103]. A microdevice based on an

ion-conducting polymer shaped to produce a suitable EFGF

was developed by Lee’s group in 2004 [104]. Impressive

results have been published for GFP at a concentration of

180 nM, with an enrichment factor of 104 in 40 min. This

result demonstrates the tremendous potential of analytical

equilibrium gradient methods for sample enrichment.

Another approach to producing a conductive membrane

integrated into a polymeric EFGF microdevice was then

developed by Liu et al. [105]. This device increased

protein concentration considerably, by a factor of 4000 in

60 min for GFP, although this effect was significantly

weaker than the strongest known such effect [104]. Unfor-

tunately, the procedure for producing this chip and its

chemistry were complex, and the membrane strongly

influenced the behavior of the micro-EFGF (mEFGF) device.

When the current in this microdevice exceeded 30 mA, the

protein bands were skewed and the membrane was

destroyed by Joule heating.

Lin et al. also developed a tandem mEFGF system

coupling a hollow dialysis fiber with a shaped conductive

polymeric hydrogel [106]. This system was used to remove

high-abundance proteins, such as HSA, while concentrating

relatively low-abundance proteins, such as a1-acid glyco-

protein. This tandem mEFGF system has also been used for

the selective concentration of target proteins and the

removal of unwanted components from a mixture by care-

fully controlling the voltage applied and hydrodynamic flow.

Kelly et al. described a fabrication approach involving the

use of sacrificial layers and solvent bonding to imprint

channels into PMMA, for the development of a mEFGF

device including membrane-based protein preconcentration

[107]. The ability of this device to concentrate proteins was

demonstrated by the enrichment factor for R-PE of about

10 000 obtained over a period of 40 min. This result illus-

trates the power of interfacing ion-permeable membranes

with microfluidic technology for sample preconcentration.

Other members of Lee’s group [64] have subsequently

improved the EFGF device [104] and produced a PEG-

functionalized acrylic plastic with excellent resistance to

protein adsorption and limiting the problems of electro-

osmotic flow. A mixture of R-PE and GFP proteins was

successfully concentrated and separated. However, this

device did not provide the predicted linear EFG and a stable

current. The authors have recently overcome this problem

by replacing the Tris-containing hydrogel with a hydrogel

containing phosphate buffer and a salt with high-mobility

ions [108]. The improvement in ion transport resulting from

this substitution resulted in a linear electric field distribu-

tion consistent with the shaped gradient region in the new

device. These authors also investigated the effect of separa-

tion channel diameter on the focused sample bandwidth

and concentrating capacity. The EFGF device concentrated a

2 ng/mL R-PE sample by a factor of 14 000.

3.1.1.4.2 TGF

Another type of counterflow gradient focusing suitable for

use in a simple straight channel without the need for

embedded electrodes, membranes or salt bridges has been

developed. This technique, in which the velocity gradient is

generated by applying a temperature gradient along the

length of the separation channel, is called TGF [109]. This

approach simplifies chip production and results in the strong

focusing and concentration of wider groups of analytes,

including proteins. Ross et al. used a silica capillary tube

embedded in a thin polycarbonate chip for GFP focusing. A

buffer consisting of an equimolar mixture of Tris and high-

concentration boric acid (900 mM) improved the focusing of a

recombinant GFP. Due to its low conductivity, this buffer

reduces Joule heating during the application of a moderately

high voltage to the microchannels.

A tapered microchannel on a PDMS chip was recently

used for TGF, to generate a gradient of Joule heating [110].

The concentration of FITC-labeled BSA was increased by a

factor of at least 200, within a period of 10 min, in a single-

channel device, without the application of pressure.

3.1.2 Static online sample preconcentration methods

These preconcentration techniques are based on interac-

tions between analytes and a single stationary phase.

Different types of interaction (hydrophobic, ionic) and of

support (beads, monoliths, membranes) can be used.

Although very promising, these techniques have been little

exploited in recent years for protein enrichment. A

microchip electrophoretic immunoassay (mCEI) for the

coenrichment and subsequent immunoassay of matrix

metalloproteinase-8 from a saliva sample (Fig. 5A) [111]

was recently described. The various steps of preconcentra-

tion against the size-exclusion membrane are described in

Fig. 5B [111]. The sensitivity and dynamic range of the mCEI
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assay can be adjusted by varying either the duration of

sample enrichment at the membrane or the magnitude of

the electrical field applied during the enrichment step.

The use of monoliths for the efficient SPE of proteins is

particularly relevant. Monoliths provide a large surface area

for analyte adsorption or interaction, leading to efficient

analyte preconcentration. The synthesis and location of

monoliths within microchannels are also easy to manage by

modulating exposure to UV light. They are therefore

attractive candidates for achieving high sensitivity in the

microfluidic analysis of proteins. However, SPE based on

monoliths has not been used for protein preconcentration

and enrichment on chips since 2007. Interested readers

should consult the reviews published on this topic [30, 112]

to obtain more information about the potential of monoliths

as a support for analyte preconcentration and enrichment.

One potentially interesting application of this technique

unrelated to CE separation was recently developed by Liu

et al. It involves the use of a polymer microfluidic chip with in
situ photopolymerized polymethacrylate monoliths for HPLC

separation [113]. The integrated chip design includes a 15-cm-

long separation column coupled to a 5-mm-long methacrylate

monolith trap column, which functions as a SPE element.

The device is used to clean up the sample and to enrich the

sample in fluorescein-labeled intact proteins. It improves

sensitivity by a factor of 150 and decreases peak width by a

factor of 10 after microchip gradient LC separation.

3.2 Detection of proteins on microchips

3.2.1 Optical detection, fluorescence-based detection

Miniaturization has many advantages, but it is extremely

difficult to detect analytes in small volumes. The development

of sensitive detection methods is one of the most complicated

requirements for improving the performance of LOC. Only

proteins containing tryptophan and/or phenylalanine (which

are often of low abundance) display native fluorescence, dyes

are used therefore to label peptides and proteins.

At least three chemical groups may be used for protein

derivatization: the amino, carboxylate and thiol groups.

Despite several severe disadvantages, fluorescence analysis

after a single derivatization step performed off-chip or on-

chip remains the most widely used method for detecting

proteins in microsystems. Labeling efficiency is protein

dependent. Many proteins have multiple sites for the deri-

vatization reaction (particularly for amino-derived labeling),

potentially resulting in the production of several species of

tagged proteins: mono, di, tri-tagged species. This greatly

complicates the analysis because it reduces separation effi-

ciency. These features and the dyes generally used for

protein labeling will not be detailed here, and interested

readers should refer to a specific review on this topic [114].

3.2.1.1 Native fluorescence

Native fluorescence, using excitation wavelengths in the

deep UV region of the spectrum, is one alternative method

of protein detection. A recent review by Schulze and Belder

[115] summarized the current status of native fluorescence

in microchannel electrophoresis. This method avoids the

need for a labeling step, but is limited by the need for UV-

transparent materials, for both the chip and the optical

components of the excitation path. The fluorescence of

tryptophan, the amino acid with the strongest intrinsic

fluorescence in proteins, depends strongly on pH. The

highest fluorescence intensities are obtained between pH 9

and 11, with emission intensities reduced to one-third the

maximal intensity between pH 3 and 8 [116].

For excitation with UV radiation at a wavelength of

200–400 nm, corresponding to photon energies of 3–6 eV,

Figure 5. mCEI of proteins. (A) Chip layout.
Fluid wells are labeled according to their
contents, as follows: S, sample; B, buffer;
SW, sample waste; BW, buffer waste;
mAb�, fluorescently labeled monoclonal
antibody against matrix metalloprotei-
nase-8. Polyacrylamide gel composition
is indicated by gray-scale shading (%T and
%C are the percentage of total acrylamide
and bis-acrylamide cross-linker, respec-
tively). Inset shows a 40� bright-field
image of the size-exclusion membrane.
(B) On-chip sample enrichment. Adapted
from [111].
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photodegradation is the dominant limiting factor, whereas

fluorescence saturation is the principal limiting factor at

high excitation intensities. It is therefore necessary to opti-

mize excitation intensities. This was demonstrated by

Schulze et al. [117], who investigated the effect of excitation

intensity on the detection of proteolytic enzymes in MCE

with a non-confocal setup. Sensitivities of 5 mg/mL were

obtained for trypsinogen, chymotrypsinogen and lyzozyme.

One of the main limitations of deep UV native fluores-

cence detection is the high background signal due to Rayleigh

scattering of the excitation light and background fluorescence.

In this context, two-photon excited (TPEx) fluorescence

appears very attractive, as the excitation wavelength is twice

that for one-photon excitation The label-free TPEx fluorescence

detection of native proteins and the use of this method

in MCE have been achieved with commercial microfluidic

glass chips, for solutions in the micromolar concentration

range, with excitation at 420 nm. The high cost of the

laser system currently outweighs the use of cheaper chip

materials, such as glass or even some plastics, for this system.

However, these data suggest that TPEx could become a very

attractive technique when cheaper laser technology becomes

available [118].

3.2.1.2 Fluorescence after protein labeling

Polymer substrates can be produced rapidly and at low cost,

but their optical properties are often poorer than those of

highly transparent glass substrates. Opacity in the near UV is a

common property of many polymers (PMMA, COC, poly-

carbonates). Extensive fluorescence emission arising from bulk

SU-8 is observed when the excitation wavelength is in the near

UV region. The signal-to-noise ratio obtained for fluorescein

dyes was four times higher through Borofloat glass than on

SU-8 chips, for excitation at wavelengths of 450–490 nm. The

analytical performances of SU-8 and commercial glass

separation devices have also been compared in analyses of

FITC-labeled peptides or proteins. The sensitivity of detection

through SU-8 microchannels was found to be similar to that

through Borofloat glass if fluorescence illumination was

provided at a visible light wavelength greater than 500 nm [78].

Liu et al. [70] reported a PEG-functionalized copolymer

with a high transmittance (over 90%) in the 395–600 nm

range. This transmittance rapidly decreased below 290 nm,

and light at wavelengths below 270 nm was completely

absorbed by the copolymer. At wavelengths of 290 to 395 nm,

the optical transparency of the copolymer was slightly less

than that of Acrylite OP-1, but higher than that of Acrylite FF.

Thus, sensitive visible LIF detection can be applied to

microdevices made with this copolymer. Furthermore, UV

sources emitting UV radiation at a wavelength of 320–390 nm

could be used to initiate polymerization in the copolymer

microchannels. Using this PEG-functionalized acrylic copo-

lymer, FITC-HSA was resolved into three peaks, possibly

corresponding to multiply tagged species or polymeric forms

of HSA. The separation of four proteins from an FITC-

labeled mixture (á-lactoglobulin A, thyroglobin, myoglobin

and HSA) was achieved, but the sensitivity of the method was

not discussed [70].

One disadvantage of fluorescence detection methods

based on the covalent labeling of proteins is the presence of

impurities, reaction by-products and excess fluorophore on

the electropherogram. The presence of these molecules may

be detrimental to the separation and detection of comigrat-

ing proteins.

The online removal of free fluorescein and the enrich-

ment of the sample in labeled proteins can be achieved

simultaneously with an on-chip SPE column, enhancing

sensitivity by a factor of 150 and decreasing peak width

by a factor of 10 on a microchip designed for gradient

LC separation. This proof-of-concept was obtained for

chromatographic separation, but nonetheless provides a

firm basis for the further development of this technique for

the electrokinetic separation and detection of labeled

proteins [113].

The limitations of derivatization-based approaches have

led to the development of procedures for label-free or

unlabeled protein detection in microfluidic systems. A novel

label-free protein assay method has been developed in which

microchip separation is combined with LIF detection, based

on the principle of monomer–dimer equilibrium for the

fluorescent dye pyronin Y (PY), in the presence of the

anionic surfactant SDS. PY, a cationic dye, can form

monomers and dimmers in aqueous solution (Fig. 6 [84]).

When SDS is added to the dye solution, the dye dimerizes,

resulting in an increase in the amount of non-fluorescent

dimer obtained. If BSA is added to the dye-surfactant

system, BSA and SDS may interact to form a negative

micelle-like cluster complex, which destroys the micro-

environment required for PY dimer formation, resulting in

the separation of PY dimers into monomers. The mono-

mer–dimer transition leads to a dramatic change in fluor-

escence intensity on microchip electropherograms with LIF

detection. The linear dependence of PY fluorescence inten-

sity enhancement on BSA concentration, over the range of

5� 10�6 to 1� 10�3 mg/mL, has been demonstrated, and a

LOD of 1� 10�6 mg/mL was attained for BSA [84].

Integrated optical waveguide technologies have been

proposed for the fabrication of miniaturized optical detec-

tion systems for sensing in microchannels. These methods

make it possible to use both absorption and fluorescence

measurement methods [119]. It has been suggested that the

use of a liquid core waveguide for on-column luminescent

excitation and detection in CE could be transposable to

microchips [61]. These new developments are considered

highly promising in the field of protein detection.

3.2.2 MS detection

The major challenge in the coupling of chips to MS is the

development of a stable ESI interface with a small dead

volume and a limited risk of plugging. In the past,

considerable efforts have focused on coupling MS with

microfabricated devices; an overview covering the period
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1997 to 2006 is presented by Koster et al. [120]. The three

areas of interfaces are discussed in Koster’s review. The first

approach developed involved spraying at the edge of the

chip, the second involved the use of a silica capillary tube

inserted into the microchips and the third approach involves

fully integrated emitters, as shown in Fig. 7 [121]. A review

dealing with the most recent developments in the interfa-

cing of microfluidic devices with MS detection for use in the

challenging area of phosphoproteomics has recently been

published [31].

New developments in the field of protein analysis have

recently been proposed by the group of Ramsey. This group

has reported a microfabricated device in which ESI is

performed directly from the corner of a rectangular glass

microchip, as described in Fig. 8 [122]. This set-up makes it

possible to couple the chip directly with MS, without the use

of external pressure. The spray tip, serving as an electro-

kinetic pump, was integrated into the chip. All the channels

other than the side channels were coated with polyamine to

reverse the surface charge [122]. A mixture of three proteins;

horse skeletal myoglobin, horse heart cytochrome c and

bovine pancreas ribonuclease A was successfully separated

and detected with this system, following the injection of

approximately 6 fmol of each protein.

A fully microfabricated and monolithically integrated

CE-ESI chip for coupling with MS analysis was reported by

Sikanen et al. These authors demonstrated the feasibility of

using SU-8 microchips for protein CE-ESI/MS analysis. They

carried out such an analysis on horse heart myoglobin, after

the injection of 45 pg of this protein. Protein adsorption was

prevented by adding 1-methoxy 2 propyl acetate to the BGE.

This approach was considered more appropriate for MS

analysis than that based on the commercial SU-8 developer

previously reported by the same group. It had a lower surface

activity and smaller impact on the electrospray process. For

sheath flow, the ESI interface was patterned as an integral part

Figure 7. Different microchip interfaces for ESI [121]. Reprinted
with permission.

Figure 6. (A) Schema illus-
tration of the label-free
protein detection proposed
by Xu and coworkers [65],
(B) electropherogram from a
chip analysis of four model
proteins. (a) Bovine hemo-
globin, (b) cytochrome c, (c)
trypsin at various concentra-
tions in 5 mM PY, 5 mM SDS
and 10 mM PBS. Adapted
with permission from [84].
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of the SU-8 chip and the fluidic design was dead volume-

free, resulting in negligible peak broadening during analyses

[79].

Many successful attempts at coupling MCE with MS

have involved the use of peptide mixtures obtained from

proteolytic digestions of proteins. For example, Li et al. [123]

achieved a high level of sequence coverage (88.5%) for

cytochrome on a PMMA-MCE connected to the low-sheath

flow ESI interface via a connecting capillary. Finally, a single

chip can integrate multiple processing steps, including

efficient digestion, cell lysis, preconcentration, peptide

separation and the MS sequencing of peptide fragments.

The combination of these steps is highly promising for

future developments in the field of proteomics.

3.2.3 Other modes of detection

The direct electronic detection of unlabeled molecules is an

appealing solution as it is easily scalable and can be directly

integrated into microchips. Alternative and innovative

detection systems have been developed in recent years, but

are mostly restricted to biosensing and not directly coupled

to electrophoretic separation. Indeed, as pointed out by Xu

et al. [124], electrochemical detectors have two major

limitations that must be overcome in this field. The first is

the ever-present surface of the electrode, which, while often

advantageous in terms of its catalytic or adsorptive proper-

ties, is also frequently responsible for changes in sensitivity

over time. The other is the decoupling of the electrical

systems responsible for electrokinetic separation and the

system operating the detector. There have been several

demonstrations of the usefulness of this mode of detection

for proteins in recent years, but very few studies have been

published since these demonstrations. Electrochemical

detection techniques are concentration-sensitive, so scaling

down the size of the detector cell does not necessarily result

in a loss of LOD. Miniaturization of the detection electrodes,

defining the detector volume, may even improve LOD due to

the lower levels of noise generated by the smaller electrodes

used.

Three proteins, hemoglobin, albumin and glucose

oxidase (at concentrations from 200 to 400 mM), were

successfully separated and detected on a coated PDMS

microchip, with end-channel amperometric detection based

on the use of a copper electrode [62].

The LOD for conductivity is lower than that for other

methods of electrochemical detection (such as ampero-

metry), but this method has the advantage of being

universal, overcoming the need for prior protein labeling. In

2007, Shadpour et al. described the first multichannel MCE

device with integrated contact conductivity [125]. The 16-

channel microchip capillary array was hot-embossed in

polycarbonate. A pair of gold microelectrodes was incorpo-

rated into each of the 16 channels to serve as independent

contact conductivity detectors. The performance of the

device was evaluated by microchip-CZE of mixtures of

amino acids, peptides and proteins. A LOD of 3.3 mM was

reported for proteins.

4 Separation modes for protein
electrophoresis on microchips

MCE is a promising technique for protein analysis because

most modes of separation can be successfully transposed to

microchips, allowing faster analysis. In this section, we will

describe some recent innovations focusing on the various

traditional modes (CZE, MEKC, CGE, CIEF), and some

newer modes of separation (counterflow gradient focusing

techniques) for analytical studies of proteins on microchips.

4.1 CZE and MEKC on chips

CZE on chips is one of the simplest and most rapid methods

available and remains one of the most frequently used for

protein analysis. However protein adsorption to channel

walls remains a major problem in the CZE of proteins,

whatever the type (glass-based or polymeric) of material

used to make the microdevice. This leads to a loss of both

Figure 8. Schematic representation of a long-channel chip developed for CE-ESI-MS (A) and image of the electrospray plume generated
from the corner of the chip (B). The length of the separation channel was 20.5 cm, the distance from the intersection of the separation
channel and the side channel to the outlet was less than 200 mm and the channels were all 75 mm wide at full width and 10 mm deep. The
liquid being sprayed was 0.2% acetic acid in 50/50 v/v methanol/water. The voltages applied to the microchip reservoirs raised the
potential at the spray tip to 3.5 kV above that of the mass spectrometer inlet, causing the liquid to be pumped out of the chip at a flow
rate 40 nL/min. Reprinted with permission from [122].
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sample and performance. The surface materials are there-

fore often modified to increase separation efficiency and

reproducibility. Two main approaches (dynamic and perma-

nent coatings) to surface modifications have been used.

However, dynamic adsorption is usually not reproducible or

durable and permanent surface modification often involves

multistep physical/chemical processing. Clearly, the devel-

opment of new polymeric materials, with appropriate

physical properties for microfabrication, which could be

used for protein analysis without further surface modifica-

tion, is of great interest. These points are extensively

developed in Section 2.2, but most of the work concerns

only the separation of model proteins. Based on published

studies, it is clear that the main challenge currently facing

us is the development of easy methods for coating the

channel wall because surface modification is generally time-

consuming and difficult, due to problems with wetting and

bonding for channels with small diameters or the resistance

of polymeric surfaces to chemical reaction. We present here

only recent work not already discussed in Section 2.2.

Wang’s group has proposed an improvement in the

performance of their low-temperature bonding of quartz to

microfluidic chips used for serum lipoprotein analysis. The

strong adsorption of lipoproteins to the separation channel

was a major problem in analyses of blood samples by MCE

[126]. SDS was added to both the BGE and sample solution,

to modify not only the channel surface and EOF, but also the

lipoproteins themselves. SDS concentration in the sample

was kept low enough (0.2 mM) to minimize particle delipi-

dation, while allowing lipoprotein–SDS interaction. In these

conditions, SDS increased the negative charge on the

particles and walls, resulting in the repulsion of lipoproteins

from the negatively charged wall. This method thus

decreased lipoprotein adsorption and improved the resolu-

tion of lipoprotein separation. It was shown that small,

dense low-density lipoproteins could be effectively separated

with high reproducibility, leading to the determination of

small, dense low-density lipoproteins in the serum of

patients with coronary heart disease.

CZE has been recently combined with a new strategy for

polymer microchannel surface modification, as reported by

the groups of Lee [127] and Wolley [87]. This technique,

ATRP, involves activation of the surface followed by the

grafting of a suitable polymer. Sun et al. [86] reported the

complete separation of four FITC-labeled proteins (b-lacto-

globulin A, thyroglobulin, myoglobin and HSA) in 20 s with

a hydrolyzed and PEG-grafted PGMAMMA device, with

efficiencies of around 4� 104 plates. The aminolysis-acti-

vated microdevice provided poor separation, demonstrating

the major effect of the method used to activate the surface

on the CE performance of microchips. Sun et al. subse-

quently improved the method for grafting a PEG-functio-

nalized layer onto a PGMAMMA surface, using ‘‘in-channel

ATRP’’ [127]. Fast and efficient CZE separations of proteins

(HSA, insulin or protein mixtures) were obtained with the

resulting microdevice, with 10 mM Tris-HCl at pH 8.8 used

as the BGE. Separation efficiencies exceeded 1� 104 plates

for a 3.5 cm separation channel. b-lactoglobulin A was used

to evaluate the reproducibility and stability of this micro-

device. The RSD for migration time and efficiency were 1.35

and 3.33%, respectively, over more than 200 sequential runs

and over a 2-wk period for a single PEG-grafted PGMAMMA

microchip. Thus, the in-channel grafted PEG-functionalized

layer was more dense, homogeneous and stable in the long

term than the PGMAMMA microchip modified by the

previously reported ATRP method [86]. In another work, a

PEG-functionalized TPE microdevice was used to separate,

by CZE, phosducin-like protein (PhLP) from phosphorylated

phosducin-like protein (p-PhLP), for measurement of the

phosphorylation efficiency of this model protein [87]. The

RSD of migration times was 6.6% over three runs for PhLP

and 4.1% over four runs for p-PhLP, demonstrating the

suitability of the microdevice for reproducible protein

analysis.

Lee’s group also proposed an original approach to

fabricate a polymeric microchips, using PEG-functionalized

acrylates as the major components of the monomer mixture,

to prevent protein adsorption [70]. However, it was suspec-

ted that the small amount of MMA used to increase the

mechanical strength of the material might affect CE

performance. The authors recently investigated the effect of

composition of monomers used for microchip construction

[128]. Impure PEG diacrylate induced some EOF and

increased the separation time, whereas MMA decreased the

separation efficiency to approximately 25% that obtained for

a microchip constructed without MMA. FITC-b-lactoglobu-

lin A was used to assess the separation performance of the

microchip. The efficiency of 3.2� 104 plates for a

3.5-cm-long channel was obtained for microchips

without MMA. Such microdevices separated Escherichia coli
proteins in 70 s, with 10 mM Tris-HCl at pH 8.3 used as the

BGE.

As pointed out in our previous review, MEKC is seldom

used for protein analysis on chips. This trend has continued

over the last few years, due to the low efficiency generally

obtained with this mode for proteins. However, as multiple

separation channels in microchips can be envisaged without

the need for a connector, the combination of MEKC with

other modes of separation (CZE or CGE) may be of parti-

cular value for multidimensional analytical systems. Several

effective GE-MEKC 2-D microfluidic devices for protein

mapping have recently been reported and will be described

in Section 4.5. A recent review has also provided an overview

of microchip designs and sample manipulations in micro-

chip MEKC [11] but the authors have briefly considered the

application of MEKC to biogenic compounds, including

proteins. Several types of injectors (mixing-T or cross-

channel) and separation channel geometries (spiral, cyclic

and/or straight channels) have been proposed for MEKC on

microchips, to increase efficiency. The problem of protein

adsorption onto the microchannel surface may be partly

resolved in MEKC by adding a surfactant to the buffer (SDS

is the surfactant most commonly used). If adsorption is not

completely abolished, it may be necessary to add salts or IL
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to the electrolytes, forming mixed buffers requiring opti-

mization. A simple but effective separation medium should

therefore be designed. The use of surfactant may be

compatible with several preconcentration methods such as

sweeping and may find more interest [100].

Wang’s group simplified the separation medium by

synthesizing a water-soluble functionalized IL-BAS, which

was successfully used for MEKC on a PDMS microchip [85].

This medium has the properties of both IL and surfactant

and was used as both the supporting electrolyte and the

surface modifier. The BAS solution with the optimum

concentration (20 mM) had a stable pH (E7.4) in the range

of that of general biological buffers. This single, simple

functionalized IL, replacing the mixed system of salts and

surfactants, provided a good separation of protein mixtures

(Fig. 9) [85].

Huang et al. reported the use of DDM/SDS mixed

surfactants on PDMS microchips, to suppress analyte

adsorption and control EOF; this topic is discussed in Section

2.2 [76]. This mixed surfactant system also formed negatively

charged micelles, which acted as a separation medium in

which proteins could be separated as a function of their

affinity for the micelles (according to a MEKC mechanism).

The low critical micellar concentration of these mixed

micelles also made it possible to use SDS at a non-denaturing

concentration, making it possible to analyze proteins in their

native state. The immunocomplex between a membrane

protein, b2 adrenergic receptor and anti-FLAG antibody was

fully separated with 0.1% w/v DDM and 0.03% w/v SDS. The

effect of DDM/SDS mixed micelles was also demonstrated by

the separation obtained for the 11 photosynthetic protein–-

chromophore complexes (including one transmembrane

protein complex) of cyanobacteria. Thus, the method devel-

oped has many applications, as membrane proteins are often

difficult to analyze because of their poor solubility.

4.2 Microchip CGE (lCGE)

The rapid sizing of proteins by CGE on microchips is a very

powerful technique widely used in a number of commer-

cially available systems, as discussed in our previous review

[20]. Several recent publications have described applications

of these CGE LOC techniques (Agilent 2100 Bioanalyzer

System, mChemLab or LabChip 90) or new developments of

the technique.

On-chip CGE has been used for the rapid prescreening of

mouse serum samples before proteomics analysis [129]. The

CGE system was found to be faster and more stringent and to

display lower levels of technical variation than SDS-PAGE.

Chen et al. [130] described the use of the LabChip 90 instru-

ment for monitoring the quality of a monoclonal antibody.

Under both reducing and non-reducing conditions, microchip

analyses provided a similar resolution and sensitivity to

conventional CE-SDS separation, but were 70 times faster.

mCGE has also been shown to be suitable for characterizing

cervicovaginal protein profiles and detecting IgA heavy and

light chains in cervicovaginal samples [131]. Proteins with a

wide range of molecular masses were separated within 1 min.

A microfluidic assay on a 2100 bioanalyzer has been devel-

oped for the sensitive, specific and accurate measurement of

microalbuminuria in urine samples from patients with

diabetes [132]. Pizarro et al. [133] developed a rapid, portable

chip GE for characterizing bacteria on the basis of their

characteristic protein signatures. This method generated very

different patterns for spores and vegetative cells. Similarly,

Fruetel et al. [134] used mCGE to generate protein signatures

for various viruses. An analysis of two closely related bacter-

iophages, T2 and T4, showed that this technique was suffi-

ciently sensitive and gave high enough resolution between

protein peaks to distinguish these two phages. Baba’s group

investigated various polymer solutions such as linear-poly-

acrylamide [135], and dextran [67] as potential low-viscosity

protein sieving matrices. Reproducible, highly efficient size-

based separation of proteins was successfully achieved with a

coated microchip reducing EOF and protein adsorption. This

coating also improved the compatibility of SDS-protein

complexes with PMMA microchips. The method used to coat

the channel wall on the PMMA microchip by the thermal

immobilization of cellulose derivatives was discussed in

Section 2.2. Other authors from the same group demonstrated

that, in addition to its role as a dynamic coating for PMMA

microchips, 0.5% MC solution supplemented with 0.01%

Tween-20 can also be used as a sieving medium [66]. Indeed,

the MC polymer retained its entanglement characteristics in

the presence of 0.01% Tween-20. A Ferguson plot for model

proteins in non-denaturing conditions showed that the use of

MC solutions at concentrations well below the entanglement

point led to the establishment of GE-type separation rather

than electrophoresis in free solution. These authors also

reported a dynamic cross-linking effect of Mg21, enhancing

the sieving properties of low-viscosity PVP solutions [136]. The

separation resolution for proteins under non-denaturing

conditions on PMMA microchips was improved by adding

Figure 9. Electropherograms of Cy3-extravidin and Cy3-IgG
mixtures: (a) 0.20 mg/mL Cy3-extravidin and 0.20 mg/mL Cy3-
IgG; (b, c) 0.20 mg/mL Cy3-extravidin and 0.60 mg/mL Cy3-IgG;
(d) 0.40 mg/mL Cy3-extravidin and 0.80 mg/mL Cy3-IgG, respec-
tively. Fluorescence intensities of (A) Cy3-extravidin and (B) Cy3-
IgG. Reprinted from [85].
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Mg21 to PVP solutions because this increased the hydro-

dynamic radius of PVP polymers by 20%, thereby stabilizing

the structure of the PVP.

Several attempts have been made to combine CGE with

other separation or preconcentration steps. PMMA microchip

affinity CGE has been evaluated for the analysis of thrombin

levels in plasma [137]. Dye-labeled aptamers were used as

affinity probes under non-equilibrium electrophoresis condi-

tions. The presence of the polymers made it possible to sepa-

rate free aptamer from the thrombin–aptamer complex, while

stabilizing the affinity complex. The successful integration of

different methods for enriching samples (SPE, ITP, etc.) and

CGE on the same microchip has been demonstrated by several

groups [95, 111, 138, 139]. These devices enhance detection

sensitivity by a stacking effect, as discussed in Section 3.1.

Makamba et al. [140] provided the first report of the

photopatterning of single-walled carbon nanotube (SWNT)

composites with soft hydrogel polymers in glass micro-

channels (Fig. 10) [140]. The SWNT gave the required

physical strength, enabling the mechanically fragile organic

polymer to resist breakdown when subjected to liquid flow

within the microfluidic channel. The soft hydrogel polymers

formed a polymerized sieving medium similar to those used

in GE for protein separation. The nanocomposites were able

to concentrate the injected protein samples (mixture of IgG,

casein and BSA) and shortened the separation distance to

within 1 cm with the use of gel-free buffers. The absence of

a gel in this system considerably decreases the probability of

channel blockage, thus prolonging the life of the device.

Root et al. [75] recently reported the use of an ALS as a

replacement for SDS for size-based protein separations on

microfluidic chips. ALS is of particular interest in proteomics,

as it breaks down at low pH and can therefore be removed to

reduce surfactant interference with downstream MS analysis.

The electrophoretic mobilities of the proteins were not signif-

icantly affected by the replacement of SDS with ALS, consis-

tent with the protein–surfactant complexes having a similar

charge-to-size ratio for both surfactants. Protein separations

with ALS on glass microchips dynamically coated with poly-N-

hydroxyethylacrylamide were performed in less than 3 min, a

significantly shorter time than that required for slab gel

separations.

4.3 Microchip IEF (lIEF)

mIEF is a strong developing area in the field of protein

analysis. IEF has considerable advantages in terms of

resolution, but IEF separation on microchips is highly

challenging. A number of reviews have been devoted

specifically to recent advances of IEF on microfluidic devices

[32, 33] and another includes a significant contribution to

this topic [35]. Most applications to date have been based on

prototype chips and instrumentation that may be more

costly than conventional approaches. However, some of the

key challenges encountered in the widespread diffusion of

mIEF include the need to improve access to automation,

visualization strategies improved separation resolution or

peak capacities, particularly for 2-D implementations.

Single-point detection is often used but is generally

considered not to be ideal because it requires mobilization

of the focused proteins through the detector, increasing the

time required for analysis and inducing dispersive band

broadening and degradation of the established pH gradient.

Whole-column imaging detection (WCID) systems have

been developed to eliminate the mobilization step, thereby

reducing the de-focusing of protein bands and improving

resolution. UV-and LIF whole-column imaging are the

major methods of detection for mIEF, as discussed in our

previous review and in the paper by Ren [20, 141].

EOF sweeps the focused bands out of uncoated chan-

nels before focusing is completed, making it necessary to

coat the chip with a substance to decrease EOF. Zhang et al.
[69] studied the effect of HEC dynamic coatings on the IEF

of proteins. This coating strategy was discussed in Section

2.2 of this review. It was shown to both decrease protein

adsorption and reduce EOF. Both these attributes resulted

in the highly efficient separation of BSA and GFP in both

free-solution electrophoresis and IEF. A resolution of

proteins with a pI difference of 0.1 pH values was demon-

strated with an HEC-treated COC device.

A new method for integrating commercial dialysis

membranes into PDMS microfluidic chip-based cartridges

was developed for protein analysis by IEF-WCID [142]. The

integrated membrane separates electrolytes and samples

and reduces undesired pressure-driven flow, facilitating

sample injection and significantly improving the repeat-

ability of chip-based IEF (o1%). A mixture containing six pI
markers (pI from 4.6 to 8.8) was successfully separated by

IEF-WCID in a pH range of 3 to 10. The pH gradient was

shown to be linear, by plotting the pI value against peak

position. The separation of a more complicated human

sample containing different hemoglobins (Hb), HbA, HbF,

HbS, and HbC, was also achieved.

In an attempt to mimic a diluted gel structure,

an original uncovered micropillar array for protein IEF

Figure 10. Structure of
SWNT/hydrogel composite
proposed by Makamba et al.
for CGE on chips. Reprinted
with permission from [140].
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separation was designed. This array consisted of a rectangular

zone of PDMS micropillars protruding into a block of PDMS

(Fig. 11) [143]. The geometry of the micropillar array was

optimized by evaluating the influence of pillar shape, pillar

size and interpillar distance on evaporation and IEF separa-

tion. A mixture of proteins with pI values of 4.7–10.6 was

successfully separated within this microdevice by IEF, with a

resolving power no less than that obtained with a conven-

tional minigel. The uncovered design facilitates access to the

sample for immunoblotting after protein separation.

Several modeling studies have recently been published.

These studies have focused on the investigation of EOF and

electrophoretic mobilization in microchannels made of

PMMA and PDMS [144], the effect of carrier ampholyte

(CA) concentration on protein behavior in on-chip IEF [145]

and the dispersion of protein bands in horseshoe micro-

channels during IEF [146]. In particular, Ivory’s group has

developed a model for simulating non-linear IEF in 2-D

microgeometries [147].

Despite recent developments and the success of mIEF

devices, these systems still suffer from some drawbacks,

such as poor temporal pH gradient stability due to cathodic

drift, adverse protein–CA interactions, and the need for

costly CA that must be replaced for each new analysis.

For these reasons, several groups have developed non-

ampholyte mIEF methods, such as the IPG and EFG

techniques discussed in Section 4.4 of this review.

The first successful adaptation of IPGs to the microscale

(mIPGs), based on the use of a new method for fabricating

precise and reproducible on-chip polymer gradients,

was achieved by Sommer et al. [148]. This approach

made it possible to establish a pH gradient due to the

diffusion of Immobilines across the separation channel

before its immobilization by gel photopolymerization

(Fig. 12A and B) [148]. The resulting device allowed the

rapid IEF (o20 min) of several fluorescent pI markers and

proteins across a gradient of pH 3.8–7.0, in both denaturing

and non-denaturing conditions, providing a resolution and

Figure 11. The micropillar array filled with a colored solution used for IEF on PDMS microchips. Micropillar array dimensions: 5 cm
length, 3.9 mm width. (A) General view, (B) zoom on the micropillar area, (C) cylindrical micropillars (diameter 100 mm, height 50 mm) in
triangular arrangements. Reprinted with permission from [143].

Figure 12. mIPG of proteins on a glass microchip. (A, B) Chip design. (C) Fluorescent micrographs of focused pI markers (i) and proteins
(ii and iii). Gravity was used to provide continuous pressure-driven flow from filled reservoirs through the side channels of the
microchip. A thin polyacrylamide membrane prevented flow through the 6-mm separation channel but allowed the equilibration of
Immobiline species via diffusion. Reprinted with permission from [148].

Electrophoresis 2010, 31, 147–173 Microfluidics and Miniaturization 163

& 2009 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.electrophoresis-journal.com



peak capacity similar to that achieved with CA-IEF

(Fig. 12C) [148].

Qiu’s group [141] improved the WCID system, using an

organic light-emitting diode (OLED) array as a spatial-

scanning light source and a single PMT tube as the detector.

The advantage of OLEDs is their flat and thin profile,

facilitating simple on-chip excitation in close proximity to

microfluidic channels. However, the OLED systems descri-

bed to date do not compare favorably with systems based on

laser excitation [149]. Only a few techniques for imaging

mIEF devices have since been developed.

Vlčková et al. equipped a commercial Shimadzu MCE-

2010 system with a UV photodiode array imaging detector

for on-chip mIEF assays [150]. After the optimization of mIEF

conditions, therapeutic proteins, hirudin, erythropoietin and

bevacizumab were analyzed in an linear-polyacrylamide-

coated quartz microchannel. The RSD of pI determination

by mIEF ranged from 0.2 to 0.6% and was almost twice that

obtained for conventional IEF, for a separation time only

about a third of that for conventional IEF.

Only IEF along the direction of fluid flow is discussed

here. However, another kind of protein focusing and

separation perpendicular to the direction of fluid flow has

been proposed as an alternative mode of IEF on chips. This

method is known as ‘‘free-flow isoelectric focusing’’ and has

been attempted in various chip formats [151–153]. This IEF

method is commonly used for sample preparation and

fraction collection. Microfabricated free-flow isoelectric

focusing devices are simple, inexpensive, and disposable

prefractionation devices that can be integrated with separa-

tion techniques on chips. However, in most cases, CAs are

continually consumed to establish a stable pH gradient. This

is expensive and may also interfere with subsequent iden-

tification by MS/MS. Other problems include the generation

of bubble-forming water electrolysis products in the elec-

trode reservoirs, Taylor dispersion and Joule heating.

Interested readers may refer to a recent review specifically

focusing on the miniaturization of free-flow electrophoresis

[154].

4.4 Counterflow gradient focusing techniques on

chips

Over the last decade, a number of counterflow gradient

focusing techniques, based on the principle of equilibrium

gradients, have emerged. These techniques include EFGF

techniques and its variants, including dynamic field

gradient focusing (DFGF) and TGF. Excellent reviews

covering recent advances in these techniques have been

published [155–158]. These counterflow gradient focusing

techniques facilitate protein separation by focusing proteins

as a function of their electrophoretic mobility. However, the

most useful current application of EFGF devices is in the

preconcentration of target analytes as described in Section

3.1. These methods involve a combination of two forces

under an electric field: the electrophoretic force of analytes

and a constant counterbalancing force due to bulk fluid

flow. A gradient is applied to the electrophoretic velocity,

such that the total velocity is equal to zero at a single point.

The analyte moves from both directions toward the zero-

velocity point at which it is focused into a concentrated plug.

Different types of counterflow gradient focusing may be

defined on the basis of the mechanisms used to generate the

velocity gradient necessary for focusing:

(i) DFGF, involving the use of an array of electrodes

separated from the separation channel by a dialysis

membrane;

(ii) EFGF, which can be performed with conductivity

gradient focusing, dialysis membranes, or shaped ion-

conducting polymers;

(iii) TGF, involving the use of a buffer with a temperature-

dependent ionic strength.

The groups of C. F. Ivory, M. L. Lee and D. Ross have

been particularly active in the progress made over the last

few years toward understanding fundamental processes and

developing appropriate models for these gradient focusing

methods. Indeed, most of the papers published in this field

emanated from these groups.

The primary advantage of EFG methods is the focusing

(rather than dispersive) nature of the separation. Miniatur-

ization appears critical for exploitation of the full potential of

EFG for both analyte concentration and peak capacity, as

channel dimension affects not only the dissipation of Joule

heating, but also the degree of Taylor dispersion. Moreover,

mEFGF devices provide a resolution for protein separation

about four times greater than that for capillary-based EFGF

systems (Fig. 13) [160], clearly demonstrating the advan-

tages of miniaturization in gradient focusing methods [160].

Inorganic materials, such as silicon, glass and quartz,

were initially used in the construction of microfluidic

EFGF systems, but polymers, such as PDMS and acrylate-

based copolymers, have also been considered. The major

challenge of microfabrication lies in the integration of a

Figure 13. Separation of R-PE and GFP in (A) a capillary-based
EFGF system and (B) a microchip EFGF device. The scale bar
indicates 1 mm. For (A), the buffer was 5 mM Tris (pH 8.7), the
counterflow rate was 30 nL/min, and the applied potential was1

2000 V. For (B), the same buffer as in (A) was used, and the
counterflow rate and applied potential were 20 nL/min and 1

600 V, respectively. Reprinted with permission from [160].
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semi-permeable membrane into the microfluidic EFGF

device. One of the most straightforward methods involves

embedding a hollow dialysis fiber into the substrate during

device assembly. TGF is easier to carry out than EFGF and

can be applied to a broader class of analytes, including

fluorescent dyes, amino acids, GFP and DNA.

4.4.1 EFGF

EFGF makes use of a gradient electric field along the length

of a separation channel and a constant hydrodynamic

counterflow. When the electric field at the inlet is higher

than that at the outlet and the counterflow is introduced

from the outlet, a faster electrophoretic migration of the

analyte overcomes the hydrodynamic flow. The analyte

therefore moves toward the outlet. As electrophoretic

velocity is the product of electrophoretic mobility and

electric field, each analyte slows as it moves to the zero-

velocity point (Fig. 14) [155].

EFGF on planar microchips was first reported by

Humble et al. [104]. This method used a region of changing

cross-sectional area outside a fixed-width focusing channel

to produce the required EFG. A shaped ion-conducting

acrylic polymer was used that allowed the transport of small

buffer ions while retaining proteins and other large analytes.

A four-protein mixture was analyzed and six peaks were

observed, but the resolution was lower than predicted by

theory. Indeed, this device has several limitations, including

a low peak capacity and low resolution, mostly due to flow

dispersion in the open channel as a result of the parabolic

laminar counterflow profile. These authors [160] subse-

quently developed a mathematical model and showed that

the poor performance of the device was due to the formation

of concentration gradients in the EFGF channel. This

phenomenon results from an imbalance in cation transport

between the open separation channel and the hydrogel. The

removal of acidic impurities from the monomers forming

the hydrogel improved focusing stability, repeatability and

resolution.

Lin et al. [161] compared theoretical and experimental

studies, with the aim of optimizing the voltage program to

‘‘tease apart’’ proteins with similar electrophoretic mobi-

lities. They demonstrated an improvement in resolution due

to a stepwise decrease in the voltage applied to the EFGF

device. They also demonstrated that dispersion increased

with high bulk flow velocities or the use of a broader

separation channel.

Other authors from Lee’s group improved the device

previously developed by this group, with the fabrication of a

device from PEG-functionalized acrylic plastic [64]. The

incorporation of monoliths into the EFGF channel

decreased the analyte band dispersion induced by laminar

flow and narrowed the focused bands by a factor of three to

six, depending on the voltage or counterflow rate applied.

Figure 15 [64] compares the focusing and the separation of

mixtures of proteins in an open EFGF channel and a

monolith-filled EFGF channel. This EFGF device outper-

formed that described by Humble et al. [104, 160] in several

ways: the focused bands were more symmetric, due to

lower levels of protein adsorption, and focusing was

easier to control because disturbances due to EOF were

eliminated.

The performance of this device was further improved by

changing the composition of the hydrogel to ensure that the

Figure 14. Schema of an EFGF separation of two components.
Arrows are vectors representing the linear velocity of the
constant buffer flow (black) and the electrophoretic velocities
of analytes with high (dark gray) and low (light gray) electro-
phoretic mobilities. Reprinted with permission from [155].

Figure 15. Comparison of focusing and separation of (A) R-
phycoerythrin and green fluorescent protein (GFP) in an open
EFGF channel and (B) FITC-b-globulin A, FITC-myoglobin and
GFP in a monolith-filled EFGF channel. Adapted and reprinted
with permission from [64].
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current remained stable over time, giving a linear electric

field distribution [108]. The authors also showed that

narrower bands were obtained in channels with a smaller

diameter due to the decrease in Taylor dispersion.

Liu et al. [105] developed another in situ fabrication

method for integrating a PEG-functionalized acrylate/

methacrylate or acrylamide semi-permeable membrane into

mEFGF devices based on a surface-reactive acrylic copoly-

mer, polyglycidyl methacrylate-co-methyl methacrylate. The

separation of GFP from R-PE, and the selective elution of

GFP from a protein mixture containing GFP, FITC-labeled

casein and FITC-labeled hemoglobin were demonstrated

with this device. Unfortunately, the properties

of the membrane, including its conductivity and the

presence of carboxylic acid impurities, affect the EFG in

the separation channel, impairing the performance of the

mEFGF device.

4.4.2 DFGF

This method, similar to EFGF and also applicable to protein

separation, makes use of a computer-controlled array of

individually addressable electrodes.

Myers and Bartle developed a DFGF system for PMMA

devices. It consisted of a thick porous glass membrane

separating the electrodes from the analytes and a separation

channel packed with a PolyHIPE monolith to reduce

dispersion. The EFG was established using a computer-

controlled array of five electrodes, making it possible to

separate six proteins in 15 min [162]. The effects of voltage

degradation and electric field distortions on the performance

of DFGF were recently investigated by Burke and Ivory,

using a 2-D non-linear numerical simulation [163].

Voltage degradation refers to the difference between the

voltage applied at the electrodes and the actual voltage

measured within the separation channel, electrode place-

ment being a critical parameter in DFGF. Burke and Ivory

also used the model to examine protein elution and showed

that elution under a constant EFG is more efficient than

elution by shallowing the electric field. Tunon et al.
compared EFGF and DFGF for separating the two oxidation

states of myoglobin [164].

Three electrode configurations were used: a fixed 21-

electrode set-up (EFGF) and dynamic three- and six-elec-

trode set-ups (DFGF). The dynamic three-electrode system

could focus analytes separately but not simultaneously,

whereas the other two set-ups were able to carry out

concurrent separations. A DFGF device based on a system

similar to that used by Tunon et al. [164] and allowing the

on-column detection of native and unlabeled proteins, has

recently been described [165]. This visualization technique

used, based on quenching of the fluorescence of manga-

nese-activated zinc silicate, can be applied to all proteins, as

all proteins display absorbance at 254 nm. This DFGF

system was capable of resolving the two oxidation states of

myoglobin, which had very similar mobilities under the

experimental conditions used.

4.4.3 TGF

As an alternative to pH or EFGs, a temperature gradient

(induced either by an externally imposed temperature field

[109] or by Joule heating [166]) can be used to generate a

gradient for focusing. This method is called TGF. A

controlled flow of buffer (with a temperature-dependent

ionic strength) is applied to counterbalance the electro-

phoretic mobilities of the analytes (Fig. 16) [167]. The

sample solute velocity uT is the sum of two opposite

velocities: the electrophoretic velocity, uep and the bulk

liquid velocity, uB. As both uep and uB are temperature-

dependent, there is a single point along the channel at

which uT is equal to zero. The sample solutes move from

both directions toward the zero-velocity point, where they

are focused or concentrated.

Ross and coworkers carried out the pioneering work on

TGF. A more complete description of appropriate buffers for

TGF was presented by Shackman et al. [168], as a wide

variety of buffer systems, ranging from pH 3 to 10.5, has

been proposed. Works combining theoretical and experi-

mental studies on band broadening caused by Taylor

dispersion in TGF have also been published [169–170]. TGF

is highly suitable for the development of integrated micro-

fluidic system and has been shown to be suitable for the

simultaneous concentration and separation of various

samples, but there have been only a few reports describing

the separation of proteins on a microfluidic TGF device

[109–110].

Kim et al. [110] published a study of TGF based on

inherent Joule heating in a variable-width PDMS device.

They demonstrated the simultaneous separation and

concentration of mixtures of fluorescein and FITC-BSA in

less than 10 min. This work, in which sodium phosphate

was used as the BGE, expanded the range of usable buffers.

Studies combining Joule heating with external heating/

cooling have provided further support for the hypothesis

that temperature is the dominant factor governing focusing

with this technique.

4.5 Multidimensional electrophoresis on chips

Multidimensional systems combine orthogonal separation

methods, leading, in principle, to greater resolving power

equal to the product of the resolving powers of individual

dimensions. Many efforts have been made to implement

Figure 16. Schema of TGF in a microchannel. The microchannel
is heated at one end and cooled at the other, resulting in a
temperature gradient in the middle. Adapted and reprinted with
permission from [167].
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multidimensional electrophoresis and to demonstrate its

reliability for proteomics applications. Thus, in attempts to

mimic 2-D gels, chip 2-D often involves focusing samples in

one channel and sizing IEF sections in cross-channels of

various numbers and dimensions. Some successful 2-D

separations of proteins on microchips have been reported,

but multidimensional analyses remain subject to several key

limitations (as pointed out in our previous review). Several

approaches to overcoming these problems have been

described. Readers may refer to reviews devoted to recent

advances in IEF in microfluidic devices containing a

discussion of multidimensional separations [32, 33]. One

very recent review summarized progress in 2-DE on

microfluidic devices based on the use of two dimensions

in two intersecting channels and the use of a large number

of channels [171].

One particular challenge in the construction of 2-D

devices concerns the development of the interface between

the first and second dimensions: it must allow the quanti-

tative and efficient transfer of focused bands from the IEF

step to size-based separation, with no significant loss in the

resolution acquired from the first dimension. Moreover, the

diffusive and dispersive transport of focused bands inter-

feres with dimensional transfer. Therefore, on-chip methods

coupling IEF with CGE for the multidimensional separa-

tions of proteins and focusing specifically on the challenge

of sample transfer between methods have been reported.

Original designs and set-ups, including the integration of

microfluidic valves into 2-DE devices, have been proposed to

overcome this problem.

Fan’s group developed a COC microfluidic device based

on an array of pseudovalves created at the intersections of

orthogonal channels by photodefinable, in situ gel poly-

merization (Fig. 17A) [172]. The valves made it possible to

introduce two different types of separation medium into the

channels, without cross-contamination of the two dimen-

sions [172]. The presence of gel pseudovalves did not affect

the performance of IEF or GE when investigated separately.

Acrylamide was polymerized only in the GE channels,

whereas CA was introduced specifically into the IEF chan-

nel. The potential of the 2-DE device was demonstrated by

the separation of four fluorescently labeled proteins with

either similar pI values or similar molecular weights. The

total separation time was less than 10 min for IEF and

PAGE (Fig. 17B) [172].

Another approach, in which the first- and second-

dimension channels are connected by passive valve struc-

tures consisting of much shallower, narrower channels

forming a microfluidic interface (MFI), has been presented

Figure 17. 2-DE of proteins on a COC microchip. (A) Picture of a plastic device for 2-D protein separation. Channel AB is for IEF and
channels CD for GE. (Inset) Scanning electron micrograph (SEM) of channel intersections. (B) The three-dimensional plot corresponding
to a 2-D map of BSA, ovalbumin, hemoglobin and carbonic anhydrase (CA) obtained in the 2-DE device. Reprinted from [172] with
permission.

Figure 18. Design of one configuration for performing 2-DE
protein separation in a microdevice. (A) The overall design
includes an arc-shaped, horizontal channel for mIEF in the first
dimension, crossed by 20 vertical channels through which
focused proteins are separated in the second dimension by
native gel electrophoresis. (B) The separation channels of the
two dimensions are joined by much smaller channels forming
an MFI. (C) Electron micrographs of one connection channel. The
MFI channels are 25 mm wide, 400 mm long, and are etched 4 mm
deep. Adapted from [173] with permission.
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by Emrich et al. [173]. These authors developed a glass 2-DE

device consisting of a single, arc-shaped 3.75-cm-long mIEF

channel and 20 orthogonal 6.9-cm-long channels for the

second dimension (Fig. 18) [173]. The orthogonal separation

systems were connected by smaller channels comprising a

MFI preventing the leakage of medium between the two

dimensions and allowing the bubble-free loading of

discontinuous gel systems in the two dimensions. Resolu-

tion remained limited due to the lack of SDS in the second

dimension, but reproducible 2D separations of protein

mixtures were obtained by including 7 M urea in the

separation matrix for the second dimension. The device was

used to compare the induced protein profile of E. coli with

the protein profile of control, non-induced cells.

Liu et al. used in situ photopolymerized PAA gel plugs

as hydrodynamic flow control elements in a 2-D micro-

fluidic system combining IEF and parallel SDS-GE for

protein separation [174]. The device consisted of one IEF

channel and five GE channels (Fig. 19A) [174]. The PAA gel

plugs, integrated into critical regions of the chip, offered a

simple valve-less approach for isolating reagents in the

microfluidic system, thus preventing the undesirable

mixing of ionic solutions, sample and sieving gel, without

hindering the mobility of electromigrating ions. This made

it possible to establish a well defined and stable interface

between the sieving gel and the free-solution IEF channel

(Fig. 19B) [174]. The device was used to analyze FITC-

labeled E. coli cell lysate with an average RSD in peak elution

time of only 4.1%. The separation resolution for E. coli cell

lysate was lower than that obtained by Emrich et al. [173],

probably partly because the distance between the separation

GE channels was 1 mm in Liu’s design [174] and 650 mm

Emrich’s design. Thus, parallel PAGE channels should be

close enough to maintain IEF resolution during the transfer

of focused proteins to the second dimension.

A new PMMA chip design, using multidimensional

back-biasing channels to improve the quantitative transfer of

focused proteins from the first to second dimension

(Fig. 20A) [175], was proposed by DeVoe’s group [175]. A

combination of analytical modeling, numerical simulations

and experimental validation revealed that a application of an

appropriate bias voltage to these two channels can comple-

tely eliminate non-uniformities during both sample transfer

and second-dimension separations, and prevent leakage of

residual sample from the outer regions of the first-dimen-

sion channel (Fig. 20B) [175]. The authors also showed that

an angled CIEF channel design helped to minimize sample

plug tailing and initial sample plug length within the

second-dimension channels, thereby improving peak capa-

cities for the overall system.

Figure 19. Online IEF-GE microfluidic 2-D device for the separation of proteins on a PMMA microchip. (a) Schematic diagram of the chip.
Regions exposed to UV light during PAAm photopolymerization (B, C, D, and L) are shown in gray. (b) Sample injection into the IEF
channel. Adapted from [174] with permission.

Electrophoresis 2010, 31, 147–173168 N. T. Tran et al.

& 2009 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.electrophoresis-journal.com



These authors recently extended their work [174, 175] by

developing a microfluidic IEF/SDS–GE separation system,

based on design features including an angled mIEF channel

and back-biasing channels making use of a combination of

multifunctional in situ photopolymerized PAA gels and a

discontinuous SDS-GE buffer system [176]. In addition to

acting as a high-resolution separation medium for GE,

discrete PAA plugs integrated into specific regions of the

chip facilitated the efficient isolation of various on-chip

media, including anolyte, catholyte and sample/ampholyte

solutions for IEF. The gel plugs also serve as reagent

containers, making it possible to incorporate discrete pack-

ets of SDS and discontinuous buffers into the chip during

the chip production process. This approach to on-chip

reagent storage greatly reduces the complexity of the chip,

by eliminating the need for separate SDS injection channels

[174]. The use of a discontinuous buffer system makes it

possible to sharpen sample bands during SDS-GE. The full

2-D system was validated with fluorescently labeled E. coli
cell lysates.

Osiri et al. reported a high peak capacity 2-D protein

separation system combining SDS-GE and MEKC using

PMMA microsystem [177]. A comprehensive 2-D map of

fetal calf serum was completed 60 times faster and with a

peak capacity three times higher than that obtained by

conventional IEF/SDS-GE.

Various challenges must be met if microfluidics-based

2-DE is to attain the performance of conventional 2-DE.

Improvements are required in IEF separation resolution,

interface design and the manufacture of multiple-channel

devices.

5 Concluding remarks

Microfluidic devices for protein analysis based on electro-

phoretic separation methods are attractive tools in the field of

LOC applications. The combination of high separation

performances with a relative ease of implementation and

microfabrication favors the use of polymeric materials.

However, we still lack important fundamental knowledge

concerning the origin of surface charge and its global control.

This review describes recent efforts in microchip

development that have yielded fascinating new devices for

Figure 20. 2-DE device for protein
separation on a PMMA microchip. (A)
Simplified schema of a spatially multi-
plexed 2-D separation chip with five
second-dimension microchannels. (B)
Experimental sample transfer using a
2-D chip without back-biasing.
Reprinted from [175] with permission.
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protein separation, showing the potential of microsystems

not only to replace conventional or multiplexing techniques,

but also to open up new possibilities and to push back the

limits of common analytical techniques for proteins.

The last few years have witnessed increasing efforts to

develop detection instrumentation and online sample

preconcentration techniques, which are now making it

possible to detect analytes at extremely low concentrations.

Work on surface treatments has led to the emergence of

novel approaches for fine-tuning EOF on polymer and

hybrid chips. PEG, cellulose, acrylamide and their deriva-

tives are often preferred for surface treatments because

these molecules can efficiently limit protein adsorption. The

next major challenge in this field will probably be the

development of strategies for decreasing these undesirable

adsorption phenomena and fine-tuning the EOF for analy-

ses of complex mixtures, such as those found in living

organisms. Various separation modes, including counter-

flow gradient focusing methods, have been successfully

transposed to microchips. The expansion of microfluidic

2-DE separation methods, particularly those combining IEF

and SDS-CGE, suggests that 2-DE devices could play an

important role as an alternative to conventional IEF/PAGE

in proteomics.

Thus, in the next 10 years, improvements will be

required in detectability, reproducibility and ease of fabri-

cation, together with the integration of different functional

operations, to enable MCE for protein separation to provide

comprehensive solutions for applications in the fields of

proteomics, glycomics, biomarker detection for diagnosis

and the development of new pharmaceutical drugs.
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[78] Sikanen, T., Heikkilä, L., Tuomikoski, S., Ketola, R. A.,
Kostiainen, R., Franssila, S., Kotiaho, T., Anal. Chem.
2007, 79, 6255–6263.

[79] Sikanen, T., Tuomikoski, S., Ketola, R. A., Kostiainen,
R., Franssila, S., Kotiaho, T., Anal. Chem. 2007, 79,
9135–9144.

[80] Zhou, J., Yan, H., ren, K., Dai, Wu, H., Anal. Chem.
2009, 81, 6627–6632.

[81] Phillips, K. S., Kottegoda, S., Kang, K. M., Sims, C. E.,
Allbritton, N. L., Anal. Chem. 2008, 80, 9756–9762.

[82] Sugiura, S., Imano, W., Takagi, T., Sakai, K., Kanamori, T.,
Biosens. Bioelectron. 2009, 24, 1135–1140.

[83] Xu, Y., Li, J., Wang, E., Electrophoresis 2007, 28,
4597–4605.

[84] Xu, Y., Li, J., Wang, E., Electrophoresis 2008, 29,
1852–1858.

[85] Xu, Y., Li, J., Wang, E., J. Chromatogr. A 2008, 1207,
175–180.

[86] Sun, S., Liu, J., Lee, M. L., Anal. Chem. 2008, 80, 856–863.

[87] Pan, T., Fiorini, G. S., Chiu, D. T., Woolley, A. T., Elec-
trophoresis 2007, 28, 2904–2911.

[88] Boonsong, K., Caulum, M. M., Dressen, B. M., Chaila-
paku, O., Cropek, D. M., Henry, C. S., Electrophoresis
2008, 29, 3128–3134.

[89] Mruetusatorn, P., Mahfouz, M. R., Wu, J., Sens.
Actuator 2009, A153, 237–243.

[90] Cui, H., Dutta, P., F. Ivory, C., Electrophoresis 2007, 28,
1138–1145.

[91] Mohamadi, M. R., Kaji, N., Tokeshi, M., Baba, Y., Anal.
Chem. 2007, 79, 3667–3672.

[92] Lin, C. C., Hsu, B. K., Chen, S. H., Electrophoresis 2008,
29, 1228–1236.

[93] An, Y., Cooper, J. W., Balgley, B. M., Lee, C. S., Elec-
trophoresis 2006, 27, 3599–3608.

[94] Park, C. C., Kazakova, I., Kawabata, T., Spaid, M.,
Chien, R. L., Wada, H. G., Satomura, S., Anal. Chem.
2008, 80, 808–814.

[95] Kawabata, T., Wada, H. G., Watanabe, M., Satomura, S.,
Electrophoresis 2008, 29, 1399–1406.

Electrophoresis 2010, 31, 147–173 Microfluidics and Miniaturization 171

& 2009 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.electrophoresis-journal.com



[96] Breadmore, M. C., Thabano, J. R. E., Dawod, M.,
Kazarian, A. A., Quirino, J. P., Guijt, R. M., Electro-
phoresis 2009, 30, 230–248.

[97] Lee, K. S., Park, S. H., Won, S. Y., Shim, Y. B., Elec-
trophoresis 2009, 30, 3219–3227.

[98] Shiddiky, M. J., Park, H., Shim, Y. B., Anal. Chem. 2006,
78, 6809–6817.

[99] Gong, M., Wehmeyer, K. R., Limbach, P. A.,
Arias, F., Heineman, W. R., Anal. Chem. 2006, 78,
3730–3737.

[100] Pan, Q., Zhao, M., Anal. Chem. 2009, 81, 5333–5341.

[101] Shackman, J. G., Ross, D., Electrophoresis 2007, 28,
556–571.

[102] Tolley, H. D., Wang, Q. G., Lefebre, D. A., Lee, M. L.,
Anal. Chem. 2002, 74, 4456–4463.

[103] Warnick, K. F., Francom, S. J., Humble, P. H., Kelly,
R. T., Woolley, A. T., Lee, M. L., Tolley, H. D., Electro-
phoresis 2005, 26, 405–414.

[104] Humble, P. H., Kelly, R. T., Woolley, A. T., Tolley, H. D.,
Lee, M. L. Anal. Chem. 2004, 76, 5641–5648.

[105] Liu, J. K., Sun, X. F., Farnsworth, P. B., Lee, M. L., Anal.
Chem. 2006, 78, 4654–4662.

[106] Lin, S. L., Li, Y. Y., Tolley, H. D., Humble, P. H., Lee,
M. l., J. Chromatogr A 2006, 1125, 254–262.

[107] Kelly, R. T., Li, Y., Woolley, A. T., Anal. Chem. 2006, 78,
2565–2570.

[108] Sun, X., Farnsworth, P. B., Tolley, H. D., Warnick, K. F.,
Woolley, A. T., Lee, M. L., J. Chromatogr. A 2009, 1216,
159–164.

[109] Ross, D., Locascio, L. E., Anal. Chem. 2002, 74, 2556–2564.

[110] Kim, S. M., Sommer, G. J., Burns, M. A., Hasselbrink,
E. F., Anal. Chem. 2006, 78, 8028–8035

[111] Herr, A. E., Hatch, A. V., Throckmorton, D. J., Tran,
H. M., Brennan, J. S., Giannobile, W. V., Singh, A. K.,
Proc. Natl. Acad. Sci. 2007, 104, 5268–5273.

[112] Svec, F., J. Chromatogr. B 2006, 841, 52–64.

[113] Liu, J., Chen, C. F., Tsao, C. W., Chang, C. C., Chu, C. C.,
DeVoe, D. L., Anal. Chem. 2009, 81, 2545–2554.

[114] Garcı́a-Campaña, A. M., Taverna, M., Fabre, H., Elec-
trophoresis 2007, 28, 208–232.

[115] Schulze, P., Belder, D., Anal. Bioanal. Chem. 2009, 393,
515–525.

[116] Jameson, D. M., Weber, G., J. Phys. Chem. 1981, 85,
953–958.

[117] Schulze, P., Ludwig, M., Belder, D., Electrophoresis
2008, 29, 4894–4899.
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��� �������	
���
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��8BA<:[=AB;<C>@B9<=<;<9J>C<BC?DCD@B\?==BATB@;<C>@BOB@=ABC;<C>@BC:\?=?]CB@C>QJBCRJT9>ABATD@B=?D;@B==BAB=̂:B_K̀ a9;JIDCC:9;bC:>@E?9=>@Vcd;?=9=>?@ReDBJeDBCO>JJ>B;CAB=?D;C:9;O>@D=BfCD;D@CDQC=;9=:J9@B=:;?:;Bd=̂:BSB;;B?DC>J>E>DOfN8BC;BED>=C?@=<=<;<9J>C<CCD;ABC:J9eDBCE\9Dg9@=BCdhHIfN8BC;<C>@BCD=>J>C<BCC?@=ABC;<C>@BC@<V9=>SBCABL̂:BIMidjkllUjlljB=ml̀lfdnBo]=?@Up=9=C]M@>CfN8T>@C?J9=>?@9DqMrRms̀@OBC=9CCD;<BB@D=>J>C9@=D@9J>V@BD;A?DQJBP9EBdhrtsjlfN8BCO9CeDBCD=>J>C<CC?@=:;<:9;<C:9;>O:;BCC>?@\9D=B;<C?JD=>?@CD;:9:>B;=;9@C:9;B@=N8BCO?=>PCABEBCO9CeDBCC?@=ABCC>@<C:9;D@J?V>E>BJABABCC>@LM_uvKwGN89V<?O<=;>BABCO9CeDBCD=>J>C<C9>@C>eDBJBD;CA>OB@C>?@CC?@=:;<CB@=<CB@9@@BqBKN8BA<SBJ?::BOB@=ABJ9;<C>@B9<=<;<9J>C<O9@DBJJBOB@=A9@CD@Q9>@ABC?JS9@=9::;?:;><C?DCD@B\?==BRxDqJ9O>@9>;BA<A><B9DA<SBJ?::BOB@=ABC;<C>@BC:\?=?CB@C>QJBCN8BE?@=;[JBABCA>OB@C>?@CABCO?=>PC:;<CB@=CCD;JBO9C=B;;<9J>C<BC=9CCD;<:9;D@O>E;?CE?:B?:=>eDBAB=̂:BvĴO:DCOD@>ATD@J?V>E>BJw@9ĴC>CNF?D;J9:;<:9;9=>?@ABCO9C=B;CU@?DC9S?@CD=>J>C<ABDq:;?=?E?JBCA>g<;B@=CNM@:;BO>B;:;?=?E?JBy9A9:=<ABC=;9S9DqABz>9B=9JN{|j}eDBJT?@9:9;J9CD>=B?:=>O>C<:?D;9Q?D=>;9D:;?=?E?JByyAB:;<:9;9=>?@ABCO9C=B;CNh@BgB=UA9@CJB:;?=?E?JByUJ9:;<:9;9=>?@ABCO9C=B;CBC=;BJ9=>SBOB@=J?@VDBB=@<EBCC>=B:JDC>BD;C<=9:BC~�nB==?̂9VBABCCDQC=;9=CABSB;;BRJT>C?:;?:9@?J:B@A9@=|O@�G<:[=URJT9>ABABJ9=?D;@B==BUABJ9:;BO>�;BE?DE\BAB;<C>@BIMijlljNd̀ll=;�O>@AD;9@=jlCBE:D>Cmlll=;�O>@AD;9@=|lCBEf�_BED>=R����d̀O>@f:D>CR����dj̀O>@f�y@C?J9=>?@C9@CO9CeDBRm̀lO��_BED>=R�����AD;9@=k\�G<:[=ABJ9ABDq>�OBE?DE\BAB;<C>@BIMijklld̀ll=;�O>@AD;9@=jlCBE:D>Cmlll=;�O>@AD;9@=|lCBEf�_BED>=R����AD;9@=̀O>@:D>CR����AD;9@=j̀O>@�y@C?J9=>?@UB@O?ABC?P=E?@=9E=UABJ9;<C>@BRm̀lO�B@D=>J>C9@=JBO9CeDBB=JBCD::?;=9A9:=<N�_BED>=�@9JR����AD;9@=̀O>@:D>CR����AD;9@=j̀O>@�G<SBJ?::BOB@=:B@A9@=kjO>@A9@CD@Q9>@ABbIMiABSBJ?::B;c�_BED>=�@9JR�����AD;9@=mlO>@8B:;?=?E?JByyAB:;<:9;9=>?@ABO9C=B;UE?@=;9>;BOB@=9D:;BO>B;U@<EBCC>=BO?>@CAT<=9:BB=A?@EO?>@CAB=BO:CNn?DC9S?@CE\9@V<JB=̂:BAB;<C>@BB=@?DC



��� �������	
��
����	����������������������������������� !�"#$%&'&�����������(������!����)���*)�+���!��,����,���,��������,!���!��!���������,�����������!����)���**-���./012������345����������6���������)7��8�����9�����������!����)���**�������)7�������������������)���!��+���������)��,�����������9�������������4:;����,9��������!������!��!���������,������������!����)���**�������,��)�<=>���� �8������9������������)��,���)��9����;?@!������/,��%&!������A�8�B�;�����,����������4=C�!D�6B�;�����������������6����������"#$%&'&4.'&&��0,��������/&��)!���1&&&��0,��������%&��)3=E�)���BFGHI!������1J��)4=*���������6��,�����K�)����)�6B%&&,L0),1�������������,��+��������!!������!��4=E�)���BMGHI!������/��).�!!����������!��,����,���K�36!���BFGHI!������N��)4=C�����!!�,���!������O,��������9�����P"#$������!!��Q4������� R�S
�T����U���VWT��X�T�W
�Y��WZ[�\] )�������!�������������,�������,����!�̂��������8�_�!������/7��5C̀ ",����8����)����8�������)������������!��!���������;�����/&0/." �8���/$N6Cab caE>*>d6#"3��������������!�,!�B����4:�,����8����!���������)���������,�����!��)���K����;����)�!�������;����,9�����!��)���K���6BeGHI!������/76!���!��,�����������)�������4:�5C̀ "���)����!������������K��,����,����������-����,�����,�����������)�!����4:����������������!���������!��)��,�������,���B�;�����;����9������,����,��1,,�����,̂ ���4:���!!�������!�)�6�!!����8���,���)�!��6���!��!�����)��������5C̀ "�������)���6B�;�����������������6������!��+���������.N&&&��0,�������N&�34X�f�
���W
����T�U�Wg] )�������!����������������)���!!�������!���,��!!��������+����5*ca6!������)7�_5���,�h"��K�)�hi�)7����8 4c����,�)7���!��,����8��������!���,��;�( 8̂��4"����+�;���;�8���;�������������������9��6���������9��6���!���,̂ ������������,���!��!���,��;�( 8̂��������!�����,j,��4k����6�������)��6���������!��������;�( 8̂��6��!������)�8������������,!���������,���45����;�9��������;���!�)�5C̀ "h5C̀ "���������9��6������(���K�)����5C̀ "������������!����!���,��;�( 8̂��B���!������)���$&l!������/,��B&4N,9��4C�����)���;���!�)�5C̀ "h5C̀ "�������9��6������(���K�)����5C̀ "������������!����!���,��;�( 8̂��B���!������)���$&l������/1��)��B&6O,9��4C���������()��6������(���K�)������������( ���������������K�)���,�����K�A�����������9��4



���������	
	��	�
�����
��� ���������
	���
����� ��������������� !���"���#$ %��� ��#�&�'��� (�'����"��� ��( !)��� �')����)*�+,++,-./,011!�#2� "" %(�34567!��� ��89�)��:;<=<= >?@?ABC@DE?BDFGHIEEJ@K?AIEHILMNOPQ�2(����#�� ��R(�'"�')��'�S �2(����#�� ��!#)�� � �����'��( ')�$ ���)TU+V#������� (�'��'')�)��')�$ ��!( ����)��(�' ��)���'��)"���U � !9W'��'XYQZ1[V �\#'�&/VQ]:P .̂_-[V!����#'�#!��_�$� �#)2�3.� �'$#�"����̂ #)����]R(�'"�')��'̂ ._-! ���̀�a�#��� �2(�� ' ��#������� (�'��'')���'')�$ ��'��TU+V b���!#)*#�������"����(S�c����'�� ���"���'! �!( '" �S#aW2���:dS �e)�'���#���''!�����' ����� (�'�� *��)�'!����#"�������W!�f �� �gh1_-)��(�i' ��)��'#)���+Y.[+���)�WY �"�)".�(()����]��$�#���3(S j#��(�e)���&�#)!(�3)�"���#'�#!�gZ1#!��e)�k_-:lmn opqrstutqvtwxqyrqqxz{qdS)��(�' ��#��)TU+V�'���*��)�"#�� ���#)� ���� �'(��#" �����( "�i��#̀)���e)���(�'"��9#��'��"���#$ %��� ��#���'!)��'��TU+V'#��( �2�"����������'� �'���#"%��)a ����(�'|Z8&}1&}8&h&Z~���#)*� 2�'|88&}0�:;<�<� ��BD�DE?BDFGHI�?K?�@DA?BDFGHJ�?EBI@Q)�#)�'������ * �(&�#)' *#�'�#)��S %#�� �#!��(�!�#�#�#(�_��"���#i$ %��� ��#���'!)��'TU+ViTU+V:Y�!��� ��&��!�#�#�#(�!��'��� ��!()'��)�'���#�*������'�#��!�����! (�"���( �)�����!��! � ��#���( ��*�"���(#�2)�[Z09]��(S��'� %�(����)" '���� �'(���"!':Qb���$ ���$ ��3��'���#�*������'&�#)' *#�' !!#���e)�(e)�'#!��"�' ��#�'&�#� ""�����"#��b ��(��W!�����'�������')%'�� �')��(�'�'���#��(S����2���S��'#( ��#� ��'�e)�(�'��"!'�����)��'������*�(#!!�"���&e)�#��&! �( ')���&"��� )!�#�#�#(�__��"���#$ %��� ��#�:U �'(�!�#�#�#(�_&( !��! � ��#��)" '��� ����� (�'����)��(�' ����)a��'���'��2 ��*�'V/�Z811��Z11Z:_('S 2������'���'!9#�#'��'�%(�'�#)� ""���)��(�'��'� �'( $ %��� ��#���"���#'W'��"�':YS�'�)�!#(W"������'*�'e)�)ae)�!�)������� (�')�)���! �''�)� (( ����8�"3Z"":Q��'�&�#)' *#�'��" �ie)�e)�(S)��(�' ��#���( V/�Z811�� �����'��(�� ��:,��c��&' *�'�#'����� ���"!#�� ���&�#)' *#�'���#%(�2�'�����#""�����(S�� !��S�� (�"�����( ��'���')�(�')%'�� ���)a$#�'#)!()'&��$ �#�3��e)�' ��! �����#�'#��)��$#�"�')��#)��( ')�$ ���)')%'�� �:d !��'��������)a�#)�9�'����'���'��c������'')�(�')%'�� ���*����!�#*#e) ��( $#�" ��#���!()'��)�'����2)( ����'')���')%'�� ����#��)����'� %�(������������'���:Y����#��)�' �� ��'�3( $� 2�(����)" '���b� (&��e)��"!��9 ��' ��)��(�' ��#�')�)��!���#����( ��*�"���(#�2)�:T � �((�)�'&( !��! � ��#��)" '���� �'(�!�#�#�#(�_����''�� ��)���#)�������� * �(��' ((�%( ��9�:�#)' *#�' ��'��� * �((� *��)� )����W!�����'���



��� �������	
����
�����	������������������� �!"��#�$��%#�&�&'�(����$)&)*���'&%�*)��&�%'&���%�&���)����&+��+���,��-��./0/ �$12�������%�/03�4$12�56�����+�*2��%#)(���*���+*'-�72��%#)����2�&�%���*)��&�!8�+���0�#���������'&%�������� �������%��*)��&�����3��3��3/���2+������&�������&�'����'&��&'&%��9���&�%�2�&���'&%���%�*)�%�%)(��'++�2�&�!:&;&0&'���('&�6<�&$)%���-��*����������)������6��2+���=������(�**��;&%#��$2�&��*�����-����)%���*)��&�+'�*+�*2���*��&�+'���-��*)���������'&%�&'�(���2����*>+������*�*�+*������%�,�?'&��'��%��&&�!@��+*�&6�+����%�A)*�&6���&�*����+*'�'6'���"��""�'&�+*)��&�)��%�&�����-����B!/!C�-����B!/DC�-����6'2+�*���,%��%��9+*'�'6'���"��""%�+*)+�*���'&%�2����* EFGHGIGJKL EFGHGIGJKLLMNOPHFQHNHRJRPS TUVVU WXYXZX[\]̂ _K K̀FSPRaK bcdeffeUgbcdehff bcdifjf]Kk_P̀ K_FS_QFQHRGa hlm[VnoU pqrlm[VnoUsNFSK K̀tRK ǸkQPHKF elm[VW h\mXW8�&���+*'�'6'��""0�+*7��#�&*)��&�2�&�%���*)��&������ ���*����-��*���&����6��20'&*�2�*����&�2������*��%<)��'&%�������� ���*������6��2!u'22��#�&%������;$�*�B!/0&'��'-��*('&��&�6'�6<�%�*)��&�+�*,����2�&��&�,'*2���*��+�*����'2-*�%�����6��2.v�$�*�B!/!w5��'*����%�&���6��%���-��*���&(�**�.v�$�*�B!/!x50&'��'-��*('&�%���**)$���*��)�0('�*�%��-�����%#��*!u�*)�������&%��������#���������'&%���*)��&������ ���*�&��-��*��%�����6��2�+�*2���#'-��&��'&%�2����*�*'-��������+��(�&�y�*�������)��&$*�&%&'2-*�%�,'����+'�*��,�-*�6���'&%��+�6���&z8{����'&�)�)�2+�'|)���'�����'&$%�6����)��%�!
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Résumé

La phosphorylation de protéines est un régulateur clé de voies de signalisation
cellulaire. Elle est impliquée dans la plupart des évènements cellulaires et contrôle les
processus biologiques tels que la prolifération, la différenciation et l’expression des
gènes. Une phosphorylation anormale de protéines peut être observée dans diverses
maladies comme certains cancers ou maladies neurodégénératives. Ces protéines
constituent donc des biomarqueurs potentiels pour le développement d’outils de
diagnostic. Cependant les phosphoprotéines peuvent être présentes à faibles concen-
trations dans les liquides biologiques et des techniques d’enrichissement sélectif des
protéines phosphorylées doivent être développées en amont des analyses. L’une des
approches les plus courantes est basée sur la chromatographie d’affinité de type
IMAC. Le but de ce travail de thèse était de développer un microsystème contenant
un monolithe en tant que support solide d’extraction pour réaliser une préconcen-
tration sélective de phosphopeptides par IMAC. La polymérisation par UV et la
caractérisation (perméabilité, porosité et surface spécifique) d’un monolithe à base
de phosphate de méthacrylate d’éthylène glycol dans des capillaires de silice ont été
d’abord réalisées. Puis, nous avons tenté d’optimiser les différentes étapes de l’IMAC
(immobilisation du métal, chargement de l’échantillon, lavage et élution). Une im-
mobilisation efficace de zirconium sur le monolithe phosphaté a été démontrée par
des mesures de FEO dans un capillaire et a été par la suite confirmée par la réten-
tion d’un phosphopeptide modèle. Nous avons démontré que le monolithe phosphaté
était également un support d’échange de cations vis-à-vis de peptides fortement ba-
siques. Les protocoles de chargement et d’élution ont également été étudiés, mais
nécessitent encore d’être améliorés. La transposition de l’enrichissement de phospho-
peptides par IMAC sur un système miniaturisé a ensuite été envisagée. Nous avons
choisi deux matériaux pour la puce : le PDMS, qui est un polymère attractif pour
son faible coût, sa facilité de microfabrication, ses excellentes propriétés en termes de
biocompatibilité ainsi que ses nombreuses possibilités d’intégration (enrichissement,
séparation, détection) et le verre plus communément employé pour développer des
microsystèmes analytiques et possédant une bonne transparence aux UV. Toutefois,
le PDMS présente deux inconvénients majeurs : son absorption élevée et sa perméabi-
lité importante à l’oxygène qui inhibe la polymérisation radicalaire. A l’exception de
quelques tentatives, ce matériau n’a jamais été employé avec succès comme support
pour la polymérisation d’un monolithe. Afin de pouvoir surmonter ces problèmes,
nous avons étudié plusieurs stratégies de traitement de surface du PDMS tels que
le traitement par plasma d’oxygène ou encore le revêtement au borosilicate. Enfin,
nous avons démontré que notre module d’IMAC fonctionnait correctement dans un
microsystème en verre. Ce module miniaturisé devrait à l’avenir s’intégrer dans un
microsystème d’analyse dédié au diagnostic de la maladie d’Alzheimer.

Mots clé : Microsystème d’analyse, préconcentration, monolithe, IMAC, phos-
phorylation, PDMS, verre, EC, photopolymérisation



Summary

Protein phosphorylation is a key regulator of cellular signaling pathways. It is
involved in most cellular events and strictly controls biological processes such as
proliferation, differentiation and gene expression. An abnormal phosphorylation can
be observed in various diseases such as some cancers or neurodegenerative diseases.
Therefore, these proteins are potential biomarkers for the development of diagnos-
tic tools. However, phosphoproteins can be present at low abundance in biological
samples and selective enrichment techniques have to be developed prior to the ana-
lysis process. One of the most common approaches is based on Immobilized metal
affinity chromatography (IMAC). The goal of this work was to develop a microsys-
tem which contains a porous polymer monolith (PPM) as a solid phase extraction
for a selective preconcentration of phosphopeptides by IMAC. UV-polymerization
and characterization (permeability, porosity and specific area) of a monolith based
on ethylene glycol methacrylate phosphate in silica capillaries was first performed.
Then, we tried to optimize the different IMAC steps (metal immobilization, sample
loading, washing and elution). An efficient immobilization of zirconium on the phos-
phated PPM was demonstrated by EOF measurements in capillary and confirmed by
retention of a model phosphopetide. We demonstrated that the phosphated mono-
lith was also a strong cation exchanger of highly basic peptides. Protocols of loading
and elution were also studied but need to be further optimized. Transposition of
phosphopeptides enrichment by IMAC on a miniaturized system was then conside-
red. We selected two microchip materials : PDMS is an attractive polymer for its low
cost, its ease of microfabrication, its excellent working properties (biocompatibility,
UV transparent with low autofluorescence) and many integration possibilities (en-
richment, separation and detection) and glass microchip more common and having
a good UV transparency. However, PDMS presents two major disadvantages : high
absorption property, and oxygen permeability which quench free radical polymeri-
zation. Except a few attempts, this material has not been employed successfully as
mould for monolith polymerization. To overcome these problems, we investigated
several strategies for PDMS surface treatments such as plasma treatment and boro-
silicate coating. Finally, we demonstrated that our IMAC module performed well on
glass microchip. This miniaturized module should be integrated in the future into a
microsystem dedicated to the diagnosis of Alzheimer disease.

Key words : Microsystems, preconcentration, monoliths, IMAC, phosphoryla-
tion, PDMS, glass, CE, UV-polymerization
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