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❘❡♠❡r❝✐❡♠❡♥ts

▼❛ ❣r❛t✐t✉❞❡ ✈❛ ❞✬❛❜♦r❞ ❛✉ ❧❛❜♦r❛t♦✐r❡ ❞❡ ♣❤②s✐♦❧♦❣✐❡ ❝❡❧❧✉❧❛✐r❡ ❡t ✈é✲
❣ét❛❧❡ ❡t ❛✉ ❧❛❜♦r❛t♦✐r❡ ❞❡s t❡❝❤♥♦❧♦❣✐❡s ❞❡ ❧❛ ♠✐❝r♦✲é❧❡❝tr♦♥✐q✉❡ ❞✉ ❈❊❆
●r❡♥♦❜❧❡✱ s❛♥s ❧❡sq✉❡❧s ❝❡ tr❛✈❛✐❧ ♥✬❛✉r❛✐t ♣✉ ✈♦✐r ❧❡ ❥♦✉r✳

❏❡ r❡♠❡r❝✐❡ ❝❤❛❧❡✉r❡✉s❡♠❡♥t ♠❡s ❞✐r❡❝t❡✉rs ❞❡ t❤ès❡ ✿ ▼r ▲❛✉r❡♥t ❇❧❛♥✲
❝❤♦✐♥ q✉✐ ♠✬❛ tr❛♥s♠✐s s❛ r✐❣✉❡✉r ❞ès ❧❡ ❞é❜✉t ❞❡ ♠❡s tr❛✈❛✉① ❡t q✉✐ ♠✬❛
✐♥❝✐té à ♠❡ s✉r♣❛ss❡r✱ ❥❡ ♠❡s✉r❡ ❧❛ ♣❛t✐❡♥❝❡ ❞♦♥t ✐❧ ❛ ❢❛✐t ♣r❡✉✈❡ ❀ t♦✉t ❝♦♠♠❡
▼r ▼❛♥✉❡❧ ❚❤❡r② à q✉✐ ❥✬❡①♣r✐♠❡ t♦✉t❡ ♠❛ r❡❝♦♥♥❛✐ss❛♥❝❡ ♣♦✉r ❧❡ s♦✉t✐❡♥
q✉✬✐❧ ♠✬❛ ❛♣♣♦rté ❡t ♣♦✉r t♦✉t❡s ❧❡s s✉❣❣❡st✐♦♥s ❡t ❧❡s r❡♠❛rq✉❡s q✉✐ ♦♥t t♦✉✲
❥♦✉rs st✐♠✉❧é ♠❛ ré✢❡①✐♦♥✳ ▲❡✉r ❛✐❞❡ ❝♦♠♣❧é♠❡♥t❛✐r❡ ♠✬❛ été ✐♥❞✐s♣❡♥s❛❜❧❡✳

❏❡ ✈❡✉① ❛✉ss✐ ❡①♣r✐♠❡r ♠❛ r❡❝♦♥♥❛✐ss❛♥❝❡ ❡t ❞✐r❡ t♦✉t ♠♦♥ r❡s♣❡❝t ♣♦✉r
▼r ❏♦❤❛♥♥ ❈♦❧❧♦t✱ ❞✐r❡❝t❡✉r ❞❡ ❧✬❊❝♦❧❡ ❉♦❝t♦r❛❧❡ ❞❡ ♣❤②s✐q✉❡ ❞❡ ●r❡♥♦❜❧❡✳
◗✉✬✐❧ s♦✐t r❡♠❡r❝✐é ♣♦✉r ❧✬✐♥térêt q✉✬✐❧ ❛ ❛❝❝♦r❞é à ♠❡s tr❛✈❛✉① ❡t ♣♦✉r s❛
❜✐❡♥✈❡✐❧❧❛♥❝❡ t♦✉t❡ ♣r♦❢❡ss✐♦♥♥❡❧❧❡✳

❏✬❛✐ é❣❛❧❡♠❡♥t ❧✐❡✉ ❞❡ s❛❧✉❡r ❈❤r✐st♦♣❤❡ ●✉❡r✐♥✱ ❏éré♠✐❡ ●❛✐❧❧❛r❞✱ ❋❛❜r✐❝❡
❙❡♥❣❡r✱ ▲❛❡t✐t✐❛ ❑✉r③❛✇❛ ❡t ❘❛❥❛❛ ❇♦✉❥❡♠❛✲P❛t❡rs❦✐✳ ❏❡ ❧❡s r❡♠❡r❝✐❡ ♣♦✉r
❧❡✉r ❛✐❞❡ ♣ré❝✐❡✉s❡ ❛✉ q✉♦t✐❞✐❡♥ ❡t ❧❡✉rs ❝♦♥s❡✐❧s ❛✈✐sés✳

❏❡ r❡♠❡r❝✐❡ ❋r❛♥❝❡s❝❛ ❋❛r✐♥❛✱ ❏❛♠❡s ❙✐❧❧✐❜♦✉r♥❡ ❡t❆❧❞♦ ▲❡❛❧✱ ♣♦st✲❞♦❝t♦r❛♥ts
❛✉ ❈②t♦♠♦r♣❤♦❧❛❜ ❛✈❡❝ q✉✐ ❥✬❛✐ ♣r✐s ❣r❛♥❞ ♣❧❛✐s✐r à tr❛✈❛✐❧❧❡r✳

❇✐❡♥ sûr✱ ❥❡ r❡♠❡r❝✐❡ ♠❡s ❝❛♠❛r❛❞❡s ❛♥❝✐❡♥s ét✉❞✐❛♥ts✱ ❆♥♥❡✲❝é❝✐❧❡ ❘❡②✲
♠❛♥♥✱ ❈r✐st✐❛♥ ❙✉❛r❡③✱ ❉✐❞✐❡r P♦rtr❛♥✱ ❚✐♠♦t❤é❡ ❱✐❣♥❛✉❞✱ ❡t ♠❡s ❝❛♠❛r❛❞❡s
❡♥❝♦r❡ ét✉❞✐❛♥ts✱ ●❛ë❧❧❡ ▲❡t♦rt✱ ▲❛✉rè♥❡ ●r❡ss✐♥✱ ❍❛❥❡r ❍❡♥♥♦♠❛♥✐✱ ▼✐t❤✐❧❛
❇✉r✉t❡✱ ▲❛✉r❛ ❙❝❤❛❡❞❡❧ ❡t ❆❧❡❦s❛♥❞r❛ ■❝❤❡✈❛ ❛✈❡❝ q✉✐ ❥✬❛✐ ✈é❝✉ ❝❡tt❡ ❛✈❡♥t✉r❡✳

❏❡ r❡♠❡r❝✐❡ ♠❡s ♣r♦❝❤❡s ✿ ♠❛ ♠èr❡✱ P❛s❝❛❧✱ ♠❛ s♦❡✉r ●❡♥t✐❛♥❡✱ ❚❤✐❜❛✉❞✱
♠♦♥ ♦♥❝❧❡ ❈❤r✐st♦♣❤❡✱ ❡t ♠❡s ❛♠✐s ✿ ❚❛♦✱ ❇❡♥❥❛♠✐♥✱ ❆❞r✐❡♥✱ ❋❧♦r❛✱ ❇♦r✐s✱
❆❧❡①✐s✱ ◆✐❝♦❧❛s✱ ▲✐♦♥❡❧✱ ▼❛t❤✐❡✉✳ ❈❤❛❝✉♥❡ ❞❡ ❝❡s ♣❡rs♦♥♥❡s✱ à s❛ ♠❛♥✐èr❡✱
♠✬❛ ♣❡r♠✐s ❞❡ ❜é♥é✜❝✐❡r ❞✬✉♥ ❡♥❝♦✉r❛❣❡♠❡♥t ❡t ❞✬✉♥ s♦✉t✐❡♥ s❛♥s ❢❛✐❧❧❡✳

❏❡ r❡♠❡r❝✐❡ ▼r ❉❛♥✐❡❧ ❍❡✐♠❡♥❞✐♥❣❡r q✉✐ ❛ été ✉♥ r❡♣èr❡ s❛❧✉t❛✐r❡ ❞❛♥s
♠♦♥ ♣❛r❝♦✉rs✳

❊t ❡♥✜♥✱ ❥❡ ❞é❞✐❡ ❝❡ tr❛✈❛✐❧ à ♠♦♥ ♣èr❡✱ q✉✐ ❛✉r❛✐t s❛♥s ❞♦✉t❡ été ❤❡✉r❡✉①
❞✬❡♥ ✈♦✐r ❧✬❛❜♦✉t✐ss❡♠❡♥t✳
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✧ P❛s ❞✬✐❞é❡s ❥✉st❡s✱ ❥✉st❡ ❞❡s ✐❞é❡s✳ ✧

●✐❧❧❡s ❉❡❧❡✉③❡✳
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❆✈❛♥t✲♣r♦♣♦s

▲❡ tr❛✈❛✐❧ ♣rés❡♥té ❞❛♥s ❝❡tt❡ t❤ès❡ ❡st ❞❛✈❛♥t❛❣❡ ✉♥ tr❛✈❛✐❧ ❞❡ ❞é✈❡❧♦♣✲
♣❡♠❡♥t t❡❝❤♥♦❧♦❣✐q✉❡ ♦✉✈r❛♥t ❞❡s ♣❡rs♣❡❝t✐✈❡s ♥♦✉✈❡❧❧❡s ♣♦✉r ❧✬ét✉❞❡ ❞❡s
s②stè♠❡s ❜✐♦❧♦❣✐q✉❡s ✐♥ ✈✐tr♦ q✉✬✉♥ tr❛✈❛✐❧ ❞❡ ❜✐♦❧♦❣✐❡ ❝❡❧❧✉❧❛✐r❡ ♣✉r❡✳ ◆é❛♥✲
♠♦✐♥s✱ ❧❡s t❡❝❤♥✐q✉❡s ♠✐s❡s ❛✉ ♣♦✐♥t ♣❡r♠❡tt❡♥t ❞❡ ♠❡ttr❡ ❡♥ é✈✐❞❡♥❝❡ t♦✉t❡
❧❛ ❝❧❛rté ❞❡ ❝❡rt❛✐♥s ♠é❝❛♥✐s♠❡s ❜✐♦❧♦❣✐q✉❡s✱ ❛❝❝é❧ér❛♥t ❝♦♥s✐❞ér❛❜❧❡♠❡♥t ❧❛
❝♦♠♣ré❤❡♥s✐♦♥ ❞❡ ❧✬❡①♣ér✐♠❡♥t❛t❡✉r q✉✐ ❧❡s ♦❜s❡r✈❡✳ ▲❡s ♠✐❝r♦✲t❡❝❤♥♦❧♦❣✐❡s
♣♦✉r ❧❛ ❜✐♦❧♦❣✐❡ s♦♥t ♣❡♥sé❡s ♣♦✉r êtr❡ ❜✐♦♠✐♠ét✐q✉❡s✳ ❈✬❡st✲à✲❞✐r❡ q✉✬❡❧❧❡s
❝❤❡r❝❤❡♥t à r❡♣r♦❞✉✐r❡ ❧❡s ♠é❝❛♥✐s♠❡s s♦✉s✲❥❛❝❡♥ts à ❧❛ ❜✐♦✲❝♦♠♣❧❡①✐té ❡♥
t❡r♠❡s ❞❡ r♦❜✉st❡ss❡✱ ❞✬❡✣❝❛❝✐té é♥❡r❣ét✐q✉❡ ❡t ❞✬❛✉t♦✲♦r❣❛♥✐s❛t✐♦♥✳ ❉❛♥s
❝❡t ét❛t ❞✬❡s♣r✐t✱ ❥✬❛✐ tr❛✈❛✐❧❧é à r❡♣r♦❞✉✐r❡ ❧✬♦r❣❛♥✐s❛t✐♦♥ s♣❛t✐❛❧❡ ❡t ❧❛ ré✲
❣✉❧❛t✐♦♥ t❡♠♣♦r❡❧❧❡ ❞❡s s②stè♠❡s ❜✐♦♠♦❧é❝✉❧❛✐r❡s ❛❧❧❛♥t ❞✉ ✜❧❛♠❡♥t ❞✬❛❝t✐♥❡
✐♥❞✐✈✐❞✉❡❧ à ❧❛ ❝❡❧❧✉❧❡ ❡♥t✐èr❡ ❡♥ ✉t✐❧✐s❛♥t ❧❡s ♦✉t✐❧s ❞❡ ❧❛ ♠✐❝r♦✲str✉❝t✉r❛t✐♦♥
❞❡ s✉r❢❛❝❡ ❡t ❞❡ ❧❛ ♠✐❝r♦✢✉✐❞✐q✉❡✳ ❊♥ ✶✾✾✹✱ ❧❡ ♠✐❝r♦✲♣❛tt❡r♥✐♥❣ ❞❡ s✉r❢❛❝❡ ❡st
✉t✐❧✐sé ♣♦✉r ❝♦♥trô❧❡r ❧✬❛❞❤és✐♦♥ ❞❡s ❝❡❧❧✉❧❡s ✐♥ ✈✐tr♦ ❬✶✺✵❪✳ ❊♥ ✶✾✾✾✱ ❧❛ ❝♦♠èt❡
❞✬❛❝t✐♥❡ ❞❡ ▲②st❡r✐❛ ▼♦♥♦❝②t♦❣❡♥❡s❡ ❡st r❡❝♦♥st✐t✉é❡ ✐♥ ✈✐tr♦ à ♣❛rt✐r ❞❡ ❧❛
s✉r❢❛❝❡ ❞✬✉♥❡ ❜✐❧❧❡ ❡♥ ♣♦❧②st②rè♥❡ ❬✶✵✶❪✳ ❊♥ ✷✵✶✵✱ ♥♦✉s ❛ss♦❝✐♦♥s ❝❡s ❞❡✉①
t❡❝❤♥✐q✉❡s ♣♦✉r ❝♦♥trô❧❡r ❧❛ ❣é♦♠étr✐❡ ❞❡ ♥✉❝❧é❛t✐♦♥ ❞❡s ✜❧❛♠❡♥ts ❞✉ ❝②t♦s✲
q✉❡❧❡tt❡ ❞✬❛❝t✐♥❡✱ ❝❡ q✉✐ ❛❜♦✉t✐t à ❧❛ r❡❝♦♥st✐t✉t✐♦♥✱ ❡♥tr❡ ❧❛♠❡ ❡t ❧❛♠❡❧❧❡✱
❞✬❛r❝❤✐t❡❝t✉r❡s ❞✬❛❝t✐♥❡ ❝♦♠♠❡ ❧❡ ❧❛♠❡❧❧✐♣♦❞❡✱ ❥♦✉❛♥t ✉♥ rô❧❡ ♠❛❥❡✉r ❞❛♥s
❧❛ ♠♦t✐❧✐té ❝❡❧❧✉❧❛✐r❡✱ ❧❡s ✜❜r❡s ❞❡ str❡ss q✉✐ ❛ss✉r❡♥t ❧✬✐♥té❣r✐té ♠é❝❛♥✐q✉❡
❞❡ ❧❛ ❝❡❧❧✉❧❡✱ ❧✬❛♥♥❡❛✉ ❞❡ ❝②t♦❝✐♥ès❡ r❡s♣♦♥s❛❜❧❡ ❞❡ ❧❛ sé♣❛r❛t✐♦♥ ❞✉ ❝②t♦✲
♣❧❛s♠❡ ♣❡♥❞❛♥t ❧❛ ❞✐✈✐s✐♦♥ ❝❡❧❧✉❧❛✐r❡ ✭❙❡❝t✐♦♥ ✷✳✶✮✳ ❉❛♥s ❧❡ ❜✉t ❞❡ r❡♣r♦❞✉✐r❡
❧❛ ❞②♥❛♠✐q✉❡ ❛✈❡❝ ❧❛q✉❡❧❧❡ ❝❡s ❛r❝❤✐t❡❝t✉r❡s é✈♦❧✉❡♥t ✐♥ ✈✐✈♦ ✱ ♥♦✉s ❛ss♦❝✐♦♥s
❧✬❡①♣ér✐❡♥❝❡ ❡♥tr❡ ❧❛♠❡ ❡t ❧❛♠❡❧❧❡ ❛✈❡❝ ✉♥ s②stè♠❡ ♠✐❝r♦✢✉✐❞✐q✉❡ ❝❛♣❛❜❧❡ ❞❡
❝♦♥trô❧❡r ❧❛ ❝♦♠♣♦s✐t✐♦♥ ❞✉ ♠✐❝r♦✲❡♥✈✐r♦♥♥❡♠❡♥t ❜✐♦❝❤✐♠✐q✉❡ s❛♥s ♣❡rt✉r✲
❜❡r ❧❡s str✉❝t✉r❡s ❞✬❛❝t✐♥❡✳ ❈❡ ❝♦✉♣❧❛❣❡✱ q✉✐ ✈✐s❡ à ❝♦♥trô❧❡r s♣❛t✐❛❧❡♠❡♥t ❡t
t❡♠♣♦r❡❧❧❡♠❡♥t ❧❡s s②stè♠❡s ♠♦❧é❝✉❧❛✐r❡s ❞✉ ❝②t♦sq✉❡❧❡tt❡ ❞✬❛❝t✐♥❡✱ ♣❡r♠❡t
❞❡ ❧❡✉r ♣♦s❡r ❞❡s q✉❡st✐♦♥s ❢♦♥❝t✐♦♥♥❡❧❧❡s ❞❛♥s ❞❡s ❝♦♥❞✐t✐♦♥s ♣❤②s✐♦❧♦❣✐q✉❡s
✭❙❡❝t✐♦♥ ✷✳✷✮✳ ❋✐♥❛❧❡♠❡♥t✱ ❝❡ ♠ê♠❡ s②stè♠❡ ♠✐❝r♦✢✉✐❞✐q✉❡ s✬❡st ❛✉ss✐ ❛✈éré
❛❞❛♣t❛❜❧❡ ♣♦✉r ❧❛ ❝✉❧t✉r❡ ❞❡s ❝❡❧❧✉❧❡s ♥♦♥✲❛❞❤ér❡♥t❡s✳ ❇✐❡♥ q✉❡ ❧✬ét✉❞❡ ❞❡s
❝❡❧❧✉❧❡s ✐♥ ✈✐tr♦ ♥❡ r❡♥tr❡ ♣❛s ❞❛♥s ❧❡ ❝❛❞r❡ ❞❡ ❧❛ ❞é♠❛r❝❤❡ ❜♦tt♦♠✲✉♣ ♣♦✲
sé❡ ❞❛♥s ❧✬✐♥tr♦❞✉❝t✐♦♥ ❞❡ ❝❡tt❡ t❤ès❡✱ ❧❛ ❝♦♠♣♦s✐t✐♦♥ ❜✐♦❝❤✐♠✐q✉❡ ❝♦♥trô✲
❧❛❜❧❡ ❞❛♥s ❧❡ t❡♠♣s ♣❛r ❧❡ ❝✐r❝✉✐t ♠✐❝r♦✢✉✐❞✐q✉❡ ❝♦♥st✐t✉❡ ✉♥ ❡♥✈✐r♦♥♥❡♠❡♥t
❜✐♦♠✐♠ét✐q✉❡ ❢❛✈♦r❛❜❧❡ ♣♦✉r ❡①♣❧♦r❡r ❧❡ ❝♦♠♣♦rt❡♠❡♥t ❞❡s ❝❡❧❧✉❧❡s s♦✉❝❤❡s
❤é♠❛t♦♣♦ïét✐q✉❡s ♣♦✉r ❧❡sq✉❡❧❧❡s ❧❡s ♠♦②❡♥s ❞✬♦❜s❡r✈❛t✐♦♥ ♠❛♥q✉❡♥t ❡♥❝♦r❡
❛✉❥♦✉r❞✬❤✉✐ ✭❙❡❝t✐♦♥ ✷✳✸✮✳ P♦✉r t❡r♠✐♥❡r ❝❡tt❡ t❤ès❡✱ ❥✬❡①♣♦s❡ ❞❛♥s ❧❡s ♣❡rs✲
♣❡❝t✐✈❡s ❧❡s ♣r♦❥❡ts ré❛❧✐s❛❜❧❡s ❞❛♥s ✉♥ ❢✉t✉r ♣r♦❝❤❡ q✉✐ ♠❡ t✐❡♥♥❡♥t à ❝♦❡✉r
❡t q✉✐ ♣❡r♠❡ttr♦♥t ❞❡ ré♣♦♥❞r❡ à ❞❡s q✉❡st✐♦♥s ❜✐♦❧♦❣✐q✉❡s ❞✬❛❝t✉❛❧✐té ✭❙❡❝✲
t✐♦♥ ✸✮✳

✻
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✶ ■♥tr♦❞✉❝t✐♦♥ ✶✷
✶✳✶ P♦✉rq✉♦✐ ❡t ❝♦♠♠❡♥t ét✉❞✐❡r ❧❡s s②stè♠❡s ❜✐♦♠♦❧é❝✉❧❛✐r❡s ✐♥

✈✐tr♦ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✷
✶✳✶✳✶ Pr♦❜❧é♠❛t✐q✉❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✷
✶✳✶✳✷ P♦s✐t✐♦♥♥❡♠❡♥t ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✻

✶✳✷ ▲❡ s②stè♠❡ ❜✐♦♠♦❧é❝✉❧❛✐r❡ ét✉❞✐é ✿ ❧❡ ❝②t♦sq✉❡❧❡tt❡ ❞✬❛❝t✐♥❡ ✳ ✳ ✶✽
✶✳✷✳✶ ❋♦♥❝t✐♦♥♥❡♠❡♥t ✐♥ ✈✐✈♦ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✽
✶✳✷✳✷ ❘❡❝♦♥st✐t✉t✐♦♥ ✐♥ ✈✐tr♦ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✽

✷ ❘és✉❧t❛ts ✸✽
✷✳✶ ❈♦♥trô❧❡ s♣❛t✐❛❧ ❞❡ ❧✬❛ss❡♠❜❧❛❣❡ ❞❡s s②stè♠❡s ❞✬❛❝t✐♥❡ r❡❝♦♥s✲

t✐t✉és ✐♥ ✈✐tr♦ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✸✽
✷✳✶✳✶ ▲❡ ♠✐❝r♦♣❛tt❡r♥✐♥❣ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✸✽
✷✳✶✳✷ ▲❡ ❝♦♥trô❧❡ ❣é♦♠étr✐q✉❡ ❞❡ ❧❛ ♥✉❝❧é❛t✐♦♥ ❞❡ ❧✬❛❝t✐♥❡ ♣❛r

❧❛ t❡❝❤♥✐q✉❡ ❞✉ ✧♠✐❝r♦♣❛tt❡r♥✐♥❣ ❲❆❙P✧ ✿ ❆rt✐❝❧❡ ✶ ✳ ✹✶
✷✳✶✳✸ ▲❡ ❣✉✐❞❛❣❡ ❣é♦♠étr✐q✉❡ ❞❡s ✜❧❛♠❡♥ts ❞✬❛❝t✐♥❡ ♣❛r ❧❛

t❡❝❤♥✐q✉❡ ❞✉ ✧♠✉❧t✐♣❛tt❡r♥✐♥❣✧ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✹✻
✷✳✶✳✹ ▲❡ ❝♦♥trô❧❡ ❣é♦♠étr✐q✉❡ ❞❡ ❧❛ ♥✉❝❧é❛t✐♦♥ ❞❡ ❧✬❛❝t✐♥❡ ♣❛r

❧❛ t❡❝❤♥✐q✉❡ ❞✉ ✧♠✐❝r♦♣❛tt❡r♥✐♥❣ ♠❉✐❛✧ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✹✽
✷✳✶✳✺ ▲❛ ❝♦❤❛❜✐t❛t✐♦♥ ❞✉ ❝♦♠♣❧❡①❡ ❆r♣✷✴✸ ❡t ❞❡s ❢♦r♠✐♥❡s ✳ ✺✸
✷✳✶✳✻ ▲❛ r❡❝♦♥st✐t✉t✐♦♥ ❞❡ ❧✬❛♥♥❡❛✉ ❞❡ ❝②t♦❝✐♥ès❡ ♣❛r ❧❛ t❡❝❤✲

♥✐q✉❡ ❞✉ ✧♠✐❝r♦♣❛tt❡r♥✐♥❣ ♠❉✐❛✧ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✺✺
✷✳✶✳✼ ❝♦♥❝❧✉s✐♦♥ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✻✶

✷✳✷ ❈♦♥trô❧❡ t❡♠♣♦r❡❧ ❞✉ ♠✐❝r♦✲❡♥✈✐r♦♥♥❡♠❡♥t ❜✐♦❝❤✐♠✐q✉❡ ❞❡s
s②stè♠❡s ❞✬❛❝t✐♥❡ r❡❝♦♥st✐t✉és ✐♥ ✈✐tr♦ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✻✷
✷✳✷✳✶ ▲❛ ♠✐❝r♦✢✉✐❞✐q✉❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✻✷
✷✳✷✳✷ ❉é✈❡❧♦♣♣❡♠❡♥t ❞✬✉♥ s②stè♠❡ ♠✐❝r♦✢✉✐❞✐q✉❡ à

❝❤❛♠❜r❡s s❛♥s ✢✉① ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✼✺
✷✳✷✳✸ ❈♦♥trô❧❡ ❞❡ ❧❛ ❝✐♥ét✐q✉❡ ❞❡ ♣♦❧②♠ér✐s❛t✐♦♥ ❞✉ ✜❧❛♠❡♥t

❞✬❛❝t✐♥❡ ✐♥❞✐✈✐❞✉❡❧ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✾✾
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✷✳✷✳✹ ❈♦♥trô❧❡ ❞❡ ❧❛ ❝✐♥ét✐q✉❡ ❞✬❛ss❡♠❜❧❛❣❡ ❞❡s str✉❝t✉r❡s
❞✬❛❝t✐♥❡ é❧é♠❡♥t❛✐r❡s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✵✺

✷✳✷✳✺ ❈♦♥trô❧❡ t❡♠♣♦r❡❧ ❞❡ ❧❛ ❝♦♥tr❛❝t✐♦♥ ❞❡ ❧✬❛♥♥❡❛✉ ❞❡ ❝②✲
t♦❝✐♥ès❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✶✺

✷✳✷✳✻ ❝♦♥❝❧✉s✐♦♥ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✶✻
✷✳✸ ❆❞❛♣t❛t✐♦♥ ❞✉ ❝✐r❝✉✐t à ❝❤❛♠❜r❡s s❛♥s ✢✉① ♣♦✉r ❧❛ ❝✉❧t✉r❡ ❞❡s

❝❡❧❧✉❧❡s ♥♦♥✲❛❞❤ér❡♥t❡s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✶✼
✷✳✸✳✶ ❯♥❡ ♣✉❝❡ à ❝❡❧❧✉❧❡s ✿ ❇r❡✈❡t ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✶✼
✷✳✸✳✷ ❈♦♠♣❛t✐❜✐❧✐té ❞❡ ❧❛ ♣✉❝❡ ♣♦✉r ❧❛ ❝✉❧t✉r❡ ❡t ❧✬♦❜s❡r✈❛✲

t✐♦♥ ❞❡s ❝❡❧❧✉❧❡s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✷✸
✷✳✸✳✸ ❯t✐❧✐s❛t✐♦♥ ❞❡ ❧❛ ♣✉❝❡ ♣♦✉r ❝♦♥trô❧❡r ❧❡s ❝❡❧❧✉❧❡s s♦✉❝❤❡s

❤é♠❛t♦♣♦ïét✐q✉❡s ❤✉♠❛✐♥❡s ✿ ❆rt✐❝❧❡ ✷✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✸✶
✷✳✹ ❈♦♥❝❧✉s✐♦♥ ❣é♥ér❛❧❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✸✷
✷✳✺ Pr♦t♦❝♦❧❡s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✸✸

✸ ♣❡rs♣❡❝t✐✈❡s ✶✺✽
✸✳✶ ▼❡s✉r❡ ❞❡s ❢♦r❝❡s ❝♦♥tr❛❝t✐❧❡s ❞❡ ❧✬❛♥♥❡❛✉ ❞❡ ❝②t♦❝✐♥ès❡ ✳ ✳ ✳ ✳ ✶✺✽
✸✳✷ ❆r❝❤✐t❡❝t✉r❡s ❞✬❛❝t✐♥❡ s♦✉s ❝♦♥tr❛✐♥t❡ ❤②❞r♦❞②♥❛♠✐q✉❡ ✳ ✳ ✳ ✳ ✶✻✵
✸✳✸ ❈♦♠♠❡r❝✐❛❧✐s❛t✐♦♥ ❡t ✉t✐❧✐s❛t✐♦♥ ❞❡ ❧❛ ♣✉❝❡ à ❝❡❧❧✉❧❡s ✳ ✳ ✳ ✳ ✳ ✶✻✸
✸✳✹ P✉❝❡ à ❣r❛❞✐❡♥t ❞❡ ✢✉① ❤②❞r♦❞②♥❛♠✐q✉❡ ♣♦✉r ❧❡s ❝❡❧❧✉❧❡s ❛❞❤é✲

r❡♥t❡s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✻✺

✹ ❆♥♥❡①❡s ✿ P✉❜❧✐❝❛t✐♦♥s ❡t ❇r❡✈❡t ✶✽✽

✾



❈❤❛♣✐tr❡ ✶

■♥tr♦❞✉❝t✐♦♥

✶✵



✶✶



❈❤❛♣✐tr❡ ✶

■♥tr♦❞✉❝t✐♦♥

✶✳✶ P♦✉rq✉♦✐ ❡t ❝♦♠♠❡♥t ét✉❞✐❡r ❧❡s s②stè♠❡s

❜✐♦♠♦❧é❝✉❧❛✐r❡s ✐♥ ✈✐tr♦

✶✳✶✳✶ Pr♦❜❧é♠❛t✐q✉❡

▲❡s s②stè♠❡s ❜✐♦♠♦❧é❝✉❧❛✐r❡s ✐♥ ✈✐✈♦

❋✐❣✉r❡ ✶✳✶ ✕ ❉❡ss✐♥ ❞✉ ❝②t♦♣❧❛s♠❡ ❞❡ ❙❛❝❝❤❛r♦♠②❝❡s✱ ✐♥❝❧✉❛♥t ✜❧❛♠❡♥ts ❞✉ ❝②t♦sq✉❡✲

❧❡tt❡ ❞✬❛❝t✐♥❡✱ r✐❜♦s♦♠❡s✱ ❆❘◆♠ ❡t ♣r♦té✐♥❡s s♦❧✉❜❧❡s✱ ❝réé ❡♥ r❡s♣❡❝t❛♥t ❧❡s t❛✐❧❧❡s ❡t ❧❡s

❝♦♥❝❡♥tr❛t✐♦♥s r❡❧❛t✐✈❡s ❬✺✷❪✳
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❯♥ s②stè♠❡ ♠♦❧é❝✉❧❛✐r❡ ❡st ✉♥ s②stè♠❡ ❜✐♦❝❤✐♠✐q✉❡ ❛✉t♦♥♦♠❡ q✉✐ s✬❛✉✲
t♦♣r♦♣❛❣❡ ❡t s✬❛✉t♦ré❣✉❧❡ ❡t q✉✐ ❡st ❢❛❜r✐q✉é à ♣❛rt✐r ❞✬✉♥ ❡♥s❡♠❜❧❡ ❝❛r❛❝✲
tér✐st✐q✉❡ ❡t r❡str❡✐♥t ❞❡ ♣❡t✐t❡s ♠♦❧é❝✉❧❡s à ❜❛s❡ ❞❡ ❝❛r❜♦♥❡ q✉✐ s♦♥t ❡s✲
s❡♥t✐❡❧❧❡♠❡♥t ✐❞❡♥t✐q✉❡s q✉❡❧q✉❡ s♦✐t ❧✬❡s♣è❝❡ ✈✐✈❛♥t❡✳ ❈❡s ♣❡t✐t❡s ♠♦❧é❝✉❧❡s
s✬❛ss❡♠❜❧❡♥t ❡♥ ♠❛❝r♦♠♦❧é❝✉❧❡s s♦✉s ❢♦r♠❡ ❞❡ ♣♦❧②♠èr❡s ❞✬❛❝✐❞❡s ❛♠✐♥és
✭♣r♦té✐♥❡s✮ ♦✉ ❞❡ ♥✉❝❧é♦t✐❞❡s ✭❆❉◆✮✳ ▲❡s ♠❛❝r♦♠♦❧é❝✉❧❡s s✬❛ss❡♠❜❧❡♥t à
❧❡✉r t♦✉r ❡♥ str✉❝t✉r❡s ♣❧✉s ❝♦♠♣❧❡①❡s ❝❛♣❛❜❧❡s ❞❡ s✬❛❞❛♣t❡r ❞❛♥s ❧❡ t❡♠♣s
❡t ❞❛♥s ❧✬❡s♣❛❝❡ ❛✉① s♦❧❧✐❝✐t❛t✐♦♥s ❞❡ ❧❡✉r ❡♥✈✐r♦♥♥❡♠❡♥t ❜✐♦❝❤✐♠✐q✉❡✳ ❱♦✐❝✐
q✉❡❧q✉❡s ❡①❡♠♣❧❡s ❞❡ s②stè♠❡s ❜✐♦❝❤✐♠✐q✉❡s ✐♥tr❛❝❡❧❧✉❧❛✐r❡s ❝❤❛❝✉♥ ❛②❛♥t ✉♥
rô❧❡ s♣é❝✐✜q✉❡ ❞❛♥s ❧❛ ❝❡❧❧✉❧❡ ✿ ❧❡ s②stè♠❡ ❞❡ r❡♠♦❞❡❧❛❣❡ ❞❡ ❧❛ ❝❤r♦♠❛t✐♥❡ q✉✐
♦r❣❛♥✐s❡ ❧❛ str✉❝t✉r❡ tr✐❞✐♠❡♥s✐♦♥♥❡❧❧❡ ❞❡ ❧✬❆❉◆✱ ❧❡ s②stè♠❡ ❞❡ r❡❝✉❡✐❧ ❞❡ ❧❛
❧✉♠✐èr❡ ♣♦✉r ❧❡s ❝❡❧❧✉❧❡s ✈é❣ét❛❧❡s✱ ❧❡ ❝♦♠♣❧❡①❡ ❡♥③②♠❛t✐q✉❡ r❡s♣✐r❛t♦✐r❡ q✉✐
❝♦✉♣❧❡ ❧❡ tr❛♥s♣♦rt ❞❡s é❧❡❝tr♦♥s ❛✉ ♣♦♠♣❛❣❡ ❞❡ H+ ♣♦✉r ❛ss✉r❡r ❧❡ ❢♦♥❝✲
t✐♦♥♥❡♠❡♥t ❞❡ ❧✬❆❚P s②♥t❤❛s❡✱ ❧❡ s②stè♠❡ ❞❡s ❝❛♥❛✉① ✐♦♥✐q✉❡s ❞✬✉♥❡ s②♥❛♣s❡
q✉✐ tr❛♥s♠❡tt❡♥t ❧✬✐♥✢✉① ♥❡r✈❡✉① ❞✬✉♥❡ ❝❡❧❧✉❧❡ ♥❡✉r♦♥❛❧❡ à ❧✬❛✉tr❡✱ ❧❡ ❝❡♥tr♦✲
s♦♠❡ q✉✐ ❡st ❧❡ ❝❡♥tr❡ ♣r✐♠❛✐r❡ ♦r❣❛♥✐s❛t❡✉r ❞❡s ♠✐❝r♦t✉❜✉❧❡s✱ ❧❡s ❝♦♠♣❧❡①❡s
❢♦❝❛✉① ❞✬❛❞❤és✐♦♥ ❝❡❧❧✉❧❛✐r❡ q✉✐ ❧✐❡♥t ❧❡s ❝❡❧❧✉❧❡s ❛✉① ❛✉tr❡s ❝❡❧❧✉❧❡s ❡t à ❧❛
♠❛tr✐❝❡ ❡①tr❛✲❝❡❧❧✉❧❛✐r❡ ❡t ❧❡ ❝②t♦sq✉❡❧❡tt❡ ❞✬❛❝t✐♥❡ q✉✐ ♦r❣❛♥✐s❡ ❧❛ str✉❝t✉r❡
tr✐❞✐♠❡♥s✐♦♥♥❡❧❧❡ ❞❡ ❧❛ ❝❡❧❧✉❧❡ ❡t ❛ss✉r❡ s♦♥ ✐♥té❣r✐té ♠é❝❛♥✐q✉❡✳

❋✐❣✉r❡ ✶✳✷ ✕ ■♥t❡r❛❝t♦♠❡ ❤✉♠❛✐♥✳ ❈❤❛q✉❡ ♣♦✐♥t ❜❧❛♥❝ r❡♣rés❡♥t❡ ✉♥❡ ♣r♦té✐♥❡ ❡t

❝❤❛q✉❡ ❧✐❣♥❡ ✈❡rt❡ r❡♣rés❡♥t❡ ✉♥❡ ✐♥t❡r❛❝t✐♦♥ ❡♥tr❡ ❞❡✉① ♣r♦té✐♥❡s✳
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❈❤❛❝✉♥ ❞❡ ❝❡s s②stè♠❡s ♠♦❧é❝✉❧❛✐r❡s ❛ ✉♥❡ ✐♠♣♦rt❛♥❝❡ ❝❛♣✐t❛❧❡ ❞❛♥s ❧❡
❢♦♥❝t✐♦♥♥❡♠❡♥t ❞❡ ❧❛ ❝❡❧❧✉❧❡ ❡t ♣♦ssè❞❡ ✉♥ ❤❛✉t ❞❡❣ré ❞✬♦r❣❛♥✐s❛t✐♦♥ s♣❛t✐❛❧❡
❡t t❡♠♣♦r❡❧❧❡✳ P♦✉rt❛♥t✱ q✉❛♥❞ ♦♥ r❡❣❛r❞❡ ❧✬✐♥t❡r❛❝t♦♠❡ ❤✉♠❛✐♥ ✭❋✐❣✉r❡ ✷✮✱
❧❛ ♣r❡♠✐èr❡ ✐♠♣r❡ss✐♦♥ q✉✬✐❧ ❡♥ r❡ss♦rt ❡st ✉♥ très ❤❛✉t ❞❡❣ré ❞❡ ❝♦♠♣❧❡①✐té
❞❛♥s ❧✬♦r❣❛♥✐s❛t✐♦♥ ❣❧♦❜❛❧❡ ❞❡ ❧❛ ❝❡❧❧✉❧❡✳ ❇✐❡♥ q✉❡ ❧❡s s②stè♠❡s ♠♦❧é❝✉❧❛✐r❡s
✐♥tr❛❝❡❧❧✉❧❛✐r❡s ♣❛r❛✐ss❡♥t très str✉❝t✉rés s♣❛t✐❛❧❡♠❡♥t ❡t ✜♥❡♠❡♥t ré❣✉❧és
t❡♠♣♦r❡❧❧❡♠❡♥t✱ ✐❧s s♦♥t ✐♥té❣rés✱ ♣❛r ✉♥ ❝❤❡♠✐♥ ♦✉ ♣❛r ✉♥ ❛✉tr❡✱ à ❧❛ ❝♦♠✲
♣❧❡①✐té ❞✉ rés❡❛✉ ❞✬✐♥t❡r❛❝t✐♦♥s ✐♥tr❛❝❡❧❧✉❧❛✐r❡s✳ ❯♥ s②stè♠❡ ♠♦❧é❝✉❧❛✐r❡ ♥✬❡st
♣❛s ✐s♦❧é ❞✉ r❡st❡ ❞❡ ❧❛ ❝❡❧❧✉❧❡✱ ✐❧ ❢♦♥❝t✐♦♥♥❡✱ s❡❧♦♥ ❞❡s ✈♦✐❡s ❞✬❛❝t✐✈❛t✐♦♥ ♣❧✉s
♦✉ ♠♦✐♥s ❞✐r❡❝t❡s✱ ❛✈❡❝ ❧✬❡♥s❡♠❜❧❡ ❞❡s s②stè♠❡s ♠♦❧é❝✉❧❛✐r❡s q✉✐ ❝♦♥st✐t✉❡♥t
❧❛ ❝❡❧❧✉❧❡✳ ❈❤❛q✉❡ s②stè♠❡ ♠♦❧é❝✉❧❛✐r❡ ✐♥tr❛❝❡❧❧✉❧❛✐r❡ ♣❡✉t r❡♠♦❞❡❧❡r s♦♥ ♦r✲
❣❛♥✐s❛t✐♦♥ s♣❛t✐❛❧❡ ❡t t❡♠♣♦r❡❧❧❡ ♣♦✉r ré♣♦♥❞r❡ ❛✉① s♦❧❧✐❝✐t❛t✐♦♥s ♣r♦✈❡♥❛♥t
❞❡ ❧✬❡♥s❡♠❜❧❡ ❞❡ ❧❛ ❝❡❧❧✉❧❡✳

organisme

organe

tissu

cellule

système 

moléculaire

environnement biologique

IN VIVO

❋✐❣✉r❡ ✶✳✸ ✕ ❙②stè♠❡s ❜✐♦♠♦❧é❝✉❧❛✐r❡s ✐♥ ✈✐✈♦✳

❆✉ss✐✱ ❧❡ ❞❡❣ré ❞❡ ❝♦♠♣❧❡①✐té ❞✉ ❢♦♥❝t✐♦♥♥❡♠❡♥t ❝❡❧❧✉❧❛✐r❡ ♥❡ s✬❛rrêt❡ ♣❛s
à ❧❛ ♠❡♠❜r❛♥❡ ♣❧❛s♠✐q✉❡ ✭❋✐❣✉r❡ ✸✮✳ ❊♥ ❡✛❡t✱ ❝❤❛q✉❡ ❝❡❧❧✉❧❡ s❡ s✐t✉❡ ❞❛♥s
❝❡ q✉✬♦♥ ❛♣♣❡❧❧❡ ✉♥ ❝♦♥t❡①t❡ s♦❝✐❛❧✱ ♦✉ t✐ss✉✱ ❞❛♥s ❧❡q✉❡❧ ❧❡s ❝❡❧❧✉❧❡s ❝♦♠✲
♠✉♥✐q✉❡♥t ❡♥tr❡ ❡❧❧❡s ♣❛r ❞❡s s✐❣♥❛✉① ❝❤✐♠✐q✉❡s✳ ❧❡s t✐ss✉s ❢♦r♠❡♥t à ❧❡✉r
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t♦✉r ❞❡s ♦r❣❛♥❡s q✉✐ str✉❝t✉r❡♥t ❧✬♦r❣❛♥✐s♠❡✳ ❆✐♥s✐✱ ❧❡s ré❛❝t✐♦♥s ❞❡ ❧✬♦r❣❛✲
♥✐s♠❡ ❛✉① ❝♦♥tr❛✐♥t❡s ♣❤②s✐q✉❡s ❡t ❝❤✐♠✐q✉❡s ❞❡ ❧✬❡♥✈✐r♦♥♥❡♠❡♥t ❜✐♦❧♦❣✐q✉❡
❞❛♥s ❧❡q✉❡❧ ✐❧ ✈✐t s♦♥t tr❛♥s♠✐s❡s ❞❡ ♣r♦❝❤❡ ❡♥ ♣r♦❝❤❡ ❥✉sq✉✬❛✉① ♣❧✉s ♣❡t✐ts
s②stè♠❡s ♠♦❧é❝✉❧❛✐r❡s ❡t ✈✐❝❡ ✈❡rs❛✳ ▲❛ ❝♦♠♣❧❡①✐té ✐♥té❣r❛t✐✈❡ ❞✉ ❢♦♥❝t✐♦♥♥❡✲
♠❡♥t ❞❡s s②stè♠❡s ♠♦❧é❝✉❧❛✐r❡s s✬❡♥ tr♦✉✈❡ ❞♦♥❝ ❡♥❝♦r❡ ❧❛r❣❡♠❡♥t ❛✉❣♠❡♥✲
té❡✳ ▲♦rsq✉✬♦♥ ❢❛✐t ✉♥❡ ét✉❞❡ ✐♥ ✈✐✈♦ ❡t q✉✬♦♥ ✈❡✉t ❝♦♥♥❛îtr❡✱ ♣❛r ❡①❡♠♣❧❡✱
❧✬❡✛❡t ❞✬✉♥❡ ♣r♦té✐♥❡ s✉r ❧❡ ❢♦♥❝t✐♦♥♥❡♠❡♥t ❞✬✉♥ s②stè♠❡ ♠♦❧é❝✉❧❛✐r❡✱ ✐❧ ② ❛
❡♥ ❣é♥ér❛❧ ❞❡✉① s♦❧✉t✐♦♥s ✿ s♦✐t ❜❧♦q✉❡r ❧✬❛❝t✐✈✐té ❞❡ ❝❡tt❡ ♣r♦té✐♥❡✱ s♦✐t ❧❛
s✉r✲❡①♣r✐♠❡r✳ ▼❛✐s ❞❛♥s ❧❡s ❞❡✉① ❝❛s✱ ❧❛ ❝♦♠♣❧❡①✐té ❞❡s ✐♥t❡r❛❝t✐♦♥s ✐♥ ✈✐✈♦
❡st s✐ ✐♠♣♦rt❛♥t❡ q✉✬✐❧ ❡st ❞✐✣❝✐❧❡ ❞❡ ❞✐s❝❡r♥❡r✱ ❞❛♥s ❧❛ ré♣♦♥s❡ ❞✉ s②stè♠❡
♠♦❧é❝✉❧❛✐r❡✱ ❧❡s ❡✛❡ts ♣r♦✈❡♥❛♥t ❞❡ ❧❛ ♣r♦té✐♥❡ ♠♦❞✐✜é❡ ❞❡s ❡✛❡ts ♣r♦✈❡♥❛♥t
❞❡ ❧✬❡♥s❡♠❜❧❡ ❞❡s ✐♥t❡r❛❝t✐♦♥s ❡♥✈✐r♦♥♥❡♠❡♥t❛❧❡s ❞❛♥s ❧❡q✉❡❧ ❧❡ s②stè♠❡ ♠♦✲
❧é❝✉❧❛✐r❡ ❡st ✐♥té❣ré✳

▲✬ét✉❞❡ ❞❡s s②stè♠❡s ❜✐♦♠♦❧é❝✉❧❛✐r❡s ✐♥ ✈✐tr♦

environnement 

biomimétique

système 

moléculaire

IN VITRO

❋✐❣✉r❡ ✶✳✹ ✕ ❙②stè♠❡s ❜✐♦♠♦❧é❝✉❧❛✐r❡s ✐♥ ✈✐tr♦ ✳

❚r❛✈❛✐❧❧❡r ✐♥ ✈✐tr♦ ♣❡r♠❡t ❞✬✐s♦❧❡r ✉♥ s②stè♠❡ ♠♦❧é❝✉❧❛✐r❡ ❞❡ s♦♥ ❝♦♥t❡①t❡
✐♥ ✈✐✈♦ ❡t ❞♦♥❝ ❞❡ s✬❛❜st❡♥✐r ❞❡ ❝❡tt❡ ❝♦♠♣❧❡①✐té✳ ■♥ ✈✐tr♦✱ ♦♥ r❡❝♦♥st✐t✉❡
❧✬❡♥✈✐r♦♥♥❡♠❡♥t ❜✐♦❧♦❣✐q✉❡ ❞✉ s②stè♠❡ ♠♦❧é❝✉❧❛✐r❡ ét✉❞✐é ❞❡ ❢❛ç♦♥ s✐♠♣❧✐✜é❡
❡♥ ❧❡ ♣❧❛ç❛♥t ❞❛♥s ❧❡s ❝♦♥❞✐t✐♦♥s ♣❤②s✐❝♦✲❝❤✐♠✐q✉❡s ♥é❝❡ss❛✐r❡s ❡t s✉✣s❛♥t❡s
à s♦♥ ❢♦♥❝t✐♦♥♥❡♠❡♥t✱ ♦♥ ♣❛r❧❡r❛ ❛❧♦rs ❞✬❡♥✈✐r♦♥♥❡♠❡♥t ❜✐♦♠✐♠ét✐q✉❡✳ ▲✬❡♥✲
✈✐r♦♥♥❡♠❡♥t ❜✐♦♠✐♠ét✐q✉❡ ❡st ❢❛❝✐❧❡♠❡♥t ❝♦♥trô❧❛❜❧❡ ❡t q✉❛♥t✐✜❛❜❧❡ ♣❛r ❧✬❡①✲
♣ér✐♠❡♥t❛t❡✉r✳ ■❧ ❡st ❡♥ ❡✛❡t ♣♦ss✐❜❧❡ ❞❡ r❡♣r♦❞✉✐r❡ ✉♥ ❡♥✈✐r♦♥♥❡♠❡♥t ❜✐♦❧♦✲
❣✐q✉❡ ✐♥ ✈✐tr♦ à ❧✬✐❞❡♥t✐q✉❡ ❞✬✉♥❡ ❡①♣ér✐❡♥❝❡ à ❧✬❛✉tr❡ ❡t ❝❡tt❡ r❡♣r♦❞✉❝t✐❜✐❧✐té
✐♥❞✉✐t ✉♥❡ r❡♣r♦❞✉❝t✐❜✐❧✐té ❞❛♥s ❧✬♦r❣❛♥✐s❛t✐♦♥ ❞❡s s②stè♠❡s ❜✐♦♠♦❧é❝✉❧❛✐r❡s
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q✉✬♦♥ ♦❜s❡r✈❡✳ ❊♥ ♠♦❞✐✜❛♥t ✉♥ ♣❛r❛♠ètr❡ ✭♣❤②s✐q✉❡ ♦✉ ❜✐♦❝❤✐♠✐q✉❡✮ ❧✬✐♠✲
♣❛❝t ❞❡ ❝❡tt❡ ♠♦❞✐✜❝❛t✐♦♥ s✉r ❧❡ ❢♦♥❝t✐♦♥♥❡♠❡♥t ❞✉ s②stè♠❡ ❜✐♦❧♦❣✐q✉❡ ét✉❞✐é
❛♣♣❛r❛ît ♣❧✉s ❝❧❛✐r❡♠❡♥t q✉✬✐♥ ✈✐✈♦✳ ❊♥ ré♣ét❛♥t ✉♥ ❣r❛♥❞ ♥♦♠❜r❡ ❞❡ ❢♦✐s ✉♥❡
❡①♣ér✐❡♥❝❡ ✐♥ ✈✐tr♦✱ ♦♥ ❛✉r❛ ❞♦♥❝ r❛♣✐❞❡♠❡♥t ❛❝❝ès à ❞❡s ❞♦♥♥é❡s st❛t✐st✐q✉❡s
✐ss✉❡s ❞❡ ❧✬♦❜s❡r✈❛t✐♦♥ ❞❡s ❝♦♠♣♦rt❡♠❡♥ts r❡♣r♦❞✉❝t✐❜❧❡s ❞❡s s②stè♠❡s ♠♦✲
❧é❝✉❧❛✐r❡s ❡t ♦♥ ♣♦✉rr❛ ♣❧✉s ❢❛❝✐❧❡♠❡♥t ❞é❣❛❣❡r ❧❡s ❢❛❝t❡✉rs ❝❧és q✉✐ s♦♥t à
❧✬♦r✐❣✐♥❡ ❞❡ ❧❡✉rs ♠é❝❛♥✐s♠❡s ❞❡ ❢♦♥❝t✐♦♥♥❡♠❡♥t✳ ❊♥ s❡ ❜❛s❛♥t s✉r ❝❡s ❞♦♥✲
♥é❡s ❞✬♦❜s❡r✈❛t✐♦♥✱ ♦♥ ♣❡✉t ♠♦❞é❧✐s❡r ❧❡s s②stè♠❡s ❜✐♦❧♦❣✐q✉❡s ♣❛r ❞❡s ❧♦✐s
♠❛t❤é♠❛t✐q✉❡s ❡t ❞ét❡r♠✐♥❡r ❧❡s ❧♦✐s ♣❤②s✐q✉❡s q✉✐ ❞✐r✐❣❡♥t ❧✬♦r❣❛♥✐s❛t✐♦♥
❞✬✉♥ s②stè♠❡ ❜✐♦❧♦❣✐q✉❡ ✈❡rs ✉♥ rô❧❡ ♣ré❝✐s✳

✶✳✶✳✷ P♦s✐t✐♦♥♥❡♠❡♥t

❈♦♥trô❧❡ s♣❛t✐❛❧ ❡t t❡♠♣♦r❡❧

▲❡s ❧♦✐s ♣❤②s✐q✉❡s ❢♦♥❞❛♠❡♥t❛❧❡s q✉✐ ré❣✐ss❡♥t ❧✬♦r❣❛♥✐s❛t✐♦♥ ❞❡s s②stè♠❡s
❜✐♦♠♦❧é❝✉❧❛✐r❡s s♦♥t ❧✬❛❣✐t❛t✐♦♥ t❤❡r♠✐q✉❡ ❡t ❧❡s ❢♦r❝❡s ❞✬❛ttr❛❝t✐♦♥✳ ▲✬❛❣✐t❛✲
t✐♦♥ t❤❡r♠✐q✉❡ ❣♦✉✈❡r♥❡ ❧❛ ❞✐✛✉s✐♦♥ ❞❡s ❜✐♦♠♦❧é❝✉❧❡s ❡t r❡♥❞ ♣♦ss✐❜❧❡ ❧❡✉r
r❡♥❝♦♥tr❡✱ ❝✬❡st✲à✲❞✐r❡ ❧❡✉r r❛♣♣r♦❝❤❡♠❡♥t s♣❛t✐❛❧✳ ▲❡s ❢♦r❝❡s ❞✬❛ttr❛❝t✐♦♥ ♣❡r✲
♠❡tt❡♥t ❛✉① ❜✐♦♠♦❧é❝✉❧❡s q✉✐ s❡ r❡♥❝♦♥tr❡♥t ❞❡ s✬❛ss♦❝✐❡r ❡♥ str✉❝t✉r❡s ♦r❣❛✲
♥✐sé❡s ✭✐♠♣❧✐q✉❛♥t ❞❡s tr❛♥s❢❡rts ❞✬é♥❡r❣✐❡ ♠❛tér✐❛❧✐sés ♣❛r ❞❡s ❝❤❛♥❣❡♠❡♥ts
❞❡ ❝♦♥❢♦r♠❛t✐♦♥ tr✐❞✐♠❡♥s✐♦♥♥❡❧❧❡✮✳ ▲❛ ❞✐ss♦❝✐❛t✐♦♥ ❞❡s ❜✐♦♠♦❧é❝✉❧❡s ❞✬✉♥❡
str✉❝t✉r❡ ♦r❣❛♥✐sé❡ ❡st ré❣✐❡ ❡❧❧❡ ❛✉ss✐ ♣❛r ❧❡s ✢✉❝t✉❛t✐♦♥s t❤❡r♠✐q✉❡s✳ ❯♥
s②stè♠❡ ❜✐♦❧♦❣✐q✉❡ ❡st ✉♥ éq✉✐❧✐❜r❡ ❞②♥❛♠✐q✉❡ ❡♥tr❡ tr♦✐s ♣❛r❛♠ètr❡s ✿ ❧❛
❞✐✛✉s✐♦♥✱ ❧✬❛ss♦❝✐❛t✐♦♥ ❡t ❧❛ ❞✐ss♦❝✐❛t✐♦♥ ❞❡s ❜✐♦♠♦❧é❝✉❧❡s q✉✐ ❧❡ ❝♦♠♣♦s❡♥t✳
❖r✱ ❝❡s tr♦✐s ♣❛r❛♠ètr❡s s♦♥t ❞❡s ❢♦♥❝t✐♦♥s ❞❡s ❝♦♥❝❡♥tr❛t✐♦♥s ♠❛ss✐q✉❡s Ci

❞❡ ❝❤❛q✉❡ ❜✐♦♠♦❧é❝✉❧❡ ❡t ❞❡ ❝❤❛q✉❡ ❝♦♠♣❧❡①❡ ❜✐♦♠♦❧é❝✉❧❛✐r❡ ❡①✐st❛♥t ❞❛♥s
❧❛ ❝❡❧❧✉❧❡✳ ❖♥ ♣❡✉t ❞♦♥❝ r❛♠❡♥❡r ❧❛ ❞❡s❝r✐♣t✐♦♥ ❞✬✉♥ s②stè♠❡ ❜✐♦♠♦❧é❝✉❧❛✐r❡
à ✉♥ ❛❣❡♥❝❡♠❡♥t ❞❛♥s ❧✬❡s♣❛❝❡ ① ❡t ❞❛♥s ❧❡ t❡♠♣s t ❞❡s ❝♦♥❝❡♥tr❛t✐♦♥s ♠❛s✲
s✐q✉❡s Ci(①, t) ❞❡ s❡s ❝♦♥st✐t✉❛♥ts i✳

❙②stè♠❡ ❜✐♦♠♦❧é❝✉❧❛✐r❡ ∼ f [Ci(①, t)]✳

❈♦♥trô❧❡r ✉♥ s②stè♠❡ ❜✐♦♠♦❧é❝✉❧❛✐r❡ ✐♥ ✈✐tr♦ r❡✈✐❡♥t ❞♦♥❝ à ❝♦♥trô❧❡r
❧❡s Ci(①, t) ❞❡s ❝♦♠♣♦sés ❜✐♦❝❤✐♠✐q✉❡s i ♠✐s ❡♥ ❥❡✉ ❞❛♥s ❧✬ét❛❜❧✐ss❡♠❡♥t ❞❡
❧✬éq✉✐❧✐❜r❡ ❞②♥❛♠✐q✉❡ ❞✉ s②stè♠❡ ❜✐♦❧♦❣✐q✉❡ ❝♦♥s✐❞éré✳ ❊♥ ❡✛❡t✱ ✉♥ s❡✉❧ ❝♦♠✲
♣♦sé ❞✬✉♥ s②stè♠❡ ❜✐♦♠♦❧é❝✉❧❛✐r❡ ♣❡✉t ✐♥✢✉❡♥❝❡r ❧✬♦r❣❛♥✐s❛t✐♦♥ ❞❡ t♦✉s ❧❡s
❛✉tr❡s ❝♦♠♣♦sés q✉✐ ❝♦♥tr✐❜✉❡♥t à ❧✬éq✉✐❧✐❜r❡ ❞✉ s②stè♠❡ ❜✐♦♠♦❧é❝✉❧❛✐r❡✳ P❛r
❝♦♥séq✉❡♥t✱ ❝♦♥trô❧❡r ❧❛ C(①, t) ❞✬✉♥ ❝♦♠♣♦sé✱ ❝✬❡st ♦r✐❡♥t❡r ❧✬♦r❣❛♥✐s❛t✐♦♥
❞✉ s②stè♠❡ ❜✐♦♠♦❧é❝✉❧❛✐r❡ ❞❛♥s ❧❡ t❡♠♣s ❡t ❞❛♥s ❧✬❡s♣❛❝❡ ❡t ❝✬❡st ❧✬♦❜❥❡❝t✐❢
❣é♥ér❛❧ ❞❡ ❝❡tt❡ t❤ès❡✳
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❉é♠❛r❝❤❡ ✧❜♦tt♦♠✲✉♣✧

▲❛ ❞é♠❛r❝❤❡ s❝✐❡♥t✐✜q✉❡ ❣❧♦❜❛❧❡ q✉❡ ♥♦✉s s✉✐✈♦♥s ♣♦✉r ét✉❞✐❡r ❧❡s s②stè♠❡s
♠♦❧é❝✉❧❛✐r❡s ✐♥tr❛❝❡❧❧✉❧❛✐r❡s ✐♥ ✈✐tr♦ ❡st ❧❛ ❞é♠❛r❝❤❡ ❜♦tt♦♠✲✉♣✳ ▲❛ ❞é♠❛r❝❤❡
❜♦tt♦♠✲✉♣ ✈✐s❡ à s✐♠♣❧✐✜❡r ❧❡s s②stè♠❡s ❜✐♦♠♦❧é❝✉❧❛✐r❡s ♣❛r r❛♣♣♦rt à ❧✬ét❛t
❞❡ ❝♦♠♣❧❡①✐té ❞❛♥s ❧❡q✉❡❧ ✐❧s ❢♦♥❝t✐♦♥♥❡♥t ✐♥ ✈✐✈♦ ❡t r❡♥❞r❡ ❛✐♥s✐ ♣♦ss✐❜❧❡
❧❛ ❝♦♠♣ré❤❡♥s✐♦♥ ❞❡s ♣❤é♥♦♠è♥❡s ❡①✐st❛♥t ❛✉ s❡✐♥ ❞❡ ❝❡s s②stè♠❡s✳ P♦✉r ②
♣❛r✈❡♥✐r✱ ❧❛ str❛té❣✐❡ ❡st ❞❡ ♣✉r✐✜❡r ❧❡s ❝♦♠♣♦sés ❜✐♦❝❤✐♠✐q✉❡s ❝♦♥st✐t✉❛♥t ❧❡
s②stè♠❡ ❡t ❞❡ ❧❡s ❛❣❡♥❝❡r ❞❛♥s ❧✬❡s♣❛❝❡ ❡t ❞❛♥s ❧❡ t❡♠♣s ❡♥ ❧❡s ❛❥♦✉t❛♥t ✉♥
♣❛r ✉♥ ♣♦✉r ♦❜s❡r✈❡r ❧❡✉rs ❡✛❡ts r❡s♣❡❝t✐❢s s✉r ❧❡ ❢♦♥❝t✐♦♥♥❡♠❡♥t ❞✉ s②stè♠❡
❜✐♦♠♦❧é❝✉❧❛✐r❡✳ ❖♥ ♣❛r❧❡ ❛❧♦rs ❞❡ s②stè♠❡ ♠♦❧é❝✉❧❛✐r❡ r❡❝♦♥st✐t✉é ✐♥ ✈✐tr♦
q✉❡ ❧✬♦♥ ❛❜rè❣❡r❛ ♣❛r ✧❙▼❘■❱ ✧✳

▲✬♦❜❥❡❝t✐❢ ❣é♥ér❛❧ ❞❡ ❝❡tt❡ t❤ès❡ ❡st ❞❡ ❞é✈❡❧♦♣♣❡r ❞❡s t❡❝❤♥♦❧♦❣✐❡s q✉✐
♣❡r♠❡tt❡♥t ❞❡ ❝♦♥trô❧❡r✱ à ❧✬é❝❤❡❧❧❡ ♠✐❝r♦s❝♦♣✐q✉❡✱ ❧❡s éq✉✐❧✐❜r❡s ❞②♥❛♠✐q✉❡s
❞❡s ❙▼❘■❱ s ❞❛♥s ❧✬❡s♣❛❝❡ ❡t ❞❛♥s ❧❡ t❡♠♣s ❡♥ s✉✐✈❛♥t ❧❛ ❞é♠❛r❝❤❡ ❜♦tt♦♠✲
✉♣✳ P♦✉r ❛❝❝é❞❡r ❛✉ ❝♦♥trô❧❡ ❞❡ C(①) ✿ ❧❛ ❝♦♥❝❡♥tr❛t✐♦♥ ♠❛ss✐q✉❡ ❞❡s ❝♦♠♣♦✲
sés ❜✐♦❝❤✐♠✐q✉❡s ❞❛♥s ❧✬❡s♣❛❝❡✱ ♥♦✉s ✉t✐❧✐s❡r♦♥s ❧❛ t❡❝❤♥♦❧♦❣✐❡ ❞✉ ✧♠✐❝r♦♣❛t✲
t❡r♥✐♥❣✧ ✭♠✐❝r♦ str✉❝t✉r❛t✐♦♥ ❞❡ s✉r❢❛❝❡✮✳ P♦✉r ❛❝❝é❞❡r ❛✉ ❝♦♥trô❧❡ ❞❡ C(t) ✿
❧❛ ❝♦♥❝❡♥tr❛t✐♦♥ ♠❛ss✐q✉❡ ❞❡s ❝♦♠♣♦sés ❜✐♦❝❤✐♠✐q✉❡s ❞❛♥s ❧❡ t❡♠♣s✱ ♥♦✉s
✉t✐❧✐s❡r♦♥s ❧❛ t❡❝❤♥♦❧♦❣✐❡ ❞❡ ❧❛ ♠✐❝r♦✢✉✐❞✐q✉❡✳

▲❡ ❝②t♦sq✉❡❧❡tt❡ ❞✬❛❝t✐♥❡ ❡st s❛♥s ❞♦✉t❡ ❧✬✉♥ ❞❡s ♠❡✐❧❧❡✉rs ❡①❡♠♣❧❡s ❞❡
s②stè♠❡ ❜✐♦♠♦❧é❝✉❧❛✐r❡ ❛❞❛♣t❛t✐❢ ✿ ✐❧ ❡st ❡♥ ♣❡r♠❛♥❡♥❝❡ ❡♥ tr❛✐♥ ❞❡ s❡ ré♦r✲
❣❛♥✐s❡r ❞❛♥s ❧✬❡s♣❛❝❡ ❡t ❞❛♥s ❧❡ t❡♠♣s ♣♦✉r ❛ss✉r❡r s❡s ❞✐✈❡rs❡s ❢♦♥❝t✐♦♥s✳ ▲❡
❝②t♦sq✉❡❧❡tt❡ ❞✬❛❝t✐♥❡ ❡st ❧✉✐✲♠ê♠❡ ❝♦♠♣♦sé ❞❡ s♦✉s✲s②stè♠❡s ♠♦❧é❝✉❧❛✐r❡s
q✉✬✐❧ ❡st ♣♦ss✐❜❧❡ ❞❡ r❡❝♦♥st✐t✉❡r ✐♥ ✈✐tr♦ s❡❧♦♥ ❧❛ ❞é♠❛r❝❤❡ ❜♦tt✉♠✲✉♣✳ P♦✉r
❝❡❧❛✱ ♥♦✉s ✐r♦♥s ❥✉sq✉✬à ❝♦✉♣❧❡r ❧❡ ❝♦♥trô❧❡ ❞❡ C(①) ❡t ❧❡ ❝♦♥trô❧❡ ❞❡ C(t) ❡♥
❛ss♦❝✐❛♥t ❧❡ ♠✐❝r♦♣❛tt❡r♥✐♥❣ ❡t ❧❛ ♠✐❝r♦✢✉✐❞✐q✉❡✳

✶✼



❈❍❆P■❚❘❊ ✶✳ ■◆❚❘❖❉❯❈❚■❖◆

✶✳✷ ▲❡ s②stè♠❡ ❜✐♦♠♦❧é❝✉❧❛✐r❡ ét✉❞✐é ✿ ❧❡ ❝②t♦s✲

q✉❡❧❡tt❡ ❞✬❛❝t✐♥❡

✶✳✷✳✶ ❋♦♥❝t✐♦♥♥❡♠❡♥t ✐♥ ✈✐✈♦

▲❡ ❝②t♦sq✉❡❧❡tt❡ ❞✬❛❝t✐♥❡ ❞❛♥s s♦♥ ❡♥s❡♠❜❧❡

❋✐❣✉r❡ ✶✳✺ ✕ ❖r❣❛♥✐s❛t✐♦♥ ❞✉ ❝②t♦sq✉❡❧❡tt❡ ❞✬❛❝t✐♥❡ ✐♥ ✈✐✈♦ ❬❄❪

✶✽
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▲❡ ❝②t♦sq✉❡❧❡tt❡ ❞✬❛❝t✐♥❡ ❡st ❧✬❛❝t❡✉r ♣r✐♥❝✐♣❛❧ ❞❡ ❧❛ ♠♦r♣❤♦❣é♥ès❡✱ ✐❧ ❡st à
❧❛ ❜❛s❡ ❞❡ ♥♦♠❜r❡✉① ♣r♦❝❡ss✉s ❝♦♠♠❡ ❧❛ ♠♦t✐❧✐té ❝❡❧❧✉❧❛✐r❡✱ ❧✬ét❛❜❧✐ss❡♠❡♥t ❞❡
❧❛ ♣♦❧❛r✐té ❞❡s ❝❡❧❧✉❧❡s✱ ❧❛ ❞✐✈✐s✐♦♥ ❝❡❧❧✉❧❛✐r❡✳ ▲❡ ❝②t♦sq✉❡❧❡tt❡ ❞✬❛❝t✐♥❡ ❞♦♥♥❡
à ❧❛ ❝❡❧❧✉❧❡ s❛ ❢♦r♠❡ ❡♥ s✬♦r❣❛♥✐s❛♥t s♣❛t✐❛❧❡♠❡♥t ❡♥ ❢♦♥❝t✐♦♥ ❞❡s é❝❤❛♥❣❡s
❞❡ s✐❣♥❛✉① ❝❤✐♠✐q✉❡s ❡♥tr❡ ❧❛ ❝❡❧❧✉❧❡ ❡t s♦♥ ❡♥✈✐r♦♥♥❡♠❡♥t ❬❄✱ ✶✶✱ ✶✸✷✱ ✶✸✸❪✳
▲✬❛❝t✐♥❡ s❡ ré♦r❣❛♥✐s❡ très r❛♣✐❞❡♠❡♥t ❞❛♥s ❧❡ t❡♠♣s ♣♦✉r r❡♠♦❞❡❧❡r ❧✬❡s♣❛❝❡
✐♥tér✐❡✉r ❡t ❡①tér✐❡✉r à ❧❛ ♠❡♠❜r❛♥❡ ♣❧❛s♠✐q✉❡ ❡t ❝♦♥tr✐❜✉❡ ❛✐♥s✐ à ❝❡ q✉❡ ❧❛
❝❡❧❧✉❧❡ ❛tt❡✐❣♥❡ ❧✬éq✉✐❧✐❜r❡ ❜✐♦❝❤✐♠✐q✉❡ ✈❡rs ❧❡q✉❡❧ ❡❧❧❡ t❡♥❞✳ ▲❛ ♠❛❝❤✐♥❡r✐❡
♠♦❧é❝✉❧❛✐r❡ ❞✉ ❝②t♦sq✉❡❧❡tt❡ ❞✬❛❝t✐♥❡ ❡st ✉♥ ❡♥s❡♠❜❧❡ ❞❡ ♣r♦té✐♥❡s ❞♦♥t ❧❛
♣❧✉s ✐♠♣♦rt❛♥t❡ ❡st ❧✬❛❝t✐♥❡✳ ▲✬❛❝t✐♥❡ ❡st ✉♥❡ ♣r♦té✐♥❡ ❣❧♦❜✉❧❛✐r❡ q✉✐ ♣♦❧②✲
♠ér✐s❡ ❡♥ ✜❧❛♠❡♥ts s❡❧♦♥ ❞✐✛ér❡♥t❡s ❛r❝❤✐t❡❝t✉r❡s ✿ ❡♥ rés❡❛✉① ❜r❛♥❝❤és✱ ❡♥
str✉❝t✉r❡s ❧✐é❡s✱ ❡♥ rés❡❛✉① ♣❛r❛❧❧è❧❡s✱ ❡♥ rés❡❛✉① ❛♥t✐♣❛r❛❧❧è❧❡s✱ ❡♥ str✉❝t✉r❡s
❝♦♥tr❛❝t✐❧❡s✳ ▲❡s ❞✐✛ér❡♥❝❡s ❞✬♦r❣❛♥✐s❛t✐♦♥ s♣❛t✐❛❧❡ ❡♥tr❡ ❝❡s ❛r❝❤✐t❡❝t✉r❡s
❞✬❛❝t✐♥❡ tr❛❞✉✐s❡♥t ✉♥❡ ❞✐✛ér❡♥❝❡ ❞❛♥s ❧❡ rô❧❡ q✉❡ ❝❡s ❛r❝❤✐t❡❝t✉r❡s ♦♥t ♣♦✉r
❧❛ ❝❡❧❧✉❧❡✳ ▲✬❡♥s❡♠❜❧❡ ❞❡s ♣r♦té✐♥❡s q✉✐ ♣❛rt✐❝✐♣❡♥t à ❧✬é❞✐✜❝❛t✐♦♥ ❞✬✉♥❡ ❛r❝❤✐✲
t❡❝t✉r❡ ♥✬❡st ♣❛s ❧❡ ♠ê♠❡ ♣♦✉r ❝❤❛q✉❡ ❛r❝❤✐t❡❝t✉r❡✳ ❊t ❡♥✜♥✱ ❧❛ ❞②♥❛♠✐q✉❡
❞❡s ✐♥t❡r❛❝t✐♦♥s ❡♥tr❡ ❧❡s ♣r♦té✐♥❡s q✉✐ ❝♦♥st✐t✉❡♥t ✉♥❡ ❛r❝❤✐t❡❝t✉r❡ ❡st s♣é✲
❝✐✜q✉❡ ❞❡ ❝❡tt❡ ❛r❝❤✐t❡❝t✉r❡✳

❉❛♥s ❧❡ ❜♦r❞ ❛✈❛♥t ❞❡ ❧❛ ❝❡❧❧✉❧❡✱ ✉♥ rés❡❛✉ ❜r❛♥❝❤é ❡t ❞❡s str✉❝t✉r❡s ❧✐é❡s
❢♦r♠❡♥t ❧❡ ❧❛♠❡❧❧✐♣♦❞❡ ✭q✉❛s✐ ❜✐❞✐♠❡♥s✐♦♥♥❡❧✮ q✉✐ ❡st ❧✬❛❝t❡✉r ♣r✐♥❝✐♣❛❧ ❞✉
♠♦✉✈❡♠❡♥t ❝❡❧❧✉❧❛✐r❡✳ ❉✉ ❧❛♠❡❧❧✐♣♦❞❡ ♥❛✐ss❡♥t ❞❡s str✉❝t✉r❡s ❞❡ ✜❧❛♠❡♥ts
♣❛r❛❧❧è❧❡s ❧✐és ❡♥ ❝â❜❧❡s ✜♥s ❛♣♣❡❧és ✜❧♦♣♦❞❡s ✭q✉❛s✐ ✉♥✐❞✐♠❡♥s✐♦♥♥❡❧s✮ ✐♠✲
♣♦rt❛♥ts ❞❛♥s ❧❛ ❞✐r❡❝t✐♦♥♥❛❧✐té ❞✉ ♠♦✉✈❡♠❡♥t ❝❡❧❧✉❧❛✐r❡✳ ▲❡ ❝♦rt❡① ❞✬❛❝t✐♥❡
❢♦r♠❛♥t ✉♥ ✜♥ rés❡❛✉ ❝♦♥t✐♥✉ s♦✉s ❧❛ ♠❡♠❜r❛♥❡ ♣❧❛s♠✐q✉❡ ♠❛✐♥t✐❡♥t ❧❛ ❢♦r♠❡
❣❧♦❜❛❧❡ ❞❡ ❧❛ ❝❡❧❧✉❧❡✳ ▲❡ r❡st❡ ❞❡ ❧❛ ❝❡❧❧✉❧❡ ❝♦♥t✐❡♥t ✉♥ ❡♥❝❤❡✈êtr❡♠❡♥t ❞❡ ✜✲
❧❛♠❡♥ts ❞✬❛❝t✐♥❡ ❧✐és ❡t ❞❡ str✉❝t✉r❡s ❝♦♥tr❛❝t✐❧❡s ❞♦♥t ❧❡s ✜❜r❡s ❞❡ str❡ss
q✉✐ ❝♦♥♥❡❝t❡♥t ❧❡ ❝②t♦sq✉❡❧❡tt❡ à ❧❛ ♠❛tr✐❝❡ ❡①tr❛✲❝❡❧❧✉❧❛✐r❡ ❛✉ ♥✐✈❡❛✉ ❞❡s
❛❞❤és✐♦♥s ❢♦❝❛❧❡s✳ ▲❡ ❧❛♠❡❧❧✐♣♦❞❡ ❡t ❧❡s ✜❧♦♣♦❞❡s ♣✐❧♦t❡♥t ❧❛ ♠♦t✐❧✐té ❝❡❧❧✉✲
❧❛✐r❡ ❛❧♦rs q✉❡ ❧❡s str✉❝t✉r❡s ❝♦♥tr❛❝t✐❧❡s ❝♦♠♠❡ ❧❡s ✜❜r❡s ❞❡ str❡ss✱ ❧❡s ❛r❝s
tr❛♥s✈❡rs❡s ♦✉ ❧❡ ❝♦rt❡① ❛ss✉r❡♥t ❧✬✐♥té❣r✐té ♠é❝❛♥✐q✉❡ ❡t ❧❛ ❝♦❤ér❡♥❝❡ ❞✉
♠♦✉✈❡♠❡♥t ❞❡ ❧❛ ❝❡❧❧✉❧❡ ❞❛♥s s♦♥ ❡♥s❡♠❜❧❡✳ ▲✬❛♥♥❡❛✉ ❞❡ ❝②t♦❝✐♥ès❡ ❡st ✉♥
❝❛s ♣❛rt✐❝✉❧✐❡r ❝❛r ✐❧ ❛♣♣❛r❛ît s❡✉❧❡♠❡♥t ❛✉ ♠♦♠❡♥t ❞❡ ❧❛ ❞✐✈✐s✐♦♥ ❝❡❧❧✉❧❛✐r❡✳
❙❛ ❝♦♥tr❛❝t✐♦♥ ❡♥tr❛✐♥❡ ❧❛ ♠❡♠❜r❛♥❡ ♣❧❛s♠✐q✉❡ ❡t ❧❛ sé♣❛r❡ ❡♥ ❞❡✉① ❡s♣❛❝❡s
❢♦r♠❛♥t ❧❡s ❞❡✉① ❝❡❧❧✉❧❡s ✜❧❧❡s✳

▲❡s s♦✉s✲s②stè♠❡s ♠♦❧é❝✉❧❛✐r❡s ❞✉ ❝②t♦sq✉❡❧❡tt❡ ❞✬❛❝t✐♥❡

❋✐❧❛♠❡♥t ❞✬❛❝t✐♥❡ ✐♥❞✐✈✐❞✉❡❧
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❋✐❣✉r❡ ✶✳✻ ✕ ❙tr✉❝t✉r❡ ❞✉ ✜❧❛♠❡♥ts ❞✬❛❝t✐♥❡ ✐♥❞✐✈✐❞✉❡❧ ✭♠✐❝r♦s❝♦♣✐❡ é❧❡❝tr♦♥✐q✉❡✮ ❬✶✷✸❪

▲✬é❧é♠❡♥t ❞❡ ❜❛s❡ ❞✉ ❝②t♦sq✉❡❧❡tt❡ ❡st ❧❡ ♠♦♥♦♠èr❡ ❞✬❛❝t✐♥❡✱ ♣r♦té✐♥❡
❞❡ ✹✷ ❦❉❛ ❤❛✉t❡♠❡♥t ❝♦♥s❡r✈é❡ ❞❛♥s ❧✬é✈♦❧✉t✐♦♥ ❞❡s ❡✉❝❛r②♦t❡s✳ ▲❡s ♠♦♥♦✲
♠èr❡s ❞✬❛❝t✐♥❡ s✬❛ss❡♠❜❧❡♥t ❧❡s ✉♥s à ❧❛ s✉✐t❡ ❞❡s ❛✉tr❡s ❡♥ ❞♦✉❜❧❡ ❤é❧✐❝❡
♣♦✉r ❢♦r♠❡r ✉♥ ✜❧❛♠❡♥t ❬✹✽✱ ✶✷✸❪✳ ▲❡s ✜❧❛♠❡♥ts ❞✬❛❝t✐♥❡ s♦♥t ❞❡s ♣♦❧②♠èr❡s
s❡♠✐✲✢❡①✐❜❧❡s ❬✺✺❪✱ ❝✬❡st✲à✲❞✐r❡ q✉✬❡♥ ❞❡ss♦✉s ❞❡ ✶✵ µm ✐❧s ré❛❣✐ss❡♥t ♠é❝❛♥✐✲
q✉❡♠❡♥t ❝♦♠♠❡ ❞❡s ♣♦✉tr❡s r✐❣✐❞❡s ❡t ❛✉ ❞❡❧à ❞❡ ✶✵ µm ✐❧s ♣❡✉✈❡♥t s❡ ❝♦✉r❜❡r
s♦✉s ❧✬❡✛❡t ❞❡ ❧✬❛❣✐t❛t✐♦♥ t❤❡r♠✐q✉❡✳ ❈❡tt❡ ❧♦♥❣✉❡✉r ❞❡ ✶✵ ♠✐❝r♦♠ètr❡s ❡st ❧❛
❧♦♥❣✉❡✉r ❞❡ ♣❡rs✐st❛♥❝❡ ❞✉ ✜❧❛♠❡♥t ❞✬❛❝t✐♥❡ ✐♥❞✐✈✐❞✉❡❧✳ ▲❛ ❝✐♥ét✐q✉❡ ❞✬❛ss❡♠✲
❜❧❛❣❡ ❞✉ ✜❧❛♠❡♥t ❞✬❛❝t✐♥❡ ❡st t❤❡r♠♦❞②♥❛♠✐q✉❡♠❡♥t ❧✐♠✐té❡ ♣❛r ✉♥❡ ét❛♣❡
❞❡ ♥✉❝❧é❛t✐♦♥ q✉✐ ❝♦♥s✐st❡ ❡♥ ❧❛ ❢♦r♠❛t✐♦♥ ❞✬✉♥ ❞✐♠èr❡ ♣✉✐s ❞✬✉♥ tr✐♠èr❡
❞✬❛❝t✐♥❡✳ ❉ès ❧✬ét❛♣❡ ❞❡ ♥✉❝❧é❛t✐♦♥ ♣❛ssé❡✱ ❧❡ ✜❧❛♠❡♥t s✬❛❧❧♦♥❣❡ r❛♣✐❞❡♠❡♥t✱
❧❛ ✈✐t❡ss❡ ❞✬é❧♦♥❣❛t✐♦♥ ét❛♥t ♣r♦♣♦rt✐♦♥♥❡❧❧❡ à ❧❛ ❝♦♥❝❡♥tr❛t✐♦♥ ❞❡ ♠♦♥♦♠èr❡s
❞❛♥s ❧✬❡♥✈✐r♦♥♥❡♠❡♥t ♣r♦❝❤❡✳ ▲❡s ✜❧❛♠❡♥ts ❞✬❛❝t✐♥❡ s♦♥t ♣♦❧❛r✐sés✱ ✐❧s ♣♦s✲
sè❞❡♥t ✉♥❡ ❡①tré♠✐té ❜❛r❜é❡ ❡t ✉♥❡ ❡①tré♠✐té ♣♦✐♥t✉❡✳ ▲✬❡①tré♠✐té ❜❛r❜é❡
❡st ♣❧✉s ❞②♥❛♠✐q✉❡ q✉❡ ❧✬❡①tré♠✐té ♣♦✐♥t✉❡✱ ❧❛ ✈✐t❡ss❡ ❞❡ ♣♦❧②♠ér✐s❛t✐♦♥ ❡t
❞❡ ❞é♣♦❧②♠ér✐s❛t✐♦♥ ② ❡st ❞✐① ❢♦✐s ♣❧✉s ❣r❛♥❞❡ q✉✬à ❧✬❡①tré♠✐té ♣♦✐♥t✉❡ ❬✶✸✵❪✳
❉❛♥s ❧❡s ❝❡❧❧✉❧❡s✱ ❧❛ ❝♦♥❝❡♥tr❛t✐♦♥ ❞✬❛❝t✐♥❡ ❡st ✸✵✵ µM ✱ ♣❛r ❝♦♥séq✉❡♥t ❧❛
✈✐t❡ss❡ ❞❡ ♣♦❧②♠ér✐s❛t✐♦♥ ❛tt❡✐♥t ✸✵✵✵ s♦✉s✲✉♥✐tés ♣❛r s❡❝♦♥❞❡✱ ❛♠❡♥❛♥t ❧❡s
✜❧❛♠❡♥ts à s✬❛❧❧♦♥❣❡r à ❧❛ ✈✐t❡ss❡ ❞❡ ✺ µm.s−1 ❬✶✸✷❪✱ ❧✬♦r❞r❡ ❞❡ ❣r❛♥❞❡✉r ❞✬✉♥❡
❝❡❧❧✉❧❡ ét❛♥t ❞❡ ✶✵ à ✺✵ ♠✐❝r♦♠ètr❡s✳ ▲❛ ♣♦❧②♠ér✐st❛✐♦♥ ❞❡s ♠♦♥♦♠èr❡s ❞✬❛❝✲
t✐♥❡ ❛✉① ❡①tré♠✐tés ❞❡s ✜❧❛♠❡♥ts ❡st s✉✐✈✐❡ ♣❛r ❧✬❤②❞r♦❧②s❡ ❞❡ ❧✬❆❚P ✭❞❛♥s
❧❛ ♣♦❝❤❡ ♥✉❝❧é♦t✐❞✐q✉❡ ❞✉ ♠♦♥♦♠èr❡✮ à ✉♥ t❛✉① ❞❡ ✵✳✸ s−1✱ ♣✉✐s ♣❛r ❧❛ ❞✐s✲
s♦❝✐❛t✐♦♥ ❞✉ ♣❤♦s♣❤❛t❡ à ✉♥ t❛✉① ❞❡ ✵✳✵✵✷ s−1 ❬✽✽❪✳ ❯♥ ✜❧❛♠❡♥t ❆❚P✱ ✉♥
✜❧❛♠❡♥t ❆❉P✲P✐ ❡t ✉♥ ✜❧❛♠❡♥t ❆❉P ♥✬♦♥t ♣❛s ❧❛ ♠ê♠❡ ❝♦♥❢♦r♠❛t✐♦♥ ❀ ❧❡s
♣r♦té✐♥❡s ❛ss♦❝✐é❡s ♥✬② ✐♥t❡r❛❣✐r♦♥t ♣❛s ❛✈❡❝ ❧❡s ♠ê♠❡s ❝✐♥ét✐q✉❡s✳

✷✵



❈❍❆P■❚❘❊ ✶✳ ■◆❚❘❖❉❯❈❚■❖◆

❋✐❣✉r❡ ✶✳✼ ✕ ◆✉❝❧é❛t✐♦♥ ❞❡ ❧✬❛❝t✐♥❡✱ ♣♦❧②♠ér✐s❛t✐♦♥ ❡t ❤②❞r♦❧②s❡ ❞❡ ❧✬❆❚P ❬❄❪

❉❡ ❝❡ ❢❛✐t ❧❡ ✜❧❛♠❡♥t ❛ ✉♥ â❣❡ q✉✐ ❝♦♥st✐t✉❡ ✉♥ ♣❛r❛♠ètr❡ t❡♠♣♦r❡❧ ✐♠✲
♣♦rt❛♥t ❞❛♥s ❧✬♦r❣❛♥✐s❛t✐♦♥ ❞✉ ❝②t♦sq✉❡❧❡tt❡✳ ▲❛ ♣♦❧②♠ér✐s❛t✐♦♥ ❞❡ ❧✬❛❝t✐♥❡
❡st t❤❡r♠♦❞②♥❛♠✐q✉❡♠❡♥t ❞é❢❛✈♦r❛❜❧❡✱ ♠❛✐s✱ s✐ ✉♥ ♥♦②❛✉ ❞✬❛❝t✐♥❡ ♣❛r✈✐❡♥t
à s❡ ❢♦r♠❡r ✭❞✐♠èr❡✱ tr✐♠èr❡✮ ✐❧ ② ❛ ♣♦❧②♠ér✐s❛t✐♦♥ s♣♦♥t❛♥é❡ s✐ ❧❛ ❝♦♥❝❡♥✲
tr❛t✐♦♥ ❡♥ ♠♦♥♦♠èr❡s ❞✬❛❝t✐♥❡ ❡st ♣❧✉s ❣r❛♥❞❡ q✉❡ ❧❛ ❝♦♥❝❡♥tr❛t✐♦♥ ❝r✐t✐q✉❡✳
▲❛ ❝♦♥❝❡♥tr❛t✐♦♥ ❝r✐t✐q✉❡✱ q✉✐ ❡st ✵✳✶ µM.s−1 ❬✶✸✷❪✱ ❡st ❧❛ ❝♦♥❝❡♥tr❛t✐♦♥ ❡♥
♠♦♥♦♠èr❡s ❞✬❛❝t✐♥❡ ♣♦✉r ❧❛q✉❡❧❧❡ ❧❛ ✈✐t❡ss❡ ❞❡ ♣♦❧②♠ér✐s❛t✐♦♥ ❞❡ ❧✬❡①tré♠✐té
❜❛r❜é❡ ❡st é❣❛❧❡ à ❧❛ ✈✐t❡ss❡ ❞❡ ♣♦❧②♠ér✐s❛t✐♦♥ ❞❡ ❧✬❡①tré♠✐té ♣♦✐♥t✉❡✳ ▲❛
❧♦♥❣✉❡✉r ❞✉ ✜❧❛♠❡♥t ❞✬❛❝t✐♥❡ ❡st ❛❧♦rs ❝♦♥st❛♥t❡ ❛✉ ❝♦✉rs ❞✉ t❡♠♣s✱ ❝✬❡st
❝❡ q✉✬♦♥ ❛♣♣❡❧❧❡ ✧tr❡❛❞♠✐❧❧✐♥❣✧✳ ▲❛ ❝♦♥❝❡♥tr❛t✐♦♥ ❝r✐t✐q✉❡ ♣❡✉t êtr❡ ❛tt❡✐♥t❡
❞❛♥s ❧❡s ❝❡❧❧✉❧❡s ❞♦♥t ❧❡ rés❡r✈♦✐r ❞✬❛❝t✐♥❡ ❝②t♦♣❧❛s♠✐q✉❡ ❡st ❞❡ ❧✬♦r❞r❡ ❞❡
✶✵ à ✶✵✵ µM s❡❧♦♥ ❧❡ t②♣❡ ❝❡❧❧✉❧❛✐r❡✳ ▲❛ ♣r♦✜❧✐♥❡✱ ✉♥❡ ♣r♦té✐♥❡ ❞❡ ❧✐❛✐s♦♥ à
❧✬❛❝t✐♥❡ ❛❜♦♥❞❛♥t❡ ❞❛♥s ❧❡ ❝②t♦♣❧❛s♠❡✱ ❥♦✉❡ ✉♥ rô❧❡ ✐♠♣♦rt❛♥t ❞❛♥s ❧✬❤♦♠é♦✲
st❛s✐❡✳ ❊❧❧❡ s❡ ✜①❡ à t♦✉s ❧❡s ♠♦♥♦♠èr❡s ❞✬❛❝t✐♥❡ ❧✐❜r❡s ❡t ✐♥❤✐❜❡ ❧❛ ❢♦r♠❛t✐♦♥
❞❡ ❞✐♠èr❡s ♦✉ ❞❡ tr✐♠èr❡s ❡♠♣ê❝❤❛♥t ❛✐♥s✐ ❧❛ ♣♦❧②♠ér✐s❛t✐♦♥ s♣♦♥t❛♥é❡ ❬✶✸✷❪✳
❉❛♥s ❧❡s ❝❡❧❧✉❧❡s✱ ❧❛ ♣♦❧②♠ér✐s❛t✐♦♥ ❞❡ ✜❧❛♠❡♥ts ♥❡ ♣❡✉t ❛❧♦rs êtr❡ ❞é❝❧❡♥✲
❝❤é❡ q✉❡ ♣❛r ♥✉❝❧é❛t✐♦♥ ❞✐t❡ ❞❡ ♥♦✈♦✳ ▲❛ ♥✉❝❧é❛t✐♦♥ ❞❡ ♥♦✈♦ ❡st ❝❛t❛❧②sé❡ ♣❛r
❞❡s ♥✉❝❧é❛t❡✉rs✱ ❞♦♥t ❧❡s ♣❧✉s ✐♠♣♦rt❛♥ts s♦♥t ✿ ❧❡ ❝♦♠♣❧❡①❡ ❆r♣ ✷✴✸ ❡t ❧❡s
❢♦r♠✐♥❡s✳

❋✐❧❛♠❡♥ts ❞✬❛❝t✐♥❡ ❧✐és

◆♦✉s ❞é✜♥✐ss♦♥s ❝♦♠♠❡ ✧rés❡❛✉ ❞❡ ✜❧❛♠❡♥ts ❧✐és✧✱ t♦✉t❡ str✉❝t✉r❡ ❞❡ ✜❧❛✲
♠❡♥ts ❞✬❛❝t✐♥❡ ❝♦♥♥❡❝tés ♣❛r ❞❡s ♣r♦té✐♥❡s ❞✐t❡s ✧❞❡ ❧✐❛✐s♦♥ ❝r♦✐sé❡✧ ❢♦r♠❛♥t
❞❡s ♣♦♥t❛❣❡s ❡♥tr❡ ❧❡s ✜❧❛♠❡♥ts ✭❤♦r♠✐s ❧❡ ❝♦♠♣❧❡①❡ ❆r♣✷✴✸✮✳ ▲❡s ❛r❝❤✐t❡❝✲
t✉r❡s ❧✐é❡s ♦♥t ✉♥❡ ♠❡✐❧❧❡✉r❡ t❡♥✉❡ ♠é❝❛♥✐q✉❡ ❡t ♣❛rt✐❝✐♣❡♥t ❝♦❧❧❡❝t✐✈❡♠❡♥t
❛✉ ♠❛✐♥t✐❡♥ ❞❡ ❧✬✐♥té❣r✐té ♠é❝❛♥✐q✉❡ ❞❡ ❧❛ ❝❡❧❧✉❧❡✳ ❬✹✼✱ ✶✽✶❪✳ ❈♦♥tr❛✐r❡♠❡♥t
❛✉ ❝♦♠♣❧❡①❡ ❆r♣✷✴✸ ✐♠♣❧✐q✉é ❛✉ss✐ ❜✐❡♥ ❞❛♥s ❧✬❛ss❡♠❜❧❛❣❡ ❞❡s ✜❧❛♠❡♥ts q✉❡
❞❛♥s ❧✬♦r❣❛♥✐s❛t✐♦♥ s♣❛t✐❛❧❡ ❞✉ rés❡❛✉✱ ❧❡s ♣r♦té✐♥❡s ❞❡ ❧✐❛✐s♦♥ ❝r♦✐sé❡ ♥✬✐♥t❡r✲
✈✐❡♥♥❡♥t ♣❛s ❞❛♥s ❧✬❛ss❡♠❜❧❛❣❡ ❞❡ ❧✬❛❝t✐♥❡ ♠❛✐s ❝♦♥♥❡❝t❡♥t ❧❡s ✜❧❛♠❡♥ts ❡♥tr❡
❡✉① ❡♥ ❧❡s ♦r❣❛♥✐s❛♥t ❞❛♥s ❧✬❡s♣❛❝❡✳ ▲❡s ♣r♦té✐♥❡s ❞❡ ❧✐❛✐s♦♥ ❝r♦✐sé❡ ❛❧✐❣♥❡♥t
❧❡s ✜❧❛♠❡♥ts ❞✬❛❝t✐♥❡ ❡♥ str✉❝t✉r❡s ❧✐♥é❛✐r❡s ❝♦♠♣❛❝t❡s ❛♣♣❡❧é❡s ❝â❜❧❡s✳ ❙❡❧♦♥
❧❡ t②♣❡ ❞❡ ♣r♦té✐♥❡ ❞❡ ❧✐❛✐s♦♥ ❝r♦✐sé❡✱ ❧❡s ✜❧❛♠❡♥ts ❞❛♥s ❧❡s ❝â❜❧❡s ♣❡✉✈❡♥t

✷✶



❈❍❆P■❚❘❊ ✶✳ ■◆❚❘❖❉❯❈❚■❖◆

êtr❡ ❞✬♦r✐❡♥t❛t✐♦♥ ✐❞❡♥t✐q✉❡ ♦✉ ❞✬♦r✐❡♥t❛t✐♦♥ ♦♣♣♦sé❡✳ ❉❡s rés✉❧t❛ts ré❝❡♥ts
♠♦♥tr❡♥t q✉❡ ❧❛ ✈✐t❡ss❡ ❞❡ ♣♦❧②♠ér✐s❛t✐♦♥ ❞❡s ✜❧❛♠❡♥ts ❞✬❛❝t✐♥❡ ❞❛♥s ✉♥❡
str✉❝t✉r❡ ❧✐é❡ ♣❡✉t ✐♥✢✉❡♥❝❡r ❧❛ ❢❛ç♦♥ ❞♦♥t ❧❡s ♣r♦té✐♥❡s ❞❡ ❧✐❛✐s♦♥ ❝r♦✐sé❡
♦r❣❛♥✐s❡♥t ❧❛ str✉❝t✉r❡✱ ❡t ❞❡ ❢❛ç♦♥ ré❝✐♣r♦q✉❡ ❧❛ ❝♦♥❝❡♥tr❛t✐♦♥ ❞❡ ♣r♦té✐♥❡s
❞❡ ❧✐❛✐s♦♥ ❝r♦✐sé❡ ✐♥✢✉❡♥❝❡ ❧❛ ✈✐t❡ss❡ ❞❡ ♣♦❧②♠ér✐s❛t✐♦♥ ❞❡s ✜❧❛♠❡♥ts ❞❛♥s ❧❛
str✉❝t✉r❡ ♠✐s❡ ❡♥ ♣❧❛❝❡ ❬✹✺❪✳

❘és❡❛✉ ❜r❛♥❝❤é ✭❧❛♠❡❧❧✐♣♦❞❡✮

▲❛ ♣rés❡♥❝❡ ❞✉ ❝♦♠♣❧❡①❡ ♥✉❝❧é❛t❡✉r ❆r♣✷✴✸✱ ♣r♦té✐♥❡ ❝♦♠♣♦sé❡ ❞❡ s❡♣t
s♦✉s✲✉♥✐tés ❬✶✶✾✱✶✹✵❪✱ ❡st à ❧✬♦r✐❣✐♥❡ ❞❡ ❧❛ ❢♦r♠❛t✐♦♥ ❞✉ rés❡❛✉ ❜r❛♥❝❤é ❞✬❛❝✲
t✐♥❡✱ q✉❡ ❧✬♦♥ tr♦✉✈❡ ♣r✐♥❝✐♣❛❧❡♠❡♥t ❞❛♥s ❧❡ ❧❛♠❡❧❧✐♣♦❞❡ ❬✶✻✶✱ ✶✼✽❪✳ ▲❡ ♣r♦✲
❝❡ss✉s ❞❡ ❢♦r♠❛t✐♦♥ ❞✬✉♥ rés❡❛✉ ❜r❛♥❝❤é ❝♦♠♠❡♥❝❡ à ♣❛rt✐r ❞✉ ❜♦r❞ ❞✬✉♥
♣r❡♠✐❡r ✜❧❛♠❡♥t ✧♣r✐♠❡r✧✱ s✉r ❧❡q✉❡❧ ✐♥t❡r❛❣✐t ❧❡ ❝♦♠♣❧❡① ❆r♣✷✴✸ ❧✉✐ ♠ê♠❡
❛❝t✐✈é ♣❛r ❧❡ ♣r♦♠♦t❡✉r ❞❡ ♥✉❝❧é❛t✐♦♥ ❲❙❆P ✭❲✐s❦♦tt✲❆❧❞r✐❝❤ ❙②♥❞r♦♠❡
♣r♦t❡✐♥✮ ❬✶✵✻❪✳ ❯♥❡ ❢♦✐s ✜①é s✉r ❧❡ ❝ôté ❞✉ ✜❧❛♠❡♥t✱ ❧❡ ❝♦♠♣❧❡①❡ ❆r♣✷✴✸
❞é❝❧❡♥❝❤❡ ❧✬é❧♦♥❣❛t✐♦♥ ❞✬✉♥ s❡❝♦♥❞ ✜❧❛♠❡♥t ❞✬❛❝t✐♥❡ ♣♦❧②♠ér✐s❛♥t ♣❛r s♦♥
❡①tré♠✐té ❜❛r❜é❡ ❞❛♥s ✉♥❡ ❞✐r❡❝t✐♦♥ ❞❡ ✼✷ ❞❡❣rés ♣❛r r❛♣♣♦rt ❛✉ ✜❧❛♠❡♥t
✧♣r✐♠❡r✧✱ ❢♦r♠❛♥t ❛✐♥s✐ ✉♥❡ ❜r❛♥❝❤❡ ❬✷✵❪✳ ▲❡ rés❡❛✉ ❞✬❛❝t✐♥❡ ❝♦♥st✐t✉❛♥t ❧❡
❧❛♠❡❧❧✐♣♦❞❡ ❡st ❞♦♥❝ ✉♥ rés❡❛✉ ❜r❛♥❝❤é q✉✬♦♥ ♣❡✉t ✈♦✐r très ❝❧❛✐r❡♠❡♥t ❡♥
♠✐❝r♦s❝♦♣✐❡ é❧❡❝tr♦♥✐q✉❡ ❬✶✺✾❪ ✭❋✐❣✉r❡ ✽✮✳

❋✐❣✉r❡ ✶✳✽ ✕ ❘és❡❛✉ ❜r❛♥❝❤é ❞✬❛❝t✐♥❡ ❞❛♥s ❧❡ ❧❛♠❡❧❧✐♣♦❞❡ ❝❡❧❧✉❧❛✐r❡ ✭♠✐❝r♦s❝♦♣✐❡ é❧❡❝✲

tr♦♥✐q✉❡✮ ❬✶✺✾❪✳ ❆ ❞r♦✐t❡ ✿ ❜✱ ❝✱ ❞✱ ❡✱ ❢✱ ❡t ❣ s♦♥t ❧❡s ③♦♦♠s ❞❡s ❡♥❝❛❞rés ✜❣✉r❛♥t s✉r ❧✬✐♠❛❣❡

❞❡ ❣❛✉❝❤❡✳
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❘és❡❛✉① ❞❡ ✜❧❛♠❡♥ts ❞✬❛❝t✐♥❡ ♣❛r❛❧❧è❧❡s à ♦r✐❡♥t❛t✐♦♥ ✐❞❡♥t✐q✉❡ ✭✜❧♦♣♦❞❡s✮

❋✐❣✉r❡ ✶✳✾ ✕ ❆ss❡♠❜❧❛❣❡ ❞✬✉♥ ✜❧♦♣♦❞❡ ❞✬❛❝t✐♥❡ ❛✉ ❜♦r❞ ❛✈❛♥t ❞❡ ❧❛ ❝❡❧❧✉❧❡ ✭♠✐❝r♦s❝♦♣✐❡

é❧❡❝tr♦♥✐q✉❡✮✳ ❖♥ ♣❡✉t ♦❜s❡r✈❡r ❧❛ ♠❛ss❡ ❞❡ ♣r♦té✐♥❡s ❛ss♦❝✐é❡s à ❧✬❡①tré♠✐té ❞❡s ✜❧❛♠❡♥ts

❞✬❛❝t✐♥❡ ✭r❡❝♦❧♦rés ❡♥ ❜❧❡✉✮✳ ❬❙✈✐t❦✐♥❛✱ ❝♦♥❢ér❡♥❝❡❪

▲❡s rés❡❛✉① ❞❡ ✜❧❛♠❡♥ts ♣❛r❛❧❧è❧❡s à ♦r✐❡♥t❛t✐♦♥ ✐❞❡♥t✐q✉❡ s❡ r❡tr♦✉✈❡♥t
❞❛♥s ✉♥ ❣r❛♥❞ ♥♦♠❜r❡ ❞❡ ❝♦♥t❡①t❡s ❝❡❧❧✉❧❛✐r❡s ✿ ❧❡s ✜❧♦♣♦❞❡s✱ ❧❡s ♠✐❝r♦✈✐❧❧✐s✱
❧❡s ❝❤❡✈❡✉① ♠❡♠❜r❛♥❛✐r❡s✱ ❧❡ ❝✐❧ ♣r✐♠❛✐r❡ ❬✶✽✱✶✽✶✱✶✽✽❪✳ ▲❛ ♣❧✉♣❛rt ❞✉ t❡♠♣s✱
❧❡s ✜❧❛♠❡♥ts ❞❡ ❝❡s rés❡❛✉① ♦♥t ❧❡✉r ❡①tré♠✐té ❜❛r❜é❡ ❢❛❝❡ à ❧❛ ♠❡♠❜r❛♥❡
♣❧❛s♠✐q✉❡ ❬✸✹❪✳ ▲❛ ❢❛ç♦♥ ❞♦♥t ✉♥ rés❡❛✉ ❞❡ ✜❧❛♠❡♥ts ♣❛r❛❧❧è❧❡s à ♦r✐❡♥t❛t✐♦♥
✐❞❡♥t✐q✉❡ ❡st ❢♦r♠é ❡st ✉♥❡ q✉❡st✐♦♥ ♦✉✈❡rt❡✳ ❉❡✉① ♠é❝❛♥✐s♠❡s ♥♦♥ ❡①❝❧✉✲
s✐❢s s♦♥t ❣é♥ér❛❧❡♠❡♥t ❛❞♠✐s ✿ ❧✬✉♥ ✐♥❝❧✉❛♥t ❧❡ ❝♦♠♣❧❡①❡ ❆r♣✷✴✸ ❡t ❧✬❛✉tr❡
♠❡tt❛♥t ❡♥ ❥❡✉ ❞❡s ❢❛❝t❡✉rs ❞✬é❧♦♥❣❛t✐♦♥ ❝♦♠♠❡ ❧❡s ❢♦r♠✐♥❡s ❬✸✸✱✺✻❪ ❡t✴♦✉ ❧❛
♣r♦té✐♥❡ ❱❆❙P ✭❊♥❛✴❱❆❙P✮ ❬✾✵✱ ✶✹✸❪✳ ❉ès q✉❡ ❧❡s ✜❧❛♠❡♥ts s✬♦r❣❛♥✐s❡♥t ❡♥
str✉❝t✉r❡s ♣❛r❛❧❧è❧❡s✱ ✐❧s s♦♥t ❧✐és ♣❛r ❞❡s ♣r♦té✐♥❡s ❞❡ ❧✐❛✐s♦♥ ❝r♦✐sé❡✱ ❝♦♠♠❡
❧❛ ❢❛s❝✐♥❡✱ ❞❡ ❢❛ç♦♥ à st❛❜✐❧✐s❡r ❧❛ str✉❝t✉r❡ ❡t à ❛✉❣♠❡♥t❡r s❛ r✐❣✐❞✐té ♠é✲
❝❛♥✐q✉❡✳ ▲❡s ❢♦r♠✐♥❡s s♦♥t ✉♥❡ ❧❛r❣❡ ❢❛♠✐❧❧❡ ❞❡ ♣r♦té✐♥❡s ❝❛r❛❝tér✐sé❡s ♣❛r
❧❛ ♣rés❡♥❝❡ ❞✬✉♥ ❞♦♠❛✐♥❡ ❋❍✶ ✭❢♦r♠✐♥ ❤♦♠♦❧♦❣② ✶✮ ❡t ❞✬✉♥ ❞♦♠❛✐♥❡ ❋❍✷
✭❢♦r♠✐♥ ❤♦♠♦❧♦❣② ✷✮✱ ❧❡ ❞♦♠❛✐♥❡ ❋❍✶ ❢♦♥❝t✐♦♥♥❛♥t ❝♦♠♠❡ ✉♥ r❡❝r✉t❡✉r ❞❡
❝♦♠♣❧❡①❡s ♣r♦✜❧✐♥❡✲❛❝t✐♥❡ ❡t ❧❡ ❞♦♠❛✐♥❡ ❋❍✷ ✐♥t❡r❛❣✐ss❛♥t ❛✈❡❝ ❧✬❡①tré♠✐té
❜❛r❜é❡ ❞❡s ✜❧❛♠❡♥ts ❞✬❛❝t✐♥❡ ❬✹✱ ✸✸❪✳ P♦✉r ❧❛ ♣❧✉♣❛rt ❞❡s ❢♦r♠✐♥❡s✱ ❧❡ ❞♦✲
♠❛✐♥❡ ❋❍✷ r❡st❡ ✜①é s✉r ❧✬❡①tré♠✐té ❜❛r❜é❡ ❡t ❛❝❝é❧èr❡ s❛ ♣♦❧②♠ér✐s❛t✐♦♥
♣❛r ❝✐♥q ❬✶✼✺❪ s❡❧♦♥ ✉♥ ♠é❝❛♥✐s♠❡ ♣r♦❝❡ss✐❢ ❬✷✱ ✺✾✱ ✶✹✶❪✳ ▲❛ ♣r♦té✐♥❡ ❱❆❙P
✐♥t❡r❛❣✐t ❛✉ss✐ ❛✈❡❝ ❧✬❡①tré♠✐té ❜❛r❜é❡ ❞❡s ✜❧❛♠❡♥ts ❞✬❛❝t✐♥❡ ❡♠♣ê❝❤❛♥t ❧❛
✜①❛t✐♦♥ ❞❡s ♣r♦té✐♥❡s ❞❡ ❝♦✐✛❡ ♠❛✐s ❛✉t♦r✐s❛♥t ❧❛ ♣♦❧②♠ér✐s❛t✐♦♥ ❬✻✱ ✷✻✱✶✷✽❪✳
❈❡ ♠♦❞❡ ❞❡ ❢♦♥❝t✐♦♥♥❡♠❡♥t ♣❡✉t ✐♥❞✉✐r❡ ❧❛ ♥❛✐ss❛♥❝❡ ❞✬✉♥ ✜❧♦♣♦❞❡ ❛✉ s❡✐♥
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❞✉ rés❡❛✉ ❜r❛♥❝❤é ❞✉ ❧❛♠❡❧❧✐♣♦❞❡✳ ▲❡ rô❧❡ ❞✉ ❝♦♠♣❧❡①❡ ❆r♣✷✴✸ ❞♦✐t ❛✉ss✐
êtr❡ r❡✈✐s✐té✱ ❛✉ ✈✉ ❞✬❡①♣ér✐❡♥❝❡s ré❝❡♥t❡s ❞❛♥s ❧❡sq✉❡❧❧❡s ❞❡s ✜❧♦♣♦❞❡s s♦♥t
❢♦r♠és ❛❧♦rs q✉❡ ❧❡ ❝♦♠♣❧❡①❡ ❆r♣✷✴✸ ❡st ❜❧♦q✉é ❞❛♥s ❧❛ ❝❡❧❧✉❧❡ ❬✶✺✽❪✳ ❙❡❧♦♥ ❧❡
♠♦❞è❧❡ ❞❡ ❝♦♥✈❡r❣❡♥❝❡ ❞❡s ✜❧❛♠❡♥ts ❞✬❛❝t✐♥❡ ❡♥tr❡ ❡✉①✱ ❧❛ s✐♠♣❧❡ ré♣❛rt✐t✐♦♥
s♣❛t✐❛❧❡ ❞✉ ❝♦♠♣❧❡①❡ ❆r♣✷✴✸ s✉✣t à ré❣✉❧❡r ❧❛ ❢♦r♠❛t✐♦♥ ❞❡ ✜❧♦♣♦❞❡s✳ ❙❡✲
❧♦♥ ❧❡ ♠♦❞è❧❡ ❞❡ ♥✉❝❧é❛t✐♦♥ à ❧✬❡①tré♠✐té ❜❛r❜é❡✱ ❧✬✐♥t❡r✈❡♥t✐♦♥ ❞❡s ❢♦r♠✐♥❡s
❡t✴♦✉ ❞❡ ❧❛ ♣r♦té✐♥❡ ❱❆❙P s✉✣t à ❞é❝❧❡♥❝❤❡r ❧❛ ❢♦r♠❛t✐♦♥ ❞❡ ✜❧♦♣♦❞❡s ❬✶✽✽❪✳

❘és❡❛✉① ❞❡ ✜❧❛♠❡♥ts ❞✬❛❝t✐♥❡ ♣❛r❛❧❧è❧❡s à ♦r✐❡♥t❛t✐♦♥s ♦♣♣♦sé❡s ✭✜❜r❡s ❞❡ str❡ss✮

❋✐❣✉r❡ ✶✳✶✵ ✕ ❖r✐❡♥t❛t✐♦♥ ❞❡s ✜❧❛♠❡♥ts ❞✬❛❝t✐♥❡ ❞❛♥s ✉♥❡ ✜❜r❡ ❞❡ str❡ss ✭♠✐❝r♦s❝♦♣✐❡

é❧❡❝tr♦♥✐q✉❡✮ ❬✸✽❪

❯♥❡ ✜❜r❡ ❞❡ str❡ss ❡st ✉♥ ❝â❜❧❡ ❞❡ ✜❧❛♠❡♥ts ❞✬❛❝t✐♥❡ ♣❛r❛❧❧è❧❡s ❞♦♥t ❧❡s
✐♥t❡rs❡❝t✐♦♥s s♦♥t ❛♥t✐♣❛r❛❧❧è❧❡s ❬✸✽❪✱ ❛✐♥s✐✱ ❞❡s ♠♦t❡✉rs ♠♦❧é❝✉❧❛✐r❡s✱ ❧❡s ♠②♦✲
s✐♥❡s✱ s✬② ❛ss♦❝✐❡♥t ♣♦✉r r❡♥❞r❡ ❧❛ str✉❝t✉r❡ ❝♦♥tr❛❝t✐❧❡✳ ▲❡s ✜❜r❡s ❞❡ str❡ss
❝♦♥tr❛❝t✐❧❡s s♦♥t ✉t✐❧❡s ♣♦✉r ❧❛ ❞✐✈✐s✐♦♥ ❝❡❧❧✉❧❛✐r❡ ❞❛♥s ❧❡ ♣r♦❝❡ss✉s ❞❡ ❝②t♦❝✐✲
♥ès❡ ❡t ♣♦✉r ❧❡ ♠❛✐♥t✐❡♥ ❞❡ ❧✬✐♥té❣r✐té ♠é❝❛♥✐q✉❡ ❞❡s ❝❡❧❧✉❧❡s ❞❛♥s ❧✬ét❛❜❧✐ss❡✲
♠❡♥t ❞❡s ❥♦♥❝t✐♦♥s ❝❡❧❧✉❧❡✲❝❡❧❧✉❧❡ ❬✷✼✱✶✻✽❪✳ ❈♦♠♠❡ ❞❛♥s t♦✉t rés❡❛✉ ♣❛r❛❧❧è❧❡✱
❞❡s ♣r♦té✐♥❡s ❞❡ ❧✐❛✐s♦♥ ❝r♦✐sé❡ ✐♥t❡r✈✐❡♥♥❡♥t ♣♦✉r st❛❜✐❧✐s❡r ❧❛ str✉❝t✉r❡ ❬✶✻✹❪✳
▲✬❛❧♣❤❛✲❛❝t✐♥✐♥❡ ❡t ❧❛ ✜♠❜r✐♥❡ s♦♥t ❞❡ ❜♦♥s ❝❛♥❞✐❞❛ts ❞✬❛ss♦❝✐❛t✐♦♥ ❛✉① str✉❝✲
t✉r❡s ❛♥t✐♣❛r❛❧❧è❧❡s ❬✾✶❪✳ ▲❛ ❧♦♥❣✉❡✉r ❞❡s ✜❧❛♠❡♥ts ❞✬❛❝t✐♥❡ ❞❛♥s ❧❡s str✉❝t✉r❡s
à ♦r✐❡♥t❛t✐♦♥ ❛❧é❛t♦✐r❡ ❛ ✉♥ ✐♠♣❛❝t ❞✐r❡❝t s✉r ❧❡s ♣r♦♣r✐étés ❝♦♥tr❛❝t✐❧❡s ❡t
❧❡ ♥♦♠❜r❡ ❞❡ têt❡s ❞❡ ♠②♦s✐♥❡ ♣❛r ✉♥✐té ❞❡ ❧♦♥❣✉❡✉r ❞❡ ✜❜r❡ ❢❛✐t ✈❛r✐❡r ❧❡s
❢♦r❝❡s ❞❡ t❡♥s✐♦♥ ❧❡ ❧♦♥❣ ❞❡ ❧❛ str✉❝t✉r❡ ❬✶✻✺❪✳ ▲✬♦r✐❡♥t❛t✐♦♥ ❞❡s ✜❧❛♠❡♥ts
❞✬❛❝t✐♥❡ ❞❛♥s ✉♥ rés❡❛✉ ❝♦♥tr❛❝t✐❧❡ ❥♦✉❡ ✉♥ rô❧❡ ❞ét❡r♠✐♥❛♥t ❞❛♥s ❧❡ ❝♦♥trô❧❡
❞❡ ❧❛ ✈✐t❡ss❡ ❞❡ ❝♦♥tr❛❝t✐♦♥ ❬✸✺✱ ✽✻❪✳ ❆✉ss✐✱ ❧❛ ❝✐♥ét✐q✉❡ ❞❡ ♣♦❧②♠ér✐s❛t✐♦♥ ❡t
❞❡ ❞é♣♦❧②♠ér✐s❛t✐♦♥ ❞❡s ✜❧❛♠❡♥ts ❞✬❛❝t✐♥❡ ❞♦✐t êtr❡ ♣r✐s❡ ❡♥ ❝♦♠♣t❡✱ ❡♥ ♣❧✉s
❞❡ ❧✬❛❝t✐✈✐té ❞❡s ♠②♦s✐♥❡s✱ ♣♦✉r ❡①♣❧✐q✉❡r ❞❡s ♣❤é♥♦♠è♥❡s ❝♦♠♠❡ ❧❛ ❝♦♥tr❛❝✲
t✐♦♥ ❞❡ ❧✬❛♥♥❡❛✉ ❞❡ ❝②t♦❝✐♥ès❡ ❧♦rs ❞❡ ❧❛ ❞✐✈✐s✐♦♥ ❝❡❧❧✉❧❛✐r❡ ❬✶✾✹❪✳ ■❧ s✬❛✈èr❡
♥é❝❡ss❛✐r❡ ❞❡ tr❛✈❛✐❧❧❡r ❞❛✈❛♥t❛❣❡ s✉r ❧❛ ❝♦rré❧❛t✐♦♥ ❡♥tr❡ ❧✬♦r❣❛♥✐s❛t✐♦♥ ❣é♦✲
♠étr✐q✉❡ ❞❡s str✉❝t✉r❡s ♣❛r❛❧❧è❧❡s à ♦r✐❡♥t❛t✐♦♥ ♦♣♣♦sé❡✱ ❧❛ ❝♦♠♣♦s✐t✐♦♥ ❞❡
❧❡✉r ❡♥✈✐r♦♥♥❡♠❡♥t ❜✐♦❝❤✐♠✐q✉❡✱ ❡t ❧❡✉rs ♣r♦♣r✐étés ❝♦♥tr❛❝t✐❧❡s✳ ❊①❝❧✉❡s ❞✉

✷✹



❈❍❆P■❚❘❊ ✶✳ ■◆❚❘❖❉❯❈❚■❖◆

❧❛♠❡❧❧✐♣♦❞❡ ❬✻✶❪✱ ❧❡s ✜❜r❡s ❞❡ str❡ss s♦♥t ♣rés❡♥t❡s ❞❛♥s t♦✉t ❧❡ r❡st❡ ❞❡ ❧❛
❝❡❧❧✉❧❡ ❬✶✷✾❪✳ ■❧ ❡①✐st❡ ❞❡✉① ♣r✐♥❝✐♣❛❧❡s ❝❛té❣♦r✐❡s ❞❡ ✜❜r❡s ❞❡ str❡ss ✿ ❧❡s
✜❜r❡s ❞❡ str❡ss ✈❡♥tr❛❧❡s ♦r✐❡♥té❡s ♣❡r♣❡♥❞✐❝✉❧❛✐r❡♠❡♥t ❛✉ ♠♦✉✈❡♠❡♥t ❞❡ ❧❛
❝❡❧❧✉❧❡✱ q✉✐ ❥♦✉❡♥t ✉♥ rô❧❡ ❝❧é ❞❛♥s ❧❛ s❡♥s✐❜✐❧✐té ♠é❝❛♥✐q✉❡ ❞❡ ❧❛ ❝❡❧❧✉❧❡ ✈✐❛
❧❡s ❛❞❤és✐♦♥s ❢♦❝❛❧❡s✱ ❡t ❧❡s ✜❜r❡s ❞❡ str❡ss tr❛♥s✈❡rs❡s ♦r✐❡♥té❡s ♣❛r❛❧❧è❧❡✲
♠❡♥t ❛✉ ❜♦r❞ ❛✈❛♥t ❞❡ ❧❛ ❝❡❧❧✉❧❡✱ ❥✉st❡ ❞❡rr✐èr❡ ❧❡ ❧❛♠❡❧❧✐♣♦❞❡✱ q✉✐ ❧✐❡♥t ❡♥tr❡
❡❧❧❡s ❧❡s ✜❜r❡s ❞❡ str❡ss ✈❡♥tr❛❧❡s✳ ❆♥♥✉❧❡r ❧✬❛ss❡♠❜❧❛❣❡ ❞❡s ✜❜r❡s ❞❡ str❡ss
❡♠♣ê❝❤❡ ❧❛ ♠♦t✐❧✐té ❝❡❧❧✉❧❛✐r❡ ❡t ❧❛ ♠❛t✉r❛t✐♦♥ ❞❡s ❝♦♥t❛❝ts ❢♦❝❛✉① ❞✬❛❞❤é✲
s✐♦♥✳ ▲❡s ✜❜r❡s ❞❡ str❡ss ♠✉s❝✉❧❛✐r❡s ♦♥t ✉♥ ❞❡❣ré ❞✬♦r❣❛♥✐s❛t✐♦♥ s♣❛t✐❛❧ très
é❧❡✈é✳ ❊❧❧❡s s♦♥t s❡❣♠❡♥té❡s ❡♥ ✉♥✐tés ❝♦♥tr❛❝t✐❧❡s ❡t ❝❤❛q✉❡ ✉♥✐té ❝♦♥tr❛❝t✐❧❡
❝♦♠♣♦rt❡ ✉♥ ♥♦♠❜r❡ ♣ré❝✐s ❞❡ ✜❧❛♠❡♥ts ❞✬❛❝t✐♥❡ ❞❡ ❧♦♥❣✉❡✉r ✐❞❡♥t✐q✉❡ q✉✐
s✬✐♥t❡rs❡❝t❡♥t s❡❧♦♥ ✉♥❡ ❣é♦♠étr✐❡ q✉❛s✐ ❝r✐st❛❧❧✐♥❡ ✭ ❋✐❣✉r❡ ✶✶✮✳ ▲✬❡①❡♠♣❧❡
❞❡s ✜❜r❡s ♠✉s❝✉❧❛✐r❡s ♠❡t ❡♥ é✈✐❞❡♥❝❡ ❧✬✐♠♣♦rt❛♥❝❡ ❞❡ ❧✬♦r❣❛♥✐s❛t✐♦♥ ❣é♦✲
♠étr✐q✉❡ ❞❡s rés❡❛✉① ♣❛r❛❧❧è❧❡s ❞❛♥s ❧❡s ♣r♦♣r✐étés ❝♦♥tr❛❝t✐❧❡s ❞❡s ✜❜r❡s ❞❡
str❡ss✳

❋✐❣✉r❡ ✶✳✶✶ ✕ ❖r❣❛♥✐s❛t✐♦♥ s❛r❝♦♠ér✐q✉❡ ❞✬✉♥❡ ✜❜r❡ ❞❡ str❡ss ♠✉s❝✉❧❛✐r❡ ✭♠✐❝r♦s❝♦♣✐❡

é❧❡❝tr♦♥✐q✉❡✮ ❬▲♦❞✐s❤✱ ❝♦♥❢ér❡♥❝❡❪
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❆♥♥❡❛✉ ❞❡ ❝②t♦❝✐♥ès❡

▲✬❛♥♥❡❛✉ ❞❡ ❝②t♦❝✐♥ès❡ ❡st ✉♥❡ ✜❜r❡ ❞❡ str❡ss ❝✐r❝✉❧❛✐r❡ ❝♦♠♣♦sé❡ ❞❡ ✜❧❛♠❡♥ts
❞✬❛❝t✐♥❡ ❞✬♦r✐❡♥t❛t✐♦♥ ❛❧é❛t♦✐r❡ ❬✼✷✱✶✸✶❪✳ ▲❛ ❝②t♦❝✐♥ès❡ ❡st ✉♥ ❝❛s ✐♥tér❡ss❛♥t
s✉r ❧❡ ♣❧❛♥ ❞✉ ❞❡❣ré ❞✬♦r❞r❡ t❡♠♣♦r❡❧✳ ❯♥ ❣r❛♥❞ ♥♦♠❜r❡ ❞❡ ♣r♦té✐♥❡s✱ ❞♦♥t
❧❡s ♠②♦s✐♥❡s ■■ ❡t ❧❡s ❢♦r♠✐♥❡s✱ ♣❛rt✐❝✐♣❡♥t à ❧❛ ❢♦r♠❛t✐♦♥ ❡t à ❧❛ ❝♦♥tr❛❝t✐♦♥
❞❡ ❧✬❛♥♥❡❛✉ ❞✬❛❝t✐♥❡✳ ❆✉ t♦t❛❧ ♣❧✉s ❞❡ ✺✵ ❣è♥❡s ❝♦♥tr✐❜✉❡♥t à ❧❛ ❝②t♦❝✐♥ès❡
❬✶✸✹✱ ✶✽✺❪✳ ❊t ♠❛❧❣ré t♦✉t✱ ❧✬♦r❞r❡ ❞❛♥s ❧❡q✉❡❧ ❧❡s ♣r♦té✐♥❡s ✐♥t❡r✈✐❡♥♥❡♥t ❡st
✜♥❡♠❡♥t ré❣✉❧é ❞❛♥s ❧❡ t❡♠♣s ✿ à ❝❤❛❝✉♥❡ ❞❡s ét❛♣❡s ❝❧és ❞❡ ❧❛ ❝②t♦❝✐♥ès❡
❝♦rr❡s♣♦♥❞ ❧❡ r❡❝r✉t❡♠❡♥t✱ à ❧❛ ♠✐♥✉t❡ ♣rès✱ ❞✬✉♥ ❧♦t ❞❡ ♣r♦té✐♥❡s s♣é❝✐✜q✉❡s ✿
sé♣❛r❛t✐♦♥ ❞❡s ❢✉s❡❛✉① ♠✐t♦t✐q✉❡s ✭t❂✵✮✱ ❞é❜✉t ❡t ✜♥ ❞❡ ❧✬❛♥❛♣❤❛s❡ ✭t❂✶✵
♠✐♥✉t❡s ❡t t❂✸✵ ♠✐♥✉t❡s✮✱ ❞é❜✉t ❡t ✜♥ ❞❡ ❧❛ ❝♦♥tr❛❝t✐♦♥ ✭t❂ ✸✼ ♠✐♥✉t❡s ❡t
t❂✻✼ ♠✐♥✉t❡s✮ ❬✶✽✻❪✳

(a) (b) 

❋✐❣✉r❡ ✶✳✶✷ ✕ ✭❛✮ ✿ ❆rr❛♥❣❡♠❡♥t s♣❛t✐❛❧ ❞❡s ✜❧❛♠❡♥ts ❞✬❛❝t✐♥❡ s✉r ✉♥❡ s❡❝t✐♦♥ ❞✬❛♥✲

♥❡❛✉ ❝♦♥tr❛❝t✐❧❡ ✭♠✐❝r♦s❝♦♣✐❡ é❧❡❝tr♦♥✐q✉❡✮✳ ✭❜✮ r❡❝♦♥st✐t✉t✐♦♥ tr✐❞✐♠❡♥s✐♦♥♥❡❧❧❡ ❞❡ ✜❧❛✲

♠❡♥ts ❞✬❛❝t✐♥❡ ❞❛♥s ❧✬❛♥♥❡❛✉ ❞❡ ❝②t♦❝✐♥ès❡ ✭à ♣❛rt✐r ❞❡s tr❛♥❝❤❡s ❞✬✐♠❛❣❡s ❞❡ ♠✐❝r♦s❝♦♣✐❡

é❧❡❝tr♦♥✐q✉❡✮ ❬✼✷❪
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❆✐♥s✐✱ ❞❡ ♥♦♠❜r❡✉s❡s q✉❡st✐♦♥s r❡❧è✈❡♥t ❞❡ ❧✬✐♥té❣r❛t✐♦♥ ❡♥tr❡ ❧✬♦r❣❛♥✐✲
s❛t✐♦♥ s♣❛t✐❛❧❡ ❞❡s ❛r❝❤✐t❡❝t✉r❡s ❞✬❛❝t✐♥❡ ❡t ❧❛ séq✉❡♥❝❡ t❡♠♣♦r❡❧❧❡ ❞✬✐♥t❡r✲
✈❡♥t✐♦♥ ❞❡s ♣r♦té✐♥❡s q✉✐ ❧❡s ❝♦♥st✐t✉❡♥t✳ ❈♦♠♠❡♥t ❧✬â❣❡ ♥✉❝❧é♦t✐❞✐q✉❡ ❞✉
✜❧❛♠❡♥t ✐♥❞✐✈✐❞✉❡❧ ✐♥✢✉❡♥❝❡✲t✲✐❧ ❧✬✐♥t❡r❛❝t✐♦♥ ❞❡s ♣r♦té✐♥❡s q✉✐ s✬❛ss♦❝✐❡♥t
s✉r s❡s ❜♦r❞s ❄

❉❛♥s ❧❛ ❝♦♥str✉❝t✐♦♥ ❞✬✉♥❡ str✉❝t✉r❡ ❞❡ ✜❧❛♠❡♥ts ❞✬❛❝t✐♥❡ ❧✐és✱ ♦♥ s❛✐t q✉❡
❧❛ ❝✐♥ét✐q✉❡ ❞❡ ♣♦❧②♠ér✐s❛t✐♦♥ ❞❡s ✜❧❛♠❡♥ts ❞✬❛❝t✐♥❡ ❡t ❧✬❛❝t✐♦♥ ❞❡ ♣♦♥t❛❣❡
❞❡s ♣r♦té✐♥❡s ❞❡ ❧✐❛✐s♦♥ s♦♥t ❞❡✉① ♣r♦❝❡ss✉s q✉✐ s✬✐♥✢✉❡♥❝❡♥t ♠✉t✉❡❧❧❡♠❡♥t✳
■❧ s❡r❛✐t ✐♥tér❡ss❛♥t ❛❧♦rs ❞✬♦❜s❡r✈❡r ❝♦♠♠❡♥t ❧❡s str✉❝t✉r❡s s❡ r❡♠♦❞è❧❡♥t
❞❛♥s ❧✬❡s♣❛❝❡ ❡♥ ❢❛✐s❛♥t ✐♥t❡r✈❡♥✐r ❝❡s ❞❡✉① ♣r♦❝❡ss✉s s❡❧♦♥ ❞❡s ♦r❞r❡s ❝❤r♦✲
♥♦❧♦❣✐q✉❡s ❞✐✛ér❡♥ts✳

P♦✉r ❡①♣❧✐q✉❡r ❧❛ ❢♦r♠❛t✐♦♥ ❞✬✉♥ ✜❧♦♣♦❞❡ à ♣❛rt✐r ❞✉ rés❡❛✉ ❜r❛♥❝❤é
❞✉ ❧❛♠❡❧❧✐♣♦❞❡✱ ❞❡✉① ♠♦❞è❧❡♥t s❡ ❞✐st✐♥❣✉❡♥t ✿ ❧❡ ♠♦❞è❧❡ ❞❡ ❝♦♥✈❡r❣❡♥❝❡
s❡❧♦♥ ❧❡q✉❡❧ ✉♥❡ ♠♦❞✐✜❝❛t✐♦♥ ❞❡ ❧❛ ré♣❛rt✐t✐♦♥ s♣❛t✐❛❧❡ ❞❡s ❝♦♠♣❧❡①❡s ❆r♣✷✴✸
à ❧❛ ♠❡♠❜r❛♥❡ ♣❧❛s♠✐q✉❡ s✉✣t à ❢❛✐r❡ ❝♦♥✈❡r❣❡r ❧❡s ✜❧❛♠❡♥ts ❞✬❛❝t✐♥❡ ❡♥
✉♥ ❝â❜❧❡ ❡t ❧❡ ♠♦❞è❧❡ ❞❡ ♥✉❝❧é❛t✐♦♥ ❜❛sé s✉r ❧✬✐♥t❡r✈❡♥t✐♦♥ ❞✬✉♥ ❣r♦✉♣❡ ❞❡
♣r♦té✐♥❡s ✭❢♦r♠✐♥❡s✱ ❱❆❙P✱ ✳✳✳✮ à ❧✬❡①tré♠✐té ❜❛r❜é❡ ❞❡s ✜❧❛♠❡♥ts ❞✬❛❝t✐♥❡✳
❈♦♠♠❡♥t ✈ér✐✜❡r ❡①♣ér✐♠❡♥t❛❧❡♠❡♥t ❝❤❛❝✉♥ ❞❡s ♠♦❞è❧❡s ❄ ❈♦♠♠❡♥t s❛✈♦✐r
q✉❡❧s ♠é❝❛♥✐s♠❡s s♦♥t ✐♥❞✐s♣❡♥s❛❜❧❡s ♣♦✉r ❢♦r♠❡r ✉♥ ✜❧♦♣♦❞❡ ❡t q✉❡❧s s♦♥t
❝❡✉① q✉✐ s♦♥t s❡❝♦♥❞❛✐r❡s ❄ ◗✉❡❧ ❡t ❧✬♦r❞r❡ ❝❤r♦♥♦❧♦❣✐q✉❡ ❞❡s ♠é❝❛♥✐s♠❡s ❄

❉❛♥s ✉♥❡ ✜❜r❡ ❞❡ str❡ss✱ ♣❛r ❡①❡♠♣❧❡✱ ❞❡ ♥♦♠❜r❡✉① ♣❛r❛♠ètr❡s s♣❛t✐❛✉①
s♦♥t ✐♠♣♦rt❛♥ts ✿ ▲❛ ❧♦♥❣✉❡✉r ❞❡s ✜❧❛♠❡♥ts ❞✬❛❝t✐♥❡✱ ❧❡✉r ♦r✐❡♥t❛t✐♦♥✱ ❧❛
❞❡♥s✐té ❞❡ ♠②♦s✐♥❡s ❡t ❧❡✉r ré♣❛rt✐t✐♦♥ ❧❡ ❧♦♥❣ ❞❡ ❧❛ ✜❜r❡✳ ❈♦♠♠❡♥t ❝❡s ♣❛✲
r❛♠ètr❡s ❝❤❛♥❣❡♥t✲✐❧s ❧❡s ♣r♦♣r✐étés ❝♦♥tr❛❝t✐❧❡s ❞❡ ❧❛ ✜❜r❡ ❞❡ str❡ss ❄

❉❛♥s ❧❛ ❝②t♦❝✐♥ès❡✱ q✉❡❧❧❡ ❡st ❧✬✐♠♣♦rt❛♥❝❡ ❞❡ ❧✬♦r❞r❡ t❡♠♣♦r❡❧ ❞❛♥s ❧❡q✉❡❧
❧❡s ♣r♦té✐♥❡s ✐♥t❡r✈✐❡♥♥❡♥t ♣♦✉r ❛ss❡♠❜❧❡r ❡t ❝♦♥tr❛❝t❡r ❧✬❛♥♥❡❛✉ ❄

▲❡s ❛r❝❤✐t❡❝t✉r❡s ❞✬❛❝t✐♥❡ ♣rés❡♥té❡s ✭✜❧❛♠❡♥ts ✐♥❞✐✈✐❞✉❡❧✱ rés❡❛✉① ♣❛✲
r❛❧❧è❧❡s ❡t❝✳✳✮ s♦♥t ❞❡s s♦✉s✲s②stè♠❡s ♠♦❧é❝✉❧❛✐r❡s ❞✉ ❝②t♦sq✉❡❧❡tt❡ ❞✬❛❝t✐♥❡✳
◆♦✉s ♣♦✉✈♦♥s ❧❡s r❡❝♦♥st✐t✉❡r ✐♥ ✈✐tr♦✳ ◆♦✉s ✈❡rr♦♥s ❛❧♦rs✱ ❞❛♥s ❧❛ ♣❛rt✐❡ ré✲
s✉❧t❛ts✱ ❝♦♠♠❡♥t ❧❡s t❡❝❤♥♦❧♦❣✐❡s ❞❡ ❝♦♥trô❧❡ s♣❛t✐❛❧ ✭♠✐❝r♦♣❛tt❡r♥✐♥❣✮ ❡t ❞❡
❝♦♥trô❧❡ t❡♠♣♦r❡❧ ✭♠✐❝r♦✢✉✐❞✐q✉❡✮ ♣❡✉✈❡♥t ♣❡r♠❡ttr❡ ❞❡ ré♣♦♥❞r❡ à ❝❡s q✉❡s✲
t✐♦♥s ♦✉✈❡rt❡s✳ ▼❛✐s ❛✈❛♥t ❝❡❧❛✱ ♣❛ss♦♥s ❡♥ r❡✈✉❡ ❧✬ét❛t ❞❡ ❧✬❛rt ❝♦♥❝❡r♥❛♥t
❧✬ét✉❞❡ ❞✉ ❝②t♦sq✉❡❧❡tt❡ ✐♥ ✈✐tr♦✳
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✶✳✷✳✷ ❘❡❝♦♥st✐t✉t✐♦♥ ✐♥ ✈✐tr♦

▲❡s s②stè♠❡s ❞✬❛❝t✐♥❡ r❡❝♦♥st✐t✉és ✐♥ ✈✐tr♦ s❡ s♦♥t ❝♦♠♣❧❡①✐✜és ❛✉ ❢✉r ❡t
à ♠❡s✉r❡ ❞❡s ❛♥♥é❡s✱ ♣♦✉r ♠✐♠❡r ❞❡ ❧❛ ❢❛ç♦♥ ❧❛ ♣❧✉s ré❛❧✐st❡ ♣♦ss✐❜❧❡ ❧❡s
♠é❝❛♥✐s♠❡s ♠♦❧é❝✉❧❛✐r❡s ❞✉ ❝②t♦sq✉❡❧❡tt❡ ❝❡❧❧✉❧❛✐r❡✳

❉❛♥s ❧❡ ❝❛❞r❡ ❞❡ ❧❛ ❞é♠❛r❝❤❡ ❜♦tt♦♠✲✉♣✱ ❝❡s s②stè♠❡s ❞✬❛❝t✐♥❡ r❡❝♦♥st✐✲
t✉és ✈♦♥t ❞✉ s②stè♠❡ ❧❡ ♣❧✉s s✐♠♣❧❡✱ à s❛✈♦✐r ❧❡ ✜❧❛♠❡♥t ❞✬❛❝t✐♥❡ ✐♥❞✐✈✐❞✉❡❧✱
❛✉ s②stè♠❡ ❧❡ ♣❧✉s ❝♦♠♣❧❡①❡ ♣♦ss✐❜❧❡✳ ▲❡ ❜✉t ét❛♥t ❞❡ r❡♣r♦❞✉✐r❡ ❧❡ ♣❧✉s
✜❞è❧❡♠❡♥t ♣♦ss✐❜❧❡ ❧❡s rés❡❛✉① ❞❡ ✜❧❛♠❡♥ts ❞✬❛❝t✐♥❡ q✉✬✐❧ ② ❛ ❞❛♥s ✉♥❡ ❝❡❧✲
❧✉❧❡ ✈✐✈❛♥t❡✳ ▲❛ r❡❝♦♥st✐t✉t✐♦♥ ❞✉ ❝②t♦sq✉❡❧❡tt❡ ❞✬❛❝t✐♥❡ ✐♥ ✈✐tr♦ ❞♦✐t t❡♥✐r
❝♦♠♣t❡ ♥♦♥ s❡✉❧❡♠❡♥t ❞❡ ❧❛ ❣é♦♠étr✐❡ ❞❡s str✉❝t✉r❡s ❞✬❛❝t✐♥❡ q✉✬✐❧ ❡①✐st❡
❞❛♥s ❧❛ ❝❡❧❧✉❧❡✱ ♠❛✐s ❛✉ss✐ ❞❡ ❧❡✉r ❞②♥❛♠✐q✉❡ ❞✬é✈♦❧✉t✐♦♥ ❝♦♠♠❡ ❧❛ ✈✐t❡ss❡
❞✬é❧♦♥❣❛t✐♦♥ ❞❡s ✜❧❛♠❡♥ts✱ ❧❛ ❝✐♥ét✐q✉❡ ❞✬✐♥t❡r❛❝t✐♦♥ ❞❡s ♣r♦té✐♥❡s ❛ss♦❝✐é❡s✱
❧❛ ✈✐t❡ss❡ ❞❡ ❝♦♥tr❛❝t✐♦♥ ❞✬✉♥ rés❡❛✉ ❡t❝✳

▲✬❛rr✐✈é❡ ❞❡ ❧❛ ♠✐❝r♦s❝♦♣✐❡ à ♦♥❞❡ é✈❛♥❡s❝❡♥t❡ ❛ ♣❡r♠✐s ❞✬♦❜s❡r✈❡r ❡♥
t❡♠♣s ré❡❧ ❧❛ ❞②♥❛♠✐q✉❡ ❞✬é❧♦♥❣❛t✐♦♥ ❞❡s ✜❧❛♠❡♥ts ❞✬❛❝t✐♥❡ ✐♥❞✐✈✐❞✉❡❧s ❬✶❪
✭❋✐❣✉r❡ ✶✸❆✮✳ ❈❡tt❡ t❡❝❤♥✐q✉❡ ❞❡ ♠✐❝r♦s❝♦♣✐❡ ❡st ❡♥❝♦r❡ ✉t✐❧✐sé❡ ❛✉❥♦✉r❞✬❤✉✐
♣♦✉r ♠❡s✉r❡r ❧❡s ♣❛r❛♠ètr❡s ❝✐♥ét✐q✉❡s ❞❛♥s ❧✬❛ss❡♠❜❧❛❣❡ ♠♦❧é❝✉❧❛✐r❡ ❞✬✉♥
✜❧❛♠❡♥t ❞✬❛❝t✐♥❡ ✐♥❞✐✈✐❞✉❡❧ ❬✷✱ ✸✱ ✻❪✳

P❧✉s ❝♦♠♣❧❡①❡ ♠❛✐♥t❡♥❛♥t✱ ❞❡s rés❡❛✉① ❞❡ ✜❧❛♠❡♥ts ❞✬❛❝t✐♥❡ ❧✐❜r❡s ❞é♣♦✲
sés s✉r ✉♥ s✉❜str❛t ♥♦♥ ❛❞❤ér❡♥t ❝♦♥st✐t✉❡♥t ❞❡s s②stè♠❡s ♠♦❞è❧❡s s✐♠♣❧✐✜és
♣♦✉r ❧✬ét✉❞❡ ❞❡ ❧❛ ❝♦♥tr❛❝t✐❧✐té ❛❝t♦✲♠②♦s✐♥❡ ❬✹✺✱✶✷✵✱✶✼✾❪✳

❊♥ ❛✉❣♠❡♥t❛♥t ❡♥❝♦r❡ ❧❛ ❝♦♠♣❧❡①✐té✱ ✐❧ ❡st ♣♦ss✐❜❧❡ ❞❡ r❡❝♦♥st✐t✉❡r ✐♥
✈✐tr♦ ❞❡s ✜❧♦♣♦❞❡s ❡♥ ❣é♥ér❛♥t ❧❡✉r ♥✉❝❧é❛t✐♦♥ s✉r ✉♥❡ ❜✐❝♦✉❝❤❡ ❧✐♣✐❞✐q✉❡ à
♣❛rt✐r ❞✬❡①tr❛✐ts ❝❡❧❧✉❧❛✐r❡s ❬✾✺❪✳ ❈❡ t②♣❡ ❞❡ r❡❝♦♥st✐t✉t✐♦♥ ❛ ♣❡r♠✐s ❞✬ét✉✲
❞✐❡r ❧❛ ❝♦♠♣❧é♠❡♥t❛r✐té ❡♥tr❡ ❧✬❛❝t✐✈✐té ❞✉ ❝♦♠♣❧❡①❡ ❆r♣✷✴✸ ❡t ❧✬❛❝t✐✈✐té ❞❡s
❢♦r♠✐♥❡s ❞❛♥s ❧❛ ❢♦r♠❛t✐♦♥ ❞✬✉♥ ✜❧♦♣♦❞❡ ✭❋✐❣✉r❡ ✶✸❇✮✳

A B 

❋✐❣✉r❡ ✶✳✶✸ ✕ ❆ ✿ ❋✐❧❛♠❡♥ts ❞✬❛❝t✐♥❡ ✐♥❞✐✈✐❞✉❡❧s ✈✐s✉❛❧✐sés ❛✉ ♠✐❝r♦s❝♦♣❡ à ♦♥❞❡ é✈❛✲

♥❡s❝❡♥t❡ ♣❛r ✢✉♦r❡s❝❡♥❝❡ ❞❡s ♠♦♥♦♠èr❡s ❞✬❛❝t✐♥❡ ❇ ✿ ■♠❛❣❡ ❡♥ tr♦✐s ❞✐♠❡♥s✐♦♥s ❞❡ ❝â❜❧❡s

❞❡ ✜❧❛♠❡♥ts ❞✬❛❝t✐♥❡ ❞❡ t②♣❡ ✜❧♦♣♦❞❡ ❣é♥érés à ♣❛rt✐r ❞✉ s✉❜str❛t ✐♥❢ér✐❡✉r ❡t s✬❛❧❧♦♥❣❡❛♥t

✈❡rs ❧❡ ❤❛✉t✳
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▲❛ ❢♦r♠❛t✐♦♥ ❞❡s ✜❧♦♣♦❞❡s ❛✉ ❝♦♥t❛❝t ❞❡ ❧❛ ♠❡♠❜r❛♥❡ ♣❧❛s♠✐q✉❡ ❞❡ ❧❛
❝❡❧❧✉❧❡ ❛ ❛✉ss✐ ♣✉ êtr❡ r❡❝♦♥st✐t✉é❡ ✐♥ ✈✐tr♦ ❞❛♥s ✉♥❡ ✈és✐❝✉❧❡ ❧✐♣✐❞✐q✉❡ ❬✾✾❪✳
❈❡ q✉✐ ♣❡r♠❡t ❞✬♦❜s❡r✈❡r ❝❧❛✐r❡♠❡♥t ❧❛ tr❛♥s✐t✐♦♥ ❡♥tr❡ ❧❡ rés❡❛✉ ❜r❛♥❝❤é ❞✉
❧❛♠❡❧❧✐♣♦❞❡ ❡t ❧❡s ♣r♦tr✉s✐♦♥s ♠❡♠❜r❛♥❛✐r❡s q✉❡ s♦♥t ❧❡s ✜❧♦♣♦❞❡s ✭❋✐❣✉r❡
✶✹❆✮✳

▲❛ ❞é❝♦✉✈❡rt❡ ❞❡ ❧❛ ❜❛❝tér✐❡ ▲✐st❡r✐❛ ▼♦♥♦❝②t♦❣❡♥❡ ❛ été ✉♥❡ ét❛♣❡ ✐♠✲
♣♦rt❛♥t❡ ❞❛♥s ❧❛ ❞②♥❛♠✐q✉❡ ❞❡ r❡❝❤❡r❝❤❡ ❜♦tt♦♠✲✉♣ s✉r ❧❡ ❝②t♦sq✉❡❧❡tt❡
❞✬❛❝t✐♥❡ ✐♥ ✈✐tr♦✳ ❈❡tt❡ ❜❛❝tér✐❡ ❡st ❝❛♣❛❜❧❡ ❞❡ s❡ ♣r♦♣✉❧s❡r ❞❛♥s ❧❡ ❝②t♦✲
♣❧❛s♠❡ ❞✬✉♥❡ ❝❡❧❧✉❧❡ ❤ôt❡ ❡♥ ♣♦❧②♠ér✐s❛♥t ✉♥❡ ❝♦♠èt❡ ❞✬❛❝t✐♥❡ à ♣❛rt✐r ❞❡
s❛ ♠❡♠❜r❛♥❡ ❡①t❡r♥❡✳ ❊♥ ❣r❡✛❛♥t✱ s✉r ❧❛ s✉r❢❛❝❡ ❞✬✉♥❡ ❜✐❧❧❡ ❡♥ ♣♦❧②st②rè♥❡✱
❧❡s ♣r♦té✐♥❡s ❞❡ ❧❛ ♠❡♠❜r❛♥❡ ❡①t❡r♥❡ ❞❡ ❧❛ ❜❛❝tér✐❡ q✉✐ ❞é❝❧❡♥❝❤❡♥t ❧❛ ♣♦✲
❧②♠ér✐s❛t✐♦♥ ❞❡ ❧✬❛❝t✐♥❡✱ ❧❛ ❜✐❧❧❡ ♣r♦❞✉✐t ✉♥❡ ❝♦♠èt❡ ❞✬❛❝t✐♥❡ q✉✐ ❧❛ ♣r♦♣✉❧s❡
❞❛♥s ❧❛ s♦❧✉t✐♦♥ ✐♥ ✈✐tr♦ ❬✸✵✱ ✶✽✾❪ ✭❋✐❣✉r❡ ✶✹❇✮✳ ❈❡ s②stè♠❡ ❜✐♦♠✐♠ét✐q✉❡
q✉✐ ❝♦♥t✐❡♥t ❧❡s é❧é♠❡♥ts ❞❡ ❧❛ ♠❛❝❤✐♥❡r✐❡ ❞✉ ❧❛♠❡❧❧✐♣♦❞❡ ❝❡❧❧✉❧❛✐r❡ ❛ ♣❡r♠✐s
❞❡ ♠✐❡✉① ❝♦♠♣r❡♥❞r❡ ❧❡s ♠é❝❛♥✐s♠❡s ❞✉ ❝②t♦sq✉❡❧❡tt❡ ❞✬❛❝t✐♥❡ q✉✐ s♦♥t à ❧❛
❜❛s❡ ❞❡ ❧❛ ♠♦t✐❧✐té ❝❡❧❧✉❧❛✐r❡ ❬✾✱ ✶✷✻✱ ✶✼✶❪✱ ❡♥ ét✉❞✐❛♥t ❧❛ tr❛♥s✐t✐♦♥ ❡♥tr❡ ré✲
s❡❛✉ ❜r❛♥❝❤é ❞✉ ❧❛♠❡❧❧✐♣♦❞❡ ❡t rés❡❛✉① ♣❛r❛❧❧è❧❡s ❞❡ t②♣❡ ✜❧♦♣♦❞❡s ❬✺✼✱✶✼✼❪✱
❡t ❡♥ ❛❥♦✉t❛♥t✱ ✉♥❡ ♣❛r ✉♥❡✱ ❧❡s ♣r♦té✐♥❡s q✉✐ r❡♠♦❞è❧❡♥t ❧❛ str✉❝t✉r❡ ❞❡ ❧❛
❝♦♠èt❡ ❡t ré❣✉❧❡♥t ❧❛ ❞②♥❛♠✐q✉❡ ❞❡ s♦♥ é❧♦♥❣❛t✐♦♥ ❬✾✽✱✶✸✾✱✶✻✾❪✳

A B 

❋✐❣✉r❡ ✶✳✶✹ ✕ ❆ ✿ ❇✐❧❧❡ ❡♥ ♣♦❧②st②rè♥❡ ❣é♥ér❛♥t ✉♥ rés❡❛✉ ❜r❛♥❝❤é ❞✬❛❝t✐♥❡ à s❛ s✉r❢❛❝❡

❡t ❞❡s ❝â❜❧❡s ❞✬❛❝t✐♥❡ ❞❡ t②♣❡ ✜❧♦♣♦❞❡s é♠❛♥❛♥t ❞❡ ❧❛ ❜✐❧❧❡ ❞❡ ❢❛ç♦♥ ✐s♦tr♦♣❡✳ ▲✬✐♠❛❣❡

♣r✐♥❝✐♣❛❧❡ ❡st ✉♥ ③♦♦♠ ❞❡ ❧✬❡♥❝❛❞ré ❡♥ ❜❛s à ❣❛✉❝❤❡✳ ❇ ✿ ❇✐❧❧❡ ❡♥ ♣♦❧②st②rè♥❡ ♣r♦♣✉❧sé❡

♣❛r ✉♥❡ ❝♦♠èt❡ ❞✬❛❝t✐♥❡ ❝♦♥st✐t✉é❡ ❞✬✉♥ rés❡❛✉ ❜r❛♥❝❤é ❞❡♥s❡✳

✷✾
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❈♦♥❝❡r♥❛♥t ❧❡ ❝♦rt❡① ❞✬❛❝t✐♥❡ ❝❡❧❧✉❧❛✐r❡✱ ❞❡s s②stè♠❡s r❡❝♦♥st✐t✉és s✉r ✉♥❡
❜✐❝♦✉❝❤❡ ❧✐♣✐❞✐q✉❡ ❬✶✷✵✱✶✼✾❪ ♦✉ s✉r ❧❛ ♣❛r♦✐ ✐♥t❡r♥❡ ❞✬✉♥ ❧✐♣♦s♦♠❡ ❬✶✸✺❪ s♦♥t
❛♣♣❛r✉s ❝♦♠♠❡ ❞❡ ❜♦♥s ♠♦❞è❧❡s ❜✐♦♠✐♠ét✐q✉❡s ♣♦✉r ét✉❞✐❡r ❧❡s ♠é❝❛♥✐s♠❡s
❞✬❡①♣❛♥s✐♦♥ ❡t ❞❡ ❝♦♥tr❛❝t✐♦♥ ❞✉ rés❡❛✉ ❞✬❛❝t✐♥❡ ❝♦rt✐❝❛❧✳

❈♦♥❝❡r♥❛♥t ❧❡s rés❡❛✉① ❞❡ ✜❧❛♠❡♥ts ❞✬❛❝t✐♥❡ ❛♥t✐♣❛r❛❧❧è❧❡s✱ ❚♦❞❞ ❚❤♦✲
r❡s❡♥ ❡st ♣❛r✈❡♥✉✱ ❡♥ ✉t✐❧✐s❛♥t ❞❡s ❜✐❧❧❡s✱ à r❡❝♦♥st✐t✉❡r ❞❡s ❝â❜❧❡s ❞✬❛❝t✐♥❡
❝♦♠♣r❡♥❛♥t ♣❧✉s✐❡✉rs ✉♥✐tés ❞❡ ✜❧❛♠❡♥ts ❞✬❛❝t✐♥❡ ❛♥t✐♣❛r❛❧❧è❧❡s ❞❡ ❢❛ç♦♥ à
ét✉❞✐❡r ❧❡✉rs ♣r♦♣r✐étés ❝♦♥tr❛❝t✐❧❡s ❡♥ ❢♦♥❝t✐♦♥ ❞❡ ❧❡✉rs ♣❛r❛♠ètr❡s str✉❝✲
t✉r❛✉① ❡t ❞❡s ❞✐✛ér❡♥t❡s ✐s♦❢♦r♠❡s ❞❡ ♠♦t❡✉rs ♠♦❧é❝✉❧❛✐r❡s ❬✶✻✹✱ ✶✻✺❪✳ ❈❡s
s②stè♠❡s r❡♣r♦❞✉✐s❡♥t ❧❛ ❢♦r♠❛t✐♦♥ ❞❡s ✜❜r❡s ❞❡ str❡ss ❛✈❡❝ ✉♥❡ ♦r✐❡♥t❛t✐♦♥
❛❧é❛t♦✐r❡ ❞❡s ✜❧❛♠❡♥ts ❞✬❛❝t✐♥❡ ♣❛r❛❧❧è❧❡s✱ ❝♦♠♠❡ ❞❛♥s ❧❛ ❝❡❧❧✉❧❡✳ ❇✐❡♥ q✉❡
s❡ r❛♣♣r♦❝❤❛♥t ❞❡ ❧❛ ré❛❧✐té ✭❋✐❣✉r❡ ✶✺✮✱ ❝❡♣❡♥❞❛♥t ❧❡ ❞❡❣ré ❞✬♦r❞r❡ ❞❡ ❝❡s
s②stè♠❡s ❜✐♦♠✐♠ét✐q✉❡s ❡st ❡♥❝♦r❡ ❛ss❡③ ♣❛✉✈r❡✳

❋✐❣✉r❡ ✶✳✶✺ ✕ ❙❝❤é♠❛ ❞❡ ❢♦r♠❛t✐♦♥ ❞✬✉♥ ❝â❜❧❡ ❞❡ ✜❧❛♠❡♥ts ❞✬❛❝t✐♥❡ ❞❡ ♣♦❧❛r✐té ❛❧é❛t♦✐r❡

❞❡ t②♣❡ ✜❜r❡ ❞❡ str❡ss à ♣❛rt✐r ❞❡ ❞❡✉① ❜✐❧❧❡s s❡r✈❛♥t ❞❡ ♣♦✐♥ts ❞✬❛♥❝r❛❣❡ ❛✉① ♣r❡♠✐❡rs

✜❧❛♠❡♥ts q✉✐ ❢♦r♠❡♥t ❧❡ ❝â❜❧❡✳ ▲❡s ♠②♦s✐♥❡s ✐♥tè❣r❡♥t ❧❡ ❝â❜❧❡ ❞✬❛❝t✐♥❡ ❡♥ ♠❡tt❛♥t ❧❡s

✜❧❛♠❡♥ts ❞✬❛❝t✐♥❡ s♦✉s t❡♥s✐♦♥ ❡♥tr❡ ❧❡s ❞❡✉① ❝â❜❧❡s✳

❉❡✉① ét✉❞❡s ré❝❡♥t❡s ❞é♠♦♥tr❡♥t q✉✬✐❧ ❡st ♣♦ss✐❜❧❡ ❞✬♦r❣❛♥✐s❡r ❧❡s rés❡❛✉①
❞✬❛❝t✐♥❡ ✐♥ ✈✐tr♦ ❜✐❡♥ ♠✐❡✉① q✉❡ ç❛ ❡♥ ❝♦♥trô❧❛♥t ❛✈❡❝ ♣ré❝✐s✐♦♥ ❧❛ ❣é♦♠étr✐❡
❜✐❞✐♠❡♥s✐♦♥♥❡❧❧❡ ❞❡s ✜❧❛♠❡♥ts ❞✬❛❝t✐♥❡✱ ❣é♥ér❛♥t ❛✐♥s✐ ❞❡s rés❡❛✉① str✐❝t❡✲
♠❡♥t ♣❛r❛❧❧è❧❡s ❡t ❝♦♠♣❛❝ts ❛✈❡❝ ❞❡s ✜❧❛♠❡♥ts ❞❡ ❧♦♥❣✉❡✉r ✐❞❡♥t✐q✉❡ ❡t q✉✐
♣❡✉✈❡♥t s❡ r❡♥❝♦♥tr❡r s❡❧♦♥ ❞❡s ❛♥❣❧❡s ♣ré❝✐s ❡t ❝♦♥trô❧és✳ ❬✶✸✽❪✳ ❆ ♣❛rt✐r
❞❡ ❝❡tt❡ ♠ê♠❡ ♠ét❤♦❞❡✱ ✉♥❡ ét✉❞❡ ❝♦♠♣❧é♠❡♥t❛✐r❡ ❛ ♣❡r♠✐s ❞❡ r❡♣r♦❞✉✐r❡✱
❡♥tr❡ ❞❡✉① ❧❛♠❡❧❧❡s ❡♥ ✈❡rr❡✱ ❧❛ ❝♦♥tr❛❝t✐♦♥ ❞✬✉♥ ❛♥♥❡❛✉ ❞✬❛❝t✐♥❡ ❝♦♥t❡♥❛♥t
✉♥❡ sér✐❡ ❞❡ ♣♦✐♥ts ❣é♥ér❛♥t ❝❤❛❝✉♥ ✉♥ ❝❡rt❛✐♥ ♥♦♠❜r❡ ❞❡ ✜❧❛♠❡♥ts ❞✬❛❝t✐♥❡
q✉✐ s❡ ❝r♦✐s❡♥t ❞❡ ❢❛ç♦♥ ❛♥t✐♣❛r❛❧❧è❧❡ ❬✶✸✼❪ ✭❋✐❣✉r❡ ✶✻✮✳
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❋✐❣✉r❡ ✶✳✶✻ ✕ ❈❡r❝❧❡ ❝♦♠♣♦sé ❞❡ ♣❡t✐ts ❞✐sq✉❡s ♠✐❝r♦♣❛tt❡r♥és s✉r ✉♥ s✉❜str❛t ♣❧❛t ❡t

❣é♥ér❛♥t ❝❤❛❝✉♥ ✉♥ rés❡❛✉ ❜r❛♥❝❤é✳ ▲❡s ✜❧❛♠❡♥ts q✉✐ s♦rt❡♥t ❞❡ ❝❡s ❞✐sq✉❡s s❡ ❝r♦✐s❡♥t ❞❡

❢❛ç♦♥ ❛♥t✐♣❛r❛❧❧è❧❡ ❡♥tr❡ ❝❤❛q✉❡ ❞✐sq✉❡✳ ▲❡ s❝❤é♠❛ ❞✉ ❤❛✉t ♠♦♥tr❡ ❧✬♦r❣❛♥✐s❛t✐♦♥ s♣❛t✐❛❧❡

❞❡s ✜❧❛♠❡♥ts ❞✬❛❝t✐♥❡ s✉r ❧❛ str✉❝t✉r❡ ❝✐r❝✉❧❛✐r❡✳ ▲❛ ❝✐♥ét✐q✉❡ ❞✉ ❜❛s ♠♦♥tr❡ ❧✬❡✛❡t ❞❡s

♠♦t❡✉rs ♠♦❧é❝✉❧❛✐r❡s s✉r ❧❛ str✉❝t✉r❡✳

❉❡ ♠❛♥✐èr❡ ❣é♥ér❛❧❡✱ ❧❛ r❡❝♦♥st✐t✉t✐♦♥ ❞✉ ❝②t♦sq✉❡❧❡tt❡ ❞✬❛❝t✐♥❡ ✐♥ ✈✐tr♦
❡♥ s②stè♠❡s ❜✐♦♠✐♠ét✐q✉❡s ♣❡r♠❡t ❞❡ ré♣♦♥❞r❡ à ❞❡s q✉❡st✐♦♥s ❜✐♦❧♦❣✐q✉❡s
✐♠♣♦rt❛♥t❡s ❛✈❡❝ ✉♥❡ ♣ré❝✐s✐♦♥ ♠♦❧é❝✉❧❛✐r❡✳ ❈❡♣❡♥❞❛♥t✱ ❧✬❡♥s❡♠❜❧❡ ❞❡ ❝❡s
s②stè♠❡s ❜✐♦♠♦❧é❝✉❧❛✐r❡s r❡❝♦♥st✐t✉és ♣♦✉r ❧❡sq✉❡❧s ♦♥ ♣❡✉t s❡ ré❢ér❡r à ❧❛ r❡✲
✈✉❡ ❞❡ ❉❛♥✐❡❧ ❋❧❡t❝❤❡r ❬✹✻❪ ♦♥t ✉♥❡ ❧✐♠✐t❛t✐♦♥ ❝♦♠♠✉♥❡ ✿ ✐❧s ♥❡ ❝♦♥t✐❡♥♥❡♥t
♣❛s ✉♥ ♠♦②❡♥ ❞❡ ❝♦♥trô❧❡r ❧❡ ♠✐❝r♦✲❡♥✈✐r♦♥♥❡♠❡♥t ❜✐♦❝❤✐♠✐q✉❡ ❞✉ s②stè♠❡
❛✉ ❝♦✉rs ❞✉ t❡♠♣s✳ ❈♦♥trô❧❡r ❧❡ ♠✐❝r♦✲❡♥✈✐r♦♥♥❡♠❡♥t ❜✐♦❝❤✐♠✐q✉❡ ❞✬✉♥ ✜❧❛✲
♠❡♥t ❞✬❛❝t✐♥❡ ❛✉ ❝♦✉rs ❞✉ t❡♠♣s s✐❣♥✐✜❡ ❝♦♥trô❧❡r ❧❡s ❛❥♦✉ts ❡t ❧❡s r❡tr❛✐ts
❞❡s ♠♦♥♦♠èr❡s ❡t ❞❡s ❛✉tr❡s ♣r♦té✐♥❡s ❛ss♦❝✐é❡s ❛✉ ✜❧❛♠❡♥t ❞❛♥s ❧❛ s♦❧✉t✐♦♥
❞❛♥s ❧❛q✉❡❧❧❡ ❧❡ ✜❧❛♠❡♥t s❡ s✐t✉❡✳ ❈♦♠♠❡♥t✱ ♣❛r ❡①❡♠♣❧❡✱ ♣❡✉t✲♦♥ ❝♦♥trô❧❡r
❛✉ ❝♦✉rs ❞✉ t❡♠♣s ❧✬❛♣♣❛r✐t✐♦♥ ❞❡ ❜r❛♥❝❤❡s ❞✬❛❝t✐♥❡ à ♣❛rt✐r ❞✬✉♥ ✜❧❛♠❡♥t
✐♥❞✐✈✐❞✉❡❧ ❄ ❊♥ ✷✵✵✵✱ ▲❛✉r❡♥t ❇❧❛♥❝❤♦✐♥ tr♦✉✈❡ ✉♥ ♠♦②❡♥ ❞❡ ❧❡ ❢❛✐r❡ ♠❛✐s ✐❧
s✬❛❣✐t ❞❡ ✜①❡r ❧❡s ✜❧❛♠❡♥ts à ❧❛ ♣❤❛❧♦✐❞✐♥❡ ❛✈❛♥t ❞✬❛❥♦✉t❡r à ❧❛ s♦❧✉t✐♦♥ ❧❛
♣r♦té✐♥❡ ❆r♣✷✴✸ q✉✐ ❣é♥èr❡ ❞❡s ❜r❛♥❝❤❡s ❬✷✸❪ ✭❋✐❣✉r❡ ✶✼✮✳
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❋✐❣✉r❡ ✶✳✶✼ ✕ ❋✐❧❛♠❡♥ts ❞✬❛❝t✐♥❡ ♠❛rq✉és ❡♥ ✈❡rt ♣✉✐s ✜①és à ❧❛ ♣❤❛❧♦✐❞✐♥❡✱ ♣✉✐s ❛❥♦✉t

❞❡ ♠♦♥♦♠èr❡s r♦✉❣❡s ❡t ❞❡ ❧❛ ♣r♦té✐♥❡ ❆r♣✷✴✸ ❞❛♥s ❧❛ ♠ê♠❡ s♦❧✉t✐♦♥✱ ❝ré❛♥t ❛✐♥s✐ ❞❡

♥♦✉✈❡❧❧❡s ❜r❛♥❝❤❡s ❞✬❛❝t✐♥❡ à ♣❛rt✐r ❞✉ ❝ôté ❞❡s ✜❧❛♠❡♥ts ✈❡rt ♣ré✲❡①✐st❛♥t✳

▲❡ ❞②♥❛♠✐s♠❡ ❞❡ ♣♦❧②♠ér✐s❛t✐♦♥ ❞❡s ✜❧❛♠❡♥ts ❞✬❛❝t✐♥❡ ❡st ❞♦♥❝ ♣❡r❞✉✳
❊♥ ✷✵✵✹✱ ❉❛♥✐❡❧ ❋❧❡t❝❤❡r ✐♠❛❣✐♥❡ ✉♥❡ t❡❝❤♥✐q✉❡ ❞❡ ♣❤♦t♦✲♣❛tt❡r♥✐♥❣ ♣♦✉r
❝♦♥trô❧❡r ❧❡ ❞é❝❧❡♥❝❤❡♠❡♥t ❞❡ ❧❛ ❢♦r♠❛t✐♦♥ ❞❡s ❜r❛♥❝❤❡s ❞✬❛❝t✐♥❡ à ♣❛rt✐r
❞✬✉♥ ✜❧❛♠❡♥t ✐♥❞✐✈✐❞✉❡❧ ♠❛✐s ❧❡s tr❛✐t❡♠❡♥ts ❛✉① ❯❱s ❡t ❧❡s tr❛✐t❡♠❡♥ts ❝❤✐✲
♠✐q✉❡s ♥é❝❡ss❛✐r❡s ❛❧tèr❡♥t ❧❡s str✉❝t✉r❡s ♥❛t✉r❡❧❧❡s ❬✾✽❪✳ ❆❥♦✉t❡r ♦✉ ❡♥❧❡✈❡r
✉♥❡ ✭❞❡s✮ ♣r♦té✐♥❡✭s✮ à ✉♥ s②stè♠❡ ❞✬❛❝t✐♥❡ ❛✉ ❝♦✉rs ❞❡ s❛ ♣r♦♣r❡ ❝r♦✐ss❛♥❝❡
♣❛r❛✐ss❛✐t ❞♦♥❝ ✐♠♣♦ss✐❜❧❡✳ ❖r ❞❛♥s ❧❛ ❝❡❧❧✉❧❡✱ ❝✬❡st ❝❡ q✉✬✐❧ s❡ ♣❛ss❡ ✿ ✉♥ ❣r❛♥❞
♥♦♠❜r❡ ❞❡ ♣r♦té✐♥❡s ❛②❛♥t ❝❤❛❝✉♥❡ ✉♥ rô❧❡ ❞✐✛ér❡♥t ❛❣✐ss❡♥t ❞❡ ❝♦♥❝❡rt s✉r
❧❡s ❛r❝❤✐t❡❝t✉r❡s ❞✬❛❝t✐♥❡ ❡♥ ✐♥t❡r✈❡♥❛♥t ❡t ❡♥ s❡ r❡t✐r❛♥t ❞❡s str✉❝t✉r❡s à ❞❡s
t❡♠♣s ❞✐✛ér❡♥ts ❡t ❜✐❡♥ ♣ré❝✐s✳ ❈❡ ♥✬❡st q✉✬❛✈❡❝ ❧✬❛rr✐✈é❡ ❞❡ ❧❛ ♠✐❝r♦✢✉✐❞✐q✉❡
q✉✬✐❧ ❛ été ♣♦ss✐❜❧❡ ❞❡ ❝♦♥trô❧❡r ❡♥ t❡♠♣s ré❡❧ ❧❡ ♠✐❝r♦✲❡♥✈✐r♦♥♥❡♠❡♥t ❜✐♦✲
❝❤✐♠✐q✉❡ ❞❡s s②stè♠❡s ❞✬❛❝t✐♥❡ r❡❝♦♥st✐t✉és ✐♥ ✈✐tr♦ s❛♥s ❛✈♦✐r r❡❝♦✉rs à ❞❡s
tr❛✐t❡♠❡♥ts ♥♦❝✐❢s ♣♦✉r ❧❡s ❢r❛❣✐❧❡s ✜❧❛♠❡♥ts ❞✬❛❝t✐♥❡ q✉❡ ❧✬♦♥ ♦❜s❡r✈❡✳ ▲❛
♠✐❝r♦✢✉✐❞✐q✉❡✱ ❝✬❡st ❧❡ ♠❛♥✐❡♠❡♥t ❞❡s ✢✉✐❞❡s à ❧✬é❝❤❡❧❧❡ s✉❜♠✐❝r♦♠étr✐q✉❡✱
❝✬❡st✲à ❞✐r❡ à ❞❡s é❝❤❡❧❧❡s q✉✐ s❡ r❛♣♣r♦❝❤❡♥t étr♦✐t❡♠❡♥t ❞✉ s②stè♠❡ ❜✐♦✲
❧♦❣✐q✉❡ ét✉❞✐é✱ à s❛✈♦✐r ❧❡s ✜❧❛♠❡♥ts ❞✬❛❝t✐♥❡✳ ▲❛ ♠✐❝r♦✢✉✐❞✐q✉❡ ♣❡r♠❡t ❞❡
♠♦❞✐✜❡r ❛✉ ❝♦✉rs ❞✉ t❡♠♣s ❧❛ s♦❧✉t✐♦♥ ❜✐♦❝❤✐♠✐q✉❡ ❞✬✉♥ s②stè♠❡ ❜✐♦❧♦❣✐q✉❡
r❡❝♦♥st✐t✉é ❞❡ ❞❡✉① ♠❛♥✐èr❡s ❞✐✛ér❡♥t❡s ✿ ♣❛r ❝♦♥✈❡❝t✐♦♥ ♦✉ ♣❛r ❞✐✛✉s✐♦♥✳
▲❛ ❝♦♥✈❡❝t✐♦♥ ❝♦♥s✐st❡ à r❡♠♣❧❛❝❡r ❧❛ s♦❧✉t✐♦♥ ♣❛r ✉♥ ✢✉① ❡t ❧❛ ❞✐✛✉s✐♦♥
❝♦♥s✐st❡ à r❡♥♦✉✈❡❧❡r ❧❛ s♦❧✉t✐♦♥ ❡♥ ✉t✐❧✐s❛♥t ❝♦♠♠❡ s❡✉❧ ♠♦t❡✉r ❞❡ ♠♦✉✈❡✲
♠❡♥t ❧✬❛❣✐t❛t✐♦♥ t❤❡r♠✐q✉❡✳ ❊♥❝♦r❡ très ♣❡✉ ❞❡ s②stè♠❡s ❞✬❛❝t✐♥❡ r❡❝♦♥st✐t✉és
❡①♣❧♦✐t❡♥t ❧❡s ♣♦ss✐❜✐❧✐tés ♦✛❡rt❡s ♣❛r ❧❛ ♠✐❝r♦✢✉✐❞✐q✉❡ ❡t ♦♥ ♣❡✉t ❧❡s ❞✐st✐♥✲
❣✉❡r s❡❧♦♥ ❞❡✉① ❝❛té❣♦r✐❡s ✿ ❧❡s ✜❧❛♠❡♥ts ❞✬❛❝t✐♥❡ ✐♥❞✐✈✐❞✉❡❧s ❡t ❧❡s rés❡❛✉①
❞❡ ✜❧❛♠❡♥ts ❞✬❛❝t✐♥❡✳

▲✬é❧é♠❡♥t ❞❡ ❜❛s❡ ❞✉ ❝②t♦sq✉❡❧❡tt❡ ❞✬❛❝t✐♥❡ ❡st ❧❡ ✜❧❛♠❡♥t ✐♥❞✐✈✐❞✉❡❧ ❧✐❜r❡
✭❧✐❜r❡ ✈♦✉❧❛♥t ❞✐r❡ q✉❡ ❧❡ ✜❧❛♠❡♥t ❡st ❧✐❜r❡ ❞❡ t♦✉t ♠♦✉✈❡♠❡♥t ❡t q✉✬✐❧ ❡st
s♦✉♠✐s ✉♥✐q✉❡♠❡♥t ❛✉① ✢✉❝t✉❛t✐♦♥s t❤❡r♠✐q✉❡s✮✳ ▲✬ét✉❞❡ ❞✉ ✜❧❛♠❡♥t ❧✐❜r❡
❡st ❡ss❡♥t✐❡❧ ♣♦✉r ❝♦♥♥❛✐tr❡ ❧❡s ♣r♦♣r✐étés ✐♥tr✐♥sèq✉❡s ❛✉ ✜❧❛♠❡♥t ❞✬❛❝t✐♥❡✳
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❈✬❡st ♣♦✉rq✉♦✐ ❧❡s ♣r❡♠✐èr❡s ét✉❞❡s ✉t✐❧✐s❛♥t ❧❛ ♠✐❝r♦✢✉✐❞✐q✉❡ ♦♥t ♣♦rté s✉r
❧✬✐❞❡♥t✐✜❝❛t✐♦♥ ❞❡s ♠é❝❛♥✐s♠❡s ♠✐❝r♦s❝♦♣✐q✉❡s ❡♥ ❧✐❡♥ ❛✈❡❝ ❧❡s ❝♦♥✜❣✉r❛t✐♦♥s
é♥❡r❣ét✐q✉❡s ❞✉ ✜❧❛♠❡♥t ❞✬❛❝t✐♥❡ ✐♥❞✐✈✐❞✉❡❧ ❧✐❜r❡ ❬✺✺✱ ✼✺✱ ✽✾❪✳ ▲✬✐♥❝♦♥✈é♥✐❡♥t
♠❛❥❡✉r ❞❡ ❝❡s ét✉❞❡s ❡st ❧✬✐♠♣♦ss✐❜✐❧✐té ❞❡ r❡♥♦✉✈❡❧❡r ❧❛ s♦❧✉t✐♦♥ ❛✉ ❝♦✉rs ❞✉
t❡♠♣s s❛♥s q✉❡ ❝❡❧❛ ❛✐t ✉♥ ❡✛❡t s✉r ❧❡s ♠♦✉✈❡♠❡♥ts ❞✉ ✜❧❛♠❡♥t ❞✬❛❝t✐♥❡✳

▲❡ s❡✉❧ ♠♦②❡♥ ❞❡ r❡♥♦✉✈❡❧❡r ❧❛ s♦❧✉t✐♦♥ ♣❛r ❝♦♥✈❡❝t✐♦♥✱ s❛♥s ♣r♦✈♦q✉❡r
❞❡ ♠♦✉✈❡♠❡♥t s✉r ✉♥ ✜❧❛♠❡♥t ❞✬❛❝t✐♥❡ ✐♥❞✐✈✐❞✉❡❧✱ ❡st ❞❡ ❧❡ ✜①❡r ❛✉ s✉❜str❛t
♣❛r ✉♥❡ s❡s ❡①tré♠✐tés✳ ▲❡s ✜❧❛♠❡♥ts ❞✬❛❝t✐♥❡ s❡ r❡tr♦✉✈❡♥t ❛❧✐❣♥és ❞❛♥s ❧❡
✢✉① ❡t ✐❧ ❡st ❢❛❝✐❧❡ ❞✬♦❜s❡r✈❡r ❡t ❞❡ ♠❡s✉r❡r ❧❡s ❡✛❡ts ❞❡s ♠♦❞✐✜❝❛t✐♦♥s ❞✉
♠✐❝r♦✲❡♥✈✐r♦♥♥❡♠❡♥t ❜✐♦❝❤✐♠✐q✉❡ ✭❋✐❣✉r❡ ✶✽✮ ❈❡tt❡ ♣♦ss✐❜✐❧✐té ❞❡ ♠♦❞✐✜❡r
s♦✉s ✢✉① ❧❛ ❜✐♦❝❤✐♠✐❡ ❞❡ ❧❛ s♦❧✉t✐♦♥ ❛ ♣❡r♠✐s ❞❡ ❝♦♥trô❧❡r ❧❡s ❝②❝❧❡s ❞❡ ♣♦❧②✲
♠ér✐s❛t✐♦♥ ❡t ❞❡ ❞é♣♦❧②♠ér✐s❛t✐♦♥ ❞❡ ✜❧❛♠❡♥ts ❞✬❛❝t✐♥❡ ✐♥❞✐✈✐❞✉❡❧s✱ ré✈é❧❛♥t
❧❡ ♠é❝❛♥✐s♠❡ ❞❡ ❞✐ss♦❝✐❛t✐♦♥ ❞✉ ♣❤♦s♣❤❛t❡ ❬✼✵❪ ❡t ❧✬❡①✐st❡♥❝❡ ❞❡ ♣❛✉s❡s t❡♠✲
♣♦r❡❧❧❡s ❛✉ ❝♦✉rs ❞❡ ❧❡✉r ❞é♣♦❧②♠ér✐s❛t✐♦♥ ❬✶✷✹❪✳

A B 

❋✐❣✉r❡ ✶✳✶✽ ✕ ❆ ✿ ❈❛♥❛❧ ♠✐❝r♦✢✉✐❞✐q✉❡ ❞❛♥s ❧❡q✉❡❧ s✬é❝♦✉❧❡ ✉♥ ✢✉① ❞❡ ❣❛✉❝❤❡ à ❞r♦✐t❡✳

▲❡s ✜❧❛♠❡♥ts ❞✬❛❝t✐♥❡ s♦♥t ✜①és ❛✉ s✉❜str❛t ♣❛r ❧❡✉r ❡①tré♠✐té ♣♦✐♥t✉❡ ✉♥ ❝♦♠♣❧❡①❡

s♣❡❝tr✐♥❡✲❛❝t✐♥❡✳ ❇ ✿ ❋✐❧❛♠❡♥ts ❞✬❛❝t✐♥❡ s♦✉s ✢✉① ✈✐s✉❛❧✐sés ♣❛r ✢✉♦r❡s❝❡♥❝❡ ❞❡s ♠♦♥♦✲

♠èr❡s ❞✬❛❝t✐♥❡✳

❆✉ss✐✱ ❧❡s ❢♦r❝❡s ❞❡ ❢r✐❝t✐♦♥ ❞❡ ❧✬♦r❞r❡ ❞✉ ♣✐❝♦◆❡✇t♦♥ ❡①❡r❝é❡s ❞❡ ❢❛ç♦♥
❤♦♠♦❣è♥❡ s✉r t♦✉t ❧❡ ❝♦♥t♦✉r ❞✉ ✜❧❛♠❡♥t s♦✉s ✢✉① ❛ ♣❡r♠✐s ❧❛ ♠❡s✉r❡ ❡t
❧✬❡①♣❧✐❝❛t✐♦♥ ❞❡ ❧❛ ♠é❝❛♥♦✲s❡♥s✐❜✐❧✐té ❞❡ ❧❛ ❢♦r♠✐♥❡ ♠❉✐❛ ❧♦rs ❞❡ s♦♥ tr❛✲
✈❛✐❧ ♣r♦❝❡ss✐❢ ❞✬é❧♦♥❣❛t✐♦♥ ❞✉ ✜❧❛♠❡♥t ❞✬❛❝t✐♥❡ ❬✼✶❪✳ ❙❡✉❧❡♠❡♥t✱ ❧❡s ✜❧❛♠❡♥ts
❞✬❛❝t✐♥❡ ✜①és à ✉♥❡ ❡①tré♠✐té ♥❡ s♦♥t ♣❛s ❞❡s ✜❧❛♠❡♥ts ❧✐❜r❡s✳ ❉❡ ♣❧✉s✱ ❧❡s
❝♦♥tr❛✐♥t❡s ❤②❞r♦❞②♥❛♠✐q✉❡s ❡①❡r❝é❡s s✉r ❡✉① ❡♥ ♣❡r♠❛♥❡♥❝❡ ♠♦❞✐✜❡♥t ❧❡✉r
❝♦♥❢♦r♠❛t✐♦♥ ♥❛t✉r❡❧❧❡ ✭❝❡❧❧❡ q✉✬✐❧s ♦♥t ❞❛♥s ❧❛ ❝❡❧❧✉❧❡✮✳

◗✉❡❧q✉❡s tr❛✈❛✉① ✉t✐❧✐s❡♥t ❧❛ ♠✐❝r♦✢✉✐❞✐q✉❡ ♣♦✉r r❡♣r♦❞✉✐r❡ ❞❡s str✉❝✲
t✉r❡s ❞✬❛❝t✐♥❡ ♣❧✉s ❝♦♠♣❧❡①❡s q✉❡ ❧❡ ✜❧❛♠❡♥t ✐♥❞✐✈✐❞✉❡❧ ❬✺✱ ✶✼✵✱✶✽✹❪✳ ▼❛✐s ❧❡
❝♦♥trô❧❡ t❡♠♣♦r❡❧ ♣❛r ❝♦♥✈❡❝t✐♦♥ ❞❡ ❧❛ s♦❧✉t✐♦♥ ❜✐♦❝❤✐♠✐q✉❡ ❝♦♥t❡♥❛♥t ❝❡s
str✉❝t✉r❡s ♥❡ ♣❡✉t s❡ ❢❛✐r❡ s❛♥s ❧❡s ❞ét❡r✐♦r❡r ♦✉ ❧❡s ❡♠♣♦rt❡r✳
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■❧ ❡st ❞♦♥❝ ✐♥❞✐s♣❡♥s❛❜❧❡ q✉❡ ❧❡ ❝♦♥trô❧❡ t❡♠♣♦r❡❧ ❞✉ ♠✐❝r♦✲❡♥✈✐r♦♥♥❡♠❡♥t
❜✐♦❝❤✐♠✐q✉❡ ❞✬✉♥ s②stè♠❡ ❞✬❛❝t✐♥❡ r❡❝♦♥st✐t✉é ✐♥ ✈✐tr♦ ❞♦✐✈❡ s❡ ❢❛✐r❡ ♣❛r
❞✐✛✉s✐♦♥ ❡t ♥♦♥ ♣❛r ❝♦♥✈❡❝t✐♦♥✳ ❯♥❡ s❡✉❧❡ ét✉❞❡ ❡①✐st❡ à ❧✬❤❡✉r❡ ❛❝t✉❡❧❧❡
✉t✐❧✐s❛♥t ❞❡s ❝❤❛♠❜r❡s à ❞✐✛✉s✐♦♥ ♣♦✉r ❝❤❛♥❣❡r ❧❛ s♦❧✉t✐♦♥ s✉r ❞❡s ✜❧❛♠❡♥ts
❞✬❛❝t✐♥❡ ❧✐❜r❡s✳ ❈❡tt❡ ét✉❞❡ ♣❡r♠❡t ❞❡ ré❛❧✐s❡r ❧❡ ♣r♦❝❡ss✉s ré✈❡rs✐❜❧❡ ♣❛r
❧❡q✉❡❧ ❧❡s ✜❧❛♠❡♥ts ❞✬❛❝t✐♥❡ s❡ r❡❣r♦✉♣❡♥t ❡t s❡ ❞✐ss♦❝✐❡♥t ❡♥ ❛❥♦✉t❛♥t ❡t ❡♥
r❡t✐r❛♥t à ❧❛ s♦❧✉t✐♦♥ ❞❡s s❡❧s ❞❡ ♠❛❣♥és✐✉♠ ❬✸✾❪ ✭❋✐❣✉r❡ ✶✾✮✳

❋✐❣✉r❡ ✶✳✶✾ ✕ ❈❤❛♠❜r❡ ♠✐❝r♦✢✉✐❞✐q✉❡ ✭❞é❧✐♠✐té❡ ♣❛r ❧❡s ♣♦✐♥t✐❧❧és ❜❧❡✉s✮ ♣r♦té❣é❡ ❞✉

✢✉①✳ ▲❡s ✜❧❛♠❡♥ts ❞✬❛❝t✐♥❡ ❝♦♥t❡♥✉s ✐♥✐t✐❛❧❡♠❡♥t ❞❛♥s ❧❛ ❝❤❛♠❜r❡ s♦♥t s✉❝❝❡ss✐✈❡♠❡♥t

s♦✉♠✐s à ✿ ❧✬❛❥♦✉t ❞❡ ♠❛❣♥és✐✉♠✱ ❧❡ r❡tr❛✐t ❞✉ ♠❛❣♥és✐✉♠✱ ❧✬❛❥♦✉t ❞✉ ♠❛❣♥és✐✉♠✳
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❘és✉❧t❛ts

✸✻



✸✼



❈❤❛♣✐tr❡ ✷

❘és✉❧t❛ts

✷✳✶ ❈♦♥trô❧❡ s♣❛t✐❛❧ ❞❡ ❧✬❛ss❡♠❜❧❛❣❡ ❞❡s s②s✲

tè♠❡s ❞✬❛❝t✐♥❡ r❡❝♦♥st✐t✉és ✐♥ ✈✐tr♦

✷✳✶✳✶ ▲❡ ♠✐❝r♦♣❛tt❡r♥✐♥❣

environnement 

biomimétique

système 

moléculaire

❋✐❣✉r❡ ✷✳✶ ✕ ▼✐❝r♦♣❛tt❡r♥✐♥❣ ❡t ❙▼❘■❱ ✿ ❩♦♥❡s ✈❡rt❡s ✿ ③♦♥❡s ♥♦♥✲❛❞❤ér❡♥t❡s ✭P❊●✮✳

❈❛rrés ❜❧❛♥❝s ✿ ❜✐♦♠♦❧é❝✉❧❡s ✜①é❡s✳ ▲❡s ✢è❝❤❡s ✐♥❞✐q✉❡♥t q✉❡ ❧❡ ❙▼❘■❱ ✭❝❡r❝❧❡ ❜❧❛♥❝✮

s✬♦r❣❛♥✐s❡ ❡♥ ❢♦♥❝t✐♦♥ ❞❡s ❝♦♥st✐t✉❛♥ts ✜①és s✉r ❧❛ s✉r❢❛❝❡ ❞❡ ❧✬é❝❤❛♥t✐❧❧♦♥✳

▲❡ ♣r✐♥❝✐♣❡ ❞✉ ♠✐❝r♦♣❛tt❡r♥✐♥❣ ♣♦✉r ✉♥ s②stè♠❡ ❜✐♦♠♦❧é❝✉❧❛✐r❡ ✐♥ ✈✐✲
tr♦ ❡st ❞❡ ✜①❡r ❞❛♥s ❧✬❡s♣❛❝❡ ❧❡s ♠♦❧é❝✉❧❡s ❜✐♦❧♦❣✐q✉❡s q✉✐ ❧✉✐ s♦♥t ❛ss♦✲
❝✐é❡s ✐♥ ✈✐✈♦ ❡t q✉✐ ♣❛rt✐❝✐♣❡♥t à s♦♥ ❛ss❡♠❜❧❛❣❡✳ P♦✉r ❝❡❧❛✱ ✐❧ ❢❛✉t ❝ré❡r ❞❡s
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③♦♥❡s ❛❞❤és✐✈❡s ✭❝❤✐♠✐q✉❡♠❡♥t ré❛❝t✐✈❡s✮ s✉r ❧❡sq✉❡❧❧❡s s❡ ❣r❡✛❡♥t ❧❡s ♠♦✲
❧é❝✉❧❡s ❜✐♦❧♦❣✐q✉❡s✱ ❡t ❞❡s ③♦♥❡s ♥♦♥ ❛❞❤és✐✈❡s ✭❜✐♦✲✐♥❡rt❡s✮ q✉✐ ❡♠♣ê❝❤❡♥t
❧❡✉r ❛❞❤és✐♦♥✳ ▲❛ t❡❝❤♥✐q✉❡ ❞✉ ♠✐❝r♦♣❛tt❡r♥✐♥❣ ❡st ✉t✐❧✐sé❡ ❞❡♣✉✐s ✈✐♥❣t ❛♥s
❛✈❡❝ ❧✬❛♣♣❛r✐t✐♦♥ ❞✉ ✧♠✐❝r♦❝♦♥t❛❝t✲♣r✐♥t✐♥❣✧ ❬✶✶✼✱ ✶✶✽✱ ✶✺✵❪ q✉✐ ♣❡r♠❡tt❛✐t
❞é❥à ❞❡ ❝♦♥trô❧❡r ❧✬❛❞❤és✐♦♥ ❞❡s ❝❡❧❧✉❧❡s ❞❛♥s ❧✬❡s♣❛❝❡ ✷❉ ❡♥ ❣r❡✛❛♥t ❧❡s ♣r♦✲
té✐♥❡s ❞❡ ❧❛ ♠❛tr✐❝❡ ❡①tr❛✲❝❡❧❧✉❧❛✐r❡ ❞❡ ❢❛ç♦♥ ❣é♦♠étr✐q✉❡♠❡♥t ❝♦♥trô❧é❡ s✉r
✉♥ s✉❜str❛t ♣❧❛♥ ❬✶✻✸❪✳ ❆✉❥♦✉r❞✬❤✉✐ ❧❛ t❡❝❤♥♦❧♦❣✐❡ ❞✉ ♠✐❝r♦♣❛tt❡r♥✐♥❣ ❡st
❝♦♥s✐❞ér❛❜❧❡♠❡♥t ♣❧✉s s✐♠♣❧❡ ❡t ♣❧✉s r❛♣✐❞❡✱ ❡❧❧❡ ❡st ❜❛sé❡ s✉r ❧✬✉t✐❧✐s❛t✐♦♥
❞✉ P❊● ✭♣♦❧②❡t❤②❧è♥❡ ❣❧②❝♦❧✮ ❬✶✶✹❪ ❡t ❞❡s ❯❱ ♣r♦❢♦♥❞s ✭✉❧tr❛ ✈✐♦❧❡ts ❛✉①
❡♥✈✐r♦♥s ❞❡ ✶✽✵ ♥♠✮ ❬✶✹✱✶✼✻❪✳ ▲❛ ♠ét❤♦❞❡ ❡st ❧❛ s✉✐✈❛♥t❡ ✿

PLL-PEG Si-PEG

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

VERRE 

❋✐❣✉r❡ ✷✳✷ ✕ ❋✐①❛t✐♦♥ ❞✉ P▲▲✲P❊● ✭♣♦❧②❧②s✐♥❡✲♣♦❧②❡t❤②❧è♥❡ ❣❧②❝♦❧✮ ♦✉ ❞✉ ❙✐✲P❊●

✭s✐❧❛♥❡✲♣♦❧②❡t❤②❧è♥❡ ❣❧②❝♦❧✮ s✉r ✉♥❡ s✉r❢❛❝❡ ❞❡ ✈❡rr❡ é❧❡❝tr♦♥é❣❛t✐✈❡✳ ▲❛ ✜①❛t✐♦♥ ❞❡s ❝❤❛î♥❡s

❞❡ P▲▲✲P❊● s❡ ❢❛✐t ♣❛r ❛ttr❛❝t✐♦♥ é❧❡❝tr♦st❛t✐q✉❡ t❛♥❞✐s q✉❡ ❧❛ ✜①❛t✐♦♥ ❞✬✉♥❡ ❝❤❛î♥❡ ❞❡

❙✐✲P❊● ❡st ✉♥❡ ❧✐❛✐s♦♥ ❝♦✈❛❧❡♥t❡✳

❖♥ ❣r❡✛❡ ❞❡s ❝❤❛î♥❡s ❞❡ P❊● s✉r ✉♥❡ s✉r❢❛❝❡ ❞❡ ✈❡rr❡ ❛❝t✐✈é❡ ❛✉ ♣❧❛s♠❛
❬✶✹✻❪ ✭❋✐❣✉r❡ ✷✮✳ ❙✐ ❧❛ ❞❡♥s✐té ❞❡s ❝❤❛î♥❡s ❞❡ P❊● ❡st s✉✣s❛♥t❡✱ ❝❡❧❧❡s✲❝✐
s✬♦r❣❛♥✐s❡♥t ❡♥ ❜r♦ss❡ ❡t ♣✐è❣❡♥t étr♦✐t❡♠❡♥t ❧❡s ♠♦❧é❝✉❧❡s ❞✬❡❛✉ ❬✻✹✱ ✶✾✵❪✱
❡♠♣ê❝❤❛♥t t♦✉t❡ ❛✉tr❡ ❜✐♦♠♦❧é❝✉❧❡ ❞✬✐♥t❡r❛❣✐r ❛✈❡❝ ❧❛ s✉r❢❛❝❡ ❬✶✾✸❪ ✭❋✐❣✉r❡
✸✮✳
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(a) (b) 

❋✐❣✉r❡ ✷✳✸ ✕ ✭❛✮ ▲❛ ❞❡♥s✐té ❞❡s ❝❤❛î♥❡s ❞❡ P❊● ❡st ✉♥ ♣❛r❛♠ètr❡ ❝r✉❝✐❛❧ ♣♦✉r ❧❡s

♣r♦♣r✐étés ❛♥t✐❛❞❤és✐✈❡s ❞✉ P❊●✳ ✭❜✮ P✐é❣❡❛❣❡ ❞❡s ♠♦❧é❝✉❧❡s ❞✬❡❛✉ ❞❛♥s ✉♥❡ ❜r♦ss❡ ❞❡

❝❤❛î♥❡s ❞❡ P❊●✳

❊♥s✉✐t❡ ♦♥ ❡①♣♦s❡ ❧❛ s✉r❢❛❝❡ ❞❡ P❊● ❛✉① ❯❱ ♣r♦❢♦♥❞s s❡❧♦♥ ❞❡s ❣é♦♠é✲
tr✐❡s ♠✐❝r♦♠étr✐q✉❡s à tr❛✈❡rs ✉♥ ♠❛sq✉❡ ❡♥ ❝❤r♦♠❡✳ ▲❡s ③♦♥❡s ✐♥s♦❧é❡s q✉✐
❝♦♥t✐❡♥♥❡♥t ❞❡s ❣r♦✉♣❡♠❡♥ts ❝❤✐♠✐q✉❡s ré❛❝t✐❢s ❝♦♥st✐t✉❡♥t ❧❡s ♠✐❝r♦♣❛tt❡r♥s
s✉r ❧❡sq✉❡❧s ♦♥ ♣❡✉t ❣r❡✛❡r ❞❡s ❜✐♦♠♦❧é❝✉❧❡s ❬✶✹❪✳

▲❡ ♠✐❝r♦♣❛tt❡r♥✐♥❣ ♣❡r♠❡t ❞♦♥❝ ❞❡ ❝♦♥trô❧❡r✱ ❞❛♥s ❧✬❡s♣❛❝❡ ❜✐❞✐♠❡♥s✐♦♥✲
♥❡❧ ❞❡ ❧✬é❝❤❛♥t✐❧❧♦♥✱ ❧❛ ❝♦♥❝❡♥tr❛t✐♦♥ ♠❛ss✐q✉❡ C(①) ❞❡s ❝♦♠♣♦sés ❜✐♦❝❤✐✲
♠✐q✉❡s ❞❡s ❙▼❘■❱✳ ❉❛♥s ❧✬ét❛t ❞✬❡s♣r✐t ❞✬✉♥❡ ❞é♠❛r❝❤❡ ❜♦tt♦♠✲✉♣✱ ♥♦✉s
tr❛✈❛✐❧❧♦♥s ❛✉ ❧❛❜♦r❛t♦✐r❡ à r❡❝♦♥st✐t✉❡r✱ ✐♥ ✈✐tr♦✱ ❧❡s rés❡❛✉① ❞②♥❛♠✐q✉❡s ❞✉
❝②t♦sq✉❡❧❡tt❡ ❞✬❛❝t✐♥❡✳ ❉❛♥s ❧❛ ❝❡❧❧✉❧❡✱ t♦✉t❡ ❛r❝❤✐t❡❝t✉r❡ ❞✬❛❝t✐♥❡ ❡st ✐♥✐t✐é❡
♣❛r ❧❛ ♥✉❝❧é❛t✐♦♥ ❞❡ ♥♦✈♦ ❞❡ ✜❧❛♠❡♥ts ❞✬❛❝t✐♥❡ ♣❛r ❞❡s ♣r♦té✐♥❡s ❞❡ ♥✉❝❧é❛✲
t✐♦♥ ❞❡ ❧✬❛❝t✐♥❡✳ ❙✐ ♦♥ s♦✉❤❛✐t❡ r❡❝♦♥st✐t✉❡r ✉♥❡ ❛r❝❤✐t❡❝t✉r❡ ❞✬❛❝t✐♥❡ ✐♥ ✈✐tr♦✱
✐❧ ❢❛✉t ❞♦♥❝ ❝♦♠♠❡♥❝❡r ♣❛r ❝♦♥trô❧❡r s♣❛t✐❛❧❡♠❡♥t ❧❡s ③♦♥❡s ❞❡ ♥✉❝❧é❛t✐♦♥ ❞❡
♥♦✈♦ ❞❡s ✜❧❛♠❡♥ts ❞✬❛❝t✐♥❡✳ ❆✉tr❡♠❡♥t ❞✐t✱ ✐❧ ❢❛✉t ❝♦♥trô❧❡r s♣❛t✐❛❧❡♠❡♥t ❧❛
❝♦♥❝❡♥tr❛t✐♦♥ ♠❛ss✐q✉❡ ❞❡s ♣r♦té✐♥❡s ❞❡ ♥✉❝❧é❛t✐♦♥ ❞❡ ❧✬❛❝t✐♥❡✳ ◆♦✉s ❛❧❧♦♥s
♠♦♥tr❡r ❝♦♠♠❡♥t ❧✬✉t✐❧✐s❛t✐♦♥ ❞✉ ♠✐❝r♦♣❛tt❡r♥✐♥❣ ♥♦✉s ❛ ♣❡r♠✐s ❞✬② ♣❛r✈❡✲
♥✐r ❡t q✉❡❧❧❡s s♦♥t ❧❡s ❛r❝❤✐t❡❝t✉r❡s ❞✬❛❝t✐♥❡ q✉❡ ♥♦✉s s♦♠♠❡s ♣❛r✈❡♥✉s à
r❡❝♦♥st✐t✉❡r✳
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✷✳✶✳✷ ▲❡ ❝♦♥trô❧❡ ❣é♦♠étr✐q✉❡ ❞❡ ❧❛ ♥✉❝❧é❛t✐♦♥ ❞❡ ❧✬❛❝✲
t✐♥❡ ♣❛r ❧❛ t❡❝❤♥✐q✉❡ ❞✉ ✧♠✐❝r♦♣❛tt❡r♥✐♥❣❲❆❙P✧ ✿
❆rt✐❝❧❡ ✶

❆rt✐❝❧❡ ✶ ✭❝❢✳ ❆♥♥❡①❡s✮ ✿
❘❡②♠❛♥♥ ❆✳❈✳✱ ▼❛rt✐❡❧ ❏✳▲✳✱ ❈❛♠❜✐❡r ❚✳ ❡t ❛❧✳ ◆❛t ▼❛t❡r✱✷✵✶✵✳

❉❛♥s ❧❡s ét✉❞❡s ❞❡ ❝❡❧❧✉❧❡s ❛❞❤ér❡♥t❡s ✐♥ ✈✐tr♦✱ ❧❛ ♣r♦té✐♥❡ q✉❡ ❧✬♦♥ ❣r❡✛❡
s✉r ❧❡s ♠✐❝r♦♣❛tt❡r♥s ❡st ❡♥ ❣é♥ér❛❧ ❧❛ ✜❜r♦♥❡❝t✐♥❡✱ q✉❡ ❧✬♦♥ tr♦✉✈❡ ❞❛♥s ❧❛
♠❛tr✐❝❡ ❡①tr❛✲❝❡❧❧✉❧❛✐r❡ ❡t q✉✐ s❡ ✜①❡ ❛✉① ✐♥té❣r✐♥❡s ❞❡s ❝❡❧❧✉❧❡s ❬✶✻✷❪✳ ❆✐♥s✐
❧❡s ✧♠✐❝r♦♣❛tt❡r♥s ✜❜r♦♥❡❝t✐♥❡✧ ❝♦♥st✐t✉❡♥t ❞❡s ③♦♥❡s ❞✬❛❞❤és✐♦♥ ♣♦✉r ❧❡s
❝❡❧❧✉❧❡s✳ ■❝✐ ✭❆rt✐❝❧❡ ✶ ✮ ❧❛ ♣r♦té✐♥❡ q✉❡ ❧✬♦♥ ❣r❡✛❡ s✉r ❧❡s ♠✐❝r♦♣❛tt❡r♥s ❡st
✉♥ ♣❡♣t✐❞❡ ❞❡ ❧❛ ♣❛rt✐❡ ❈✲t❡r♠✐♥❛❧❡ ❞❡ ❧❛ ♣r♦té✐♥❡ ❲❆❙P q✉❡ ❧✬♦♥ tr♦✉✈❡
❞❛♥s ❧❡ ❝②t♦s♦❧ ❛✉ ❝♦♥t❛❝t ❞❡ ❧❛ ♠❡♠❜r❛♥❡ ♣❧❛s♠✐q✉❡✳ ▲❛ ♣r♦té✐♥❡ ❲❆❙P✱
❛ss♦❝✐é❡ à ✉♥ ♠♦♥♦♠èr❡ ❞✬❛❝t✐♥❡ ❡t ❛✉ ❝♦♠♣❧❡①❡ ❆r♣✷✴✸ ❛❝t✐✈❡ ❧❛ ♥✉❝❧é❛t✐♦♥
❞❡ ♥♦✈♦ ❞❡ ✜❧❛♠❡♥ts ❞✬❛❝t✐♥❡✳ ❆✐♥s✐✱ ❧❡s ✧♠✐❝r♦♣❛tt❡r♥s ❲❆❙P✧ ❝♦♥st✐t✉❡♥t
❞❡s ③♦♥❡s ❞❡ ♥✉❝❧é❛t✐♦♥ ♣♦✉r ❧❡s ✜❧❛♠❡♥ts ❞✬❛❝t✐♥❡✳

0 min 1 min 2 min 3 min 4 min 

7 min 8 min 9 min 5 min 6 min 

❋✐❣✉r❡ ✷✳✹ ✕ ❈✐♥ét✐q✉❡ ❞❡ ♣♦❧②♠ér✐s❛t✐♦♥ ❞❡s ✜❧❛♠❡♥ts ❞✬❛❝t✐♥❡ ♥✉❝❧éés à ♣❛rt✐r ❞✬✉♥

♠✐❝r♦♣❛tt❡r♥ ❲❆❙P✳ ❚❡♠♣s ❡♥ ♠✐♥✉t❡s✳ ❇❛rr❡ ❞✬é❝❤❡❧❧❡ ✭r♦✉❣❡✮ ❂ ✺ µm✳ ❆ t❂✵ ♠✐♥ ✉♥

♠✐♥✐✲✜❧❛♠❡♥t ✭♦✉ ✧♣r✐♠❡r✧✮ r❡♥tr❡ ❡♥ ❝♦♥t❛❝t ❛✈❡❝ ❧❛ s✉r❢❛❝❡ ✧♠✐❝r♦♣❛tt❡r♥é❡✧ r❡❝♦✉✈❡rt❡

❞❡ ♣❡♣t✐❞❡s ❞❡ ❧❛ ♣❛rt✐❡ ❈✲t❡r♠✐♥❛❧❡ ❞❡ ❲❆❙P✳ ❈❡tt❡ s✉r❢❛❝❡ ❡st ❞é❧✐♠✐té❡ ♣❛r ❧❡s ❧✐❣♥❡s

❡♥ ♣♦✐♥t✐❧❧é r♦✉❣❡s s✉r ❧✬✐♠❛❣❡ t❂✵ ♠✐♥✳ ■♠❛❣❡r✐❡ ✿ ♠✐❝r♦s❝♦♣✐❡ ❞❡ ✢✉♦r❡s❝❡♥❝❡ à ♦♥❞❡

é✈❛♥❡s❝❡♥t❡ ✭♠❛rq✉❛❣❡ ❞❡s ♠♦♥♦♠èr❡s ❞✬❛❝t✐♥❡ ♣❛r ❆❧❡①❛ ✺✻✽✮✳

✹✶
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❯♥ ♠✐❝r♦♣❛tt❡r♥ ❲❆❙P ❡♥❣❡♥❞r❡ ❧❛ ❝ré❛t✐♦♥ ❞✬✉♥ rés❡❛✉ ❜r❛♥❝❤é ❞✬❛❝✲
t✐♥❡ ❞✉ t②♣❡ ❞❡ ❝❡✉① q✉✬♦♥ ♣❡✉t ♦❜s❡r✈❡r ❞❛♥s ✉♥ ❧❛♠❡❧❧✐♣♦❞❡ ❝❡❧❧✉❧❛✐r❡ ✭❋✐✲
❣✉r❡ ✹✮✳ ❯♥ ♠✐♥✐✲✜❧❛♠❡♥t ✭♦✉ ✧♣r✐♠❡r✧✮ ♣ré❡①✐st❛♥t ❞❛♥s ❧❛ s♦❧✉t✐♦♥ ✈✐❡♥t
❛✉ ❝♦♥t❛❝t ❞✉ ♠✐❝r♦♣❛tt❡r♥ ❲❆❙P ✭t❂✵✮✱ ❝❡❧❛ ❛❝t✐✈❡✱ s✉r ❧❡ ❝ôté ❞✉ ♠✐♥✐✲
✜❧❛♠❡♥t✱ ❧❛ ❢♦r♠❛t✐♦♥ ❞❡ ❝♦♠♣❧❡①❡s ♠♦❧é❝✉❧❛✐r❡s ré✉♥✐ss❛♥t ❝❤❛❝✉♥ ❧❡s tr♦✐s
♣r♦té✐♥❡s s✉✐✈❛♥t❡s ✿ ❆r♣✷✴✸ ❀ ❲❆❙P ❀ ♠♦♥♦♠èr❡ ❞✬❛❝t✐♥❡✳ ❈❡ ❝♦♠♣❧❡①❡ ♠♦✲
❧é❝✉❧❛✐r❡ ❞é❝❧❡♥❝❤❡ ❧❛ ♥✉❝❧é❛t✐♦♥ ❞❡ ♥♦✈♦ ❞❡ ✜❧❛♠❡♥ts ❞✬❛❝t✐♥❡ ❞❡♣✉✐s ❧❡ ❝♦té
❞✉ ♠✐♥✐✲✜❧❛♠❡♥t ♣r✐♠❡r✳ ▲❡s ♥♦✉✈❡❛✉① ✜❧❛♠❡♥ts ♣♦❧②♠ér✐s❡♥t ❡♥s✉✐t❡ ♣❛r
❧❡✉r ❡①tré♠✐té ❜❛r❜é❡ ❛✈❡❝ ✉♥ ❛♥❣❧❡ ❞❡ ✼✵ ❞❡❣rés ♣❛r r❛♣♣♦rt ❛✉ ♣r✐♠❡r✳
❚❛♥t q✉❡ ❧❡s ✜❧❛♠❡♥ts s♦♥t ❛✉ ❝♦♥t❛❝t ❞✉ ♠✐❝r♦♣❛tt❡r♥ ❲❆❙P✱ ❞❡s ❜r❛♥❝❤❡s
❝♦♥t✐♥✉❡♥t ❞❡ s❡ ❢♦r♠❡r s✉r ❧❡ ❝♦té ❞❡s ✜❧❛♠❡♥ts ❞✬❛❝t✐♥❡✳ ❯♥ rés❡❛✉ ❜r❛♥❝❤é
s❡ ❝♦♥st✐t✉❡ ❛❧♦rs s✉r ❧✬❡♥s❡♠❜❧❡ ❞❡ ❧❛ s✉r❢❛❝❡ ❞✉ ✧♠✐❝r♦♣❛tt❡r♥✧✳ ▲❡s ✜❧❛✲
♠❡♥ts q✉✐ ❡♥ s♦rt❡♥t ❝♦♥t✐♥✉❡♥t ❞❡ s✬❛❧❧♦♥❣❡r ♣❛r ❧❡✉r ❡①tré♠✐té ❜❛r❜é❡ ♠❛✐s
s❛♥s ❝ré❡r ❞❡ ❜r❛♥❝❤❡✳

(B) 

(B) 

(A) 

❋✐❣✉r❡ ✷✳✺ ✕ ❆r❝❤✐t❡❝t✉r❡ ❞✬❛❝t✐♥❡ r❡❝♦♥st✐t✉é❡ ❡♥tr❡ ❧❛♠❡ ❡t ❧❛♠❡❧❧❡✳ ▲❛ ❣é♦♠étr✐❡

❞✉ ♠✐❝r♦♣❛tt❡r♥ ❲❆❙P ❡st ✉♥❡ ❜❛♥❞❡ ❞❡ ✺ µm ❞❡ ❧❛r❣❡✉r ✭❞é❧✐♠✐té ♣❛r ❧❡s ❞❡✉① ❧✐❣♥❡s

❡♥ ♣♦✐♥t✐❧❧é r♦✉❣❡✮✳ ❊♥ s♦❧✉t✐♦♥ ✿ ❆❝t✐♥❡ ❣❧♦❜✉❧❛✐r❡ ✷ µM ❀ ❆r♣✷✴✸ ✶✵✵ ♥▼✳ ■♠❛❣❡r✐❡ ✿

♠✐❝r♦s❝♦♣✐❡ ❞❡ ✢✉♦r❡s❝❡♥❝❡ ❝❧❛ss✐q✉❡ ✭♠❛rq✉❛❣❡ ❞❡s ♠♦♥♦♠èr❡s ❞✬❛❝t✐♥❡ ♣❛r ❆❧❡①❛✲✹✽✽✮✳

✭❆✮ ❘és❡❛✉ ❜r❛♥❝❤é ❞❡ ✜❧❛♠❡♥ts ❞✬❛❝t✐♥❡ ❛✉ ❝♦♥t❛❝t ❞✉ ♠✐❝r♦♣❛tt❡r♥ ❲❆❙P✳ ✭❇✮ ❋✐❧❛✲

♠❡♥ts ❞✬❛❝t✐♥❡ ♣❛r❛❧❧è❧❡s à ♦r✐❡♥t❛t✐♦♥ ✐❞❡♥t✐q✉❡✳ ▲❡s ❧✐❣♥❡s ❡♥ ♣♦✐♥t✐❧❧é ❜❧❛♥❝ ❞é❧✐♠✐t❡♥t

❧✬❡①tré♠✐té ❜❛r❜é❡ ❞❡s ✜❧❛♠❡♥ts ❞✬❛❝t✐♥❡ ♣♦❧②♠ér✐s❛♥t ✈❡rs ❧✬❡①tér✐❡✉r ❞✉ ♠✐❝r♦♣❛tt❡r♥

❲❆❙P✳

▲❛ ❋✐❣✉r❡ ✺ ♠♦♥tr❡ ❧❡ t②♣❡ ❞✬❛r❝❤✐t❡❝t✉r❡ ❞✬❛❝t✐♥❡ ♦❜t❡♥✉ à ❧✬ét❛t st❛✲
t✐♦♥♥❛✐r❡ ❞❡ ❧❛ ♣♦❧②♠ér✐s❛t✐♦♥ ❞❡s ✜❧❛♠❡♥ts ❞✬❛❝t✐♥❡ ✐ss✉s ❞✬✉♥ ♠✐❝r♦♣❛t✲
t❡r♥ ❲❆❙P ❡♥ ❜❛♥❞❡✳ ❯♥ rés❡❛✉ ❜r❛♥❝❤é ❞❡♥s❡ r❡❝♦✉✈r❡ t♦✉t❡ ❧❛ s✉r❢❛❝❡ ❞✉
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✧♣❛tt❡r♥✧ ❡t ❧❡s ✜❧❛♠❡♥ts q✉✐ ❡♥ s♦rt❡♥t s✬❛✉t♦✲♦r❣❛♥✐s❡♥t ❡♥ ✉♥ rés❡❛✉ ♣❛✲
r❛❧❧è❧❡ ♣❡r♣❡♥❞✐❝✉❧❛✐r❡ ❛✉① ❧✐❣♥❡s ❡①tér✐❡✉r❡s ❞✉ ✧♠✐❝r♦♣❛tt❡r♥✧✳ ❈❡tt❡ ❛✉t♦✲
♦r❣❛♥✐s❛t✐♦♥ ❝♦♠♣❛❝t❡ ❡st ❞û❡ à ❧✬❡①❝❧✉s✐♦♥ stér✐q✉❡ q✉❡ ❝❤❛q✉❡ ✜❧❛♠❡♥t
❞✬❛❝t✐♥❡ ✐♠♣♦s❡ à s❡s ✈♦✐s✐♥s✳ ▲❛ r❡♣r♦❞✉❝t✐❜✐❧✐té ❞❡s ❛r❝❤✐t❡❝t✉r❡s ❞✬❛❝t✐♥❡
❣é♥éré❡s ♣❛r ❧❛ t❡❝❤♥✐q✉❡ ❞✉ ♠✐❝r♦♣❛tt❡r♥✐♥❣ ❲❆❙P ❞ét❛✐❧❧é❡ ❞❛♥s ❧❡ ♣r♦t♦✲
❝♦❧❡ ✵ ❡st ❡①❝❡❧❧❡♥t❡ ✭❋✐❣✉r❡ ✻✮ ✳

(A) 

(B) 

❋✐❣✉r❡ ✷✳✻ ✕ ❘és❡❛✉ ❞✬❛❝t✐♥❡ r❡❝♦♥st✐t✉é ❡♥tr❡ ❧❛♠❡ ❡t ❧❛♠❡❧❧❡✳ ▲❡ rés❡❛✉ ❞❡ ♠✐❝r♦✲

♣❛tt❡r♥s ❲❆❙P ❡♥ ❞✐sq✉❡s ❡st ✉♥ rés❡❛✉ ❝❛rré✳ ▲✬✐♥t❡rs❡❝t✐♦♥ ❞❡s ✜❧❛♠❡♥ts ❡st ❞❡ t②♣❡

❛♥t✐♣❛r❛❧❧è❧❡✳ ❊♥ s♦❧✉t✐♦♥ ✿ ❆❝t✐♥❡ ❣❧♦❜✉❧❛✐r❡ ✷ µM ✱ ❆r♣✷✴✸ ✶✵✵ ♥▼✳ ■♠❛❣❡r✐❡ ✿ ♠✐❝r♦✲

s❝♦♣✐❡ ❞❡ ✢✉♦r❡s❝❡♥❝❡ ❝❧❛ss✐q✉❡ ✭♠❛rq✉❛❣❡s ❞❡s ♠♦♥♦♠èr❡s ❞✬❛❝t✐♥❡ ♣❛r ❆❧❡①❛ ✺✻✽✮✳ ✭❆✮

❖❜s❡r✈❛t✐♦♥ ❛✉ ❣r♦ss✐ss❡♠❡♥t ✹①✳ ✭❇✮ ❩♦♦♠ ❞❡ ❧❛ ③♦♥❡ ❡♥❝❛❞ré ❡♥ r♦✉❣❡ ❛✉ ❣r♦ss✐ss❡♠❡♥t

✹✵①✳ ❇❛rr❡ ❞✬é❝❤❡❧❧❡ ✭r♦✉❣❡✮ ❂ ✷✵ µm

❖♥ r❡♠❛rq✉❡ q✉❡ ❧✬♦r❞r❡ ❣é♦♠étr✐q✉❡ ❞❡s ♠✐❝r♦♣❛tt❡r♥s ✭✐❝✐ ✉♥ rés❡❛✉
❝❛rré ❞❡ ❞✐sq✉❡s✮ ✐♠♣♦s❡ ✉♥ ♦r❞r❡ ❣é♦♠étr✐q✉❡ ❝♦♥♥❡①❡ ❛✉① str✉❝t✉r❡s ❞✬❛❝✲
t✐♥❡ ❣é♥éré❡s✳ ▲✬❛❝t✐♥❡ s✬❛✉t♦✲♦r❣❛♥✐s❡ ❡♥ ✉♥ rés❡❛✉ ❝❛rré ❞❡ ✜❧❛♠❡♥ts✳ ❈❡❧❛
♣❡✉t ♥♦✉s ❛♠❡♥❡r à ♣❡♥s❡r q✉❡ ❧❡ ❝♦♥trô❧❡ ❞❡ ❧✬♦r❞r❡ ❣é♦♠étr✐q✉❡ ❞❡s ♣♦✐♥ts
❞❡ ♥✉❝❧é❛t✐♦♥ ❞❡ ❧✬❛❝t✐♥❡ s♦✉s ❧❛ ♠❡♠❜r❛♥❡ ❝❡❧❧✉❧❛✐r❡ ❡st ❞✬✉♥❡ ✐♠♣♦rt❛♥❝❡
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❝r✉❝✐❛❧❡ ♣♦✉r ♦r❣❛♥✐s❡r ❣é♦♠étr✐q✉❡♠❡♥t ❧❡ ❝②t♦sq✉❡❧❡tt❡ ❡♥ ❢♦♥❝t✐♦♥ ❞❡s s♦❧✲
❧✐❝✐t❛t✐♦♥s ❡①t❡r♥❡s ❞❡ t♦✉t ♦r❞r❡✳ ◆♦✉s ✈♦②♦♥s q✉❡ ❧❡s ✜❧❛♠❡♥ts ♣r♦✈❡♥❛♥t
❞❡s ❞✐sq✉❡s ♥✉❝❧é❛t❡✉rs s❡ ❝♦♥♥❡❝t❡♥t ❞❡ ❢❛ç♦♥ ❛♥t✐♣❛r❛❧❧è❧❡✱ ♣❛r ❝♦♥séq✉❡♥t
♥♦✉s s❡r✐♦♥s ❝✉r✐❡✉① ❞✬♦❜s❡r✈❡r ❧✬❡✛❡t ❞❡ ♠♦t❡✉rs ♠♦❧é❝✉❧❛✐r❡s s✉r ❝❡ t②♣❡ ❞❡
❞✬❛r❝❤✐t❡❝t✉r❡ ❝r✐st❛❧❧✐♥❡✳

Pr♦t♦❝♦❧❡ ✵ ✭❝❢✳ ❆♥♥❡①❡s✮ ✿
▼✐❝r♦♣❛tt❡r♥✐♥❣ ❲❆❙P

❈❡ ♣r♦t♦❝♦❧❡ ❡st ❧❡ ♣♦✐♥t ❞❡ ❞é♣❛rt ❞❡ ♠❛ t❤ès❡✳ ◆♦✉s ❧✬✉t✐❧✐s♦♥s t♦✉s
❛✉ ❧❛❜♦r❛t♦✐r❡ ❡t ♥♦✉s ❧✬❛✈♦♥s ❢❛✐t é✈♦❧✉❡r ❥✉sq✉✬à ♠❛✐♥t❡♥❛♥t ❡♥ t❡r♠❡s
❞❡ s♣é❝✐✜❝✐té ❡t ❞❡ r❡♣r♦❞✉❝t✐❜✐❧✐té✳ P❛r s♣é❝✐✜❝✐té ❥✬❡♥t❡♥❞s ❧❛ s♣é❝✐✜❝✐té
❞❡ ♥✉❝❧é❛t✐♦♥ ❞❡s ✜❧❛♠❡♥ts ❞✬❛❝t✐♥❡ s✉r ❧❡s ♠✐❝r♦♣❛tt❡r♥s ❡t ♣❛s ❡♥ ❞❡❤♦rs✳
P❛r r❡♣r♦❞✉❝t✐❜✐❧✐té ❥✬❡♥t❡♥❞s ❧❛ ré♣ét❛❜✐❧✐té ❞❡s str✉❝t✉r❡s ❞✬❛❝t✐♥❡ ♣r♦❞✉✐t❡s
♣❛r ❧❡s ♠✐❝r♦♣❛tt❡r♥s✳ ▲❛ s♣é❝✐✜❝✐té ❡t ❧❛ r❡♣r♦❞✉❝t✐❜✐❧✐té ét❛✐❡♥t ❜✐❡♥ ♠♦✐♥s
❜♦♥♥❡s ❞❛♥s ❧❡s ♣r❡♠✐❡rs ❡ss❛✐s q✉✬à ❧❛ ✜♥ ❞❡ ♠❛ t❤ès❡✳

▲✬❛♠é❧✐♦r❛t✐♦♥ ❞❡ ❧❛ s♣é❝✐✜❝✐té ❞é♣❡♥❞ ❞❡ ♥♦♠❜r❡✉① ❢❛❝t❡✉rs✳ ▲❛ ❝♦♥❝❡♥✲
tr❛t✐♦♥ ❡♥ ♣r♦✜❧✐♥❡ ❞♦✐t êtr❡ s✉✣s❛♠♠❡♥t ❣r❛♥❞❡ ♣♦✉r ❡♠♣ê❝❤❡r ❧❛ ♥✉❝❧é❛✲
t✐♦♥ ❡♥ s♦❧✉t✐♦♥ ❡t s✉✜s❛♠♠❡♥t ❢❛✐❜❧❡ ♣♦✉r ♥❡ ♣❛s ❧❛ ❜❧♦q✉❡r ❝♦♠♣❧èt❡♠❡♥t✳
▲❛ ❝♦♥❝❡♥tr❛t✐♦♥ ❞✬❛❝t✐♥❡ ❞♦✐t êtr❡ s✉✣s❛♠♠❡♥t ❢❛✐❜❧❡ ♣♦✉r ♥❡ ♣❛s q✉✬✐❧ ②
❛✐t ♣♦❧②♠ér✐s❛t✐♦♥ ❡♥ s♦❧✉t✐♦♥ ❡t s✉✣s❛♠♠❡♥t ❣r❛♥❞❡ ♣♦✉r ♥❡ ♣❛s ❛✈♦✐r à ❛t✲
t❡♥❞r❡ tr♦♣ ❧♦♥❣t❡♠♣s ♣♦✉r q✉❡ ❧❛ ré❛❝t✐♦♥ ❝♦♠♠❡♥❝❡ s✉r ❧❡s ♠✐❝r♦♣❛tt❡r♥s✳
▲✬ét❛t ❞❡ ❧❛ s✉r❢❛❝❡ ❞❡ P❊● ❡st ❛✉ss✐ ✐♠♣♦rt❛♥t❡ ♣♦✉r é✈✐t❡r q✉❡ ❧❡s ❛❣❡♥ts
♥✉❝❧é❛t❡✉rs ♥❡ s✬② ✜①❡♥t ♣❡♥❞❛♥t ❧✬ét❛♣❡ ❞❡ ❝♦❛t✐♥❣ ❞❡ ♣❲❛✳ ▲❡s ❝❤❛î♥❡s ❞❡s
P❊● s❡ ❞é❣r❛❞❡♥t ❛✈❡❝ ❧❡ t❡♠♣s✱ ✐❧ ❡st ❞♦♥❝ ♣ré❢ér❛❜❧❡ ❞✬✉t✐❧✐s❡r ❧✬é❝❤❛♥t✐❧❧♦♥
♣❡✉ ❞❡ t❡♠♣s ❛♣rès ❧❡ ❝♦❛t✐♥❣ ❞❡ P❊●✳ ▲❡ ✈♦❧✉♠❡ ❞❡ ❧❛ s♦❧✉t✐♦♥ ❞♦✐t êtr❡
❛❥✉sté ❛✈❡❝ ♣ré❝✐s✐♦♥ ✿ s✬✐❧ ❡st tr♦♣ ❢❛✐❜❧❡ ❧✬ét❛t st❛t✐♦♥♥❛✐r❡ s❡r❛ ❛tt❡✐♥t tr♦♣
r❛♣✐❞❡♠❡♥t✱ ❡t s✬✐❧ ❡st tr♦♣ ❣r❛♥❞ ❧❛ ♣♦❧②♠ér✐s❛t✐♦♥ ❡♥ s♦❧✉t✐♦♥ s❡r❛ ❢❛✈♦r✐sé❡✳
P♦✉r ✜①❡r ❧❛ ❞❡♥s✐té ❞❡ ♣❲❛ s✉r ❧❡s ♠✐❝r♦♣❛tt❡r♥s✱ ❧❡ t❡♠♣s ❞✬❡①♣♦s✐t✐♦♥ ❛✉①
✉❧tr❛✲✈✐♦❧❡ts ❞✉ P❊● à tr❛✈❡rs ❧❡ ♠❛sq✉❡ ❡♥ ❝❤r♦♠❡ ❡st ❛✉ss✐ ✐♠♣♦rt❛♥t q✉❡
❧❛ ❝♦♥❝❡♥tr❛t✐♦♥ ❡♥ ♣❲❛ ❧♦rs ❞✉ ❝♦❛t✐♥❣ ♣❲❛✳ P❧✉s ❝❡tt❡ ❞❡♥s✐té s❡r❛ ❣r❛♥❞❡✱
♣❧✉s ❣r❛♥❞ s❡r❛ ❧❡ ♥♦♠❜r❡ ❞✬é✈è♥❡♠❡♥ts ❞❡ ♥✉❝❧é❛t✐♦♥ s✉r ❧❡s ♠✐❝r♦♣❛tt❡r♥s✳

▲❛ r❡♣r♦❞✉❝t✐❜✐❧✐té s✬❡st ❛❝q✉✐s❡ ❛✉ ❝♦✉rs ❞❡s ❛♥♥é❡s ♣❛r ❧✬❛♠é❧✐♦r❛t✐♦♥
❞❡ ♥♦♠❜r❡✉① ♣❡t✐ts ❞ét❛✐❧s ❞✬❡①♣ér✐♠❡♥t❛t✐♦♥✳ ▲❡ ♣❧❛q✉❛❣❡ ❞✉ ♠❛sq✉❡ ❡♥
❝❤r♦♠❡ s✉r ❧❛ ❧❛♠❡❧❧❡ P❊●✱ ♣❛r ❡①❡♠♣❧❡✱ ❡st ✉♥❡ ét❛♣❡ ❝r✐t✐q✉❡ ♣♦✉r ❧❛
r❡♣r♦❞✉❝t✐❜✐❧✐té✳ ❙✐ ❧❡ ♠❛sq✉❡ ♥✬❡st ♣❛s ❛ss❡③ ♣r♦❝❤❡ ❞❡ ❧✬é❝❤❛♥t✐❧❧♦♥✱ ✐❧ ② ❛
❛♠♣❧✐✜❝❛t✐♦♥ ❞✉ ♣❤é♥♦♠è♥❡ ❞❡ ❞✐✛r❛❝t✐♦♥ ❡t ❧❡s ♠✐❝r♦♣❛tt❡r♥s ❞❡✈✐❡♥♥❡♥t
♣❧✉s r♦♥❞s ❡t ♣❧✉s é♣❛✐s✳ ❙✐ ❧❡ ♠❛sq✉❡ ❡st ❜✐❡♥ ♣❧❛q✉é✱ ❧❡s ♣❛tt❡r♥s s♦♥t ✜♥s ❡t
❧❡s ❝♦♥t♦✉rs s♦♥t ♣❧✉s ♥❡ts✳ P♦✉r ♠❛✐♥t❡♥✐r ✉♥❡ ❜♦♥♥❡ r❡♣r♦❞✉❝t✐❜✐❧✐té s✉r ❧❛
❣é♦♠étr✐❡ ❞❡s ♠✐❝r♦♣❛tt❡r♥s ✐❧ ❢❛✉t ❞♦♥❝ ♣r❡♥❞r❡ t♦✉t❡s ❧❡s ♣ré❝❛✉t✐♦♥s ❧♦rs
❞✉ ♣❧❛q✉❛❣❡ ❞✉ ♠❛sq✉❡ ❡t ❞❡ ❧❛ ❧❛♠❡❧❧❡ P❊●✳ ❈❡tt❡ ❞❡r♥✐èr❡ ❞♦✐t êtr❡ ♣❧❛❝é❡

✹✹
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❛✉ ❝❡♥tr❡ ❞✉ ♠❛sq✉❡✱ ❧❡ ✈✐❞❡ ❞♦✐t êtr❡ ❝♦♠♣❧❡t✱ ❝✬❡st✲à✲❞✐r❡ q✉✬✐❧ ♥❡ ❞♦✐t ♣❛s
② ❛✈♦✐r ❞❡ ❢✉✐t❡s ❞✬❛✐r ❡♥tr❡ ❧❡ ♠❛sq✉❡ ❡t ❧❡ ♣♦rt❡✲♠❛sq✉❡✳ ▲❛ ❣❡st✉❡❧❧❡ ❛✈❡❝
❧❛q✉❡❧❧❡ ❧❛ ❧❛♠❡❧❧❡ P❊● ❡st ❞é❝♦❧❧é❡ ❞✉ ♠❛sq✉❡ ❡♥ ❝❤r♦♠❡ ❛♣rès ❧✬✐♥s♦❧❛t✐♦♥
❡st ❝r✐t✐q✉❡ ❞❛♥s ❧❡ ♠❛✐♥t✐❡♥ ❞✬✉♥❡ ❜♦♥♥❡ r❡♣r♦❞✉❝t✐❜✐❧✐té ❞❡ ❧✬❤♦♠♦❣é♥é✐té ❞✉
P❊● ❡t ❞❡s ♠✐❝r♦♣❛tt❡r♥s s✉r ❧❛ s✉r❢❛❝❡ ❞❡ ❧❛ ❧❛♠❡❧❧❡✳ ❊♥ ❡✛❡t✱ ❞❡s ♣❛r❝❡❧❧❡s
❞❡ P❊● ♣❡✉✈❡♥t s✬❛rr❛❝❤❡r ❧♦rs ❞❡ ❝❡tt❡ ét❛♣❡✳

✹✺
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✷✳✶✳✸ ▲❡ ❣✉✐❞❛❣❡ ❣é♦♠étr✐q✉❡ ❞❡s ✜❧❛♠❡♥ts ❞✬❛❝t✐♥❡ ♣❛r
❧❛ t❡❝❤♥✐q✉❡ ❞✉ ✧♠✉❧t✐♣❛tt❡r♥✐♥❣✧

▲❡ ♠✐❝r♦♣❛tt❡r♥✐♥❣ ❲❆❙P ❝♦♥s✐st❡ ❡♥ ✉♥❡ ét❛♣❡ ❞✬✐♥s♦❧❛t✐♦♥ ❛✉① ❯❱
❞✬✉♥❡ s✉r❢❛❝❡ ❞❡ P❊● s✉r ❧❛q✉❡❧❧❡ ♦♥ ♣❡✉t ✈❡♥✐r ❣r❡✛❡r ❧❡s ♣❡♣t✐❞❡s ❞❡ ❲❆❙P✳
◗✉❡ s❡ ♣❛ss❡✲t✲✐❧ s✐ ♦♥ ♦♣èr❡ ✉♥❡ ❞❡✉①✐è♠❡ ét❛♣❡ ❞✬✐♥s♦❧❛t✐♦♥ ❛✉① ❯❱ s✉r ❝❡tt❡
é❝❤❛♥t✐❧❧♦♥ ❝♦♠♣r❡♥❛♥t ❞é❥à ❞❡s ♠✐❝r♦♣❛tt❡r♥s ❲❆❙P❄ ▲❛ ❋✐❣✉r❡ ✼ ré✈è❧❡
❧❡s rés✉❧t❛ts ♦❜t❡♥✉s ❡♥ s✉✐✈❛♥t ❧❡ ♣r♦t♦❝♦❧❡ ✶✳

(A) (B) (C) 

❋✐❣✉r❡ ✷✳✼ ✕ ✧▼✉❧t✐♣❛tt❡r♥✐♥❣ ❞❡ ❣✉✐❞❛❣❡✧ ❞❡s rés❡❛✉① ♣❛r❛❧❧è❧❡s ❞❡ ✜❧❛♠❡♥ts ❞✬❛❝t✐♥❡

❡♥tr❡ ❧❛♠❡ ❡t ❧❛♠❡❧❧❡✳ ▲❡s ❧✐❣♥❡s ❡♥ ♣♦✐♥t✐❧❧é r♦✉❣❡s ❞é❧✐♠✐t❡♥t ❧❡s ♠✐❝r♦♣❛tt❡r♥s ❲❆❙P

❡♥ ❜❛♥❞❡ ❞❡ ✺ µm ❞❡ ❧❛r❣❡✉r✳ ❆ ❧✬❡①tér✐❡✉r ❞❡s ❧✐❣♥❡s ❡♥ ♣♦✐♥t✐❧❧é ❜❧❡✉s rés✐❞❡♥t ❞❡s ③♦♥❡s

❞❡ P❊● ✐♥s♦❧é❡s ❛✉① ❯❱ ✶✽✵ ♥♠✳ ❆ ❧✬✐♥tér✐❡✉r ❞❡s ❧✐❣♥❡s ❡♥ ♣♦✐♥t✐❧❧és ❜❧❡✉s s✉❜s✐st❡♥t

❞❡s ③♦♥❡s ❞❡ P❊● ✐♥t❛❝t❡✳ ❉❡s rés✉❧t❛ts ❞✐✛ér❡♥ts s♦♥t ♦❜t❡♥✉s ❡♥ ✉t✐❧✐s❛♥t ❞✐✛ér❡♥t❡s

❣é♦♠étr✐❡s ❞❡ ③♦♥❡s P❊● ✐♥s♦❧é❡s ❛✉① ❯❱ ❧♦rs ❞❡ ❧❛ ❞❡✉①✐è♠❡ ét❛♣❡ ❞✬✐♥s♦❧❛t✐♦♥ ✿ ✭❆✮

❋✐❧❛♠❡♥ts ♣❡r♣❡♥❞✐❝✉❧❛✐r❡s à ❧❛ ❜❛♥❞❡ ❲❆❙P✳ ✭❇✮ ❋✐❧❛♠❡♥ts ❡♥ ♦♥❞❡✱ ❞❡ ♣ér✐♦❞❡ ✜①❡ ❡t

❞✬❛①❡ ♣r✐♥❝✐♣❛❧ ♣❡r♣❡♥❞✐❝✉❧❛✐r❡ à ❧❛ ❜❛♥❞❡ ❲❆❙P✳ ✭❈✮ ❋✐❧❛♠❡♥ts ❝♦♠♣❛❝tés ❡♥ ✉♥ ❞✐sq✉❡

❝❡♥tré s✉r ❧❛ ❜❛♥❞❡ ❲❆❙P✳ ■♠❛❣❡r✐❡ ✿ ♠✐❝r♦s❝♦♣✐❡ ❞❡ ✢✉♦r❡s❝❡♥❝❡ ❝❧❛ss✐q✉❡ ✭♠❛rq✉❛❣❡ ❞❡s

♠♦♥♦♠èr❡s ❞✬❛❝t✐♥❡ ♣❛r ❆❧❡①❛ ✺✻✽✮✳

▲❛ ❢r♦♥t✐èr❡ ❡♥tr❡ ❧❡s ③♦♥❡s ❞❡ P❊● ♥♦♥✲✐♥s♦❧é❡s ❡t ❧❡s ③♦♥❡s ❞❡ P❊●
✐♥s♦❧é❡s ❛✉① ❯❱ ❝♦♥st✐t✉❡ ✉♥❡ ❜❛rr✐èr❡ é♥❡r❣ét✐q✉❡ q✉❡ ❧❡s ✜❧❛♠❡♥ts ❞✬❛❝t✐♥❡
❡♥ ♣♦❧②♠ér✐s❛t✐♦♥ ♥❡ ♣❡✉✈❡♥t ❢r❛♥❝❤✐r q✉❡ s✬✐❧s s❡ r❡❣r♦✉♣❡♥t ❡♥ ❝â❜❧❡s é♣❛✐s
♣♦✉r ❛✉❣♠❡♥t❡r ❧❡✉r é♥❡r❣✐❡ ♠é❝❛♥✐q✉❡ ❡t tr❛✈❡rs❡r ❧❛ ❜❛rr✐èr❡✳ P♦✉r ❧❡s ✜❧❛✲
♠❡♥ts ❞✬❛❝t✐♥❡ ✐❧ ❡st ♣❧✉s ❢❛✈♦r❛❜❧❡ é♥❡r❣ét✐q✉❡♠❡♥t ❞❡ ♣♦❧②♠ér✐s❡r ❞❡ ❢❛ç♦♥
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✐♥❞✐✈✐❞✉❡❧❧❡ s✉r ❧❡s s✉r❢❛❝❡s ❞❡ P❊● q✉❡ ❞❡ tr❛✈❡rs❡r ❧❛ ❢r♦♥t✐èr❡ P❊●✴P❊●
✐♥s♦❧é✳ ▲❡s ✜❧❛♠❡♥ts s♦♥t ❝♦♥tr❛✐♥ts ❞❡ s✬❛❧❧♦♥❣❡r ✉♥✐q✉❡♠❡♥t s✉r ❧❡s ③♦♥❡s
❞❡ P❊● ♥♦♥✲✐♥s♦❧é ❡t ❞✬é✈✐t❡r ❧❡s ③♦♥❡s ❞❡ P❊● ✐♥s♦❧é✳ ❉❡ ❝❡tt❡ ♠❛♥✐èr❡✱
♥♦✉s ❛✈♦♥s ❝réé ✉♥❡ ♠ét❤♦❞❡ ❞❡ ❣✉✐❞❛❣❡ ❞❡s rés❡❛✉① ❞❡ ✜❧❛♠❡♥ts ❞✬❛❝t✐♥❡
♣❛r❛❧❧è❧❡s é♠❛♥❛♥t ❞❡s ✧♠✐❝r♦♣❛tt❡r♥s ❲❆❙P✧✳

❈❡tt❡ t❡❝❤♥✐q✉❡ ❞❡ ❣✉✐❞❛❣❡ ♦❜t❡♥✉❡ ❡♥ s✉✐✈❛♥t ❧❡ ♣r♦t♦❝♦❧❡ ✶ ♣♦✉rr❛✐t
êtr❡ ✉t✐❧❡ ♣❛r ❡①❡♠♣❧❡ ♣♦✉r ✐♥t❡r❝♦♥♥❡❝t❡r ❞❡✉① rés❡❛✉① ❞❡ ✜❧❛♠❡♥ts ❞✬❛❝✲
t✐♥❡ ♣❛r❢❛✐t❡♠❡♥t ♣❛r❛❧❧è❧❡s ❧✬✉♥ à ❧✬❛✉tr❡ ❡t ❝♦♥t❡♥❛♥t ❧❡ ♠ê♠❡ ♥♦♠❜r❡ ❞❡
✜❧❛♠❡♥ts ❞✬❛❝t✐♥❡✳ ❆✉tr❡♠❡♥t ❞✐t ✿ ❞❡✉① str✉❝t✉r❡s ❝♦♠♠❡ ❝❡❧❧❡ ❞❡ ❧❛ ❋✐❣✉r❡
✼❆ ♠✐s❡s ❜♦✉t à ❜♦✉t ❡t q✉✐ r❡❝♦♥st✐t✉❡r❛✐❡♥t✱ ✐♥ ✈✐tr♦✱ ❧❡ s②stè♠❡ ♠♦❧é❝✉❧❛✐r❡
é❧é♠❡♥t❛✐r❡ ❞❡s ✜❜r❡s ♠✉s❝✉❧❛✐r❡s✱ à s❛✈♦✐r ❧❡ s❛❝r♦♠èr❡✳ ❆✐♥s✐✱ ♥♦✉s s❡r✐♦♥s
❝❛♣❛❜❧❡s ❞❡ r❡❝♦♥st✐t✉❡r ❧❡s s♦✉s✲✉♥✐tés é❧é♠❡♥t❛✐r❡s ❞✬✉♥❡ ✜❜r❡ ❞❡ str❡ss✳ ❊♥
❢❛✐s❛♥t ✐♥t❡r✈❡♥✐r ❞❡s ♠♦t❡✉rs ♠♦❧é❝✉❧❛✐r❡s s✉r ❞❡ t❡❧❧❡s str✉❝t✉r❡s✱ ♥♦✉s ♣♦✉r✲
r✐♦♥s ❛♥❛❧②s❡r ❧❡s ♣r♦♣r✐étés ❞❡ ❝♦♥tr❛❝t✐❧✐té ❞✬✉♥❡ ✜❜r❡ ❞❡ str❡ss ❡♥ ❢♦♥❝t✐♦♥
❞❡ s❡s ❞✐✛ér❡♥ts ♣❛r❛♠ètr❡s str✉❝t✉r❛✉① ❝♦♠♠❡ ✿ ❧❛ ❧♦♥❣✉❡✉r ❞❡s ♠♦❞✉❧❡s
❝♦♥tr❛❝t✐❧❡s✱ ❧❛ ❞❡♥s✐té ❞❡ ✜❧❛♠❡♥ts ❞❛♥s ❧❛ ✜❜r❡✱ ❧❡ t②♣❡ ❞❡ ♠②♦s✐♥❡✱ ❧❡✉r
❝♦♥❝❡♥tr❛t✐♦♥✱ ❡t❝✳

Pr♦t♦❝♦❧❡ ✶ ✭❝❢✳ ❆♥♥❡①❡s✮ ✿
▼✉❧t✐♣❛tt❡r♥✐♥❣ ♣♦✉r ❧❡ ❣✉✐❞❛❣❡ ❣é♦♠étr✐q✉❡ ❞❡s rés❡❛✉① ♣❛r❛❧❧è❧❡s ❞❡

✜❧❛♠❡♥ts ❞✬❛❝t✐♥❡ à ♦r✐❡♥t❛t✐♦♥ ✐❞❡♥t✐q✉❡

▲✬✐❞é❡ q✉✐ ❛ ❞♦♥♥é ❧✐❡✉ à ❝❡ ♥♦✉✈❡❛✉ ♣r♦t♦❝♦❧❡ ❡st ❞✬❛✈♦✐r s✉r ✉♥ ♠ê♠❡
é❝❤❛♥t✐❧❧♦♥✱ ❞❡s ♠✐❝r♦♣❛tt❡r♥s ♣❲❛ ❡t ❞✬❛✉tr❡s ♠✐❝r♦♣❛tt❡r♥s ❝♦♥t❡♥❛♥t ❞✬❛✉tr❡s
♣r♦té✐♥❡s ♣♦✉✈❛♥t ✐♥t❡r❛❣✐r ❛✈❡❝ ❧✬❛❝t✐♥❡✳ P♦✉r ré❛❧✐s❡r ❝❡ ♣r♦t♦❝♦❧❡✱ ✐❧ ❢❛❧❧❛✐t
q✉❡ ❧❡ ♣❡♣t✐❞❡ ♣❲❛ ❡t ❧❡ P❊● s♦✐t s✉✣s❛♠♠❡♥t rés✐st❛♥t ♣♦✉r r❡st❡r ❢♦♥❝✲
t✐♦♥♥❡❧ ❛♣rès ❞❡✉① ét❛♣❡s ❞✬✐♥s♦❧❛t✐♦♥ ❝♦♠♣r❡♥❛♥t ❝❤❛❝✉♥❡ ✉♥❡ ét❛♣❡ ❞❡
♣❧❛q✉❛❣❡ ❡t ❞❡ ❞é❝♦❧❧❛❣❡ ❞❡ ❧❛ ❧❛♠❡❧❧❡ P❊● s✉r ❧❡ ♠❛sq✉❡✳ ■❧ s✬❡st ❛✈éré q✉❡
❝✬ét❛✐t ❜✐❡♥ ❧❡ ❝❛s✳ P♦✉r ❢❛✐r❡ ❝♦ï♥❝✐❞❡r ❧❛ ♣r❡♠✐èr❡ sér✐❡ ❞❡ ♠✐❝r♦♣❛tt❡r♥s
❛✈❡❝ ❧❛ ❞❡✉①✐è♠❡ sér✐❡✱ ♦♥ ♣❡✉t t♦✉r♥❡r ❧❛ ❧❛♠❡❧❧❡ P❊● ❞❡ ✾✵ ❞❡❣rés ❡♥tr❡ ❧❛
♣r❡♠✐èr❡ ❡t ❧❛ ❞❡✉①✐è♠❡ ✐♥s♦❧❛t✐♦♥✱ ❡♥ ❛②❛♥t ♣ré✈✉ ❧✬❡♠♣❧❛❝❡♠❡♥t ❞❡s ♠✐❝r♦✲
♣❛tt❡r♥s ♣♦✉r ❝❤❛q✉❡ sér✐❡✱ ❞❡ ❢❛ç♦♥ à ❧❡s ❢❛✐r❡ ❝♦ï♥❝✐❞❡r ♣❡r♣❡♥❞✐❝✉❧❛✐r❡♠❡♥t
✼✳
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✷✳✶✳✹ ▲❡ ❝♦♥trô❧❡ ❣é♦♠étr✐q✉❡ ❞❡ ❧❛ ♥✉❝❧é❛t✐♦♥ ❞❡ ❧✬❛❝✲
t✐♥❡ ♣❛r ❧❛ t❡❝❤♥✐q✉❡ ❞✉ ✧♠✐❝r♦♣❛tt❡r♥✐♥❣ ♠❉✐❛✧

▲✬✉♥ ❞❡s tr❛✈❛✉① ✐♠♣♦rt❛♥ts ❞❡ ♠❛ t❤ès❡ à été ❞❡ ♠❡ttr❡ ❛✉ ♣♦✐♥t ✉♥❡
t❡❝❤♥✐q✉❡ ❞❡ ✧♠✐❝r♦♣❛tt❡r♥✐♥❣ ❢♦r♠✐♥❡✧ ✿ ❧✬♦❜❥❡❝t✐❢ ét❛♥t ❞❡ ❣r❡✛❡r✱ ❞❡ ❢❛✲
ç♦♥ ❣é♦♠étr✐q✉❡♠❡♥t ❝♦♥trô❧❛❜❧❡✱ ❞❡s ❢♦r♠✐♥❡s s✉r ✉♥❡ s✉r❢❛❝❡ ❞❡ P❊●✳
▲❡s ♣r❡♠✐❡rs ❡ss❛✐s ♦♥t ❝♦♥s✐sté à r❡♣r♦❞✉✐r❡ ❧❡ ♣r♦t♦❝♦❧❡ ❞❡ ✧♠✐❝r♦♣❛tt❡r✲
♥✐♥❣ ❲❆❙P✧ ❡♥ r❡♠♣❧❛ç❛♥t ❧❡s ♣❡♣t✐❞❡s ❞❡ ❲❆❙P ♣❛r ❞❡s ❢♦r♠✐♥❡s ♠❉✐❛
♣✉r✐✜é❡s✳ ❆♣rès ✉♥ tr❛✈❛✐❧ ❞✬♦♣t✐♠✐s❛t✐♦♥ ✭❝❤✐♠✐❡ ❞❡ s✉r❢❛❝❡✱ ✈♦❧✉♠❡s ❡t
t❡♠♣s ❞✬✐♥❝✉❜❛t✐♦♥✱ ❝♦♥❝❡♥tr❛t✐♦♥s ❞❡s ♣r♦té✐♥❡s ♠✐s❡s ❡♥ ❥❡✉✱ é❝❤❛♥❣❡ ❈❛❧✲
❝✐✉♠✴▼❛❣♥és✐✉♠✱ ré❣✉❧❛t✐♦♥ ♣ré❝✐s❡ ❞✉ P❍✱ ❡t❝✳✮ ❥✬❡♥ s✉✐s ❛rr✐✈é ❛✉ ♣r♦t♦❝♦❧❡
✸ ❞❡ ✧♠✐❝r♦♣❛tt❡r♥✐♥❣ ♠❉✐❛✧✱ ❛❝❝♦♠♣❛❣♥é ❞✉ ♣r♦t♦❝♦❧❡ ✷ ♠✐s ❛✉ ♣♦✐♥t ♣ré✲
❝é❞❡♠♠❡♥t ♣❛r ❉✐❞✐❡r P♦rtr❛♥ ❬✶✸✻❪ ✿

❯♥❡ ét❛♣❡ ❝❧é ❞❡ ❧❛ ♠✐s❡ ❛✉ ♣♦✐♥t ❞✉ ♣r♦t♦❝♦❧❡ ✸ ❛ été ❞❡ s❡ r❡♥❞r❡ ❝♦♠♣t❡
❞❡ ❝❡ q✉❡ ♠♦♥tr❡ ❧❛ ❋✐❣✉r❡ ✽ ❝✐✲❛♣rès✳

(A) (B) 

❋✐❣✉r❡ ✷✳✽ ✕ ❋✐❧❛♠❡♥ts ❞✬❛❝t✐♥❡ ❡♥ ❝♦✉rs ❞❡ ♣♦❧②♠ér✐s❛t✐♦♥ ❡t ✐ss✉s ❞✬✉♥ ♠✐❝r♦♣❛tt❡r♥

❡♥ ❜❛♥❞❡ ❝♦♥t❡♥❛♥t ❞❡s ❢♦r♠✐♥❡s ♠❉✐❛✳ ❇❛rr❡ ❞✬é❝❤❡❧❧❡ ❂ ✷✵ µm ♣♦✉r ✭❆✮ ❡t ✭❇✮✳ ❊♥ s♦❧✉✲

t✐♦♥ ❡♥tr❡ ❧❛♠❡ ❡t ❧❛♠❡❧❧❡ ✿ ❛❝t✐♥❡ ❣❧♦❜✉❧❛✐r❡ ✷ µM ✱ ♣r♦✜❧✐♥❡ ✻ µM ✳ ■♠❛❣❡r✐❡ ✿ ♠✐❝r♦s❝♦♣✐❡

❞❡ ✢✉♦r❡s❝❡♥❝❡ ❝❧❛ss✐q✉❡ ✭♠❛rq✉❛❣❡ ❞❡s ♠♦♥♦♠èr❡s ❞✬❛❝t✐♥❡ ♣❛r ❆❧❡①❛ ✺✻✽✮✳ ✭❆✮ Prés❡♥❝❡

❞❡ ♥♦②❛✉① ❞✬❛❝t✐♥❡ ✭✶ % ❞❡s ♠♦♥♦♠èr❡s ❞✬❛❝t✐♥❡✮ ❞❛♥s ❧❛ s♦❧✉t✐♦♥ ♠✐s❡ ❛✉ ❝♦♥t❛❝t ❞❡s

♠✐❝r♦♣❛tt❡r♥s ♠❉✐❛✳ ✭❇✮ ❆❜s❡♥❝❡ ❞❡ ♥♦②❛✉① ❞✬❛❝t✐♥❡ ❞❛♥s ❧❛ s♦❧✉t✐♦♥ ♠✐s❡ ❛✉ ❝♦♥t❛❝t ❞❡s

♠✐❝r♦♣❛tt❡r♥s ♠❉✐❛✳

❙✐ ♦♥ ❛♣♣❧✐q✉❡ ❧❡ ♣r♦t♦❝♦❧❡ ✸ s❛♥s ♥♦②❛✉① ❞✬❛❝t✐♥❡ ❞❛♥s ❧❛ s♦❧✉t✐♦♥✱ ♦♥
♦❜t✐❡♥t ❞❡s rés✉❧t❛ts ❞✉ t②♣❡ ❋✐❣✉r❡ ✽❆✳ ❆✈❡❝ ✉♥❡ s♦❧✉t✐♦♥ ❝♦♥t❡♥❛♥t ✾✾ %
❞❡ ♠♦♥♦♠èr❡s ❞✬❛❝t✐♥❡ ❡t ✶ % ❞❡ ♥♦②❛✉① ♣ré❢♦r♠és ❞✬❛❝t✐♥❡ ♦♥ ♦❜t✐❡♥t ❞❡s
rés✉❧t❛ts ❞✉ t②♣❡ ❋✐❣✉r❡ ✽❇✳ ▲❡s ❢♦r♠✐♥❡s ♠❉✐❛ ❣r❡✛é❡s s✉r ❧❡s ✧♠✐❝r♦♣❛t✲
t❡r♥s✧ ♥é❝❡ss✐t❡♥t ❞♦♥❝ ❧❛ ♣rés❡♥❝❡ ❞❡ ♥♦②❛✉① ❞✬❛❝t✐♥❡ ♣ré❢♦r♠és ❡♥ s♦❧✉t✐♦♥
♣♦✉r ❛❝t✐✈❡r ❡✣❝❛❝❡♠❡♥t ❧❛ ♣♦❧②♠ér✐s❛t✐♦♥ ❞❡s ✜❧❛♠❡♥ts ❞✬❛❝t✐♥❡✳
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0 min 2 min 4 min 

6 min 8 min 10 min 

❋✐❣✉r❡ ✷✳✾ ✕ ❈✐♥ét✐q✉❡ ❞❡ ♣♦❧②♠ér✐s❛t✐♦♥ ❞❡ ✜❧❛♠❡♥ts ❞✬❛❝t✐♥❡ ♣❛r ❞❡s ♠✐❝r♦♣❛tt❡r♥s

♠❉✐❛ ❡♥ ❞✐sq✉❡s✳ ❚❡♠♣s ❡♥ ♠✐♥✉t❡s✳ ❇❛rr❡ ❞✬é❝❤❡❧❧❡ ✭r♦✉❣❡✮ ❂ ✸✵ µm✳ ❊♥ s♦❧✉t✐♦♥ ❡♥tr❡

❧❛♠❡ ❡t ❧❛♠❡❧❧❡ ✿ ❛❝t✐♥❡ ❣❧♦❜✉❧❛✐r❡ ✶✱✷ µM ✱ ♣r♦✜❧✐♥❡ ✻ µM ✳ ■♠❛❣❡r✐❡ ✿ ♠✐❝r♦s❝♦♣✐❡ ❞❡

✢✉♦r❡s❝❡♥❝❡ ❝❧❛ss✐q✉❡ ✭♠❛rq✉❛❣❡ ❞❡s ♠♦♥♦♠èr❡s ❞✬❛❝t✐♥❡ ♣❛r ❆❧❡①❛ ✺✻✽✮✳

▲✬✉t✐❧✐s❛t✐♦♥ ❞❡ ♠✐❝r♦♣❛tt❡r♥s ♠❉✐❛ ❡♥ ♣❡t✐ts ❞✐sq✉❡s ♣❡r♠❡t ❞❡ ♠❡s✉r❡r
❧❛ ✈✐t❡ss❡ ❞❡ ♣♦❧②♠ér✐s❛t✐♦♥ ❞❡s ✜❧❛♠❡♥ts ❞✬❛❝t✐♥❡ ♣❛r ❧❡s ❢♦r♠✐♥❡s ♠❉✐❛
♣rés❡♥t❡s s✉r ❧❡s ♠✐❝r♦♣❛tt❡r♥s ✭❋✐❣✉r❡ ✾✮✳ ▲❛ ✈❛❧❡✉r ♠♦②❡♥♥❡ ❞❡ ❝❡tt❡ ✈✐t❡ss❡
s✉r ❞✐① ♠❡s✉r❡s ❡st ❞❡ ✺✺ s♦✉s✲✉♥✐tés ♠♦♥♦♠ér✐q✉❡s ❞✬❛❝t✐♥❡ ♣❛r s❡❝♦♥❞❡✱
s♦✐t ✉♥ t❛✉① ❞✬é❧♦♥❣❛t✐♦♥ ❞❡ ✹✹ µM−1.s−1✳ ❈❡tt❡ ✈❛❧❡✉r ❡st ❡♥ ❛❝❝♦r❞ ❛✈❡❝
❧❡s ♠❡s✉r❡s ❞❡ ✈✐t❡ss❡ ❞❡ ♣♦❧②♠ér✐s❛t✐♦♥ ❞❡ ❧✬❛❝t✐♥❡ ♣❛r ❧❛ ❢♦r♠✐♥❡ ♠❉✐❛
❡♥ s♦❧✉t✐♦♥ ❡t s❛♥s ♠✐❝r♦♣❛tt❡r♥ ❬✷✱ ✺✾✱ ✶✶✻✱ ✶✹✶✱ ✶✼✺❪✳ ❖♥ ❡♥ ❝♦♥❝❧✉❡ q✉❡ ❧❡s
❢♦r♠✐♥❡s ♠❉✐❛ ❣r❡✛é❡s s✉r ❧❡s ✧♠✐❝r♦♣❛tt❡r♥s ♠❉✐❛✧ ❞❛♥s ❧❡s ❝♦♥❞✐t✐♦♥s
❞é❝r✐t❡s ♣❛r ❧❡ ♣r♦t♦❝♦❧❡ ✸ s♦♥t ♣❛r❢❛✐t❡♠❡♥t ❢♦♥❝t✐♦♥♥❡❧❧❡s✳ ▲❡ ♣r♦t♦❝♦❧❡ ✸
❝♦♥st✐t✉❡ é✈❡♥t✉❡❧❧❡♠❡♥t ✉♥❡ ❜❛s❡ ♣♦✉r ❧❡ ✧♠✐❝r♦♣❛tt❡r♥✐♥❣✧ ❞✬❛✉tr❡s t②♣❡s
❞❡ ❢♦r♠✐♥❡s✳

✹✾



❈❍❆P■❚❘❊ ✷✳ ❘➱❙❯▲❚❆❚❙

(A) (B) 

❋✐❣✉r❡ ✷✳✶✵ ✕ ❋✐❧❛♠❡♥ts ❞✬❛❝t✐♥❡ ♣♦❧②♠ér✐s❛♥t à ♣❛rt✐r ❞❡ ♠✐❝r♦♣❛tt❡r♥s ♠❉✐❛ ❡♥

❞✐sq✉❡s ✭❆✮ ❡t ❡♥ ❜❛♥❞❡s ✭❇✮✳ ❇❛rr❡ ❞✬é❝❤❡❧❧❡ ❂ ✺✵ µm ♣♦✉r ✭❆✮ ❡t ✭❇✮✳ ❊♥ s♦❧✉t✐♦♥ ❡♥tr❡

❧❛♠❡ ❡t ❧❛♠❡❧❧❡ ✿ ❛❝t✐♥❡ ❣❧♦❜✉❧❛✐r❡ ✷ µM ✱ ♣r♦✜❧✐♥❡ ✻ µM ✳ ❖❜s❡r✈❛t✐♦♥ ❡♥ ♠✐❝r♦s❝♦♣✐❡ ❞❡

✢✉♦r❡s❝❡♥❝❡ ❝❧❛ss✐q✉❡ ✭♠♦♥♦♠èr❡s ❞✬❛❝t✐♥❡ ♠❛rq✉és ♣❛r ❆❧❡①❛ ✺✻✽✮✳

▲❛ r❡♣r♦❞✉❝t✐❜✐❧✐té ❞❡ ❧❛ t❡❝❤♥✐q✉❡ ❞✉ ♠✐❝r♦♣❛tt❡r♥✐♥❣ ♠❉✐❛ ❡st très
❜♦♥♥❡ é❣❛❧❡♠❡♥t ✭❋✐❣✉r❡ ✶✵✮✳ ▲❡s ✜❧❛♠❡♥ts ❞✬❛❝t✐♥❡ ♣♦❧②♠ér✐s❡♥t s♣é❝✐✜✲
q✉❡♠❡♥t ❞❡♣✉✐s ❧❡s ♠✐❝r♦♣❛tt❡r♥s ♠❉✐❛ ❡t ❧❡✉r ✈✐t❡ss❡ ❞❡ ♣♦❧②♠ér✐s❛t✐♦♥ ❡st
❤♦♠♦❣è♥❡ s✉r ❧✬❡♥s❡♠❜❧❡ ❞❡ ❧✬é❝❤❛♥t✐❧❧♦♥✳

Pr♦t♦❝♦❧❡ ✷ ✭❝❢✳ ❆♥♥❡①❡s✮ ✿
❉é♣ôt ❞✬✉♥❡ ❝♦✉❝❤❡ ❞❡ ❙✐✲P❊● ✸✵ ❦❉❛ s✉r ✉♥❡ ❧❛♠❡❧❧❡ ❡♥ ✈❡rr❡

❈❡ ♣r♦t♦❝♦❧❡ ré❛❧✐sé ♣❛r ❉✐❞✐❡r P♦rtr❛♥✱ q✉✐ tr❛✈❛✐❧❧❛✐t à ❧❛ ♣❛✐❧❧❛ss❡ ✈♦✐s✐♥❡
❞✉r❛♥t ❞❡✉① ❛♥s✱ à été ré❛❧✐sé ❞❛♥s ❧❡ ❜✉t ❞✬❛✉❣♠❡♥t❡r ❧❛ s♣é❝✐✜❝✐té ❞❡ ❣r❡✛❛❣❡
❞❡s ❛♠♦r❝❡s ❞❡ ♠✐❝r♦t✉❜✉❧❡s s✉r ❧❡s ♠✐❝r♦♣❛tt❡r♥s ❝❛r ❧❡ P▲▲✲P❊● ♥✬ét❛✐t
♣❛s ❛ss❡③ ❡✣❝❛❝❡ ♣♦✉r ❝❡❧❛✳ ❆♣rès ❛✈♦✐r ❞é✈❡❧♦♣♣é ❝❡ ♣r♦t♦❝♦❧❡✱ ♥♦✉s ❛✈♦♥s
♣✉ ❝♦♥st❛t❡r q✉❡ ❧❛ s♣é❝✐✜❝✐té ét❛✐t ❧❛r❣❡♠❡♥t ♠❡✐❧❧❡✉r❡ s✉r ❞✉ ❙✐P❊● ✸✵
❦❉❛ q✉❡ s✉r ❞✉ P▲▲✲P❊●✳ ▲❛ r❛✐s♦♥ ❞❡ ❝❡tt❡ ❞✐✛ér❡♥❝❡ ♣❡✉t rés✉❧t❡r ❞✉
❢❛✐t q✉❡ ❧❡ ❣r❡✛❛❣❡ ❞✉ s✐❧❛♥❡ r❡♣♦s❡ s✉r ❞❡s ❧✐❛✐s♦♥s ❝♦✈❛❧❡♥t❡s ❛❧♦rs q✉❡ ❧❡
❣r❡✛❛❣❡ ❞❡ ❧❛ ♣♦❧②❧②s✐♥❡ r❡♣♦s❡ s✉r ❞❡s ❧✐❛✐s♦♥s é❧❡❝tr♦st❛t✐q✉❡s✳ ▲❡s ❧✐❛✐s♦♥s
❝♦✈❛❧❡♥t❡s ét❛♥t ♣❧✉s ♥♦♠❜r❡✉s❡s q✉❡ ❧❡s ❧✐❛✐s♦♥s é❧❡❝tr♦st❛t✐q✉❡s✱ ❧❛ ❞❡♥s✐té
❞❡ ❙✐✲P❊● ❡st ♣❧✉s ✐♠♣♦rt❛♥t❡ q✉❡ ❧❛ ❞❡♥s✐té ❞❡ P▲▲✲P❊● ❡t ♣❛r ❝♦♥séq✉❡♥t
❧❡s ♣r♦♣r✐étés ❛♥t✐❛❞❤és✐✈❡s s♦♥t ♠❡✐❧❧❡✉rs s✉r ❧❡ ❙✐✲P❊● q✉❡ s✉r ❧❡ P▲▲✲P❊●✳
▲♦rsq✉❡ ❥✬❛✐ ❢❛✐t ♠❡s ♣r❡♠✐❡rs ❡ss❛✐s ❞❡ ❝♦❛t✐♥❣ ♠❉✐❛ s✉r ❧❡s ♠✐❝r♦♣❛tt❡r♥s✱
❧❛ s♣é❝✐✜❝✐té ét❛✐t ❛✉ss✐ ♠❛✉✈❛✐s❡ q✉❡ ♣♦✉r ❉✐❞✐❡r ❛✈❡❝ ❧❡s ♠✐❝r♦t✉❜✉❧❡s✳ ❆ ❝❡
♠♦♠❡♥t ❧à ✐❧ ✈❡♥❛✐t ❞❡ t❡r♠✐♥❡r s♦♥ ♣r♦t♦❝♦❧❡ ❙✐✲P❊●✱ ❥❡ ❧✬❛✐ ❞♦♥❝ ❛✉ss✐tôt
✉t✐❧✐sé ❡t ❞ès ❧❡ ♣r❡♠✐❡r ❡ss❛✐ ♥♦✉s ❛✈♦♥s ♦❜s❡r✈é ✉♥❡ ♥❡tt❡ ❛♠é❧✐♦r❛t✐♦♥ ❞❡
❧❛ s♣é❝✐✜❝✐té ❞❡ ✜①❛t✐♦♥ ❞❡s ❢♦r♠✐♥❡s ♠❉✐❛ s✉r ❧❡s ♠✐❝r♦♣❛tt❡r♥s✳
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Pr♦t♦❝♦❧❡ ✸ ✭❝❢✳ ❆♥♥❡①❡s✮ ✿
▼✐❝r♦✲♣❛tt❡r♥✐♥❣ ♠❉✐❛

▲❡ ♣r❡♠✐❡r ♣♦✐♥t ❝❧é ♣♦✉r ♠❛îtr✐s❡r ❝❡ ♣r♦t♦❝♦❧❡ ❡st ❧❡ ❝♦♥trô❧❡ ❞✉ P❍ ❞❡
❧❛ s♦❧✉t✐♦♥✳ ■❧ s✬❡st ❛✈éré q✉❡ ❧❡s ❢♦r♠✐♥❡s s✉r ❧❡s ♠✐❝r♦♣❛tt❡r♥s s♦♥t s❡♥s✐❜❧❡s
❛✉ P❍ à ✵✳✺ ♣rès✳ ▲❡ P❍ ❞♦✐t êtr❡ ♣❛r❢❛✐t❡♠❡♥t à ✼ ♣♦✉r q✉❡ ❧❡ ♠❛①✐♠✉♠
❞❡ ❢♦r♠✐♥❡s s♦✐❡♥t ❢♦♥❝t✐♦♥♥❡❧❧❡s✳ ❙✐ ❝❡ ❞❡r♥✐❡r ❞é♣❛ss❡ ✼✳✺ ♦✉ ❡st ❡♥ ❞❡ss♦✉s
❞❡ ✻✳✺✱ ❧❡ ♥♦♠❜r❡ ❞❡ ❢♦r♠✐♥❡s ❢♦♥❝t✐♦♥♥❡❧❧❡s s✉r ❧❡ ♠✐❝r♦♣❛tt❡r♥ ❝❤✉t❡ ❞r❛✲
♠❛t✐q✉❡♠❡♥t✳ ❈✬❡st ♣♦✉rq✉♦✐ ♥♦✉s ❝❛❧✐❜r♦♥s ❧❡ P❍ ❞❡ t♦✉s ❧❡s ❝♦♠♣♦s❛♥ts
❞❡ ❧❛ s♦❧✉t✐♦♥ ✉♥ ♣❛r ✉♥ ❛✈❛♥t ❞❡ ❝♦♠♠❡♥❝❡r ❧✬❡①♣ér✐❡♥❝❡✳ ❏✬❛✐ ❛✉ss✐ ♦❜s❡r✈é
q✉❡ ❧❡ P❍ ✐♥✢✉❡♥❝❡ ❧❛ ✈✐t❡ss❡ ❞✬é❧♦♥❣❛t✐♦♥ ❞❡s ✜❧❛♠❡♥ts ♣❛r ❧❡s ❢♦r♠✐♥❡s✳
■❧ ❢❛✉t ❞♦♥❝ ♣rêt❡r ✉♥❡ ❛tt❡♥t✐♦♥ ♣❛rt✐❝✉❧✐èr❡ ❛✉ P❍ ❧♦rsq✉✬♦♥ ♠❛♥✐♣✉❧❡ ❞❡s
♣r♦té✐♥❡s ❝♦♠♠❡ ❧❛ ❢♦r♠✐♥❡✳

▲❡ ❞❡✉①✐è♠❡ ♣♦✐♥t ❝❧é ❡st ❧❛ ♣rés❡♥❝❡ ❞✬❛♠♦r❝❡s ❞❡ ♥♦②❛✉① ❞✬❛❝t✐♥❡ ❞❛♥s
❧❛ s♦❧✉t✐♦♥✳ ❆✈❛♥t ❞❡ ❞é❝♦✉✈r✐r ❝❡ ♣♦✐♥t ❝❧é✱ ❧❛ s♦❧✉t✐♦♥ ❝♦♥t❡♥❛✐t ✉♥✐q✉❡♠❡♥t
❞❡s ♠♦♥♦♠èr❡s ❞✬❛❝t✐♥❡ à ✶✵✵ % ❝♦♠♣❧é①és à ❧❛ ♣r♦✜❧✐♥❡✱ ❝❛r ❧❛ ❢♦r♠✐♥❡ r❡✲
❝r✉t❡ ❧❡s ♠♦♥♦♠èr❡s ❞✬❛❝t✐♥❡ s✬✐❧ s♦♥t ❝♦♠♣❧é①és à ❧❛ ♣r♦✜❧✐♥❡ ❡t✱ ❡♥ ♣❧✉s ❞❡
ç❛✱ ❧❛ ♣r♦✜❧✐♥❡ ✐♥❤✐❜❡ ❧❛ ♥✉❝❧é❛t✐♦♥ ❡♥ s♦❧✉t✐♦♥ ❡t ❢❛✈♦r✐s❡ ❞♦♥❝ ❧❛ s♣é❝✐✜❝✐té
s✉r ❧❡s ♠✐❝r♦♣❛tt❡r♥s✳ ❊♥ tr❛✈❛✐❧❧❛♥t ❛✉♣❛r❛✈❛♥t ❛✈❡❝ ❞❡ ❧✬❛❝t✐♥❡ ❢r❛✐❝❤❡♠❡♥t
♣✉r✐✜é❡✱ q✉✐ ❝♦♥t✐❡♥t ♠♦✐♥s ❞❡ ♥♦②❛✉① ❞✬❛❝t✐♥❡ q✉❡ ❞❡ ❧✬❛❝t✐♥❡ ♣✉r✐✜é❡✱ ♥♦✉s
♥♦✉s s♦♠♠❡s ❛♣❡rç✉s q✉❡ ❧✬❡✣❝❛❝✐té ❞❡s ❢♦r♠✐♥❡s ét❛✐t ♠♦✐♥s ❜♦♥♥❡ ✿ ♠♦✐♥s
✐❧ ② ❛ ❞❡ ♥♦②❛✉① ❞✬❛❝t✐♥❡ ❞❛♥s ❧❛ s♦❧✉t✐♦♥✱ ♠♦✐♥s ❞❡ ✜❧❛♠❡♥ts ❞✬❛❝t✐♥❡ s♦♥t
❛❧❧♦♥❣és à ♣❛rt✐r ❞❡s ♠✐❝r♦♣❛tt❡r♥s✱ ❧❛ q✉❛♥t✐té ❞❡ ✜❧❛♠❡♥ts ❡♥ s♦❧✉t✐♦♥ ét❛♥t
t♦✉❥♦✉rs q✉❛s✐♠❡♥t ♥✉❧❧❡ ❞❛♥s ❧❡s ❞❡✉① ❝❛s✳ ◆♦✉s ❛✈♦♥s ❛❧♦rs ❛❥♦✉té✱ à ✉♥❡
s♦❧✉t✐♦♥ ❞❡ ♠♦♥♦♠èr❡s ❞✬❛❝t✐♥❡ ❝♦♠♣❧é①és à ❧❛ ♣r♦✜❧✐♥❡✱ ✉♥❡ q✉❛♥t✐té ❝♦♥trô✲
❧é❡ ❞❡ ♥♦②❛✉① ❞✬❛❝t✐♥❡ q✉✐ ❞é❝❧❡♥❝❤❡♥t ❧✬❛❝t✐✈❛t✐♦♥ ❞❡s ❢♦r♠✐♥❡s ♣rés❡♥t❡s s✉r
❧❡ ♠✐❝r♦♣❛tt❡r♥✳ ▲❡s ❢♦r♠✐♥❡s ♥❡ s❡♠❜❧❡♥t ❞♦♥❝ ♣❛s êtr❡ ❞❡ ✈ér✐t❛❜❧❡s ♥✉❝❧é❛✲
t❡✉rs ❞❡ ❧✬❛❝t✐♥❡ ❝♦♠♠❡ ❧❡ ❝♦♠♣❧❡①❡ ❆r♣✷✴✸ ♠❛✐s ♣❧✉tôt ❞❡s ❛❝❝é❧ér❛t❡✉rs
❞✬é❧♦♥❣❛t✐♦♥ ❞❡s ✜❧❛♠❡♥ts✳

▲❛ ❞✐st❛♥❝❡ ❡♥tr❡ ❧❡s ♠✐❝r♦♣❛tt❡r♥s ❡t ❧❛ ❧❛♠❡ ❡♥ ✈❡rr❡ ❡st ❛✉ss✐ très
✐♠♣♦rt❛♥t❡ ❞❛♥s ❧❛ ❢❛ç♦♥ ❞♦♥t ❧❡s str✉❝t✉r❡s ❞✬❛❝t✐♥❡ ✈♦♥t s✬❛❣❡♥❝❡r à ♣❛rt✐r
❞❡s ♠✐❝r♦♣❛tt❡r♥s ♠❉✐❛✳ P❧✉s ❝❡tt❡ ❞✐st❛♥❝❡ ❡st ✐♠♣♦rt❛♥t❡✱ ♣❧✉s ❧❡s ✜❧❛♠❡♥ts
♣♦✉rr♦♥s s♦rt✐r ❞❡s ♠✐❝r♦♣❛tt❡r♥s ♣❛r ✧❜✉❝❦❧✐♥❣✧✳ P❧✉s ❝❡tt❡ ❞✐st❛♥❝❡ ❡st
❢❛✐❜❧❡✱ ♣❧✉s ❧❡s ✜❧❛♠❡♥ts ❞✬❛❝t✐♥❡ r❡st❡♥t à ❧✬✐♥tér✐❡✉r ❞❡s ♠✐❝r♦♣❛tt❡r♥s✱ ❝❡
q✉✐ ❡st ✐♥❞✐s♣❡♥s❛❜❧❡ ♣♦✉r ❢♦r♠❡r ❧✬❛♥♥❡❛✉ ❞❡ ❝②t♦❝✐♥ès❡✳

▲❛ ✈✐t❡ss❡ ❞✬é❧♦♥❣❛t✐♦♥ ❞❡s ✜❧❛♠❡♥ts ❞✬❛❝t✐♥❡ ♣❛r ❧❛ ❢♦r♠✐♥❡ ét❛♥t ❝✐♥q
❢♦✐s ♣❧✉s ❣r❛♥❞❡ q✉❡ ❝❡❧❧❡ ❞❡s ✜❧❛♠❡♥ts ❞✬❛❝t✐♥❡ s❛♥s ❢♦r♠✐♥❡s✱ ❧✬❡①♣ér✐❡♥❝❡
❞é♠❛rr❡ très r❛♣✐❞❡♠❡♥t ❛♣rès ❛✈♦✐r ♣❧❛❝é ❧❛ s♦❧✉t✐♦♥ ❡♥tr❡ ❧❛♠❡ ❡t ❧❛♠❡❧❧❡✳
■❧ ❡st ❞♦♥❝ ❞✐✣❝✐❧❡ ❞✬♦❜s❡r✈❡r ❧❡ ❞é❜✉t ❞❡ ❧❛ ré❛❝t✐♦♥✱ ♥♦t❛♠♠❡♥t ❝❡❧❧❡ q✉✐ s❡
❞ér♦✉❧❡ s✉r ❧❡s ♠✐❝r♦♣❛tt❡r♥s✳ ❖♥ ♣❡✉t ❞✐✣❝✐❧❡♠❡♥t ♣❛❧❧✐❡r à ❝❡tt❡ ❞✐✣❝✉❧té
❝❛r s✐ ♦♥ ❞✐♠✐♥✉❡ ❧❛ ❝♦♥❝❡♥tr❛t✐♦♥ ❞✬❛❝t✐♥❡✱ ✐❧ ② ❛ ❞❡s ❝❤❛♥❝❡s q✉❡ ❧❛ ❧♦♥❣✉❡✉r

✺✶
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❞❡s ✜❧❛♠❡♥ts à ❧✬ét❛t st❛t✐♦♥♥❛✐r❡ s♦✐t tr♦♣ ❢❛✐❜❧❡✳

✺✷



❈❍❆P■❚❘❊ ✷✳ ❘➱❙❯▲❚❆❚❙

✷✳✶✳✺ ▲❛ ❝♦❤❛❜✐t❛t✐♦♥ ❞✉ ❝♦♠♣❧❡①❡ ❆r♣✷✴✸ ❡t ❞❡s ❢♦r✲
♠✐♥❡s

❉❛♥s ❧❡ ❜✉t ❞❡ ❢❛✐r❡ ✐♥t❡r✈❡♥✐r ❧❡ ❝♦♠♣❧❡①❡ ❆r♣✷✴✸ ❡t ❧❛ ❢♦r♠✐♥❡ ♠❉✐❛
❞❛♥s ✉♥❡ ♠ê♠❡ s♦❧✉t✐♦♥✱ ♥♦✉s ❛✈♦♥s s✉✐✈✐ ❧❡ ♣r♦t♦❝♦❧❡ ❞❡ ♠✐❝r♦♣❛tt❡r♥✐♥❣
❲❆❙P ✭♣r♦t♦❝♦❧❡ ✵ ✮ ❡♥ r❡♠♣❧❛ç❛♥t ❧❛ s♦❧✉t✐♦♥ ❞❡ ♣♦❧②♠ér✐s❛t✐♦♥ ♣❛r ❝❡❧❧❡
❞✉ ♣r♦t♦❝♦❧❡ ❞❡ ♠✐❝r♦♣❛tt❡r♥✐♥❣ ♠❉✐❛ ✭♣r♦t♦❝♦❧❡ ✸ ✮✳ ▲❛ ❋✐❣✉r❡ ✶✶ ❝✐✲❞❡ss♦✉s
♠♦♥tr❡ ❧❡s rés✉❧t❛ts ♦❜t❡♥✉s✳

(A) (B) 

❋✐❣✉r❡ ✷✳✶✶ ✕ ✭❆✮ ❆r❝❤✐t❡❝t✉r❡s ❞✬❛❝t✐♥❡ ♦❜t❡♥✉❡s ♣❛r ❧❛ t❡❝❤♥✐q✉❡ ❞✉ ♠✐❝r♦♣❛tt❡r♥✐♥❣

❲❆❙P✳ ✭❇✮ ❆r❝❤✐t❡❝t✉r❡s ❞✬❛❝t✐♥❡ ♦❜t❡♥✉❡s ♣❛r ❧❛ t❡❝❤♥✐q✉❡ ❞✉ ♠✐❝r♦♣❛tt❡r♥✐♥❣ ❲❆❙P

❡♥ ✉t✐❧✐s❛♥t ❧❛ s♦❧✉t✐♦♥ ❞❡ ♣♦❧②♠ér✐s❛t✐♦♥ ❞✉ ♣r♦t♦❝♦❧❡ ✸✳ ✭❆✮ ❡t ✭❇✮ ■♠❛❣❡r✐❡ ✿ ♠✐❝r♦s❝♦♣✐❡

❞❡ ✢✉♦r❡s❝❡♥❝❡ ❝❧❛ss✐q✉❡✳ ❇❛rr❡ ❞✬é❝❤❡❧❧❡ ❂ ✷✵ µm ♣♦✉r ✭❆✮ ❡t ✭❇✮✳

▲❡s ❛r❝❤✐t❡❝t✉r❡s ❞✬❛❝t✐♥❡ s♦♥t ❝♦♥s❡r✈é❡s ❡t r❡♣r♦❞✉❝t✐❜❧❡s ❞❛♥s ❧❡ ❝❛s
✶✶❆ ❝♦♠♠❡ ❞❛♥s ❧❡ ❝❛s ✶✶❇✱ ❝❡ q✉✐ ♣r♦✉✈❡ q✉❡ ❧❛ ❢♦r♠✐♥❡ ♠❉✐❛ ♣❡✉t ❢♦♥❝t✐♦♥✲
♥❡r ♥♦r♠❛❧❡♠❡♥t ❝♦♥❥♦✐♥t❡♠❡♥t ❛✉① ♠✐❝r♦♣❛tt❡r♥s ❲❆❙P ❞❛♥s ✉♥❡ s♦❧✉t✐♦♥
✉♥✐q✉❡✳ ◆♦✉s ❛✈♦♥s ❛❧♦rs ré❛❧✐sé ✉♥❡ ❡①♣ér✐❡♥❝❡ ♣ré❧✐♠✐♥❛✐r❡ ❞❛♥s ❧❛q✉❡❧❧❡
♥♦✉s ❛✈♦♥s ❣r❡✛é ❧❛ ♣r♦té✐♥❡ ❲❆❙P ❡t ❧❛ ♣r♦té✐♥❡ ♠❉✐❛ s✉r ❧❡ ♠ê♠❡ ♠✐❝r♦✲
♣❛tt❡r♥ ✭❋✐❣✉r❡ ✶✷✮✳

(A) (B) (C) 

❋✐❣✉r❡ ✷✳✶✷ ✕ ✭❆✮ ▼✐❝r♦♣❛tt❡r♥✐♥❣ ❲❆❙P✳ ✭❇✮ ▼✐❝r♦♣❛tt❡r♥✐♥❣ ❲❆❙P✰♠❉✐❛✳ ✭❈✮

▼✐❝r♦♣❛tt❡r♥✐♥❣ ♠❉✐❛✳ ▲❡ ♠✐❝r♦♣❛tt❡r♥ ❡st ❞❛♥s ❧❡s tr♦✐s ❝❛s ✉♥❡ ❜❛♥❞❡ ❞❡ ✺ µm ❞❡

❧❛r❣❡✉r✳

✺✸
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▲❡s rés✉❧t❛ts s❡♠❜❧❡♥t ✐♥❞✐q✉❡r q✉❡ ❧❛ ❢♦r♠❛t✐♦♥ ❞❡ ❝❛❜❧❡s ❞✬❛❝t✐♥❡✱ ❞❛♥s
✉♥ rés❡❛✉ ❜r❛♥❝❤é✱ ♣r♦✈✐❡♥t ❡①❝❧✉s✐✈❡♠❡♥t ❞❡ ❧✬❛❝t✐✈✐té ❞❡s ❢♦r♠✐♥❡s✱ ♠❛✐s
❧✬❡①♣ér✐❡♥❝❡ ❛②❛♥t été ré❛❧✐sé❡ s✉r ✉♥ s❡✉❧ é❝❤❛♥t✐❧❧♦♥✱ ♥♦✉s ♥❡ ♣♦✉✈♦♥s ❝♦♥✜r✲
♠❡r ❧✬❤②♣♦t❤ès❡✳

✺✹
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✷✳✶✳✻ ▲❛ r❡❝♦♥st✐t✉t✐♦♥ ❞❡ ❧✬❛♥♥❡❛✉ ❞❡ ❝②t♦❝✐♥ès❡ ♣❛r ❧❛
t❡❝❤♥✐q✉❡ ❞✉ ✧♠✐❝r♦♣❛tt❡r♥✐♥❣ ♠❉✐❛✧

❊♥ ❝ré❛♥t ❞❡s ♠✐❝r♦♣❛tt❡r♥s ♠❉✐❛ ❡♥ ❢♦r♠❡ ❞❡ ❝❡r❝❧❡s é♣❛✐s✱ ♦♥ ♦❜t✐❡♥t
❧❡s rés✉❧t❛ts s✉✐✈❛♥ts ✭❋✐❣✉r❡ ✶✸✮✳

(a) 

(A) 

(B) 

(b) 

❋✐❣✉r❡ ✷✳✶✸ ✕ ❋✐❧❛♠❡♥ts ❞✬❛❝t✐♥❡ à ❧✬ét❛t st❛t✐♦♥♥❛✐r❡ ❞❡ ❧❡✉r ♣♦❧②♠ér✐s❛t✐♦♥ ♥✉❝❧éés

♣❛r ❞❡s ♠✐❝r♦♣❛tt❡r♥s ♠❉✐❛ ❡♥ ❝❡r❝❧❡s é♣❛✐s✳ ❊♥ s♦❧✉t✐♦♥ ❡♥tr❡ ❧❛♠❡ ❡t ❧❛♠❡❧❧❡ ✿ ❛❝t✐♥❡

❣❧♦❜✉❧❛✐r❡ ✷ µM ❀ ♣r♦✜❧✐♥❡ ✻ µM ✳ ■♠❛❣❡r✐❡ ✿ ✭❆✮ ♠✐❝r♦s❝♦♣✐❡ ❞❡ ✢✉♦r❡s❝❡♥❝❡ ❝❧❛ss✐q✉❡✳ ✭❇✮

♠✐❝r♦s❝♦♣✐❡ ❞❡ ✢✉♦r❡s❝❡♥❝❡ à ♦♥❞❡ é✈❛♥❡s❝❡♥t❡✳ ✭❆✮ ❡t ✭❇✮ ♠♦♥♦♠èr❡s ❞✬❛❝t✐♥❡ ♠❛rq✉és

♣❛r ❆❧❡①❛ ✺✻✽✳ ❇❛rr❡ ❞✬é❝❤❡❧❧❡ ❂ ✶✵ µm ♣♦✉r ✭❆✮ ❡t ✭❇✮✳

▲❡s ❢♦r♠✐♥❡s ré♣❛rt✐❡s ❞❡ ❢❛ç♦♥ ❤♦♠♦❣è♥❡ s✉r ✉♥ ♠✐❝r♦♣❛tt❡r♥ ❡♥ ❝❡r❝❧❡
é♣❛✐s ❛❝t✐✈❡♥t ❧✬é❧♦♥❣❛t✐♦♥ ❞❡s ✜❧❛♠❡♥ts ❞✬❛❝t✐♥❡ q✉✐ s✬♦r❣❛♥✐s❡♥t ❛❧♦rs ❛❧é❛✲
t♦✐r❡♠❡♥t ❞❡ ❢❛ç♦♥ ♣❛r❛❧❧è❧❡ ♦✉ ❛♥t✐♣❛r❛❧❧è❧❡ ❡♥ s✉✐✈❛♥t ❧❛ ❝♦✉r❜✉r❡ ❞✉ ❝❡r❝❧❡✳
▲❛ ❜❛rr✐èr❡ é♥❡r❣ét✐q✉❡ ❝réé❡ ♣❛r ❧❛ ♣rés❡♥❝❡ ❞❡s ❝❤❛î♥❡s ❞❡ P❊● ❡♥ ❞❡❤♦rs
❞❡s ✧♠✐❝r♦♣❛tt❡r♥s✧ s✉✣t à ❡♠♣ê❝❤❡r ❧❡s ✜❧❛♠❡♥ts ❞✬❛❝t✐♥❡ ❞❡ ♣♦❧②♠ér✐s❡r
à ❧✬❡①tér✐❡✉r ❞❡s ♠✐❝r♦♣❛tt❡r♥s✳ P❛r ❝♦♥séq✉❡♥t✱ ❧❛ ❞❡♥s✐té ❞❡ ✜❧❛♠❡♥ts ❛✉❣✲
♠❡♥t❡ t♦✉t ❛✉ ❧♦♥❣ ❞❡ ❧❡✉r ♣♦❧②♠ér✐s❛t✐♦♥ ♣❛r ❧❡s ❢♦r♠✐♥❡s✳ ❆ ❧✬ét❛t st❛t✐♦♥✲
♥❛✐r❡ ❞❡ ❧❛ ♣♦❧②♠ér✐s❛t✐♦♥✱ ❧✬❛r❝❤✐t❡❝t✉r❡ ♦❜t❡♥✉❡ ❡st ✉♥ ❛♥♥❡❛✉ ❞❡ ✜❧❛♠❡♥ts
❞✬❛❝t✐♥❡ ♣❛r❛❧❧è❧❡s ❡t ❞❡ ♣♦❧❛r✐té ❛❧é❛t♦✐r❡✱ ❝♦♠♠❡ ❞❛♥s ❧✬❛♥♥❡❛✉ ❞❡ ❝②t♦❝✐♥ès❡
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✐♥ ✈✐✈♦✳ ❯♥❡ ❢♦✐s ❢♦r♠é✱ ❧✬❛♥♥❡❛✉ ♣❡✉t s❡ ❝♦♥tr❛❝t❡r s♦✉s ❧✬❛❝t✐♦♥ ❞❡s ♠♦t❡✉rs
♠♦❧é❝✉❧❛✐r❡s✳ P♦✉r t❡st❡r ❧❛ ❝♦♥tr❛❝t✐❧✐té ✐♥ ✈✐tr♦✱ ♥♦✉s ❛❥♦✉t♦♥s ❧❛ ♠②♦s✐♥❡
❱■ à ❧❛ ❝♦♠♣♦s✐t✐♦♥ ❞❡ ❧❛ s♦❧✉t✐♦♥ ❞❡ ♣♦❧②♠ér✐s❛t✐♦♥ ❡♥ s✉✐✈❛♥t ❧❡ ♣r♦t♦❝♦❧❡ ✹✳

Pr♦t♦❝♦❧❡ ✹ ✭❝❢✳ ❆♥♥❡①❡s✮ ✿
❈♦♥tr❛❝t✐♦♥✱ ❡♥tr❡ ❧❛♠❡ ❡t ❧❛♠❡❧❧❡✱ ❞❡ ❧✬❛♥♥❡❛✉ ❞❡ ❝②t♦❝✐♥ès❡ ✐♥ ✈✐tr♦ ♣❛r ❧❛

♠②♦s✐♥❡ ❱■

(A)! (B)!

❋✐❣✉r❡ ✷✳✶✹ ✕ ❘és✉❧t❛t ❞❡ ❧✬❛❝t✐♦♥ ❞❡s ♠②♦s✐♥❡s ❱■ s✉r ✉♥ ❛♥♥❡❛✉ ❞❡ ✜❧❛♠❡♥ts ❞✬❛❝t✐♥❡

♣❛r❛❧❧è❧❡s ♥✉❝❧éés ♣❛r ❞❡s ❢♦r♠✐♥❡s ♠❉✐❛ s✉r ✉♥ ♠✐❝r♦♣❛tt❡r♥ ❡♥ ❝❡r❝❧❡ é♣❛✐s ✭❞é❧✐♠✐té

♣❛r ❧❡s ❧✐❣♥❡s ❡♥ ♣♦✐♥t✐❧❧é❡s r♦✉❣❡s✮✳ ❇❛rr❡ ❞✬é❝❤❡❧❧❡ ❂ ✶✵ µm ♣♦✉r ✭❆✮ ❡t ✭❇✮✳ ❙♦❧✉t✐♦♥

❡♥tr❡ ❧❛♠❡ ❡t ❧❛♠❡❧❧❡ ✿ ❛❝t✐♥❡ ❣❧♦❜✉❧❛✐r❡ ✷ µM ❀ ♣r♦✜❧✐♥❡ ✻ µM ❀ ▼②♦s✐♥❡ ❱■ ✶✵ ♥▼✳ ✭❆✮

❖❜s❡r✈❛t✐♦♥ ❞❡ ❧❛ ✢✉♦r❡s❝❡♥❝❡ ❞❡s ♠♦♥♦♠èr❡s ❞✬❛❝t✐♥❡ ♠❛rq✉és ♣❛r ❆❧❡①❛ ✺✻✽ ✭❝♦✉❧❡✉r

r♦✉❣❡✮ ❡t ❞❡ ❧❛ ✢✉♦r❡s❝❡♥❝❡ ❞❡s ♠②♦s✐♥❡s ❱■ ♠❛rq✉é❡s ♣❛r ●❋P ✭❝♦✉❧❡✉r ✈❡rt❡✮✳ ■♠❛❣❡r✐❡ ✿

♠✐❝r♦s❝♦♣✐❡ ❞❡ ✢✉♦r❡s❝❡♥❝❡ à ♦♥❞❡s é✈❛♥❡s❝❡♥t❡s✳ ✭❇✮ ❖❜s❡r✈❛t✐♦♥ ❞❡ ❧❛ ✢✉♦r❡s❝❡♥❝❡ ❞❡s

♠♦♥♦♠èr❡s ❞✬❛❝t✐♥❡ ♠❛rq✉és ♣❛r ❆❧❡①❛ ✹✽✽ ✭❝♦✉❧❡✉r ❜❧❛♥❝❤❡✮✳ ■♠❛❣❡r✐❡ ✿ ♠✐❝r♦s❝♦♣✐❡ ❞❡

✢✉♦r❡s❝❡♥❝❡ ❝❧❛ss✐q✉❡✳

❖♥ ♦❜s❡r✈❡ ❛❧♦rs q✉❡ ❧❡ ❝â❜❧❡ ❝✐r✉❧❛✐r❡ ❞✬❛❝t✐♥❡ q✉❡ ❧✬♦♥ ❛♣♣❡❧❧❡ ❛♥♥❡❛✉
❞❡ ❝②t♦❝✐♥ès❡ ✐♥ ✈✐tr♦ s❡ ❝♦♥tr❛❝t❡ s♦✉s ❧✬❛❝t✐♦♥ ❜✐♦♠é❝❛♥✐q✉❡ ❞❡s ♠②♦s✐♥❡s
❱■ ✭❋✐❣✉r❡ ✶✹✮✳ ❈❡♣❡♥❞❛♥t ❞❡s ✐♠♣❡r❢❡❝t✐♦♥s ♣❡rs✐st❡♥t ✿ ❞❛♥s ❧❛ ♣❧✉♣❛rt ❞❡s
❡①♣ér✐❡♥❝❡s ♠❡♥é❡s✱ ❧❛ ❝♦♥tr❛❝t✐♦♥ ♥✬❡st ♣❛s ❡✣❝❛❝❡✳ ▲❡s ✜❧❛♠❡♥ts ❞✬❛❝t✐♥❡
s♦♥t ♠✐s s♦✉s t❡♥s✐♦♥ ❡♥tr❡ ❡✉① ♣❛r ❧❡s ♠②♦s✐♥❡s ❱■ ❞ès ❧❡ ❞é❜✉t ❞❡ ❧❡✉r ♣♦✲
❧②♠ér✐s❛t✐♦♥ ♣❛r ❧❡s ❢♦r♠✐♥❡s✱ ❝❡ q✉✐ ❛ ♣♦✉r ❡✛❡t ❞✬❡✣❧♦❝❤❡r ❧❡ ❝â❜❧❡ ❞✬❛❝t✐♥❡
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❝✐r❝✉❧❛✐r❡ ❛✈❛♥t q✉❡ ❝❡❧✉✐✲❝✐ s♦✐t s✉✣s❛♠♠❡♥t ❤♦♠♦❣è♥❡ ❡t ❝♦♠♣❛❝t ♣♦✉r
s❡ ❝♦♥tr❛❝t❡r ❝♦rr❡❝t❡♠❡♥t ✭❋✐❣✉r❡ ✶✺✮✳ ❆✉tr❡♠❡♥t ❞✐t✱ ❧❡s ♠②♦s✐♥❡s ❱■ ❢♦♥t
❝♦✉❧✐ss❡r ❧❡s ✜❧❛♠❡♥ts ❞✬❛❝t✐♥❡ ❡♥tr❡ ❡✉① ❛✉ ❧✐❡✉ ❞❡ ❝♦♥tr❛❝t❡r ❞❡ ❢❛ç♦♥ ❤♦✲
♠♦❣è♥❡ ❧✬❡♥s❡♠❜❧❡ ❞✉ ❝â❜❧❡ ❝✐r❝✉❧❛✐r❡ ❞✬❛❝t✐♥❡✳ ▲❛ ❝♦♥tr❛❝t✐♦♥ ♣❡✐♥❡ ❞♦♥❝ à
s❡ ❢❛✐r❡✳

Slice 0! Slice 104! Slice 208! Slice 312!

Slice 0! Slice 12! Slice 24! Slice 36!

(A)!

(B)!

00:00 00:40 01:20 02:00 

00:00 00:40 01:20 02:00 

❋✐❣✉r❡ ✷✳✶✺ ✕ ❈✐♥ét✐q✉❡ ❞❡ ❧✬❛❝t✐♦♥ ❞❡s ♠②♦s✐♥❡s ❱■ s✉r ✉♥ ❛♥♥❡❛✉ ❞❡ ✜❧❛♠❡♥ts ❞✬❛❝t✐♥❡

♣❛r❛❧❧è❧❡s ♥✉❝❧éés ♣❛r ❞❡s ❢♦r♠✐♥❡s ♠❉✐❛ s✉r ✉♥ ♠✐❝r♦♣❛tt❡r♥ ❡♥ ❝❡r❝❧❡ é♣❛✐s ✭❞é❧✐♠✐té ♣❛r

❧❡s ❧✐❣♥❡s ❡♥ ♣♦✐♥t✐❧❧é❡s r♦✉❣❡s✮✳ ❚❡♠♣s ❡♥ ❤❡✉r❡s ✿ ♠✐♥✉t❡s✳ ❇❛rr❡ ❞✬é❝❤❡❧❧❡ ❂ ✶✵ µm ♣♦✉r

✭❆✮ ❡t ✭❇✮✳ ❙♦❧✉t✐♦♥ ❡♥tr❡ ❧❛♠❡ ❡t ❧❛♠❡❧❧❡ ✿ ❛❝t✐♥❡ ❣❧♦❜✉❧❛✐r❡ ✷ µM ❀ ♣r♦✜❧✐♥❡ ✻ µM ❀ ♠②♦s✐♥❡

❱■ ✶✵ ♥▼✳ ❖❜s❡r✈❛t✐♦♥ ❞❡ ❧❛ ✢✉♦r❡s❝❡♥❝❡ ❞❡s ♠♦♥♦♠èr❡s ❞✬❛❝t✐♥❡ ♠❛rq✉és ♣❛r ❆❧❡①❛✲✹✽✽

✭❝♦✉❧❡✉r ❜❧❛♥❝❤❡✮✳ ✭❆✮ ■♠❛❣❡r✐❡ ✿ ♠✐❝r♦s❝♦♣✐❡ ❞❡ ✢✉♦r❡s❝❡♥❝❡ à ♦♥❞❡s é✈❛♥❡s❝❡♥t❡s✱ ✭❇✮

■♠❛❣❡r✐❡ ✿ ♠✐❝r♦s❝♦♣✐❡ ❞❡ ✢✉♦r❡s❝❡♥❝❡ ❝❧❛ssq✐✉❡✳

▲❡s ❛♥♥❡❛✉① q✉✐ s❡ ❢♦r♠❡♥t à ♣❛rt✐r ❞❡s ♠✐❝r♦♣❛tt❡r♥s ♠❉✐❛ ❡♥ ❝❡r❝❧❡
♠❡tt❡♥t ❛✉ ♠♦✐♥s ✶✺ ♠✐♥✉t❡s ♣♦✉r ❛tt❡✐♥❞r❡ ✉♥❡ str✉❝t✉r❡ ❤♦♠♦❣è♥❡ ❡♥
t❡r♠❡ ❞❡ ❞❡♥s✐té ❞❡ ✜❧❛♠❡♥ts ❞✬❛❝t✐♥❡✳ ❖r✱ ❞❛♥s ❧❡s ❡①♣ér✐❡♥❝❡s q✉❡ ♥♦✉s ♠❡✲
♥♦♥s ❡♥tr❡ ❧❛♠❡ ❡t ❧❛♠❡❧❧❡✱ ❧❡s ♠②♦s✐♥❡s ❝♦♠♠❡♥❝❡♥t à ❡①❡r❝❡r ❧❡✉r tr❛✈❛✐❧ ❞ès
❧❡ ❞é❜✉t ❞❡ ❧✬❡①♣ér✐❡♥❝❡ s✉r ❞❡s str✉❝t✉r❡s q✉✐ ❝♦♠♣♦rt❡♥t ❡♥❝♦r❡ ❞✬✐♠♣♦r✲
t❛♥t❡s ❛s②♠étr✐❡s ❞❡ ❞❡♥s✐té ❞❡ ✜❧❛♠❡♥ts ❞✬❛❝t✐♥❡✳ ◆♦✉s s♦♠♠❡s ❞♦♥❝ ❞❛♥s
❧❡ ❝❛s ✭❛✮ ❞é❝r✐t ♣❛r ❧❛ ❋✐❣✉r❡ ✶✻ ♦✉ ❧✬❛♥♥❡❛✉ ❞✬❛❝t✐♥❡ ♥❡ ♣❡✉t s❡ ❝♦♥tr❛❝t❡r
❥✉sq✉✬❛✉ ❜♦✉t✳ P♦✉r êtr❡ ❞❛♥s ❧❡ ❝❛s ✭❜✮✱ q✉✐ ❡st ❧❡ ❝❛s ✐♥ ✈✐✈♦✱ ✐❧ ❢❛✉❞r❛✐t ❢❛✐r❡
✐♥t❡r✈❡♥✐r ❧❡s ♠♦t❡✉rs ♠♦❧é❝✉❧❛✐r❡s à ❧✬ét❛t st❛t✐♦♥♥❛✐r❡ ❞❡ ❧❛ ♣♦❧②♠ér✐s❛t✐♦♥
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❞❡ ❧✬❛❝t✐♥❡ ✿ ❝✬❡st✲à✲❞✐r❡ ❛✉ ♠♦♠❡♥t ♦✉ ❧❛ ❞❡♥s✐té s✉r❢❛❝✐q✉❡ ❞❡s ✜❧❛♠❡♥ts
❞✬❛❝t✐♥❡ ❡st s✉✣s❛♠♠❡♥t ✐♠♣♦rt❛♥t❡ ♣♦✉r ❢♦r♠❡r ✉♥ ❛♥♥❡❛✉ ❝♦♠♣♦sé ❞❡
✜❧❛♠❡♥ts ❞✬❛❝t✐♥❡ ré♣❛rt✐s ❞❡ ❢❛ç♦♥ ❤♦♠♦❣è♥❡ s✉r t♦✉t❡ ❧❛ s✉r❢❛❝❡ ❞✉ ♠✐❝r♦✲
♣❛tt❡r♥ ❝✐r❝✉❧❛✐r❡✳

t0 t1 t2

(a)

t0 t1 t2

(b)

❋✐❣✉r❡ ✷✳✶✻ ✕ ❈✐♥ét✐q✉❡ ❞❡ ❝♦♥tr❛❝t✐♦♥ ❞✬✉♥ ❛♥♥❡❛✉ ❞❡ ✜❧❛♠❡♥ts ❞✬❛❝t✐♥❡ à ♦r✐❡♥t❛t✐♦♥

❛❧é❛t♦✐r❡ ♣❛r ❞❡s ♠♦t❡✉rs ♠♦❧é❝✉❧❛✐r❡s ✐♥t❡r✈❡♥❛♥t à ♣❛rt✐r ❞✉ t❡♠♣s t0 s✉r ✿ ✭❛✮ ❯♥ ❛♥♥❡❛✉

❞❡ ✜❧❛♠❡♥ts ❞✬❛❝t✐♥❡ ❝♦♠♣♦rt❛♥t ✉♥❡ ❛s②♠étr✐❡ ❝✐r❝✉❧❛✐r❡ ❞❡ ❞❡♥s✐té ❞❡ ✜❧❛♠❡♥ts ✭❧❛ ♣❛rt✐❡

♠♦✐♥s é♣❛✐ss❡ ❞✉ ❝❡r❝❧❡ ❝♦rr❡s♣♦♥❞ à ✉♥❡ ♣❛rt✐❡ ♠♦✐♥s ❞❡♥s❡ ❡♥ ✜❧❛♠❡♥ts✮ ❀ ✭❜✮ ❯♥ ❛♥♥❡❛✉

❞❡ ✜❧❛♠❡♥ts ❞✬❛❝t✐♥❡ ♥❡ ❝♦♠♣♦rt❛♥t ♣❛s ❞✬❛s②♠étr✐❡ ❝✐r❝✉❧❛✐r❡ ❞❡ ❞❡♥s✐té ❞❡ ✜❧❛♠❡♥ts✳

◆♦✉s ❛✈♦♥s ❛❧♦rs t❡sté✱ ❡♥ s✐♠✉❧❛t✐♦♥ ♥✉♠ér✐q✉❡✱ ❧✬✐♥✢✉❡♥❝❡ ❞✉ t❡♠♣s
❞✬✐♥t❡r✈❡♥t✐♦♥ ❞❡s ♠②♦s✐♥❡s ❱■ s✉r ✉♥ ❛♥♥❡❛✉ ❞❡ ✜❧❛♠❡♥ts ❞✬❛❝t✐♥❡ ❡♥ ❝♦✉rs
❞❡ ♣♦❧②♠ér✐s❛t✐♦♥ ✭❋✐❣✉r❡ ✶✼✮✳

✺✽
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0 s 15 s 30 s 45 s

105 s90 s75 s60 s

(B)

0 s 15 s 30 s 45 s

105 s90 s75 s60 s

(A)

❋✐❣✉r❡ ✷✳✶✼ ✕ ❙✐♠✉❧❛t✐♦♥ ♥✉♠ér✐q✉❡ ❡♥ ❞❡✉① ❞✐♠❡♥s✐♦♥s ré❛❧✐sé❡ ❛✈❡❝ ❧❡ ♣r♦❣r❛♠♠❡

❈②t♦s✐♠ ✿ ✭❆✮ ❡t ✭❇✮ ❈✐♥ét✐q✉❡s ❞✬é❧♦♥❣❛t✐♦♥ ❞❡ ✜❧❛♠❡♥ts ❞✬❛❝t✐♥❡ ♣♦❧②♠ér✐s❛♥t ♣❛s ❧❡✉r

❡①tré♠✐té ❜❛r❜é❡ ✜①é❡ s✉r ✉♥ ✧♠✐❝r♦♣❛tt❡r♥✧ ✈✐rt✉❡❧✳ ❉❛♥s ❧❡ ❝❛s ✭❆✮ ❧❡s ♠②♦s✐♥❡s ✐♥t❡r✲

✈✐❡♥♥❡♥t ❛✉ t ❂ ✵✳ ❉❛♥s ❧❡ ❝❛s ✭❇✮ ❧❡s ♠②♦s✐♥❡s ✐♥t❡r✈✐❡♥♥❡♥t ❛✉ t❡♠♣s t ❂ ✼✵ s❡❝♦♥❞❡s✳

❉❛♥s ❧❡s ❝❛s ✭❆✮ ❡t ✭❇✮ ▲❛ ❞❡♥s✐té s✉r❢❛❝✐q✉❡ ❞✬❡①tré♠✐tés ❜❛r❜é❡s ♣♦❧②♠ér✐s❛♥t s✉r ❧❡

✧♠✐❝r♦♣❛tt❡r♥✧✱ ❧❛ ❝♦♥❝❡♥tr❛t✐♦♥ ✐♥✐t✐❛❧❡ ❡♥ ♠♦♥♦♠èr❡s ❞✬❛❝t✐♥❡ ❡t ❧❛ ❝♦♥❝❡♥tr❛t✐♦♥ ❞❡

♠②♦s✐♥❡s ❱■ s♦♥t ✐❞❡♥t✐q✉❡s✳

❈❡s s✐♠✉❧❛t✐♦♥s ♥♦✉s ♠♦♥tr❡♥t q✉❡ s✐ ❧❡s ♠♦t❡✉rs ♠♦❧é❝✉❧❛✐r❡s ✐♥t❡r✲
✈✐❡♥♥❡♥t ❛✉ ❞é❜✉t ❞❡ ❧❛ ❢♦r♠❛t✐♦♥ ❞❡ ❧✬❛♥♥❡❛✉ ❞❡ ❝②t♦❝✐♥ès❡✱ ❝❡❧✉✐✲❝✐ ♥❡ ♣❡✉t
s❡ ❝♦♥tr❛❝t❡r✳ ❙✐ ❧❡s ♠♦t❡✉rs ✐♥t❡r✈✐❡♥♥❡♥t q✉❡❧q✉❡s t❡♠♣s ❛♣rès✱ ❡t ❝✬❡st ❝❡
q✉✬✐❧ s❡ ♣❛ss❡ ❞❛♥s ❧❡s ❝❡❧❧✉❧❡s✱ ❧✬❛♥♥❡❛✉ s❡ ❝♦♥tr❛❝t❡ ❝♦♠♣❧èt❡♠❡♥t✳ ▲❡s s✐♠✉✲

✺✾
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❧❛t✐♦♥s ❞❡✈r♦♥t ❛✉ss✐ êtr❡ ❢❛✐t❡s ❡♥ r❡♠♣❧❛ç❛♥t ❧❛ ♠②♦s✐♥❡ ❱■ ♣❛r ❧❛ ♠②♦s✐♥❡
■■ ✐♠♣❧✐q✉é❡ ❞❛♥s ❧❛ ❝②t♦❝✐♥ès❡✱ ❝❡s ❞❡✉① ♠♦t❡✉rs ♠♦❧é❝✉❧❛✐r❡s ♥✬❛②❛♥t ♣❛s
❧❡ ♠ê♠❡ ♠♦❞❡ ❞❡ ❢♦♥❝t✐♦♥♥❡♠❡♥t ✭❋✐❣✉r❡ ✶✽✮✳

+-+ -

Brin 1 Brin 2lien

rigide

�lament d’actine �lament d’actine

+-

+ -tête 1

tête 2

lien

elastique
�lament d’actine

�lament d’actine

(A)

(B)

❋✐❣✉r❡ ✷✳✶✽ ✕ ✭❆✮ ❆rr❛♥❣❡♠❡♥t s♣❛t✐❛❧ ❞✬✉♥ ❞♦✉❜❧❡ ❜r✐♥ ❞❡ ♠②♦s✐♥❡ ■■ ❛✈❡❝ ❧❡s ✜❧❛♠❡♥ts

❞✬❛❝t✐♥❡✳ ✭❇✮ ❆rr❛♥❣❡♠❡♥t s♣❛t✐❛❧ ❞✬✉♥❡ ♠②♦s✐♥❡ ❱■ ❛✈❡❝ ❧❡s ✜❧❛♠❡♥ts ❞✬❛❝t✐♥❡✳ ▲❡s ✢è❝❤❡s

✈❡rt ❝❧❛✐r ✐♥❞✐q✉❡♥t ❧❛ ❞✐r❡❝t✐♦♥ ❞❡s ❢♦r❝❡s ❡①❡r❝é❡s ♣❛r ❧❡s ♠②♦s✐♥❡s s✉r ❧❡s ✜❧❛♠❡♥ts

❞✬❛❝t✐♥❡✳ ▲✬❡①tré♠✐té ❜❛r❜é❡ ❞❡s ✜❧❛♠❡♥ts ❞✬❛❝t✐♥❡ ❡st ✐♥❞✐q✉é ♣❛r ❧❡ s✐❣♥❡ ✰ ❡t ❧✬❡①tré♠✐té

♣♦✐♥t✉❡ ♣❛r ❧❡ s✐❣♥❡ ✲ ✳

▲❡ ♠✐❝r♦♣❛tt❡r♥✐♥❣ ♠❉✐❛ r❡♥❞ ♣♦ss✐❜❧❡ ❧❡ ❝♦♥trô❧❡ ❞❡s ♣❛r❛♠ètr❡s ❝❧és
❞❛♥s ❧✬♦r❣❛♥✐s❛t✐♦♥ str✉❝t✉r❛❧❡ ❞❡ ❧✬❛♥♥❡❛✉ ❞❡ ❝②t♦❝✐♥ès❡ ✐♥ ✈✐tr♦✳ ❊♥ ♠♦✲
❞✐✜❛♥t ❧❛ ❝♦♥❝❡♥tr❛t✐♦♥ ❞❡s ❢♦r♠✐♥❡s s✉r ❧❡ ♠✐❝r♦♣❛tt❡r♥✱ ♦♥ ♣❡✉t ♠♦❞✐✜❡r
❧❛ ❞❡♥s✐té ❞❡ ✜❧❛♠❡♥ts ❞✬❛❝t✐♥❡ ❞❛♥s ❧✬❛♥♥❡❛✉✳ ❊♥ ❥♦✉❛♥t s✉r ❧❛ ❣é♦♠étr✐❡
❞❡s ♠✐❝r♦♣❛tt❡r♥s✱ ♦♥ ♣❡✉t ❢❛✐r❡ ✈❛r✐❡r ❧✬é♣❛✐ss❡✉r ❡t ❧❡ ❞✐❛♠ètr❡ ❞❡ ❧✬❛♥♥❡❛✉✳
▲✬♦❜s❡r✈❛t✐♦♥ ❞❡s ♠♦❞✐✜❝❛t✐♦♥s ❞❡ ❝❡s ♣❛r❛♠ètr❡s s♣❛t✐❛✉① s✉r ❧❡s ♣r♦♣r✐é✲
tés ❝♦♥tr❛❝t✐❧❡s ❞❡ ❧✬❛♥♥❡❛✉ ❞❡ ❝②t♦❝✐♥ès❡ ♥♦✉s ♣❡r♠❡ttr❛ ❞❡ ❞ét❡r♠✐♥❡r ❞❛♥s
q✉❡❧❧❡ ♠❡s✉r❡ ❝❤❛❝✉♥ ❞❡s ♣❛r❛♠ètr❡s ❛❣✐t ❡♥ ❢❛✈❡✉r ♦✉ ❡♥ ❞é❢❛✈❡✉r ❞❡ ❧❛
❝♦♥tr❛❝t✐♦♥✳

◗✉❛♥t ❛✉① ♣❛r❛♠ètr❡s t❡♠♣♦r❡❧s✱ ♥♦✉s ♥✬❡♥ ❛✈♦♥s ❛✉❝✉♥ ❝♦♥trô❧❡ t❛♥t
q✉❡ ♥♦✉s tr❛✈❛✐❧❧♦♥s s✉r ❞❡s ❡①♣ér✐❡♥❝❡s ❡♥tr❡ ❧❛♠❡ ❡t ❧❛♠❡❧❧❡✳ ❊♥ ❡✛❡t✱ ❡♥tr❡
❧❛♠❡ ❡t ❧❛♠❡❧❧❡✱ ❧❡ s②stè♠❡ ❡st ❢❡r♠é✳ ▲❛ ❝♦♠♣♦s✐t✐♦♥ ❞❡s ❝♦♥st✐t✉❛♥ts ❞❡ ❧❛
s♦❧✉t✐♦♥ r❡st❡ ✐♥❝❤❛♥❣é❡ ❞✉ ❞é❜✉t à ❧❛ ✜♥ ❞❡ ❧✬❡①♣ér✐❡♥❝❡✱ ❧❡✉r ❝♦♥❝❡♥tr❛t✐♦♥
❞✐♠✐♥✉❡ ❡t ❧❡ s②stè♠❡ ❛tt❡✐♥t r❛♣✐❞❡♠❡♥t ✉♥ ét❛t st❛t✐♦♥♥❛✐r❡✳ P♦✉r ♦❜t❡♥✐r
✉♥ ❝♦♥trô❧❡ t❡♠♣♦r❡❧ ❞❡ ❧❛ séq✉❡♥❝❡ ❞✬✐♥t❡r✈❡♥t✐♦♥ ❞❡s ♣❛rt❡♥❛✐r❡s ♣r♦té✐q✉❡s
s✉r ❧✬❛♥♥❡❛✉ ❞❡ ❝②t♦❝✐♥ès❡✱ ♥♦✉s ♥✬❛✈♦♥s ♣❛s ❞✬❛✉tr❡ ❝❤♦✐① q✉❡ ❞✬✉t✐❧✐s❡r ❧❛
♠✐❝r♦✢✉✐❞✐q✉❡✳
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✷✳✶✳✼ ❝♦♥❝❧✉s✐♦♥

P❛r ❞❡s ❛❞❛♣t❛t✐♦♥s ❡t ❞❡s é✈♦❧✉t✐♦♥s ❞❡ ❧❛ t❡❝❤♥✐q✉❡ ❞✉ ♠✐❝r♦♣❛tt❡r✲
♥✐♥❣✱ ♥♦✉s ❛✈♦♥s ♠♦♥tré ❝♦♠♠❡♥t ❧❡ ❝♦♥trô❧❡ ❣é♦♠étr✐q✉❡ ❞❡s ♣r♦té✐♥❡s ❞❡
♥✉❝❧é❛t✐♦♥ ❞❡ ❧✬❛❝t✐♥❡ ♣❡r♠❡t ❞✬♦r✐❡♥t❡r ❧✬♦r❣❛♥✐s❛t✐♦♥ s♣❛t✐❛❧❡ ❞❡s ✜❧❛♠❡♥ts
❞✬❛❝t✐♥❡ ❡t ❣é♥ér❡r ❧❡s ❛r❝❤✐t❡❝t✉r❡s ❝♦♠♣❧❡①❡s q✉❡ ❧✬♦♥ ♣❡✉t ♦❜s❡r✈❡r ❞❛♥s
❧❛ ❝❡❧❧✉❧❡✳ ❉❛♥s ❧❛ s✉✐t❡ ❞❡ ❧❛ ❞é♠❛r❝❤❡ ❜♦tt♦♠✲✉♣✱ ❧❡s ♣r♦té✐♥❡s ❛ss♦❝✐é❡s ❛✉
❝②t♦sq✉❡❧❡tt❡ ❞✬❛❝t✐♥❡ ❞♦✐✈❡♥t êtr❡s ❛❥♦✉té❡s ✉♥❡ à ✉♥❡ ❛✜♥ ❞❡ ❞ét❡r♠✐♥❡r
❧❡✉rs ❡✛❡ts r❡s♣❡❝t✐❢s s✉r ❧❡ r❡♠♦❞❡❧❛❣❡ ❞❡s ❛r❝❤✐t❡❝t✉r❡s ❞✬❛❝t✐♥❡ r❡❝♦♥st✐✲
t✉é❡s✳ P♦✉r ❝❡❧❛✱ ✐❧ ❢❛✉t ❛✈♦✐r ❛❝❝ès ❛✉ ❝♦♥trô❧❡ t❡♠♣♦r❡❧ ❞❡ ❧❛ ❝♦♥❝❡♥tr❛t✐♦♥
❞❡s ❝♦♥st✐t✉❛♥ts ❜✐♦❝❤✐♠✐q✉❡s ♣rés❡♥ts ❞❛♥s ❧❛ s♦❧✉t✐♦♥✳ ❈❡❝✐ ❡st ❧✬♦❜❥❡t ❞❡
❧❛ s❡❝t✐♦♥ s✉✐✈❛♥t❡✳

✻✶
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✷✳✷ ❈♦♥trô❧❡ t❡♠♣♦r❡❧ ❞✉ ♠✐❝r♦✲❡♥✈✐r♦♥♥❡♠❡♥t

❜✐♦❝❤✐♠✐q✉❡ ❞❡s s②stè♠❡s ❞✬❛❝t✐♥❡ r❡❝♦♥s✲

t✐t✉és ✐♥ ✈✐tr♦

✷✳✷✳✶ ▲❛ ♠✐❝r♦✢✉✐❞✐q✉❡

environnement 

biomimétique

système 

moléculaire

❋✐❣✉r❡ ✷✳✶✾ ✕ ▼✐❝r♦✢✉✐❞✐q✉❡ ❡t ❙▼❘■❱✳ ▲❡s ✢è❝❤❡s ✐♥❞✐q✉❡♥t q✉❡ ❧❡ ❙▼❘■❱ s✬♦r❣❛✲

♥✐s❡ ❡♥ ❢♦♥❝t✐♦♥ ❞❡s ❝♦♥st✐t✉❛♥ts ✐♠♣♦rtés ♦✉ ❡①♣♦rtés ❡♥tr❡ ❧✬❡①tér✐❡✉r ❡t ❧✬✐♥tér✐❡✉r ❞❡

❧✬❡♥✈✐r♦♥♥❡♠❡♥t ❜✐♦♠✐♠ét✐q✉❡ ♣❛r ❞❡s é❝❤❛♥❣❡s ♠✐❝r♦✢✉✐❞✐q✉❡s✳

▲❡ ♣r✐♥❝✐♣❡ ❞❡ ❧❛ ♠✐❝r♦✢✉✐❞✐q✉❡ ♣♦✉r ✉♥ s②stè♠❡ ❜✐♦♠♦❧é❝✉❧❛✐r❡ ✐♥ ✈✐tr♦
❡st ❞❡ r❡♥♦✉✈❡❧❡r✱ ❞❛♥s ❧❡ t❡♠♣s✱ ❧❡ ♠✐❝r♦✲❡♥✈✐r♦♥♥❡♠❡♥t ❜✐♦❝❤✐♠✐q✉❡ ❞✉
s②stè♠❡ ❛✜♥ ❞❡ r❡❝ré❡r ❧❡s éq✉✐❧✐❜r❡s ❞②♥❛♠✐q✉❡s ♣❛r ❧❡sq✉❡❧s ✐❧ é✈♦❧✉❡ ✐♥
✈✐✈♦✳

❚❤é♦r✐❡

▲❛ ♠✐❝r♦✢✉✐❞✐q✉❡✱ q✉✐ ❡st ♥é❡ ❞❡ ❧❛ ♠✐❝r♦é❧é❝tr♦♥✐q✉❡ ✐❧ ② ❛ ♠❛✐♥t❡♥❛♥t
q✉✐♥③❡ ❛♥s ❬✹✷❪✱ ♣❡r♠❡t ❞❡ ♠❛♥✐♣✉❧❡r ❧❡s é❧é♠❡♥ts ✢✉✐❞❡s ❞♦♥t ❧❛ t❛✐❧❧❡ ❡st
❞❡ ❧✬♦r❞r❡ ❞❡ ❣r❛♥❞❡✉r ❞✉ ♠✐❝r♦♠ètr❡✳ ❆ ❝❡tt❡ é❝❤❡❧❧❡✱ q✉✐ ❡st ❝❡❧❧❡ ❞❡ ❧❛
❝❡❧❧✉❧❡ ❡t ❞❡s ♠❛❝r♦♠♦❧é❝✉❧❡s q✉✐ ❧❛ ❝♦♠♣♦s❡♥t✱ ❝❡ ♥❡ s♦♥t ♣❧✉s ❧❡s ❧♦✐s ❞❡
❧✬❤②❞r♦❞②♥❛♠✐q✉❡ q✉✐ s✬❛♣♣❧✐q✉❡♥t ♠❛✐s ❝❡❧❧❡s ❞❡ ❧❛ ♠✐❝r♦❤②❞r♦❞②♥❛♠✐q✉❡
♣♦✉r ❧❡sq✉❡❧❧❡s ❧❛ ❞✐✛✉s✐♦♥ ♣❡✉t êtr❡ ♣ré♣♦♥❞ér❛♥t❡ s✉r ❧✬✐♥❡rt✐❡ ❞❛♥s ❧❡ ♠♦✉✲
✈❡♠❡♥t ❞❡s ♣❛rt✐❝✉❧❡s ✢✉✐❞❡s✳ ❱♦✐❝✐ ❧❡s ❜❛s❡s ♠❛t❤é♠❛t✐q✉❡s ❞❡ ❧❛ ❞✐✛✉s✐♦♥
❡t ❞❡ ❧❛ ♠✐❝r♦❤②❞r♦❞②♥❛♠✐q✉❡ ❬✶✺✺✱✶✻✵❪✳

✻✷
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❉✐✛✉s✐♦♥

(x,t)

dS

dm

dV

❋✐❣✉r❡ ✷✳✷✵ ✕ ① ✿ ✈❡❝t❡✉r ♣♦s✐t✐♦♥ s♣❛t✐❛❧❡✳ ❆ ❧✬✐♥st❛♥t t ❡t ❛✉ ♣♦✐♥t ①✱ ❧✬é❧é♠❡♥t ❞❡
✈♦❧✉♠❡ ❞❱ ❞é❧✐♠✐té ♣❛r ❧❛ s✉r❢❛❝❡ ❞❙ ❝♦♥t✐❡♥t ✉♥❡ ♠❛ss❡ ❞♠ ❞❡ ❞✐✛✉s❡✉rs✳

❈♦♥s✐❞ér♦♥s ✉♥❡ ♠❛ss❡ ❞♠ ❞❡ ❞✐✛✉s❡✉rs ✭♠♦❧é❝✉❧❡s✱ ❝♦♠♣❧❡①❡s ♠♦❧é❝✉✲
❧❛✐r❡s✮ ❞❛♥s ✉♥ ✈♦❧✉♠❡ ❞❱ ❞❡ ✢✉✐❞❡ ❞é❧✐♠✐té ♣❛r ❧❛ s✉r❢❛❝❡ ❞❙✳ ❖♥ ❞é✜♥✐t
❧❡✉r ❝♦♥❝❡♥tr❛t✐♦♥ ♠❛ss✐q✉❡ ❛✉ ♣♦✐♥t ① ❡t à ❧✬✐♥st❛♥t t ♣❛r ✿

C(①, t) =
dm

dV
✭✷✳✶✮

▲❡ ✢✉① ❞✐✛✉s✐❢ ❞❡ ♠♦❧é❝✉❧❡s ❛✉ ♣♦✐♥t ① ❡t ❛✉ t❡♠♣s t ❡st ❞é✜♥✐ ♣❛r ❧❛ ❧♦✐
❞❡ ❋✐❝❦ ✿

❏✭①✱t✮ = −D∇C(①, t) ✭✷✳✷✮

❆✈❡❝ ✿
❏ ✿ ✈❡❝t❡✉r ✢✉① ❞❡ ♠♦❧é❝✉❧❡s✳ [M.T−1.L−2]
❉ ✿ ❝♦❡✣❝✐❡♥t ❞❡ ❞✐✛✉s✐♦♥ ♠♦❧é❝✉❧❛✐r❡✳ [L2.T ]

▲❡ ❝♦❡✣❝✐❡♥t ❞❡ ❞✐✛✉s✐♦♥ ♠♦❧é❝✉❧❛✐r❡ ❉ ♣❡✉t s✬❡①♣r✐♠❡r ♣❛r ❧❛ r❡❧❛t✐♦♥
❞❡ ❙t♦❦❡s✲❊✐♥st❡✐♥ ❞❡ ❧❛ ❢❛ç♦♥ s✉✐✈❛♥t❡ ✿

D =
kBT

6πRµ
✭✷✳✸✮

❆✈❡❝ ✿
❦ ✿ ❝♦♥st❛♥t❡ ❞❡ ❇♦❧t③♠❛♥♥
❚ ✿ t❡♠♣ér❛t✉r❡ ❞✉ ✢✉✐❞❡ [Θ]
µ ✿ ✈✐s❝♦s✐té ❞②♥❛♠✐q✉❡ ❞✉ ✢✉✐❞❡ [M.L−1.T−1]
❘ ✿ ❘❛②♦♥ ❞❡ ❧❛ ♠♦❧é❝✉❧❡ ❝♦♥s✐❞éré❡ [L]

❈❡tt❡ ❡①♣r❡ss✐♦♥ ♣❡r♠❡t ❞✬❡st✐♠❡r✱ s♦✉✈❡♥t à ♠✐❡✉① q✉❡ ✸✵ % ♣rès✱ ❧❡
❝♦❡✣❝✐❡♥t ❞❡ ❞✐✛✉s✐♦♥ ❞✬✉♥❡ ♠♦❧é❝✉❧❡ à ♣❛rt✐r ❞❡ s♦♥ r❛②♦♥ ❘✳

✻✸
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▼✐❝r♦❤②❞r♦❞②♥❛♠✐q✉❡

❆ ❧✬é❝❤❡❧❧❡ ♠❛❝r♦s❝♦♣✐q✉❡ ❡t ♣♦✉r ❧❡s ✢✉✐❞❡s ◆❡✇t♦♥✐❡♥s✱ ❧✬❤②❞r♦❞②♥❛✲
♠✐q✉❡ ❡st ❞é❝r✐t❡ ♣❛r ❧✬éq✉❛t✐♦♥ ❞❡ ◆❛✈✐❡r✲❙t♦❦❡s ❞❡ ❧❛ q✉❛♥t✐té ❞❡ ♠♦✉✈❡✲
♠❡♥t ❝✐✲❞❡ss♦✉s ✿

ρ
D✉

Dt
= −❣r❛❞p+ µ∆✉+ ❋ ✭✷✳✹✮

❆✈❡❝ ✿
ρ ✿ ♠❛ss❡ ✈♦❧✉♠✐q✉❡ ❞✉ ✢✉✐❞❡ [M.L−3]
µ ✿ ✈✐s❝♦s✐té ❞②♥❛♠✐q✉❡ ❞✉ ✢✉✐❞❡ [M.L−3.T−1]
✉ ✿ ✈❡❝t❡✉r ✈✐t❡ss❡ ❞❡ ❧✬é❝♦✉❧❡♠❡♥t ❞✉ ✢✉✐❞❡ [L.T−1]
p ✿ ♣r❡ss✐♦♥ [M.L−1.T−2]
❋ ✿ ✈❡❝t❡✉r ❢♦r❝❡ ❡①tér✐❡✉r❡ ♣❛r ✉♥✐té ❞❡ ✈♦❧✉♠❡ [M.T−2.L−2]
▲✬♦♣ér❛t❡✉r ❉✴❉t ❡st ❧❛ ❞ér✐✈é❡ ♠❛tér✐❡❧❧❡ ❞♦♥t ❧✬❡①♣r❡ss✐♦♥ s✬é❝r✐t ❡♥

♥♦t❛t✐♦♥ ✐♥❞✐❝✐❡❧❧❡ ✿

D

Dt
=

∂

∂t
+ uj

∂

∂xj

✭✷✳✺✮

♦ù✱ s✉✐✈❛♥t ❧❛ ♥♦t❛t✐♦♥ ❞✬❊✐♥st❡✐♥✱ ✐❧ ② ❛ s♦♠♠❛t✐♦♥ s✉r ❧✬✐♥❞✐❝❡ ré♣été ✭♥♦té
❥✮✳ ❊♥ s✉✐✈❛♥t é❣❛❧❡♠❡♥t ❧❛ ♥♦t❛t✐♦♥ ❞✬❊✐♥st❡✐♥ ♣♦✉r ❧✬❡♥s❡♠❜❧❡ ❞❡ ❧✬éq✉❛t✐♦♥
✭✷✳✹✮✱ ♦♥ ♦❜t✐❡♥t ❧✬❡①♣r❡ss✐♦♥ s✉✐✈❛♥t❡ ✿

ρuj
∂ui

∂xj

+ ρ
∂ui

∂t
= −

∂p

∂xi

+ µ
∂2ui

∂x2
j

+ ρFi ✭✷✳✻✮

♦ù✱ r❛♣♣❡❧♦♥s✲❧❡✱ ui ❡st ❧❛ ❝♦♠♣♦s❛♥t❡ ❞❡ ❧❛ ✈✐t❡ss❡ ❞✬é❝♦✉❧❡♠❡♥t ❞✉ ✢✉✐❞❡
s❡❧♦♥ ❧✬❛①❡ ✐✱ ♣ ❡st ❧❛ ♣r❡ss✐♦♥ ❡t Fi ❧❛ ❝♦♠♣♦s❛♥t❡ ❞❡ ❧❛ ❢♦r❝❡ ✈♦❧✉♠✐q✉❡
❡①tér✐❡✉r❡ s❡❧♦♥ ❧✬❛①❡ ✐✳

ρuj
∂ui

∂xj

❡st ❧❡ ♣r❡♠✐❡r t❡r♠❡ ❞✬✐♥❡rt✐❡ ❞♦♥t ❧✬♦r❞r❡ ❞❡ ❣r❛♥❞❡✉r ❡st
ρU2

L

ρ
∂ui

∂t
❡st ❧❡ ❞❡✉①✐è♠❡ t❡r♠❡ ❞✬✐♥❡rt✐❡ ❞♦♥t ❧✬♦r❞r❡ ❞❡ ❣r❛♥❞❡✉r ❡st

ρU

τ
∂2ui

∂x2
j

❡st ❧❡ t❡r♠❡ ✈✐sq✉❡✉① ❞♦♥t ❧✬♦r❞r❡ ❞❡ ❣r❛♥❞❡✉r ❡st
ρU

L2

❯ ❡st ❧❛ ✈✐t❡ss❡ t②♣✐q✉❡ ❞❡ ❧✬é❝♦✉❧❡♠❡♥t✱ ▲ ❡st ❧✬é❝❤❡❧❧❡ ❞❡ ✈❛r✐❛t✐♦♥ ❝❛✲
r❛❝tér✐st✐q✉❡ ❞❡ ❧❛ ✈✐t❡ss❡ ❞✬é❝♦✉❧❡♠❡♥t ❡t τ ❡st ❧❡ t❡♠♣s ❝❛r❛❝tér✐st✐q✉❡ ❞❡
✈❛r✐❛t✐♦♥ ❞❡ ❧❛ ✈✐t❡ss❡✳
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▲❡ r❛♣♣♦rt ❞✉ ♣r❡♠✐❡r t❡r♠❡ ❞✬✐♥❡rt✐❡ s✉r ❧❡ t❡r♠❡ ✈✐sq✉❡✉① ❡st ❝❡ q✉✬♦♥
❛♣♣❡❧❧❡ ❧❡ ♥♦♠❜r❡ ❞❡ ❘❡②♥♦❧❞s ✿

Re =
UL

ν
✭✷✳✼✮

▲❡ r❛♣♣♦rt ❞✉ s❡❝♦♥❞ t❡r♠❡ ❞✬✐♥❡rt✐❡ s✉r ❧❡ t❡r♠❡ ✈✐sq✉❡✉① ❡st ✿

L2

τν
✭✷✳✽✮

▲❡s s②stè♠❡s ❜✐♦❧♦❣✐q✉❡s q✉✬♦♥ ♠❛♥✐♣✉❧❡ s♦♥t ♠✐❝r♦s❝♦♣✐q✉❡s ✿ ❝❡❧❧✉❧❡s
✭≈ ✶✺ µm✮ ❀ ✜❧❛♠❡♥ts ❞✬❛❝t✐♥❡ ✭≈ ✽ ♥♠ ❞❡ ❞✬é♣❛✐ss❡✉r✮✳ P❛r ❝♦♥séq✉❡♥t✱
♣♦✉r ❛✈♦✐r ✉♥ ❝♦♥trô❧❡ ♣ré❝✐s ❞❡s ❢♦r❝❡s ❤②❞r♦❞②♥❛♠✐q✉❡s s✉r ❞❡ t❡❧s s②s✲
tè♠❡s✱ ✐❧ ❝♦♥✈✐❡♥t ❞✬✉t✐❧✐s❡r ❞❡s ♠✐❝r♦s②stè♠❡s ❛rt✐✜❝✐❡❧s ♠❡tt❛♥t ❡♥ ♦❡✉✈r❡
❞❡s ❝♦♥❞✉✐t❡s ❞❡ t❛✐❧❧❡ ♠✐❝r♦♠étr✐q✉❡ ♦✉ s✉❜✲♠✐❝r♦♠étr✐q✉❡s ❞❛♥s ❧❡sq✉❡❧❧❡s
s✬é❝♦✉❧❡♥t ❧❡s ✢✉✐❞❡s ✿ ❧❡s s②stè♠❡s ♠✐❝r♦✢✉✐❞✐q✉❡s✳ ❉❛♥s ❝❡s s②stè♠❡s ♠✐♥✐❛✲
t✉r✐sés✱ ❘❡ ✓ ✶ ❡t L2/τν ✓ ✶ ✭s✐ ♦♥ ❝♦♥s✐❞èr❡ q✉❡ τ ♥✬❡st ♣❛s ❜❡❛✉❝♦✉♣ ♣❧✉s
♣❡t✐t q✉❡ ❧❡ t❡♠♣s ❞❡ r❡t♦✉r♥❡♠❡♥t L/U q✉✐ ❝♦♥st✐t✉❡ ❧❡ t❡♠♣s ♥❛t✉r❡❧ ❞❡
❧✬é❝♦✉❧❡♠❡♥t✮✳ ❈❡ q✉✐ ✈❡✉t ❞✐r❡ q✉❡✱ ❞❛♥s ❧✬éq✉❛t✐♦♥ ❞❡ ◆❛✈✐❡r✲❙t♦❦❡s ❞❡ ❧❛
q✉❛♥t✐té ❞❡ ♠♦✉✈❡♠❡♥t✱ ❧❡s ❞❡✉① t❡r♠❡s ❞✬✐♥❡rt✐❡ s♦♥t ♥é❣❧✐❣❡❛❜❧❡s ❞❡✈❛♥t ❧❡
t❡r♠❡ ✈✐sq✉❡✉①✳ ▲✬éq✉❛t✐♦♥ ✭✷✳✹✮ s✬é❝r✐t ❞♦♥❝ ❞❡ ❧❛ ❢❛ç♦♥ s✉✐✈❛♥t❡ ✿

−❣r❛❞p+ µ∆✉+ ❋ = 0 ✭✷✳✾✮

▲❡s ❧♦✐s ❞❡ ❧✬❤②❞r♦❞②♥❛♠✐q✉❡ ❞❡✈✐❡♥♥❡♥t ❝❡❧❧❡s ❞❡ ❧❛ ♠✐❝r♦❤②❞r♦❞②♥❛✲
♠✐q✉❡✳ ▲❡s é❝♦✉❧❡♠❡♥ts ré❣✐s ♣❛r ❝❡tt❡ éq✉❛t✐♦♥ ♣♦ssè❞❡♥t ❧❡s ♣r♦♣r✐étés r❡✲
♠❛rq✉❛❜❧❡s s✉✐✈❛♥t❡s ✿

✲ ▲✐♥é❛r✐té ✿ ▲❡s s♦❧✉t✐♦♥s ❞❡ ❧✬éq✉❛t✐♦♥ s♦♥t ❧✐♥é❛✐r❡s ❡♥ ❧❛ ✈✐t❡ss❡ ❞❡
❧✬é❝♦✉❧❡♠❡♥t✳

✲❘é✈❡rs✐❜✐❧✐té ✿ ❈❤❛♥❣❡r t ❡♥ ✲t ♥❡ ♠♦❞✐✜❡ ♣❛s ❧✬éq✉❛t✐♦♥✳ ❉❡ ♠❛♥✐èr❡
éq✉✐✈❛❧❡♥t❡✱ ❝❤❛♥❣❡r ✉ ❡♥ ✲✉ s✉r ❧❡s ❢r♦♥t✐èr❡s ❞❡ ❧✬é❝♦✉❧❡♠❡♥t ✐♥✈❡rs❡ ❧❛ ✈✐t❡ss❡
♣❛rt♦✉t ❞❛♥s ❧✬é❝♦✉❧❡♠❡♥t✳

✲ ❯♥✐❝✐té ✿ ▲❛ s♦❧✉t✐♦♥ ❞❡ ❧✬éq✉❛t✐♦♥ ❡st ✉♥✐q✉❡✱ ✐❧ ♥❡ ♣❡✉t ❞♦♥❝ ② ❛✈♦✐r
❞❡ ❜✐❢✉r❝❛t✐♦♥s ❞❡ s♦❧✉t✐♦♥ ♣❡r♠❡tt❛♥t✱ ♣❛r ❡①❡♠♣❧❡✱ ❧✬❛♣♣❛r✐t✐♦♥ ❞✬✐♥st❛❜✐❧✐✲
tés ❤②❞r♦❞②♥❛♠✐q✉❡s✳ ❯♥ ✢✉✐❞❡ ❝✐r❝✉❧❛♥t ❞❛♥s ✉♥❡ ❝♦♥❞✉✐t❡ ♠✐❝r♦♠étr✐q✉❡
s✬é❝♦✉❧❡ ❞❡ ❢❛ç♦♥ ♣❛r❢❛✐t❡♠❡♥t ❧❛♠✐♥❛✐r❡ ❞❡ ❧❛ ♠ê♠❡ ♠❛♥✐èr❡ q✉✬✉♥ ✢✉✐❞❡ ❞❡
♠ê♠❡ ♥❛t✉r❡ ♠❛✐s ❞❡ ✈✐s❝♦s✐té ❜❡❛✉❝♦✉♣ ♣❧✉s ✐♠♣♦rt❛♥t❡ s✬é❝♦✉❧❡r❛✐t ❞❛♥s
✉♥❡ ❝♦♥❞✉✐t❡ ♠❛❝r♦♠étr✐q✉❡ ❣é♦♠étr✐q✉❡♠❡♥t ✐❞❡♥t✐q✉❡✳

✻✺
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❛❞✈❡❝t✐♦♥✴❞✐✛✉s✐♦♥

❯♥ ♥♦♠❜r❡ ✐♠♣♦rt❛♥t ❞❛♥s ❧❡s é❝♦✉❧❡♠❡♥ts ♠✐❝r♦✢✉✐❞✐q✉❡s ♣♦✉r ❧❡sq✉❡❧s
❛❞✈❡❝t✐♦♥ ❡t ❞✐✛✉s✐♦♥ ❝♦❤❛❜✐t❡♥t ❡st ❧❡ ♥♦♠❜r❡ ❞❡ P❡❝❧❡t ❞é✜♥✐ ♣❛r ✿

Pe =
UL

D
✭✷✳✶✵✮

♦ù ❯ ❡st ❧❛ ✈✐t❡ss❡ t②♣✐q✉❡ ❞❡ ❧✬é❝♦✉❧❡♠❡♥t✱ ▲ ❡st ❧❛ t❛✐❧❧❡ ❝❛r❛❝tér✐st✐q✉❡
❞✉ s②stè♠❡ ❡t ❉ ❡st ❧❡ ❝♦❡✣❝✐❡♥t ❞❡ ❞✐✛✉s✐♦♥✳

❚♦✉t ❝♦♠♠❡ ❧❡ ♥♦♠❜r❡ ❞❡ ❘❡②♥♦❧❞s ♠❡s✉r❡ ❧✬✐♠♣♦rt❛♥❝❡ r❡❧❛t✐✈❡ ❞❡s
t❡r♠❡s ✐♥❡rt✐❡❧s ✈✐s✲à✲✈✐s ❞❡s t❡r♠❡s ✈✐sq✉❡✉①✱ ❧❡ ♥♦♠❜r❡ ❞❡ P❡❝❧❡t ♠❡s✉r❡
❧✬✐♠♣♦rt❛♥❝❡ r❡❧❛t✐✈❡ ❞❡s t❡r♠❡s ❞✬❛❞✈❡❝t✐♦♥ ✈✐s✲à✲✈✐s ❞❡s t❡r♠❡s ❞❡ ❞✐✛✉s✐♦♥✳
◆♦✉s ❛✈♦♥s ✈✉ q✉❡ ♣❧✉s ❧❡ ♥♦♠❜r❡ ❞❡ ❘❡②♥♦❧❞s ❡st ♣❡t✐t✱ ♣❧✉s ❧✬✐♥✢✉❡♥❝❡ ❞❡
❧❛ ✈✐s❝♦s✐té ❡st ♣ré♣♦♥❞ér❛♥t❡ s✉r ❧❡ ♠♦✉✈❡♠❡♥t ❞❡s ♣❛rt✐❝✉❧❡s ✢✉✐❞❡s ♣❛r
r❛♣♣♦rt à ❧✬✐♥❡rt✐❡✳ ❉❡ ❧❛ ♠ê♠❡ ♠❛♥✐èr❡✱ ♣❧✉s ❧❡ ♥♦♠❜r❡ ❞❡ P❡❝❧❡t ❡st ♣❡t✐t✱
♣❧✉s ❧✬✐♥✢✉❡♥❝❡ ❞❡ ❧✬❛❣✐t❛t✐♦♥ t❤❡r♠✐q✉❡ ❡st ♣ré♣♦♥❞ér❛♥t❡ s✉r ❧❡ ♠♦✉✈❡♠❡♥t
❞❡s ♣❛rt✐❝✉❧❡s ✢✉✐❞❡s ♣❛r r❛♣♣♦rt à ❧✬❛❞✈❡❝t✐♦♥✳ ▲❛ ♠❡s✉r❡ ❞✉ ♥♦♠❜r❡ ❞❡
P❡❝❧❡t ❞❛♥s ✉♥ s②stè♠❡ ♠✐❝r♦✢✉✐❞✐q✉❡ ♣❡r♠❡t ❞✬♦❜t❡♥✐r r❛♣✐❞❡♠❡♥t ✉♥ ♦r❞r❡
❞❡ ❣r❛♥❞❡✉r s✉r ❧❛ ❜❛❧❛♥❝❡ ❡♥tr❡ ❧✬❛❞✈❡❝t✐♦♥ ❡t ❧❛ ❞✐✛✉s✐♦♥✳

▼♦②❡♥s

▲❛ ♠✐❝r♦✢✉✐❞✐q✉❡ ♣❡r♠❡t à ❧✬❡①♣ér✐♠❡♥t❛t❡✉r ❞✬✐♥tr♦❞✉✐r❡✱ ❞❡ ❢❛ç♦♥ ❝♦♥trô✲
❧é❡ ❞❛♥s ❧❡ t❡♠♣s✱ ❞❡ ♥♦✉✈❡❛✉① ❝♦♠♣♦sés ❜✐♦❝❤✐♠✐q✉❡s ❞❛♥s ❧✬❡♥✈✐r♦♥♥❡♠❡♥t
❜✐♦♠✐♠ét✐q✉❡ ❞❡s s②stè♠❡s ❜✐♦♠♦❧é❝✉❧❛✐r❡s r❡❝♦♥st✐t✉és ✐♥ ✈✐tr♦✳ P♦✉r ❝❡❧❛✱
❞❡✉① ♠♦②❡♥s s♦♥t ♣♦ss✐❜❧❡s ✿

▲❡ ♣r❡♠✐❡r ♠♦②❡♥ ❝♦♥s✐st❡ à r❡♥♦✉✈❡❧❡r ❧❛ s♦❧✉t✐♦♥ ❜✐♦❝❤✐♠✐q✉❡ ❡♥ ❣é♥é✲
r❛♥t ✉♥ ✢✉① ❤②❞r♦❞②♥❛♠✐q✉❡✳ P♦✉r ❧❡s ét✉❞❡s ❞✉ ✜❧❛♠❡♥t ❞✬❛❝t✐♥❡ ✐♥❞✐✈✐❞✉❡❧✱
✐❧ ❢❛✉t tr♦✉✈❡r ❧❡ ♠♦②❡♥ ❞❡ ✜①❡r ❧❡ ✜❧❛♠❡♥t à ❧❛ s✉r❢❛❝❡ ❞❡ ❧✬é❝❤❛♥t✐❧❧♦♥ ♣❛r ✉♥❡
❞❡ s❡s ❡①tré♠✐tés✱ ❝❡❧✉✐✲❝✐ s✬♦r✐❡♥t❛♥t ❛❧♦rs ❞❛♥s ❧❛ ❞✐r❡❝t✐♦♥ ❞❡s ❧✐❣♥❡s ❞❡ ❝♦✉✲
r❛♥t ❬✻✾❪✳ ▲❡ ✜❧❛♠❡♥t ❞✬❛❝t✐♥❡ ♥✬❡st ❞♦♥❝ ♣❛s t❤❡r♠♦❞②♥❛♠✐q✉❡♠❡♥t ❧✐❜r❡ ❡t
❧❡s ❢♦r❝❡s ❞❡ ❢r✐❝t✐♦♥ ❡①❡r❝é❡s s✉r s❛ s✉r❢❛❝❡ ♣❡✉✈❡♥t ✐♥❞✉✐r❡ ❞❡s ❝❤❛♥❣❡♠❡♥ts
❞❡ ❝♦♥❢♦r♠❛t✐♦♥ q✉✐ ♥✬❡①✐st❡♥t ♣❛s ✐♥ ✈✐✈♦✳ ❆✉ss✐✱ ❧❡ ✜❧❛♠❡♥t ✐♥❞✐✈✐❞✉❡❧ ❡st ❧❛
s❡✉❧❡ ✉♥✐té ❝♦♥st✐t✉t✐✈❡ q✉✐ ❛ été ét✉❞✐é❡ s♦✉s ✢✉① ❝❛r ❝✬❡st ✉♥❡ str✉❝t✉r❡ ✉♥✐✲
❞✐♠❡♥s✐♦♥♥❡❧❧❡ ✿ ❧❡s ❛r❝❤✐t❡❝t✉r❡s ❞✬❛❝t✐♥❡ ❣é♦♠étr✐q✉❡♠❡♥t ♣❧✉s ❝♦♠♣❧❡①❡s
q✉❡ ❧❡ ✜❧❛♠❡♥t ✐♥❞✐✈✐❞✉❡❧ s♦♥t ❜✐❞✐♠❡♥s✐♦♥♥❡❧❧❡s ♦✉ tr✐❞✐♠❡♥s✐♦♥♥❡❧❧❡s ❡t✱ ♣❛r
❝♦♥séq✉❡♥t✱ s♦♥t s✉s❝❡♣t✐❜❧❡s ❞✬êtr❡s ♣❡rt✉r❜é❡s ♦✉ ❞étr✉✐t❡s ♣❛r ❧❡s ❢♦r❝❡s ❞❡
❝✐s❛✐❧❧❡♠❡♥t ❞✉ ✢✉① ❤②❞r♦❞②♥❛♠✐q✉❡ ❬✻✽❪✳

▲❡ ❞❡✉①✐è♠❡ ♠♦②❡♥ ❡st ❞❡ ❝ré❡r ❞❡s ③♦♥❡s ♠✐❝r♦✢✉✐❞✐q✉❡s s❛♥s ✢✉① ❛❧✐✲
♠❡♥té❡s ♣❛r ❞❡s ❝❛♥❛✉① ❞❛♥s ❧❡sq✉❡❧s ✐❧ ② ❛ ❞✉ ✢✉①✳ ❉❡ ❝❡tt❡ ♠❛♥✐èr❡ ❧❡s
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s②stè♠❡s ❜✐♦♠♦❧é❝✉❧❛✐r❡s ❢r❛❣✐❧❡s ♣❡✉✈❡♥t êtr❡s ♣r♦té❣és ❞❡s ❝♦♥tr❛✐♥t❡s ❤②✲
❞r♦❞②♥❛♠✐q✉❡s t♦✉t ❡♥ ét❛♥t ❛❧✐♠❡♥tés ❡♥ ❝♦♠♣♦sés ❜✐♦❝❤✐♠✐q✉❡s ♣❛r ❞✐✛✉✲
s✐♦♥ ❞❡♣✉✐s ❧❡s ❝❛♥❛✉① à ✢✉① ❛❞❥❛❝❡♥ts✳ ❆ ❧✬❤❡✉r❡ ❛❝t✉❡❧❧❡✱ ✐❧ ❡①✐st❡ ✉♥ s❡✉❧
s②stè♠❡ ♠✐❝r♦✢✉✐❞✐q✉❡ ✉t✐❧✐s❛♥t ❧❛ ❞✐✛✉s✐♦♥ ♣♦✉r ❝♦♥trô❧❡r ❧✬❡♥✈✐r♦♥♥❡♠❡♥t
❜✐♦❝❤✐♠✐q✉❡ ❞❡s s②stè♠❡s ❞✬❛❝t✐♥❡ r❡❝♦♥st✐t✉és ✐♥ ✈✐tr♦✳ ■❧ s✬❛❣✐t ❞✉ tr❛✈❛✐❧
❞❡ ❚❤♦♠❛s P❢♦❤❧ ❬✸✾❪ q✉✐ ❧✉✐ ❛ ♣❡r♠✐s ❞✬♦❜s❡r✈❡r ❧❡ ♣❤é♥♦♠è♥❡ ❞❡ ré✈❡rs✐✲
❜✐❧✐té ❡♥tr❡ ❧❡s ✜❧❛♠❡♥ts ❞✬❛❝t✐♥❡ ✐♥❞✐✈✐❞✉❡❧s ❡t ❧❡✉r ❛ss♦❝✐❛t✐♦♥ ❡♥ ❝â❜❧❡s✱
♣❛r ❛❥♦✉ts ❡t r❡tr❛✐ts s✉❝❝❡ss✐❢s ❞❡ Mg2+ ❞❛♥s ✉♥❡ ❝❤❛♠❜r❡ ♠✐❝r♦✢✉✐❞✐q✉❡ à
❣é♦♠étr✐❡ ❞✬❡①❝❧✉s✐♦♥ ❞❡ ✢✉①✳

▲❛ ♠❛❥♦r✐té ❞❡s tr❛✈❛✉① ❞❡ ❞é✈❡❧♦♣♣❡♠❡♥t s✉r ❧❡s s②stè♠❡s ♠✐❝r♦✢✉✐✲
❞✐q✉❡s q✉✐ ✈✐s❡♥t à ♣r♦té❣❡r ❧❡s s②stè♠❡s ❜✐♦❧♦❣✐q✉❡s ❞❡s ❢♦r❝❡s ❝ré❡s ♣❛r ❧❡
✢✉① ❤②❞r♦❞②♥❛♠✐q✉❡ ❛ été ré❛❧✐sé❡ ♣♦✉r ❧❛ ❝✉❧t✉r❡ ❝❡❧❧✉❧❛✐r❡✳ ❚♦✉t ❛✉ ❧♦♥❣ ❞❡
♠❛ t❤ès❡ ❥❡ ♠❡ s✉✐s ✐♥s♣✐ré ❞❡ ❝❡s s②stè♠❡s ♣♦✉r ❝♦♥❝❡✈♦✐r ❧❡ ♠✐❡♥✳ ■❧ ♠✬❡st
❛♣♣❛r✉ q✉❡ ❝❡s s②stè♠❡s ♣❡✉✈❡♥t êtr❡s ❝❧❛ssés s❡❧♦♥ tr♦✐s ❝❛té❣♦r✐❡s ✿ ❧❡s s②s✲
tè♠❡s ♠✐❝r♦✢✉✐❞✐q✉❡s à ❢❛✐❜❧❡ ré❞✉❝t✐♦♥ ❞❡ ✢✉①✱ ❧❡s s②stè♠❡s ♠✐❝r♦✢✉✐❞✐q✉❡s
à ❢♦rt❡ ré❞✉❝t✐♦♥ ❞❡ ✢✉① ❡t ❧❡s s②stè♠❡s ♠✐❝r♦✢✉✐❞✐q✉❡s s❛♥s ✢✉①✳ ▲✬❡♥s❡♠❜❧❡
❞❡ ❝❡s s②stè♠❡s ✈✐s❡ à ré❞✉✐r❡ ❧❡ ✢✉① ❛✉ ♠❛①✐♠✉♠✱ ❡♥ ✐♥té❣r❛♥t ❝❡✉①✲❝✐ ❞❛♥s
✉♥ ❞✐s♣♦s✐t✐❢ ❧❡ ♠♦✐♥s ❝♦♠♣❧❡①❡ ♣♦ss✐❜❧❡✳

P❛r♠✐ ❧❡s s②stè♠❡s à ❢❛✐❜❧❡ ré❞✉❝t✐♦♥ ❞❡ ✢✉①✱ ✐❧ ② ❛ ✿

✲ ▲❡s ❣♦✉tt❡s ❬✶✻✱ ✶✼❪✳ s♦♥t ❞❡ ✈♦❧✉♠❡ ❝♦♥trô❧é✱ ❧❡✉rs ❞é♣❧❛❝❡♠❡♥ts s♦♥t
❝♦♥trô❧és é❧❡❝tr✐q✉❡♠❡♥t✱ ❝❡ q✉✐ ♣❡r♠❡t ❧❡✉r r❡♥❝♦♥tr❡ ❡t ❧❡✉r ❢✉s✐♦♥✳ ❉❡ ❝❡tt❡
♠❛♥✐èr❡ ❧❡s ♠é❧❛♥❣❡s ❞❡ s♦❧✉t✐♦♥ s❡ ❢♦♥t ❜✐❡♥ ♠❛✐s ❧❡s ✢✉① s♦♥t ❝♦♥séq✉❡♥ts
❧♦rs ❞❡s ❢✉s✐♦♥s ❞✉ ❢❛✐t ❞❡ ❧❛ ♣rés❡♥❝❡ ❞❡s t❡♥s✐♦♥s ❞❡ s✉r❢❛❝❡ ✭❋✐❣✉r❡ ✷✶✮✳

A B 

❋✐❣✉r❡ ✷✳✷✶ ✕ ▲❡s é❧❡❝tr♦❞❡s ❝❛rrés ✭♥♦✐r❡s✮ ❝♦♥trô❧❡♥t ❧❛ ♣♦s✐t✐♦♥ ❞❡s ❣♦✉tt❡s q✉✐

❝♦♥t✐❡♥♥❡♥t ❧❡s ♦❜❥❡ts ❜✐♦❧♦❣✐q✉❡s✳ ❯♥❡ ❣♦✉tt❡ ♣❡✉t s❡ ❞és♦❧✐❞❛r✐s❡r ❞✉ rés❡r✈♦✐r ✭❆✮ ♣✉✐s

s❡ ❞é♣❧❛❝❡r ✈❡rs ✉♥ ❛✉tr❡ s✐t❡ ♣♦✉r ✐♥t❡r❛❣✐r ❛✈❡❝ ✉♥❡ ❛✉tr❡ ❣♦✉tt❡ ✭❇✮✳

❆✉tr❡♠❡♥t q✉❡ ♣❛r ❧❡ ❝♦♥trô❧❡ é❧❡❝tr✐q✉❡✱ ❧❛ ❢♦r❝❡ ❞❡ ❝❛♣✐❧❧❛r✐té ❞❡s ❣♦✉tt❡s
♣❡✉t êtr❡ ✉t✐❧✐sé❡ ♣♦✉r ❝♦♠♣❡♥s❡r ❧❡✉r ♣♦✐❞s ❡t ❛✐♥s✐ ❢♦r♠❡r ❞❡s ♣❡t✐ts rés❡r✲
✈♦✐rs ♣♦✉r ❧❛ ❝✉❧t✉r❡ ❝❡❧❧✉❧❛✐r❡ ❬✶✶✵❪ ✭❋✐❣✉r❡ ✷✷✮✳ P♦✉r ♠♦❞✐✜❡r ❧❡ ♠✐❝r♦✲

✻✼
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❡♥✈✐r♦♥♥❡♠❡♥t ❞❡s ❝❡❧❧✉❧❡s✱ ✐❧ s✉✣t ❞✬✉t✐❧✐s❡r ✉♥❡ s✐♠♣❧❡ ♣✐♣❡tt❡✳ P❛r ❝♦♥tr❡
❧❡s ❝❡❧❧✉❧❡s ♥❡ s♦♥t ♣❛s ❝♦♠♣❧èt❡♠❡♥t ♣r♦té❣é❡s ❞✉ ✢✉① ❡t ❧✬é✈❛♣♦r❛t✐♦♥ ❞❡s
❣♦✉tt❡s ❡st très ❞✐✣❝✐❧❡ à ♠❛îtr✐s❡r✳

A B 

❋✐❣✉r❡ ✷✳✷✷ ✕ ❆ ✿ ❯♥❡ ❣♦✉tt❡ ❡♥ s✉s♣❡♥s✐♦♥ ❝♦♥t❡♥❛♥t ✷ ❝❡❧❧✉❧❡s✳ ❇ ✿ ❯♥❡ ♣✐♣❡tt❡ ♣❡✉t

♣ré❧❡✈❡r ✉♥❡ ❝❡❧❧✉❧❡ ✐♥❞✐✈✐❞✉❡❧❧❡ ❞❛♥s s♦♥ ♠✐❧✐❡✉ ❞❡ ❝✉❧t✉r❡✳

✲ ▲❡s ♣✐è❣❡s à ❝❡❧❧✉❧❡s ❬✹✵✱ ✹✸✱ ✹✹✱ ✻✵✱ ✽✵✱ ✽✺✱ ✾✷✱ ✾✼✱ ✶✹✹✱ ✶✺✷✱ ✶✾✶❪✳ ❉❛♥s ❝❡s
s②stè♠❡s✱ ❧❡s ❝❡❧❧✉❧❡s ❝❤❛r✐é❡s ♣❛r ❧❡ ✢✉① s♦♥t ♣✐é❣é❡s ✐♥❞✐✈✐❞✉❡❧❧❡♠❡♥t ❞❛♥s ❧❡
❝r❡✉① ❞❡ str✉❝t✉r❡s ❡♥ ❢♦r♠❡ ❞❡ ✧❯✧ ✭❋✐❣✉r❡ ✷✸❆✮ ♦✉ ❞❛♥s ❞❡s ❛s♣ér✐tés ❞❡s
♣❛r♦✐s ❞❡s ❝❛♥❛✉① ✭❋✐❣✉r❡ ✷✸❇✮ ♦✉ ❡♥❝♦r❡ ❞❛♥s ❞❡s étr❛♥❣❧❡♠❡♥ts ❞❡ ❝❛♥❛❧
✭❋✐❣✉r❡ ✷✸❈✮✳

A B C 

❋✐❣✉r❡ ✷✳✷✸ ✕ ❆ ✿ P✐è❣❡s à ❝❡❧❧✉❧❡s ✐♥❞✐✈✐❞✉❡❧❧❡s ♦r✐❡♥té❡s ❢❛❝❡ ❛✉ ✢✉①✳ ❇ ✿ P✐è❣❡ à ❝❡❧❧✉❧❡s

✐♥❞✐✈✐❞✉❡❧❧❡s ♦r✐❡♥té❡s ❞❡ ❢❛ç♦♥ ♣❡r♣❡♥❞✐❝✉❧❛✐r❡ ❛✉ ✢✉①✳ ❈ ✿ P✐è❣❡ à ❝❡❧❧✉❧❡s ✐♥❞✐✈✐❞✉❡❧❧❡s

❛❧✐❣♥é❡s ❞❛♥s ❧❡ ✢✉①✳

✲ ▲❡s ❜❛rr✐èr❡s à ✢✉① ❬✶✷✱ ✶✷✺✱ ✶✻✼✱ ✶✽✼✱ ✶✾✷❪✳ ▲❡s ❜❛rr✐èr❡s à ✢✉① sé♣❛r❡♥t
❧❡s ❝❛♥❛✉① ❞✬❛❧✐♠❡♥t❛t✐♦♥ ❞❡ ❧❛ ③♦♥❡ q✉✐ ❝♦♥t✐❡♥t ❧❡s ♦❜❥❡ts ❜✐♦❧♦❣✐q✉❡s✳ ❊❧❧❡s
❧✐♠✐t❡♥t ♣❛rt✐❡❧❧❡♠❡♥t ❧❡ ✢✉① ♣r♦✈❡♥❛♥t ❞❡s ❝❛♥❛✉① ❞✬❛❧✐♠❡♥t❛t✐♦♥ ✈❡rs ❧❛
③♦♥❡ ❞✬♦❜s❡r✈❛t✐♦♥ ❞❡s ♦❜❥❡ts ❜✐♦❧♦❣✐q✉❡s ✭❋✐❣✉r❡ ✷✹✮✳

✻✽
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❋✐❣✉r❡ ✷✳✷✹ ✕ ❆ ❧✬✐♥tér✐❡✉r ❞❡s ❜❛rr✐èr❡s s❡ tr♦✉✈❡♥t ❧❡s ❝❡❧❧✉❧❡s ❡♥ ❝✉❧t✉r❡ ❡t à ❧✬❡①✲

tér✐❡✉r ❞❡s ❜❛rr✐èr❡s s❡ tr♦✉✈❡♥t ❞❡✉① ❝❛♥❛✉① ❞❛♥s ❧❡sq✉❡❧s s✬é❝♦✉❧❡♥t ✉♥ ✢✉① ❞❡ ♠✐❧✐❡✉

♥✉tr✐t✐❢✳ ▲❡ ♠✐❧✐❡✉ ♥✉tr✐t✐❢ s✬é❝♦✉❧❡ ❧❡♥t❡♠❡♥t à tr❛✈❡rs ❧❡s ❜❛rr✐èr❡s ♣♦✉r ♥♦✉rr✐r ❧❡s ❝❡❧❧✉❧❡s✳

▲❡s s②stè♠❡s à ❢❛✐❜❧❡ ré❞✉❝t✐♦♥ ❞❡ ✢✉① ♣❡r♠❡tt❡♥t ❞❡ ❝♦♥trô❧❡r très r❛✲
♣✐❞❡♠❡♥t ❡t très ❡✣❝❛❝❡♠❡♥t ❧❡ ♠✐❝r♦✲❡♥✈✐r♦♥♥❡♠❡♥t ❜✐♦❝❤✐♠✐q✉❡ ♠❛✐s ✐♠✲
♣♦s❡♥t ❞❡ tr♦♣ ❣r❛♥❞❡s ❢♦r❝❡s ❤②❞r♦❞②♥❛♠✐q✉❡s ❛✉① ♦❜❥❡ts ❜✐♦❧♦❣✐q✉❡s ét✉✲
❞✐és ❡t ♣❛r ❝♦♥séq✉❡♥t s♦♥t ♣❡✉ ❛❞❛♣tés ❛✉① s②stè♠❡s ❞✬❛❝t✐♥❡ r❡❝♦♥st✐t✉és✳

P❛r♠✐ ❧❡s s②stè♠❡s à ❢♦rt❡ ré❞✉❝t✐♦♥ ❞❡ ✢✉①✱ ✐❧ ② ❛ ✿

✲ ▲❡s ♠✐❝r♦♣✉✐ts ❬✸✶✱✺✵✱✺✶✱✼✹✱✼✾✱✾✸✱✶✵✺✱✶✵✽✱✶✷✼✱✶✹✷❪ q✉✐ s♦♥t sûr❡♠❡♥t
❧❡s ♣❧✉s ✉t✐❧✐sés✳ ❈❡ s♦♥t t♦✉t s✐♠♣❧❡♠❡♥t ❞❡s ❝r❡✉① r❡❝t❛♥❣✉❧❛✐r❡s s✉r ❧❡s
❜♦r❞s ❞✬✉♥ ❝❛♥❛❧ ❞r♦✐t ✭❋✐❣✉r❡ ✷✺✮✳

❋✐❣✉r❡ ✷✳✷✺ ✕ ▲✐❣♥❡s ❞❡ ❝♦✉r❛♥t ❞❛♥s ✉♥ ❝❛♥❛❧ ❝♦♥t❡♥❛♥t ❞❡s ♣✉✐ts✳ ▲❛ ❣r❛♥❞❡ ✢è❝❤❡

♥♦✐r❡ ✐♥❞✐q✉❡ ❧❛ ❞✐r❡❝t✐♦♥ ❞✉ ✢✉① ❞❛♥s ❧❡ ❝❛♥❛❧ ♣r✐♥❝✐♣❛❧ ❡t ❧❡s ♣❡t✐t❡s ✢è❝❤❡s ✐♥❞✐q✉❡♥t ❧❛

❞✐r❡❝t✐♦♥ ❞✉ ✢✉① ❞❛♥s ❧❡s ♣✉✐ts✳ ▲❛ ❧❛r❣❡✉r ❞❡s ♣✉✐ts ❡st✱ ❞❡ ❣❛✉❝❤❡ à ❞r♦✐t❡✱ ✷✺✱ ✺✵✱ ✼✺✱

✶✵✵ µm✳

✻✾



❈❍❆P■❚❘❊ ✷✳ ❘➱❙❯▲❚❆❚❙

✲ ▲❡s ❝✐r❝✉✐ts à ❣é♦♠étr✐❡s ❞✬é❝❛rt❡♠❡♥t ❞❡s ❧✐❣♥❡s ❞❡ ❝♦✉r❛♥t ❬✶✵✱ ✼✽✱ ✽✹✱
✶✵✾✱ ✶✶✷❪✳ ❈❡ s♦♥t t♦✉t s✐♠♣❧❡♠❡♥t ❞❡s é❧❛r❣✐ss❡♠❡♥t ❞❡s ❝❛♥❛✉① ♠✐❝r♦✢✉✐✲
❞✐q✉❡s ✭❋✐❣✉r❡ ✷✻✮✳

❋✐❣✉r❡ ✷✳✷✻ ✕ ❆ ❣❛✉❝❤❡✱ ✉♥❡ r❡♣rés❡♥t❛t✐♦♥ ❞❡ ❧❛ ✈✐t❡ss❡ ❞✉ ✢✉✐❞❡ ❞❛♥s ✉♥ é❧❛r❣✐ss❡♠❡♥t

❞❡ ❝❛♥❛❧✱ ❧❡s ❝♦✉❧❡✉rs s♦♠❜r❡s s♦♥t ❧❡s ❜❛ss❡s ✈✐t❡ss❡s ❡t ❧❡s ❝♦✉❧❡✉rs ❝❧❛✐r❡s s♦♥t ❧❡s ❤❛✉t❡s

✈✐t❡ss❡s✳ ❆ ❞r♦✐t❡✱ ✉♥ ❝❧✐❝❤é ❡♥ ♠✐❝r♦s❝♦♣✐❡ à ❝♦♥tr❛st❡ ❞❡ ♣❤❛s❡ ❞❡ ❝❡❧❧✉❧❡s ❡♥ ❝✉❧t✉r❡ ❞❛♥s

❧✬é❧❛r❣✐ss❡♠❡♥t ❞❡ ❝❛♥❛❧✳

▲❡s s②stè♠❡s à ❢♦rt❡ ré❞✉❝t✐♦♥ ❞❡ ✢✉① s♦♥t très s✐♠♣❧❡s ❡t ♣❡r♠❡tt❡♥t
❞❡ ❝♦♥trô❧❡r ❡✣❝❛❝❡♠❡♥t ❧❡ ♠✐❝r♦✲❡♥✈✐r♦♥♥❡♠❡♥t ❜✐♦❝❤✐♠✐q✉❡ ♠❛✐s ♥❡ ♣❡r✲
♠❡tt❡♥t ♣❛s ❡♥❝♦r❡ ❞❡ ❞✐♠✐♥✉❡r ❧❡ ✢✉① ❥✉sq✉✬à ③❡r♦✱ ✐❧ ② ❛ t♦✉❥♦✉rs ✉♥ ✢✉①
rés✐❞✉❡❧ ❛✉ ❢♦♥❞ ❞❡s ♣✉✐ts ❝♦♠♠❡ ❛✉ ❝❡♥tr❡ ❞❡s ❣é♦♠étr✐❡s é❧❛r❣✐❡s✳ ❯♥ ✜❧❛✲
♠❡♥t ❞✬❛❝t✐♥❡ ✐♥❞✐✈✐❞✉❡❧ ♣❛r ❡①❡♠♣❧❡ ❡st tr♦♣ ❢r❛❣✐❧❡ ♣♦✉r ❝❡s ✢✉① rés✐❞✉❡❧s✳

✼✵
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P❛r♠✐ ❧❡s s②stè♠❡s s❛♥s ✢✉① ✿

✲ ▲❡s ❞✐s♣♦s✐t✐❢s ✐♥té❣r❛♥t ❞❡s ❤②❞r♦❣❡❧s ❬✸✻✱ ✻✸✱ ✶✵✵✱ ✶✹✺✱ ✶✹✽✱ ✶✽✸❪ s♦♥t
❡✣❝❛❝❡s ♠❛✐s ✐❧s s♦♥t ❧♦♥❣s ✭❡♥ t❡♠♣s✮ ❡t ❞é❧✐❝❛ts ❞❛♥s ❧❡✉r ♠✐s❡ ❡♥ ♦❡✉✈r❡
✭❋✐❣✉r❡ ✷✼✮ ❡t ✐❧ ❡st é✈✐❞❡♥t q✉❡ ❧❡s s②stè♠❡s ❜✐♦✲♠♦❧é❝✉❧❛✐r❡s ♥✬♦♥t ♣❛s ❧❡
♠ê♠❡ ❝♦♠♣♦rt❡♠❡♥t ❞❛♥s ✉♥ ❤②❞r♦❣❡❧ q✉❡ ❞❛♥s ✉♥❡ s♦❧✉t✐♦♥ ❛q✉❡✉s❡✳

❋✐❣✉r❡ ✷✳✷✼ ✕ ▲❡s ❝❡❧❧✉❧❡s s♦♥t ❝♦♥t❡♥✉❡s ❞❛♥s ✉♥ ❣❡❧ ❝❡♥tr❛❧ ✭r♦s❡✮ ❡t s♦♥t ❛❧✐♠❡♥té❡s

♣❛r ❞✉ ♠✐❧✐❡✉ ❞❡ ❝✉❧t✉r❡✱ ♣❛r ❞❡s ❝❛♥❛✉① ❛❞❥❛❝❡♥ts ✭❜❧❡✉s✮✳

✲ ▲❡s ❞✐s♣♦s✐t✐❢s à ♠❡♠❜r❛♥❡ ❬✸✷✱ ✼✻✱ ✶✶✺✱ ✶✼✸✱ ✶✼✹❪ sé♣❛r❛♥t ❧❛ ③♦♥❡ ❞✬❛❧✐✲
♠❡♥t❛t✐♦♥ à ✢✉① ❞❡ ❧❛ ③♦♥❡ s❛♥s ✢✉① ❝♦♥t❡♥❛♥t ❧❡s ♦❜❥❡ts ❜✐♦❧♦❣✐q✉❡s ✭❋✐❣✉r❡
✷✽✮✳ ❈❡ ❣❡♥r❡ ❞❡ ❞✐s♣♦s✐t✐❢ ❡st é❣❛❧❡♠❡♥t ❞é❧✐❝❛t ❛✉ ♠♦♥t❛❣❡ ❡t ❧❡s ♠❡♠✲
❜r❛♥❡s q✉❡ ❧✬♦♥ tr♦✉✈❡ ❛❝t✉❡❧❧❡♠❡♥t s✉r ❧❡ ♠❛r❝❤é ♥❡ s♦♥t ♣❡r♠é❛❜❧❡s q✉✬❛✉①
♣❡t✐t❡s ♠♦❧é❝✉❧❡s ❝♦♠♠❡ ❧❡s ❣❛③s ♦✉ ❧❡s ❢❛❝t❡✉rs ❞❡ ❝r♦✐ss❛♥❝❡✳ ❆✉ ❝♦♥t❛❝t ❞❡
❧❛ ♠❡♠❜r❛♥❡✱ ✉♥❡ ♣r♦té✐♥❡ ❝♦♠♠❡ ❧❡ ❝♦♠♣❧❡①❡ ❆r♣✷✴✸ ❛ ❞❡ ❣r❛♥❞❡s ❝❤❛♥❝❡s
❞✬êtr❡ ❞é♥❛t✉ré❡✳

✼✶
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❋✐❣✉r❡ ✷✳✷✽ ✕ ▲❡s ❝❡❧❧✉❧❡s s♦♥t ❝✉❧t✐✈é❡s s✉r ✉♥❡ ♠❡♠❜r❛♥❡ ♣♦r❡✉s❡ ❞❛♥s ✉♥ ❝♦♠♣❛r✲

t✐♠❡♥t sé♣❛ré✳ ▲❡ ♠✐❧✐❡✉ ♥✉tr✐t✐❢ s✬é❝♦✉❧❡ ❞❡ ❧✬❛✉tr❡ ❝ôté ❞❡ ❧❛ ♠❡♠❜r❛♥❡ ❞❛♥s ✉♥ ❝❛♥❛❧

❛❞❥❛❝❡♥t✳ ▲❡s ❝♦♠♣♦sés ❜✐♦❝❤✐♠✐q✉❡s ❞✐✛✉s❡♥t à tr❛✈❡rs ❧❛ ♠❡♠❜r❛♥❡ ♣♦✉r ❛tt❡✐♥❞r❡ ❧❡s

❝❡❧❧✉❧❡s✳

✲ ▲❡s ❞✐s♣♦s✐t✐❢s à ❣❡st✐♦♥ ❞❡ ✢✉① ♣❛r ❞❡s ✈❛❧✈❡s ♣♥❡✉♠❛t✐q✉❡s ❬✶✺✱ ✷✷✱
✻✷✱ ✻✻✱ ✼✸✱ ✽✷✱ ✽✸✱✾✸✱ ✶✽✷❪ s♦♥t très ❡✣❝❛❝❡s ❡t ♣❡r♠❡tt❡♥t ❞✬♦❜t❡♥✐r ❞❡s ③♦♥❡s
♣❛r❢❛✐t❡♠❡♥t ♣r♦té❣é❡s ❞✉ ✢✉①✳ ▼❛✐s ❝❡ s♦♥t ❞❡s s②stè♠❡s q✉✐ ♥é❝❡ss✐t❡♥t
✉♥❡ très ❧♦✉r❞❡ ❧♦❣✐st✐q✉❡ ❡t q✉✐ s♦♥t s♦✉✈❡♥t ❝♦♠♣❧❡①❡s✱ ❛✉t❛♥t ❞❛♥s ❧❡✉r
❢❛❜r✐❝❛t✐♦♥ q✉❡ ❞❛♥s ❧❡✉r ✉t✐❧✐s❛t✐♦♥ ✭❋✐❣✉r❡ ✷✾✮✳

❋✐❣✉r❡ ✷✳✷✾ ✕ ❉✐s♣♦s✐t✐❢ ❞❡ ❝♦♥trô❧❡ ❞❡s ✢✉① ♣❛r ❞❡s s②stè♠❡s ❞❡ ✈❛❧✈❡s ♣♥❡✉♠❛t✐q✉❡s✳

▲❡s ✈❛❧✈❡s r♦✉❣❡s ❝♦♥trô❧❡♥t ❧✬♦✉✈❡rt✉r❡ ❞❡s ❡♥trés ❡t s♦rt✐❡s ❞❡s ❝❛♥❛✉① ❞✬❛❧✐♠❡♥t❛t✐♦♥ ❡t

❞❡s ❝❤❛♠❜r❡s ❝✉❧t✉r❡ ✭❡♥ ❜❧❡✉✮✳ ▲❡s ✈❛❧✈❡s ❥❛✉♥❡s s♦♥t ❞❡s ♣♦♠♣❡s ♣ér✐st❛❧t✐q✉❡s✳

✲ ▲❡s ❝✐r❝✉✐ts ♠✐❝r♦✢✉✐❞✐q✉❡s à ❝❛♣✐❧❧❛✐r❡s ✜♥s ❬✺✸✱✺✹✱✼✼✱✶✹✼❪ sé♣❛r❛♥t ❧❡s
❝❛♥❛✉① ❞✬❛❧✐♠❡♥t❛t✐♦♥ à ✢✉① ❞❡ ❧❛ ③♦♥❡ s❛♥s ✢✉①✳ ❈❡s ❝✐r❝✉✐ts s♦♥t ❡✣❝❛❝❡s
♠❛✐s ❧❡s ❝❛♣✐❧❧❛✐r❡s ♥❡ ❢♦♥t ♣❛s ♣❧✉s q✉❡ ✹ µm ❞❡ ❤❛✉t❡✉r ❡t ♣❛r ❝♦♥séq✉❡♥t
✐❧ ❡st très ❞✐✣❝✐❧❡ ❞❡ r❡♠♣❧✐r ❧❛ ③♦♥❡ s❛♥s ✢✉① s❛♥s ❝ré❡r ❞❡ ❜✉❧❧❡s✳ P♦✉r ②
♣❛r✈❡♥✐r✱ ✐❧ ❢❛✉t s❝❡❧❧❡r ❧❡ ❝✐r❝✉✐t ❡♥ P❉▼❙ ❞❡ ❢❛ç♦♥ ❝♦✈❛❧❡♥t❡ à ✉♥❡ ❧❛♠❡❧❧❡
❡♥ ✈❡rr❡ ❡t ❛✉❣♠❡♥t❡r ❧❛ ♣r❡ss✐♦♥ ❞✬❡♥tré❡ ❞❡ ❢❛ç♦♥ à s✉ré❧❡✈❡r ❧❡ ♣❧❛❢♦♥❞

✼✷
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P❉▼❙ ❞❡s ❝❛♣✐❧❧❛✐r❡s ✜♥s ✭❋✐❣✉r❡ ✸✵✮✳ ❉❡ t❡❧s ❝✐r❝✉✐ts ♥❡ s♦♥t ❞♦♥❝ ♣❛s
❢♦♥❝t✐♦♥♥❡❧s ❡♥ ♠❛t✐èr❡ ♣❧❛st✐q✉❡✳ ❉❡ ♣❧✉s✱ ✐❧s ♥é❝❡ss✐t❡♥t ❞❡✉① ♦✉ tr♦✐s ét❛♣❡s
❞❡ ❧✐t❤♦❣r❛♣❤✐❡✳

A 

B 

❋✐❣✉r❡ ✷✳✸✵ ✕ ❱✉❡ ❡♥ ❝♦✉♣❡ ❞✬✉♥❡ ❝❤❛♠❜r❡ ❝❡♥tr❛❧❡ sé♣❛ré❡ ❞❡s ❝❛♥❛✉① ❞✬❛❧✐♠❡♥t❛t✐♦♥

❛❞❥❛❝❡♥ts ♣❛r ❞❡s ❝❛♣✐❧❧❛✐r❡s ✜♥s✳ ❆ ✿ ♣❛s ❞❡ ♣r❡ss✐♦♥ ❛♣♣❧✐q✉é❡ ❞❛♥s ❧❡s ❝❛♥❛✉①✳ ❇ ✿ ♣r❡ss✐♦♥

❛♣♣❧✐q✉é❡ q✉✐ ❛✉❣♠❡♥t❡ ❧❛ ❤❛✉t❡✉r ❞❡s ❝❛♣✐❧❧❛✐r❡s ♣❡r♠❡tt❛♥t ❛✐♥s✐ ❞❡ ❧❛✐ss❡r ♣❛ss❡r ❧❡s

❝❡❧❧✉❧❡s ❞❡s ❝❛♥❛✉① ❞✬❛❧✐♠❡♥t❛t✐♦♥ ✈❡rs ❧❛ ❝❤❛♠❜r❡ ❝❡♥tr❛❧❡✳

✲ ▲❡s ❝✐r❝✉✐ts ♠✐❝r♦✢✉✐❞✐q✉❡s à ❣é♦♠étr✐❡ ❞✬❡①❝❧✉s✐♦♥ ❞❡ ✢✉① q✉✐ s♦♥t
❞❡s ❝✐r❝✉✐ts ❛✈❡❝ ✉♥❡ ❣é♦♠étr✐❡ ✷❉ ❝♦♠♣r❡♥❛♥t ❞❡s ❝❤❛♠❜r❡s r❡❧✐é❡s ❝❤❛✲
❝✉♥❡ à ✉♥ ❝❛♥❛❧ à ✢✉① ♣❛r ✉♥❡ s✐♠♣❧❡ ❡♥tré❡✱ q✉✐ ❡♠♣ê❝❤❡ ❧❡ ✢✉① ❞❡ r❡♥tr❡r
❞❛♥s ❧❡s ❝❤❛♠❜r❡s✳ P❛r♠✐ ❝❡s ❝✐r❝✉✐ts✱ ❝❡rt❛✐♥s s♦♥t ❛ss♦❝✐és à ❞❡s ❞✐s♣♦s✐✲
t✐❢s ❝♦♠♣❧❡①❡s ❬✶✸✱ ✸✼❪ ❝♦♠♣r❡♥❛♥t ❞❡ ♥♦♠❜r❡✉s❡s ❝♦✉❝❤❡s ❡t ❞❡ ♥♦♠❜r❡✉s❡s
ét❛♣❡s ❞❡ ❢❛❜r✐❝❛t✐♦♥✱ ❞✬❛✉tr❡s ♣r♦♣♦s❡♥t ❞❡s s②stè♠❡s ♣❧✉s s✐♠♣❧❡s✱ à ✉♥❡
♦✉ ❞❡✉① ét❛♣❡s ❞❡ ❧✐t❤♦❣r❛♣❤✐❡✱ ❛✈❡❝ ❞❡s ❝❤❛♠❜r❡s ❞❡ ♣❧✉s ♣❡t✐t❡ t❛✐❧❧❡ ✭❁
✸✵✵①✸✵✵ µm✮ ✐s♦❧❛♥t ❧❡s s②stè♠❡s ❜✐♦❧♦❣✐q✉❡s ❞❛♥s ✉♥ ♠✐❝r♦✲❡♥✈✐r♦♥♥❡♠❡♥t
r❡str❡✐♥t ❬✽✼✱✾✻✱✾✾✱✶✵✸✱✶✵✹✱✶✹✾✱✶✺✼❪ ✭❋✐❣✉r❡ ✸✶❆✮✳ ▼❛❧❣ré t♦✉t✱ ❝❡s s②stè♠❡s
♠✐❝r♦✢✉✐❞✐q✉❡s ♦♥t ♣❧✉s ♦✉ ♠♦✐♥s ❧❡ ♠ê♠❡ ✐♥❝♦♥✈é♥✐❡♥t q✉❡ ❧❡s s②stè♠❡s
à ❝❛♣✐❧❧❛✐r❡ ✜♥ ✿ ✐❧s ♥é❝❡ss✐t❡♥t ❞✬❛♣♣❧✐q✉❡r ❞❡ ❢♦rt❡s ♣r❡ss✐♦♥s ❡t ❞✬✉t✐❧✐s❡r
❧❛ ♣♦r♦s✐té ❞✉ P❉▼❙ ♣♦✉r ❝❤❛ss❡r ❧✬❛✐r ♣✐é❣é ❞❛♥s ❧❡s ❝❤❛♠❜r❡s✱ à tr❛✈❡rs
❧❡ P❉▼❙✱ ♣♦✉r ❧❡ r❡♠♣❧❛❝❡r ♣❛r ❧❛ s♦❧✉t✐♦♥ s✬é❝♦✉❧❛♥t ❞❛♥s ❧❡ ❝❛♥❛❧ ❞✬❛❧✐✲
♠❡♥t❛t✐♦♥ ✭❋✐❣✉r❡ ✸✶❇✮✳ ❉❡ t❡❧s s②stè♠❡s ♥❡ ♣♦✉rr❛✐❡♥t êtr❡s ✐♥❞✉str✐❛❧✐sés
❡♥ ♠❛t✐èr❡ ♣❧❛st✐q✉❡ ❡t ❞♦✐✈❡♥t ❢❛✐r❡ ✐♥t❡r✈❡♥✐r ✉♥ s②stè♠❡ ❞✬✐♥❥❡❝t✐♦♥ ♣❛r
♣r❡ss✉r✐s❛t✐♦♥ ❞✬❛✐r ♦✉ ✉♥ s②stè♠❡ ❞✬❛s♣✐r❛t✐♦♥ ♣❛r ❧❡ ✈✐❞❡ ❬✽✼❪✳
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A 

B 

❋✐❣✉r❡ ✷✳✸✶ ✕ ❆ ✿ ❈❤❛♠❜r❡ ❝❛rré ♣r♦té❣é❡ ❞✉ ✢✉① ❞✉ ❝❛♥❛❧ ❞✬❛❧✐♠❡♥t❛t✐♦♥ ✭à ❣❛✉❝❤❡✮

♣❛r ✉♥❡ ♣❡t✐t❡ ♦✉✈❡rt✉r❡✱ ❧❡ ♠✐❧✐❡✉ ❝♦♥t❡♥❛♥t ❧❡s ❝❡❧❧✉❧❡s r❡♠♣❧✐t ❧❛ ❝❤❛♠❜r❡ ✭✶ ♠✐♥✮✳

❊♥s✉✐t❡ ❧❡s ❝❡❧❧✉❧❡s ♣r♦❧✐❢èr❡♥t à ❧✬❛❜r✐ ❞❡s ❢♦r❝❡s ❞❡ ❝✐s❛✐❧❧❡♠❡♥t ✭✶✷✵ ♠✐♥✮✳ ❇✭à ❣❛✉❝❤❡✮ ✿ ✐❧

❡st ♥é❝❡ss❛✐r❡ ❞✬❛♣♣❧✐q✉❡r ❞❡ ❢♦rt❡s ♣r❡ss✐♦♥s ♣♦✉r r❡♠♣❧✐r ❧❛ ❝❤❛♠❜r❡ à ❡①❝❧✉s✐♦♥ ❞❡ ✢✉①✳

P❡♥❞❛♥t ❧❡ r❡♠♣❧✐ss❛❣❡✱ ❧❡ ✈♦❧✉♠❡ ❞❡ ❧❛ ❝❤❛♠❜r❡ ❛✉❣♠❡♥t❡ ♣❛r ❞é❢♦r♠❛t✐♦♥ ❞✉ P❉▼❙✳

❇✭à ❞r♦✐t❡✮ ✿ ❛♣rès ❧❡ r❡♠♣❧✐ss❛❣❡ ❧❛ ❝❤❛♠❜r❡ r❡♣r❡♥❞ s❛ ❢♦r♠❡ ❞✬♦r✐❣✐♥❡ ❡t ❧✬é❝♦✉❧❡♠❡♥t

s❡ ❢❛✐t s❛♥s ❛✈♦✐r à ❛♣♣❧✐q✉❡r ❞❡ ❢♦rt❡s ♣r❡ss✐♦♥s✳

◆♦✉s ♥♦✉s s♦♠♠❡s ✐♥s♣✐rés ❞❡s ❝✐r❝✉✐ts ♠✐❝r♦✢✉✐❞✐q✉❡s à ❣é♦♠étr✐❡ ❞✬❡①✲
❝❧✉s✐♦♥ ❞❡ ✢✉① ♣♦✉r ❞é✈❡❧♦♣♣❡r ✉♥ s②stè♠❡ ♠✐❝r♦✢✉✐❞✐q✉❡ à ❝❤❛♠❜r❡s s❛♥s
✢✉① ❛❞❛♣t❛❜❧❡ à ❧✬ét✉❞❡ ❞❡s ❙▼❘■❱ ❛✈❡❝ ❝♦♠♠❡ ♦❜❥❡❝t✐❢s t❡❝❤♥♦❧♦❣✐q✉❡s ✿
❧❛ s✐♠♣❧✐❝✐té ❡t ❧❛ r❡♣r♦❞✉❝t✐❜✐❧✐té ❛✉t❛♥t ❞❛♥s ❧❛ ❢❛❜r✐❝❛t✐♦♥ q✉❡ ❞❛♥s ❧✬✉t✐✲
❧✐s❛t✐♦♥✳
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✷✳✷✳✷ ❉é✈❡❧♦♣♣❡♠❡♥t ❞✬✉♥ s②stè♠❡ ♠✐❝r♦✢✉✐❞✐q✉❡ à
❝❤❛♠❜r❡s s❛♥s ✢✉①

❈❡tt❡ ♣❛rt✐❡ ❝♦♥t✐❡♥t t♦✉t❡s ❧❡s ét❛♣❡s ❞❡ ❞é✈❡❧♦♣♣❡♠❡♥t ❞❡ ❧❛ t❡❝❤♥♦❧♦❣✐❡
♠✐❝r♦✢✉✐❞✐q✉❡ ♣♦✉r ♣❛r✈❡♥✐r à ❝♦♥trô❧❡r✱ ❞❛♥s ❧❡ t❡♠♣s✱ ❧❛ ❝♦♥❝❡♥tr❛t✐♦♥ ❞❡s
❝♦♠♣♦sés ♠♦❧é❝✉❧❛✐r❡s ❞✉ ♠✐❝r♦✲❡♥✈✐r♦♥♥❡♠❡♥t ❜✐♦❝❤✐♠✐q✉❡ ❡♥ ❧✬❛❜s❡♥❝❡ ❞❡
❝♦♥tr❛✐♥t❡s ❤②❞r♦❞②♥❛♠✐q✉❡s✳

❈✐❝r✉✐t

❜❛s❡s t❡❝❤♥♦❧♦❣✐q✉❡s

▲❡s ♠✐❝r♦❝❛♥❛✉① ❞❡s s②stè♠❡s ♠✐❝r♦✢✉✐❞✐q✉❡s s♦♥t ❢❛❜r✐q✉és ❞❛♥s ❧❛ ♠❛✲
❥❡✉r❡ ♣❛rt✐❡ ❞❡s ❝❛s ♣❛r ❧❛ ♠ét❤♦❞❡ ❞❡ ❧❛ ✧❧✐t❤♦❣r❛♣❤✐❡ ♠♦❧❧❡✧ ✭❋✐❣✉r❡ ✸✷✮✳
❈❡tt❡ ♠ét❤♦❞❡ s❡ ❜❛s❡ s✉r ❧❛ ❢❛❜r✐❝❛t✐♦♥ ❞✬✉♥ ♠♦✉❧❡ ♣❧❛♥ ❝♦♥t❡♥❛♥t ❞❡s
♠✐❝r♦r❡❧✐❡❢s rés✐♥❡✉① ❛②❛♥t ❧❛ ❣é♦♠étr✐❡ ❞✉ ♠✐❝r♦❝✐r❝✉✐t q✉❡ ❧✬♦♥ s♦✉❤❛✐t❡
♦❜t❡♥✐r✳ ▲❡ ♠♦✉❧❡ ❡st ❝♦♠♣♦sé ❞✬✉♥ ✧✇❛❢❡r✧ ❡♥ s✐❧✐❝✐✉♠ ✭♣r♦✈❡♥❛♥t ❞❡ ❧❛
t❡❝❤♥♦❧♦❣✐❡ ❞❡ ❧❛ ♠✐❝r♦é❧❡❝tr♦♥✐q✉❡✮ ❡t ❧❡s r❡❧✐❡❢s s♦♥t ❡♥ rés✐♥❡ s♦❧✐❞✐✜é❡✳ ▲❡
♥♦♠ ❞❡ ❧❛ ♠ét❤♦❞❡ s✐❣♥✐✜❡ ❣r❛✈❡r ✉♥ ♠❛tér✐❛✉ ✧♠♦✉✧✳ ❊♥ ❡✛❡t✱ ♦♥ ✉t✐❧✐s❡ ✉♥
é❧❛st♦♠èr❡ q✉❡ ❧✬♦♥ ❝♦✉❧❡ s✉r ❧❡ ♠♦✉❧❡ s♦❧✐❞❡ ♣✉✐s✱ q✉❡ ❧✬♦♥ rét✐❝✉❧❡✳ ❊t ✉♥❡ ❢♦✐s
rét✐❝✉❧é✱ ❧✬é❧❛st♦♠èr❡ r❡st❡ ✢❡①✐❜❧❡ ❡t ♣❡✉t êtr❡ ❞é♠♦✉❧é s❛♥s ❞étér✐♦r❛t✐♦♥ ❞❡s
♠✐❝r♦str✉❝t✉r❡s rés✐♥❡✉s❡s✳ ▲❡ ♣❧✉s ✉t✐❧✐sé ✲❡t ❝❡❧✉✐ q✉❡ ♥♦✉s ✉t✐❧✐s♦♥s✲ ❡st ❧❡
P❉▼❙ ✭P♦❧②❞✐♠ét❤②❧s✐❧♦①❛♥❡✮ q✉✐ ♣♦ssè❞❡ ❞❡s ♣r♦♣r✐étés r❡♠❛rq✉❛❜❧❡s ❬✶✶✸❪✳
❙♦♥ ♠♦❞✉❧❡ ❞❡ ❨♦✉♥❣ ❡st ❞❡ ✼✺✵ ❦P❛✱ ❝✬❡st ✉♥ ♠❛tér✐❛✉ tr❛♥s♣❛r❡♥t ❡t ♥♦♥
❛✉t♦✢✉♦r❡s❝❡♥t✱ ❝❡ q✉✐ ❡st ❢❛✈♦r❛❜❧❡ ❛✉① ♦❜s❡r✈❛t✐♦♥s ❡s❝♦♠♣té❡s✳ ▲❛ s✉r❢❛❝❡
❞✉ P❉▼❙ ❡st ❜✐♦❧♦❣✐q✉❡♠❡♥t ✐♥❡rt❡✱ ❤②❞r♦♣❤♦❜❡ à ❧✬ét❛t ♥❛t✐❢✱ ❡t ❤②❞r♦♣❤✐❧❡
❛♣rès ❛✈♦✐r été ❛❝t✐✈é❡ ❛✉ ♣❧❛s♠❛ ❬✶✶✶❪✱ ❬✷✹❪✳
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Masque en chrome

Wafer en silicium
Résine photosensible

UV 

Résine insolée

Developeur

Coupelle en verre

Coupelle en verre

(1)

(3)

(2)

(4)

(5)

(6)

❋✐❣✉r❡ ✷✳✸✷ ✕ ▲✐t❤♦❣r❛♣❤✐❡ ♠♦❧❧❡✳ ✭✶✮ ▲❡ ♠❛sq✉❡ ❞✉ ♠✐❝r♦❝✐r❝✉✐t à ❣r❛✈❡r ❡st ✉♥ ✜❧♠

✜♥ ❞❡ ❝❤r♦♠❡✱ ❞é♣♦sé s✉r ✉♥❡ ♣❧❛q✉❡ ❞❡ q✉❛rt③✳ ❊♥ ❞❡ss♦✉s✱ ✉♥❡ ❝♦✉❝❤❡ ❞❡ rés✐♥❡ ❡st

✧s♣✐♥✲❝♦❛té❡✧ s✉r ✉♥ ✇❛❢❡r ❡♥ s✐❧✐❝✐✉♠✳ ✭✷✮ P❧❛q✉❛❣❡ ❞✉ ♠❛sq✉❡ ❡♥ ❝❤r♦♠❡ s✉r ❧❛ rés✐♥❡ ❡t

✐♥s♦❧❛t✐♦♥ ❞❡ ❧❛ rés✐♥❡ à tr❛✈❡rs ❧❡s ✧♠✐❝r♦♠♦t✐❢s✧ ❞✉ ♠❛sq✉❡✳ ▲❡s ③♦♥❡s ♦♣❛q✉❡s ✭❝❤r♦♠❡✮

♥❡ ❧❛✐ss❡♥t ♣❛s ♣❛ss❡r ❧❡s ❯❱✱❧❡s ③♦♥❡s tr❛♥s♣❛r❡♥t❡s ✭q✉❛rt③✮ ❧❛✐ss❡♥t ♣❛ss❡r ❧❡s ❯❱✳ ✭✸✮

❉é✈❡❧♦♣♣❡♠❡♥t ❞❡ ❧❛ rés✐♥❡ ♣♦s✐t✐✈❡ ✿ ❧❡s ♣❛rt✐❡s ❞❡ ❧❛ rés✐♥❡ q✉✐ s♦♥t ✐♥s♦❧és s♦♥t ❞✐ss♦✉t❡s

♣❛r ❧❡ ❞é✈❡❧♦♣♣❡✉r✳ ■❧ ♥❡ r❡st❡ q✉❡ ❧❡s ♣❛rt✐❡s ♥♦♥ ✐♥s♦❧é❡s q✉✐ r❡st❡♥t s♦❧✐❞❡♠❡♥t ✜①é❡s

s✉r ❧❛ s✉r❢❛❝❡ ❡♥ s✐❧✐❝✐✉♠✱ ❧✬❡♥s❡♠❜❧❡ ❝♦♥st✐t✉❛♥t ❧❡ ♠♦✉❧❡ ♣♦✉r ❧❡ P❉▼❙✳ ✭✹✮ ❈♦✉❧❛❣❡ ❞✉

P❉▼❙ s✉r ❧❡ ♠♦✉❧❡ ♣✉✐s rét✐❝✉❧❛t✐♦♥ ❞❡s ❝❤❛î♥❡s ❧♦♥❣✉❡s ❞❡ ❉▼❙ ♣❛r ❛✉❣♠❡♥t❛t✐♦♥ ❞❡

❧❛ t❡♠♣ér❛t✉r❡ s♦✉s ❧❛ ❝♦✉♣❡❧❧❡✳ ✭✺✮ ❉é♠♦✉❧❛❣❡ ❞✉ P❉▼❙✳ ▲❡s ♠✐❝r♦❝❛♥❛✉① ♣rés❡♥ts à

s❛ s✉r❢❛❝❡ s♦♥t ❧❡ ♥é❣❛t✐❢ ❞❡s r❡❧✐❡❢s ❞✉ ♠♦✉❧❡✳ ✭✻✮ ❋❡r♠❡t✉r❡ ❞✉ ❝❛♥❛❧ ♣❛r s✐♠♣❧❡ ❝♦♥t❛❝t

❛✈❡❝ ✉♥❡ ❧❛♠❡❧❧❡ ❡♥ ✈❡rr❡✳

❯♥ ❛✈❛♥t❛❣❡ ♣ré❝✐❡✉① ❞✬✉t✐❧✐s❡r ❧❛ t❡❝❤♥♦❧♦❣✐❡ P❉▼❙ ✭❧✐t❤♦❣r❛♣❤✐❡ ♠♦❧❧❡✮
♣❛r r❛♣♣♦rt ❛✉① t❡❝❤♥♦❧♦❣✐❡s ♣❧❛st✐q✉❡s ❬✷✺✱ ✹✶✱ ✶✷✷✱ ✶✺✻❪ ❡st q✉❡ ❧✬♦♥ ♣❡✉t
❢❛❝✐❧❡♠❡♥t ❡t r❛♣✐❞❡♠❡♥t ♠♦❞✐✜❡r ❧❛ ❣é♦♠étr✐❡ ❞✉ ❝✐r❝✉✐t✱ ❝❡ q✉✐ ❡st ✐♥❞✐s✲
♣❡♥s❛❜❧❡ ❞❛♥s ❧❡s ♣❤❛s❡s ❞❡ ♠✐s❡ ❛✉ ♣♦✐♥t✳ ❈❡♣❡♥❞❛♥t ❧❡ P❉▼❙ ❡st ♣❡✉

✼✻



❈❍❆P■❚❘❊ ✷✳ ❘➱❙❯▲❚❆❚❙

❝♦♠♣❛t✐❜❧❡ ❛✉① s♦❧✈❛♥ts ♦r❣❛♥✐q✉❡s ❬✾✹❪ ❡t ♣♦ssè❞❡ ❧✬✐♥❝♦♥✈é♥✐❡♥t ❞✬êtr❡ ♣♦✲
r❡✉① ❡t ♣❛r ❝♦♥séq✉❡♥t ❞❡ ❧❛✐ss❡r ❞✐✛✉s❡r ❧❡s ♣❡t✐t❡s ♠♦❧é❝✉❧❡s ❬✶✻✻❪✳

P♦✉r ❧❛ ♠✐s❡ ❛✉ ♣♦✐♥t ❞❡ ❧❛ ❣é♦♠étr✐❡ ❞❡s ❝❛♥❛✉① ♠✐❝r♦✢✉✐❞✐q✉❡s✱ ❥✬✉t✐✲
❧✐s❡ ✉♥ ♣❤♦t♦✲♠❛sq✉❡ ✭♣❤♦t♦✲é♠✉❧s✐♦♥ à ❧✬✐♠♣r✐♠❛♥t❡ ❞❡s ③♦♥❡s ♦♣❛q✉❡s s✉r
✉♥ ♣❛♣✐❡r tr❛♥s♣❛r❡♥t✮ ❝❛r ❝❡ t②♣❡ ❞❡ ♠❛sq✉❡ ❡st ♠♦✐♥s ❝♦✉t❡✉①✱ ❡t ✐❧ ❡st
♣r♦❞✉✐t ♣❧✉s r❛♣✐❞❡♠❡♥t q✉✬✉♥ ♠❛sq✉❡ q✉❛rt③✲❝❤r♦♠❡✳ ❈❡♣❡♥❞❛♥t✱ ❧❛ rés♦✲
❧✉t✐♦♥ ❡st ♠♦✐♥s ❜♦♥♥❡✱ ❝❡ q✉✐ ✐♥✢✉❡♥❝❡r❛ ❧✬é❝♦✉❧❡♠❡♥t ❞❡s ✢✉✐❞❡s ❞❛♥s ❧❡s
♠✐❝r♦❝♦♥❞✉✐t❡s ♣❛r ❧❛ ♣rés❡♥❝❡ ❞✬❛s♣ér✐tés s✉r❢❛❝✐q✉❡s✳ ❖♥ ✉t✐❧✐s❡r❛ ❞♦♥❝ ✉♥
♣❤♦t♦✲♠❛sq✉❡ ♣♦✉r ❧❛ ♠✐s❡ ❛✉ ♣♦✐♥t ❡t ✉♥ ♠❛sq✉❡ q✉❛rt③✲❝❤r♦♠❡ q✉❛♥❞ ❧❛
❣é♦♠étr✐❡ ❞✉ ❝✐r❝✉✐t ❡st ✈❛❧✐❞é❡ ♣♦✉r ✉♥❡ ❛♣♣❧✐❝❛t✐♦♥ ✐♠♣♦rt❛♥t❡ ✭❋✐❣✉r❡ ✸✸✮✳

(A)! (B)!

❋✐❣✉r❡ ✷✳✸✸ ✕ ✭❆✮ ❜♦r❞ ❞✬✉♥ ♠✐❝r♦❝❛♥❛❧ ❛✈❡❝ ✉t✐❧✐s❛t✐♦♥ ❞✬✉♥ ♣❤♦t♦✲♠❛sq✉❡✳ ✭❇✮ ❜♦r❞

❞✬✉♥ ♠✐❝r♦❝❛♥❛❧ ❛✈❡❝ ✉t✐❧✐s❛t✐♦♥ ❞✬✉♥ ♠❛sq✉❡ q✉❛rt③✲❝❤r♦♠❡✳

▲❡ ♣❛rt✐ ♣r✐s✱ ❞❛♥s ❝❡tt❡ t❤ès❡✱ ♣♦✉r ♠❡ttr❡ ❛✉ ♣♦✐♥t ❧❡ s②stè♠❡ ♠✐❝r♦✲
✢✉✐❞✐q✉❡ ❛ été ❞❡ ♥❡ ❢❛✐r❡ ✐♥t❡r✈❡♥✐r q✉✬✉♥❡ s❡✉❧❡ ét❛♣❡ ❞❡ ❧✐t❤♦❣r❛♣❤✐❡ ❞❡
❢❛ç♦♥ à ♦❜t❡♥✐r ✉♥ ❝❛♥❛❧ ❡♥ ✉♥❡ s❡✉❧❡ ❝♦✉❝❤❡✱ ❝❡ q✉✐ ❞✬♦r❡s ❡t ❞é❥à s✐♠♣❧✐✜❡ ❡t
❛❝❝é❧èr❡ ❞❡ ❢❛ç♦♥ ♥♦♥ ♥é❣❧✐❣❡❛❜❧❡ ❧❛ ❢❛❜r✐❝❛t✐♦♥ ❞✉ ❞✐s♣♦s✐t✐❢ ♠✐❝r♦✢✉✐❞✐q✉❡✳
❉❛♥s ✉♥ ❝✐r❝✉✐t à ✉♥❡ s❡✉❧❡ ❝♦✉❝❤❡✱ ❧❛ ❤❛✉t❡✉r ❞❡s ❝❛♥❛✉① ❡st ❝♦♥st❛♥t❡ ❡t
✜①é❡ ♣❛r ❧❛ ❤❛✉t❡✉r ❞❡s ♠✐❝r♦♠♦t✐❢s ❡♥ rés✐♥❡ s✉r ❧❡ ✇❛❢❡r ❡♥ s✐❧✐❝✐✉♠✳ ❱♦✐❝✐✱
❝✐✲❞❡ss♦✉s✱ ❧❡s ♣r♦t♦❝♦❧❡s ❞ét❛✐❧❧és ♣❡r♠❡tt❛♥t ❞❡ ❢❛❜r✐q✉❡r ❞❡s ♠♦✉❧❡s ❝♦♥t❡✲
♥❛♥t ❞❡s ♠♦t✐❢s ❞❡ ✶✵ µm ❀ ✷✵ µm ❡t ✹✵ µm ❞❡ ❤❛✉t❡✉r✳ ◆♦✉s ✈❡rr♦♥s ♣❧✉s
t❛r❞ q✉❡❧❧❡s ❤❛✉t❡✉rs s❡r♦♥t ❛❞❛♣tés à q✉❡❧❧❡s ❛♣♣❧✐❝❛t✐♦♥s✳

Pr♦t♦❝♦❧❡ ✺ ✭❝❢✳ ❆♥♥❡①❡s✮ ✿
❋❛❜r✐❝❛t✐♦♥ ❞✬✉♥ ♠♦✉❧❡ à ♠♦t✐❢s ❞❡ ✶✵ µm ❞❡ ❤❛✉t❡✉r

✭s❛❧❧❡ ❜❧❛♥❝❤❡✮

Pr♦t♦❝♦❧❡ ✻ ✭❝❢✳ ❆♥♥❡①❡s✮ ✿
❋❛❜r✐❝❛t✐♦♥ ❞✬✉♥ ♠♦✉❧❡ à ♠♦t✐❢s ❞❡ ✷✵ µm ❞❡ ❤❛✉t❡✉r

✭s❛❧❧❡ ❜❧❛♥❝❤❡✮

Pr♦t♦❝♦❧❡ ✼ ✭❝❢✳ ❆♥♥❡①❡s✮ ✿
❋❛❜r✐❝❛t✐♦♥ ❞✬✉♥ ♠♦✉❧❡ à ♠♦t✐❢s ❞❡ ✹✵ µm ❞❡ ❤❛✉t❡✉r

✭s❛❧❧❡ ❜❧❛♥❝❤❡✮

✼✼



❈❍❆P■❚❘❊ ✷✳ ❘➱❙❯▲❚❆❚❙

❈♦♥❝❡♣t✐♦♥ ❞❡ ❧❛ ❣é♦♠étr✐❡ ✷❉ ❞✉ ❝✐r❝✉✐t ♠✐❝r♦✢✉✐❞✐q✉❡

(e)!

(a)!

(d)!

(d)!

(b)!(b)!

(c)!

(a)!

❋✐❣✉r❡ ✷✳✸✹ ✕ ❙✐♠✉❧❛t✐♦♥s ❞✬é❝♦✉❧❡♠❡♥t s✉r ❈❖▼❙❖▲✳ ✭❛✮ ❯♥ ❝❛♥❛❧ à ✢✉① ✉♥✐q✉❡

❝♦♥♥❡❝té à ❞❡s ♣✉✐ts à ♣r♦t❡❝t✐♦♥ ❞❡ ✢✉① ❀ ✭❜✮ ❉❡✉① ❝❛♥❛✉① ❞✬❛❧✐♠❡♥t❛t✐♦♥ ❝♦♥♥❡❝tés à ✉♥❡

❝❤❛♠❜r❡ à ♣r♦t❡❝t✐♦♥ ❞❡ ✢✉① ♣❛r ❞❡s ❜❛rr✐èr❡s à ♣❧♦ts ❀ ✭❝✮ ❉❡✉① ❝❛♥❛✉① à ✢✉① ❝♦♥♥❡❝tés à

❞❡s ❝❤❛♠❜r❡s à ♣r♦t❡❝t✐♦♥ ❞❡ ✢✉① ♣❛r ❞❡s ❝❛♥❛✉① ✜♥s ❀ ✭❞✮ ❉❡✉① ❝❛♥❛✉① à ✢✉① ❝♦♥♥❡❝tés

à ❞❡s ❝❤❛♠❜r❡s à ♣r♦t❡❝t✐♦♥ ❞❡ ✢✉① ♣❛r ❞❡s ❝❛♥❛✉① ✐♥❞✐✈✐❞✉❡❧s✳

▲❛ ❣é♦♠étr✐❡ ❞✉ ❝✐r❝✉✐t ♠✐❝r♦✢✉✐❞✐q✉❡ ❞♦✐t êtr❡ ♣❡♥sé❡ ♣♦✉r q✉❡ ❧❡s ③♦♥❡s
s❛♥s ✢✉① ❝♦♥t❡♥❛♥t ❧❡s ❙▼❘■❱ s♦✐❡♥t ❝♦♥♥❡❝tés à ❞❡s ❝❛♥❛✉① ❞✬❛❧✐♠❡♥t❛t✐♦♥
à ✢✉① tr❛♥s♣♦rt❛♥t ❧❡s ❝♦♠♣♦sés ❜✐♦✲❝❤✐♠✐q✉❡s✳ ▲❡s ❝❛♥❛✉① ❞✬❛❧✐♠❡♥t❛t✐♦♥
à ✢✉① ❞♦✐✈❡♥t ❝♦♥st✐t✉❡r✱ ♣♦✉r ❧❡s ③♦♥❡s s❛♥s ✢✉①✱ ✉♥ rés❡r✈♦✐r ❞❡ ❝♦♠♣♦✲
sés ❜✐♦❝❤✐♠✐q✉❡s ❞♦♥t ❧❛ ❝♦♥❝❡♥tr❛t✐♦♥ ♠❛ss✐q✉❡ ♣✉✐ss❡ êtr❡ ❝♦♥trô❧é❡ ♣❛r
❧✬❡①♣ér✐♠❡♥t❛t❡✉r✳
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P♦✉r ❢❡r♠❡r ❧❡s ❝❛♥❛✉① ♠✐❝r♦✢✉✐❞✐q✉❡s ❝r❡✉sés ❞❛♥s ✉♥ ❜❧♦❝ ❞❡ P❉▼❙
♣❛r ✉♥ é❝❤❛♥t✐❧❧♦♥ ♣❧❛t ❞❡ ❢❛ç♦♥ ✐rré✈❡rs✐❜❧❡✱ ♦♥ ❞♦✐t ❢❛✐r❡ ✐♥t❡r✈❡♥✐r ✉♥ tr❛✐✲
t❡♠❡♥t ❝❤✐♠✐q✉❡ s✉r ❧❛ s✉r❢❛❝❡ ❞✉ P❉▼❙ ❡t ❞❡ ❧✬é❝❤❛♥t✐❧❧♦♥ ✿ ♣❧❛s♠❛ ❬✷✶✱✻✺❪✱
❯❱ ❬✶✾❪✱ ✈❛♣❡✉r ❬✶✺✸❪✳ ❖r✱ ❝❡s tr❛✐t❡♠❡♥ts ❞❡ s✉r❢❛❝❡ s♦♥t ♥♦❝✐❢s ♣♦✉r ❞❡s
♦❜❥❡ts ❜✐♦❧♦❣✐q✉❡s ♣rés❡♥ts s✉r ❧✬é❝❤❛♥t✐❧❧♦♥ ❡t ♥❡ s♦♥t ❞♦♥❝ ♣❛s ✉♥❡ s♦❧✉t✐♦♥
❡♥✈✐s❛❣é❡ s✐ ♦♥ ✈❡✉t tr❛✈❛✐❧❧❡r ❛✈❡❝ ❞❡s é❝❤❛♥t✐❧❧♦♥s ❜✐♦✲❝❤✐♠✐q✉❡♠❡♥t ♠✐❝r♦✲
str✉❝t✉rés✳ ▲✬é❝❤❛♥t✐❧❧♦♥ ❞♦✐t ❞♦♥❝ êtr❡ ❡♥ ✧s✐♠♣❧❡ ❝♦♥t❛❝t✧ ❛✈❡❝ ❧❛ s✉r❢❛❝❡
P❉▼❙ ❞✉ ❝✐r❝✉✐t ♠✐❝r♦✢✉✐❞✐q✉❡✱ ♦♥ ♣❛r❧❡ ❞❡ ❧✐❛✐s♦♥ ré✈❡rs✐❜❧❡✳ ▲❛ s✉r❢❛❝❡ ❞❡
P❉▼❙ à ❧✬ét❛t ♥❛t✐❢ ét❛♥t ❤②❞r♦♣❤♦❜❡ ❬❄❪✱ t♦✉t ❝♦♠♠❡ ❧❛ s✉r❢❛❝❡ ❞❡ P❊●
♣rés❡♥t❡ s✉r ❧✬é❝❤❛♥t✐❧❧♦♥ ❜✐♦❝❤✐♠✐q✉❡♠❡♥t str✉❝t✉ré ❬✶✾✸❪✱ ✉♥❡ ❧✐❛✐s♦♥ ré✲
✈❡rs✐❜❧❡ ♣❛r ❛ttr❛❝t✐♦♥ ❤②❞r♦♣❤♦❜❡ s❡ ❝réé ❡♥tr❡ ❧❡s ❞❡✉① s✉r❢❛❝❡s✳ ❆✈❡❝ ✉♥❡
❧✐❛✐s♦♥ ré✈❡rs✐❜❧❡✱ ❧❛ ❣é♦♠étr✐❡ ❞✉ ❝✐r❝✉✐t ♠✐❝r♦✢✉✐❞✐q✉❡ ❞♦✐t êtr❡ ❝♦♥ç✉❡ ♣♦✉r
q✉❡ ❝❡ ❞❡r♥✐❡r ♣✉✐ss❡ êtr❡ r❡♠♣❧✐ ❡✣❝❛❝❡♠❡♥t ✭s❛♥s ♣✐é❣❡❛❣❡ ❞❡ ❜✉❧❧❡s ❞✬❛✐r✮
❡♥ ❛♣♣❧✐q✉❛♥t ❧❡ ♠✐♥✐♠✉♠ ❞❡ ♣r❡ss✐♦♥ ❞❡ ❢❛ç♦♥ à é✈✐t❡r t♦✉t r✐sq✉❡ ❞❡ ❢✉✐t❡
❡♥tr❡ ❧❛ s✉r❢❛❝❡ ❞❡ P❉▼❙ ❡t ❝❡❧❧❡ ❞❡ ❧✬é❝❤❛♥t✐❧❧♦♥✳

P♦✉r ❝ré❡r ❧❛ ❣é♦♠étr✐❡✱ ❥✬❛✐ ❞✬❛❜♦r❞ ré❛❧✐sé ❞❡s s✐♠✉❧❛t✐♦♥s ♥✉♠ér✐q✉❡s
❞✬é❝♦✉❧❡♠❡♥t ♠✐❝r♦✢✉✐❞✐q✉❡ s✉r ❧❡ ❧♦❣✐❝✐❡❧ ❈❖▼❙❖▲✳ ▲❛ ❋✐❣✉r❡ ✸✹ rés✉♠❡
❧❡s ét❛♣❡s ❞❡ ❞é✈❡❧♦♣♣❡♠❡♥t ❡♥ s✐♠✉❧❛t✐♦♥ ❞✬é❝♦✉❧❡♠❡♥t ❝♦♥✜♥é à ❞❡✉① ❞✐✲
♠❡♥s✐♦♥s✳ P♦✉r ❝❤❛❝✉♥❡ ❞❡s s✐♠✉❧❛t✐♦♥s✱ ♦♥ ✜①❡ ✉♥❡ ♣r❡ss✐♦♥ à ❧✬❡♥tré❡ ✭à
❣❛✉❝❤❡✮ ❡t ♦♥ ❛♥♥✉❧❡ ❧❛ ♣r❡ss✐♦♥ à ❧❛ s♦rt✐❡ ✭à ❞r♦✐t❡✮✳

✷✸✭❛✮ ✿ P♦✉r ❛tt❡✐♥❞r❡ ❧❡ ✢✉① ③ér♦✱ ❧❡s ♣✉✐ts ❞♦✐✈❡♥t ❛✈♦✐r ✉♥ r❛t✐♦ ♣r♦❢♦♥✲
❞❡✉r✴❧❛r❣❡✉r ✐♠♣♦rt❛♥t ❬❄❪✱ ♦r✱ ❧✬❛✉❣♠❡♥t❛t✐♦♥ ❞❡ ❝❡ r❛t✐♦ r❡♥❞ ♣❧✉s ❞✐✣❝✐❧❡
❧❡ r❡♠♣❧✐ss❛❣❡ ❞❡s ♣✉✐ts✳ ■❧ ❢❛✉t ❛❧♦rs ❛♣♣❧✐q✉❡r ❞❡ ❢♦rt❡s ♣r❡ss✐♦♥s ♣♦✉r ❧❡s
r❡♠♣❧✐r✱ ❝❡ q✉✐ ❢❛✈♦r✐s❡ ❧✬❛♣♣❛r✐t✐♦♥ ❞❡ ❢✉✐t❡s✳ ▲❡s ♣✉✐ts ♥❡ s♦♥t ❞♦♥❝ ♣❛s
❛❞❛♣tés ♣♦✉r ✉♥ ❝✐r❝✉✐t ♠✐❝r♦✢✉✐❞✐q✉❡ ❛✈❡❝ é❝❤❛♥t✐❧❧♦♥ ❡♥ ✧s✐♠♣❧❡ ❝♦♥t❛❝t✧✳

✷✸✭❜✮ ✿ ❛✈❡❝ ❝❡ t②♣❡ ❞❡ ❣é♦♠étr✐❡✱ ✉♥ ✢✉① s✬ét❛❜❧✐t ❞❡♣✉✐s ❧❡s ♣❧♦ts ♣r♦❝❤❡s
❞❡ ❧✬❡♥tré❡ ❥✉sq✉✬❛✉① ♣❧♦ts ♣r♦❝❤❡s ❞❡ ❧❛ s♦rt✐❡✳ ❖r ♥♦✉s ✈♦✉❧♦♥s ✉♥ ✢✉① ③ér♦
❞❛♥s ❧❡s ③♦♥❡s à ♣r♦t❡❝t✐♦♥ ❞❡ ✢✉①✳

✷✸✭❝✮ ✿ P♦✉r é✈✐t❡r ❝❡ ✢✉①✱ ♥♦✉s ❛✈♦♥s ❝♦♠♣❛rt✐♠❡♥té ❧❛ ③♦♥❡ à ♣r♦t❡❝t✐♦♥
❞❡ ✢✉① ❡t ré❞✉✐t ❧❡s ❧❛r❣❡✉rs ❞❡s ❡♥tré❡s ❞❛♥s ❧❡s ❝❤❛♠❜r❡s✳ ▼❛✐s ✉♥❡ ❧é❣èr❡
❝✐r❝✉❧❛t✐♦♥ ❞✉ ✢✉✐❞❡ ét❛✐t t♦✉❥♦✉rs ❛♣♣❛r❡♥t❡✳

✷✸✭❞✮ ✿ ❈❡tt❡ ❣é♦♠étr✐❡ ❡st ❝♦♠♣♦sé❡ ❞❡ ❞❡✉① ❝❛♥❛✉① ❞✬❛❧✐♠❡♥t❛t✐♦♥ ❞❡
✷✵✵ µm ❞❡ ❧❛r❣❡✉r ❝♦♥♥❡❝tés à ✉♥❡ sér✐❡ ❞❡ ❝❤❛♠❜r❡s r❡❝t❛♥❣✉❧❛✐r❡s ♣❛r ❞❡s
♦✉✈❡rt✉r❡s ❞❡ ✺✵ µm ♣❛r ✺✵ µm✳ ▲❡ ✢✉① ❞✐♠✐♥✉❡ très ❢♦rt❡♠❡♥t ❞❛♥s ❧❡s
❝❤❛♠❜r❡s✱ ✐❧ ♥✬② ❛ ♣❛s ❞❡ ❝✐r❝✉❧❛t✐♦♥ ❞✉ ✢✉✐❞❡ ❞✬✉♥❡ ❝❤❛♠❜r❡ à ❧✬❛✉tr❡✱ ❡t ❧❛
t❛✐❧❧❡ ❞❡s ♦✉✈❡rt✉r❡s ❡st ♣❧✉s ❣r❛♥❞❡ ❀ ❝❡ q✉✐ ♣❡r♠❡t ❞❡ ❢❛✐r❡ ♣❛ss❡r ❧❡ ✢✉✐❞❡ ❡♥
❛♣♣❧✐q✉❛♥t ❞❡s ♣r❡ss✐♦♥s ♠♦✐♥s ✐♠♣♦rt❛♥t❡s✱ ❝❡ q✉✐ ❡st ❝r✐t✐q✉❡ ❛✉ ♠♦♠❡♥t
❞✉ r❡♠♣❧✐ss❛❣❡✳

◆♦✉s ❣❛r❞❡r♦♥s ❞♦♥❝ ❧❡ ❝❤♦✐① ✭❞✮✳

✼✾
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❆✈❡❝ ✉♥❡ t❡❧❧❡ ❣é♦♠étr✐❡ à ❞♦✉❜❧❡ ❡♥tré❡ ❡t ❞♦✉❜❧❡ s♦rt✐❡✱ ❞❡ ♥♦✉✈❡❧❧❡s
s✐♠✉❧❛t✐♦♥s ♥✉♠ér✐q✉❡s ♠♦♥tr❡♥t q✉❡ ❧❡ ✢✉① t♦♠❜❡ ❜✐❡♥ à ③ér♦ ❞❛♥s ❧❡s
❝❤❛♠❜r❡s ✭❋✐❣✉r❡ ✸✺❛✮✳

entrée
 sortie


entrée


sortie


Ligne x

L
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n
e y
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(a)!

(b)!

L
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e y
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L
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L
ig

n
e y

2

 x


y


❋✐❣✉r❡ ✷✳✸✺ ✕ ❙✐♠✉❧❛t✐♦♥s ❞✬é❝♦✉❧❡♠❡♥t s✉r ❈❖▼❙❖▲✳ ✭❛✮ ❈✐r❝✉✐t à ❞♦✉❜❧❡ ❡♥tré❡ ❡t

❞♦✉❜❧❡ s♦rt✐❡✳ ✭❜✮ ❈✐r❝✉✐t s✐♠♣❧❡ ❡♥tré❡ ❡t s✐♠♣❧❡ s♦rt✐❡✳ ▲❛ ❧✐❣♥❡ ① ❡t ❧❡s ❧✐❣♥❡s ② ✭q✉✐

♣❛ss❡♥t ♣❛r ❧❡ ❝❡♥tr❡ ❞❡ ❝❤❛q✉❡ ❝❤❛♠❜r❡✮ s♦♥t ❧❡s ❧✐❣♥❡s s✉✐✈❛♥t ❧❡sq✉❡❧❧❡s ❧❡s ♠❡s✉r❡s ❞✉

❝❤❛♠♣ ❞❡ ✈✐t❡ss❡ ❞✉ ✢✉✐❞❡ s♦♥t ❡✛❡❝t✉é❡s✳ P♦✉r ✭❛✮ ❡t ✭❜✮ ❧❛ ✈✐t❡ss❡ ❞✉ ✢✉✐❞❡ à ❧✬❡♥tré❡ ❡st

❞❡ ✺✵✵ µm.s−1✳ ▲❛ ✈✐s❝♦s✐té ❞✉ ✢✉✐❞❡ ❡st ✐❞❡♥t✐q✉❡ à ❝❡❧❧❡ ❞❡ ❧✬❡❛✉✳ ▲❡s ❝♦✉❧❡✉rs ❝❤❛✉❞❡s

r❡♣rés❡♥t❡♥t ❧❡s ✈❛❧❡✉rs ❤❛✉t❡s ❞❡ ❧✬❛♠♣❧✐t✉❞❡ ❞✉ ❝❤❛♠♣ ❞❡ ✈✐t❡ss❡ ❞✉ ✢✉✐❞❡✱ ❧❡s ❝♦✉❧❡✉rs

❢r♦✐❞❡s r❡♣rés❡♥t❡♥t ❧❡s ✈❛❧❡✉rs ❜❛ss❡s✳

▼❛✐s ❞❡s t❡sts ré❡❧s ❞✬é❝♦✉❧❡♠❡♥t ♥♦✉s ♦♥t ♠♦♥tré q✉❡ ❞❡s ❜✉❧❧❡s ❞✬❛✐r r❡s✲
t❡♥t s②sté♠❛t✐q✉❡♠❡♥t ♣✐é❣é❡s ❞❛♥s ❧❡s ❝❤❛♠❜r❡s✳ ▲❛ s❡✉❧❡ ♠❛♥✐èr❡ ❞❡ r❡♠✲
♣❧✐r ❧❡ ❝✐r❝✉✐t ❡st ❛❧♦rs ❞✬❛♣♣❧✐q✉❡r ❞❡ ❢♦rt❡s ♣r❡ss✐♦♥s ♣♦✉r q✉❡ ❧✬❛✐r ❝♦♥t❡♥✉
❞❛♥s ❧❡s ❝❤❛♠❜r❡s s✬é❝❤❛♣♣❡ à tr❛✈❡rs ❧❡ P❉▼❙✳ ❖r✱ ❛✈❡❝ ✉♥ é❝❤❛♥t✐❧❧♦♥ ❡♥
✧s✐♠♣❧❡ ❝♦♥t❛❝t✧ s✉r ❧❡ P❉▼❙✱ ♦♥ ♥❡ ♣❡✉t ♣❛s r❡♠♣❧✐r ❧❡ ❝✐r❝✉✐t ❞❡ ❝❡tt❡ ♠❛✲
♥✐èr❡ s❛♥s ❝ré❡r ❞❡ ❢✉✐t❡s q✉✐ s❡ ♣r♦♣❛❣❡♥t r❛♣✐❞❡♠❡♥t ❛✈❛♥t q✉❡ ❧❡s ❝❤❛♠❜r❡s
♥❡ s♦✐❡♥t r❡♠♣❧✐❡s ❡♥t✐èr❡♠❡♥t✳ P♦✉r é❧✐♠✐♥❡r ❝❡ ♣r♦❜❧è♠❡ ✐❧ ❛ ❢❛❧❧✉ ♣❡♥s❡r
à ✉♥ s②stè♠❡ ❞❡ r❡♠♣❧✐ss❛❣❡ ♣❛r ❝✐r❝✉❧❛t✐♦♥ ❡♥tr❡ ❧❡s ❞❡✉① ❝❛♥❛✉① ❞✬❛❧✐♠❡♥✲
t❛t✐♦♥s ♣❛r❛❧❧è❧❡s✳ P♦✉r ç❛ ♥♦✉s ❛✈♦♥s ❣❛r❞é ❧❛ ♠ê♠❡ ❣é♦♠étr✐❡ ♠❛✐s ♥♦✉s

✽✵
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❛✈♦♥s ❝réé ✉♥❡ ❛s②♠étr✐❡ ❡♥tr❡ ❧❡ ❝❛♥❛❧ ❞✬❡♥tré❡ ❡t ❧❡ ❝❛♥❛❧ ❞❡ s♦rt✐❡ ✭❋✐❣✉r❡
✸✺❜✮✳ ❖♥ ❡✛❡❝t✉❡ ❛❧♦rs ❧❡s ♠❡s✉r❡s ❞✉ ❝❤❛♠♣ ❞❡ ✈✐t❡ss❡ ❞✉ ✢✉✐❞❡ ❞❛♥s ❝❡tt❡
❣é♦♠étr✐❡ s❡❧♦♥ ❧❛ ❧✐❣♥❡ ① ❡t s❡❧♦♥ ❧❡s ❧✐❣♥❡s ② ❞❡ ❧❛ s✐♠✉❧❛t✐♦♥ ♥✉♠ér✐q✉❡
✭❋✐❣✉r❡ ✸✻✮✳

(a)! (b)!

Ligne y4
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❋✐❣✉r❡ ✷✳✸✻ ✕ ❆♥❛❧②s❡ ❞❡s ❝❤❛♠♣s ❞❡ ✈✐t❡ss❡ ❞❡ ❧❛ s✐♠✉❧❛t✐♦♥ ♥✉♠ér✐q✉❡ r❡♣rés❡♥té❡

♣❛r ❧❛ ❋✐❣✉r❡ ✷✹❜✳ ✭❛✮ ▼❡s✉r❡ ❞❡ ❧✬❛♠♣❧✐t✉❞❡ ❞❡ ❧❛ ✈✐t❡ss❡ ❞✉ ✢✉✐❞❡ ❡♥ ❢♦♥❝t✐♦♥ ❞❡ ❧❛

♣♦s✐t✐♦♥ s✉r ❧❛ ❧✐❣♥❡ y1 ✿ ❝♦✉r❜❡ ❜❧❡✉ ❝❧❛✐r ❀ s✉r ❧❛ ❧✐❣♥❡ y2 ✿ ❝♦✉r❜❡ r♦✉❣❡ ❀ s✉r ❧❛ ❧✐❣♥❡ y3 ✿

❝♦✉r❜❡ ✈❡rt❡ ❀ s✉r ❧❛ ❧✐❣♥❡ y4 ✿ ❝♦✉r❜❡ ❜❧❡✉ ❢♦♥❝é✳ ✭❜✮ ▼❡s✉r❡ ❞❡ ❧✬❛♠♣❧✐t✉❞❡ ❞❡ ❧❛ ✈✐t❡ss❡

❞✉ ✢✉✐❞❡ ❡♥ ❢♦♥❝t✐♦♥ ❞❡ ❧❛ ♣♦s✐t✐♦♥ s✉r ❧❛ ❧✐❣♥❡ ①✳

▲❡ ✢✉① ♣rés❡♥t ❞❛♥s ❧❡s ❝❛♥❛✉① ❞✬❛❧✐♠❡♥t❛t✐♦♥s ♣❛r❛❧❧è❧❡s ❡st ❡✣❝❛❝❡♠❡♥t
ré❞✉✐t ❞❛♥s ❧❡s ❝❤❛♠❜r❡s ❞✉ ❢❛✐t ❞❡ ❧❛ rés✐st❛♥❝❡ ❤②❞r♦❞②♥❛♠✐q✉❡ ✐♠♣♦sé❡ ♣❛r
❧❡s ♦✉✈❡rt✉r❡s ❞❡ ❝❤❛♠❜r❡ ✭❋✐❣✉r❡ ✸✻❛✮✳ ❖♥ ♦❜s❡r✈❡ ❛✉ss✐✱ ❞❛♥s ❧❡s ❝❤❛♠❜r❡s✱
✉♥❡ ❞✐♠✐♥✉t✐♦♥ ✧❧✐♥é❛✐r❡✧ ❞✉ ✢✉① ❛✈❡❝ ❧✬é❧♦✐❣♥❡♠❡♥t ♣❛r r❛♣♣♦rt ❛✉① ❡①tré✲
♠✐tés ✭❡♥tré❡ ❡t s♦rt✐❡✮ ❞✉ ❝✐r❝✉✐t ✭❋✐❣✉r❡ ✸✻❜✮✳

▲❡ ❝♦✉♣❧❛❣❡ ❞❡s ❡✛❡ts ❞❡ ré❞✉❝t✐♦♥ ❞✉ ✢✉① ♠✐s ❡♥ é✈✐❞❡♥❝❡ ♣❛r ❧❡s ✜❣✉r❡s
✸✻❛ ❡t ✸✻❜ s✉✣s❡♥t à ré❞✉✐r❡ ❡✣❝❛❝❡♠❡♥t ❧❡ ✢✉① ❤②❞r♦❞②♥❛♠✐q✉❡ à ③ér♦
❞❛♥s ❧❡s ❝❤❛♠❜r❡s ♠✐❝r♦✢✉✐❞✐q✉❡s ❝♦♠♠❡ ♥♦✉s ❛❧❧♦♥s ❧❡ ✈♦✐r ♣❛r ❧❛ s✉✐t❡✳
◆♦✉s ✜①♦♥s ❧❡s ❞✐♠❡♥s✐♦♥s ❞❡ ❧❛ ❧❛r❣❡✉r ❞❡s ❝❛♥❛✉① ❞✬❛❧✐♠❡♥t❛t✐♦♥ à ✶✵✵ µm
❡t ❧❛ t❛✐❧❧❡ ❞❡s ♦✉✈❡rt✉r❡s ❞❡s ❝❤❛♠❜r❡s à ✺✵ ① ✺✵ µm✳ ❏❡ ✜①❡ ❧❛ t❛✐❧❧❡ ❞❡s
❝❤❛♠❜r❡s à ✸✵✵①✸✵✵ µm q✉✐ ❝♦rr❡s♣♦♥❞ à ❧❛ t❛✐❧❧❡ ❞✉ ❝❤❛♠♣ ❞❡ ❧✬♦❜❥❡❝t✐❢ ✹✵❳
❞✬✉♥ ♠✐❝r♦s❝♦♣❡ à ✢✉♦r❡s❝❡♥❝❡ ❝❧❛ss✐q✉❡✳

◆♦✉s ❣❛r❞❡r♦♥s ❞♦♥❝ ❧❡ ❝❤♦✐① ✭❜✮ ❞❡ ❧❛ ❋✐❣✉r❡ ✷✹✳
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❊♥ ❢❛✐s❛♥t ❞❡s t❡sts ❞❡ r❡♠♣❧✐ss❛❣❡ ❞❛♥s ❧❡s ❝❤❛♠❜r❡s ❝❛rré❡s✱ ♥♦✉s ♥♦✉s
❛♣❡r❝❡✈♦♥s q✉❡ ❧❡s ❛♥❣❧❡s ❞❡ ❧❛ ❝❤❛♠❜r❡ r❡t✐❡♥♥❡♥t ❧❡ ✢✉✐❞❡ ♣❛r ❝❛♣✐❧❧❛r✐té ❡t
❧✬❡♠♣ê❝❤❡♥t ❞❡ s✬é❝♦✉❧❡r ❝♦rr❡❝t❡♠❡♥t ✭❋✐❣✉r❡ ✸✼❛✮✳

entrée


entrée


sortie


sortie


(a)!

(b)!

❋✐❣✉r❡ ✷✳✸✼ ✕ ❘❡♠♣❧✐ss❛❣❡ ❞✉ ❝✐r❝✉✐t ♠✐❝r♦✢✉✐❞✐q✉❡ ♣❛r ✉♥❡ s♦❧✉t✐♦♥ ❞❡ ✢✉♦r♦♣❤♦r❡s

❧✐❜r❡s ✭❝♦✉❧❡✉r ❜❧❛♥❝❤❡✮✳ ✭❛✮ ❝❤❛♠❜r❡s ❝❛rré❡s ✭❜✮ ❝❤❛♠❜r❡s ❝❛rré❡s à ❝♦✐♥s ❝✉r✈✐❧✐❣♥❡s✳

■♠❛❣❡r✐❡ ✿ ♠✐❝r♦s❝♦♣❡ ❞❡ ✢✉♦r❡s❝❡♥❝❡ ❝❧❛ss✐q✉❡✳

❆✈❡❝ ❞❡s ❝❤❛♠❜r❡s ❝❛rré❡s à ❝♦✐♥s ❝✉r✈✐❧✐❣♥❡✱ ❧✬é❝♦✉❧❡♠❡♥t s❡ ❢❛✐t ♣❧✉s
❢❛❝✐❧❡♠❡♥t ❡♥ ❛♣♣❧✐q✉❛♥t ❧❛ ♠ê♠❡ ♣r❡ss✐♦♥ ❞✬❡♥tré❡ ✭❋✐❣✉r❡ ✸✼❜✮✳

◆♦✉s ❣❛r❞❡r♦♥s ❞♦♥❝ ❧❡ ❝❤♦✐① ✭❜✮✳
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(a)!

(b)!

(c)!

entrée


sortie


entrée


sortie


entrée


sortie


❋✐❣✉r❡ ✷✳✸✽ ✕ ❘❡♠♣❧✐ss❛❣❡ ❞✉ ❝✐r❝✉✐t ♠✐❝r♦✢✉✐❞✐q✉❡ ♣❛r ❞❡ ❧✬❡❛✉✳ ✭❛✮ ▲❛r❣❡✉r ❞✉ ❝❛♥❛❧

❞✬❛❧✐♠❡♥t❛t✐♦♥ ❞❡ s♦rt✐❡ ❂ ✶✵✵ µm✳ ✭❜✮ ▲❛r❣❡✉r ❞✉ ❝❛♥❛❧ ❞✬❛❧✐♠❡♥t❛t✐♦♥ ❞❡ s♦rt✐❡ ❂ ✼✺

µm✳ ✭❝✮ ▲❛r❣❡✉r ❞✉ ❝❛♥❛❧ ❞✬❛❧✐♠❡♥t❛t✐♦♥ ❞❡ s♦rt✐❡ ❂ ✺✵ µm✳ ■♠❛❣❡r✐❡ ✿ ♠✐❝r♦s❝♦♣✐❡ ❞❡

❧✉♠✐èr❡ tr❛♥s♠✐s❡✳

❆✈❡❝ ❧❡s ❞✐♠❡♥s✐♦♥s q✉❡ ❧✬♦♥ ❛ ✜①é❡s ♣ré❝é❞❡♠♠❡♥t ✿ ✶✵✵ µm ❞❡ ❧❛r✲
❣❡✉r ♣♦✉r ❧❡s ❞❡✉① ❝❛♥❛✉① ❞✬❛❧✐♠❡♥t❛t✐♦♥✱ ❧❡ ✢✉✐❞❡ ♥❡ ♣é♥ètr❡ ♣❛s ❞❛♥s ❧❡s
❝❤❛♠❜r❡s ♠✐❝r♦✢✉✐❞✐q✉❡s ❞❛♥s ❧❛ ♣❧✉♣❛rt ❞❡s ❡ss❛✐s ❞❡ r❡♠♣❧✐ss❛❣❡ q✉❡ ♥♦✉s
❛✈♦♥s ré❛❧✐sés ✭❋✐❣✉r❡ ✸✽❛✮✳ ■❧ r❡♠♣❧✐t ❞✬❛❜♦r❞ ❧❡s ❝❛♥❛✉① ❞✬❛❧✐♠❡♥t❛t✐♦♥✱
♣✉✐s ✐❧ ❢❛✉t ❛♣♣❧✐q✉❡r ✉♥❡ s✉r♣r❡ss✐♦♥ ♣♦✉r q✉✬✐❧ r❡♠♣❧✐ss❡ ❧❡s ❝❤❛♠❜r❡s✳ ▲✬❛✐r
s♦✉s ♣r❡ss✐♦♥ ❞❛♥s ❧❡s ❝❤❛♠❜r❡s s✬é❝❤❛♣♣❡ à tr❛✈❡rs ❧❡ P❉▼❙ q✉✐ ❡st ✉♥
♠❛tér✐❛✉ ♣♦r❡✉①✳ ❈❡tt❡ s✉r♣r❡ss✐♦♥ ♥é❝❡ss❛✐r❡ ♣♦✉r r❡♠♣❧✐r ❧❡s ❝❤❛♠❜r❡s ❡♥✲
❣❡♥❞r❡ q✉❛s✐ s②sté♠❛t✐q✉❡♠❡♥t ❞❡s ❢✉✐t❡s ❞✉ ✢✉✐❞❡ ❡♥tr❡ ❧❛ ❧❛♠❡❧❧❡ ❡♥ ✈❡rr❡
❡t ❧❡ P❉▼❙✳

P♦✉r é✈✐t❡r ❝❡ ♣r♦❜❧è♠❡✱ ♦♥ ré❞✉✐t ❞✬✉♥ q✉❛rt ❧❛ ❧❛r❣❡✉r ❞✉ ❝❛♥❛❧ ❞✬❛❧✐✲
♠❡♥t❛t✐♦♥ ❞❡ s♦rt✐❡✱ ❛✉❣♠❡♥t❛♥t ❛✐♥s✐ s❛ rés✐st❛♥❝❡ à ❧✬é❝♦✉❧❡♠❡♥t ✭❋✐❣✉r❡
✸✽❜✮✳ ❈❡❧❛ ❛ ♣♦✉r ❡✛❡t ❞✬✐♥❞✉✐r❡ ✉♥ ❧é❣❡r r❡t❛r❞ s✉r ❧❛ ♣r♦❣r❡ss✐♦♥ ❞✉ ✢✉✐❞❡
❞❛♥s ❧❡ ❝❛♥❛❧ ❞✬❛❧✐♠❡♥t❛t✐♦♥ ❞❡ s♦rt✐❡ ♣❛r r❛♣♣♦rt à ❧❛ ♣r♦❣r❡ss✐♦♥ ❞✉ ✢✉✐❞❡
❞❛♥s ❧❡ ❝❛♥❛❧ ❞✬❛❧✐♠❡♥t❛t✐♦♥ ❞✬❡♥tré❡✳ ▲❡ ✢✉✐❞❡ ♣r♦✈❡♥❛♥t ❞✉ ❝❛♥❛❧ ❞✬❡♥tré❡
r❡♠♣❧✐t ❝❤❛q✉❡ ❝❤❛♠❜r❡ ♣❛r s♦♥ ♦✉✈❡rt✉r❡ ❞✬❡♥tré❡✱ ❛✈❛♥t q✉❡ s♦♥ ♦✉✈❡rt✉r❡
♦♣♣♦sé❡ s♦✐t ♦❜str✉é❡ ♣❛r ❧✬❛rr✐✈é❡ ❞✉ ✢✉✐❞❡ ♣r♦✈❡♥❛♥t ❞✉ ❝❛♥❛❧ ❞✬❛❧✐♠❡♥✲
t❛t✐♦♥ ❞❡ s♦rt✐❡✳ ❆✐♥s✐ t♦✉t❡s ❧❡s ❝❤❛♠❜r❡s s❡ r❡♠♣❧✐ss❡♥t ❞✐r❡❝t❡♠❡♥t s❛♥s
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♣✐é❣❡❛❣❡ ❞❡ ❜✉❧❧❡s ❞✬❛✐r ❞❛♥s ❧❡s ❝❤❛♠❜r❡s✳ ■❧ ♥✬② ❛ ❞♦♥❝ ♣❛s ❞❡ s✉r♣r❡ss✐♦♥
à ❛♣♣❧✐q✉❡r✱ ❧❡s r✐sq✉❡s ❞❡ ❢✉✐t❡ s♦♥t é❝❛rtés✱ ♠ê♠❡ ❞❛♥s ❧❡ ❝❛s ❞✬✉♥ ✧s✐♠♣❧❡
❝♦♥t❛❝t✧ ❡♥t❡ ❧✬é❝❤❛♥t✐❧❧♦♥ ❡t ❧❛ s✉r❢❛❝❡ P❉▼❙✳

❊♥ ré❞✉✐s❛♥t ❞✬✉♥ ❞❡♠✐ ❧❛ ❧❛r❣❡✉r ❞✉ ❝❛♥❛❧ ❞✬❡♥tré❡✱ ❧❡ r❡t❛r❞ s✉r ❧❛
♣r♦❣r❡ss✐♦♥ ❞✉ ✢✉✐❞❡ ❞❛♥s ❧❡ ❝❛♥❛❧ ❞❡ s♦rt✐❡ ♣❛r r❛♣♣♦rt à ❧❛ ♣r♦❣r❡ss✐♦♥
❞✉ ✢✉✐❞❡ ❞❛♥s ❧❡ ❝❛♥❛❧ ❞✬❡♥tré❡ ❡st tr♦♣ ✐♠♣♦rt❛♥t ✭❋✐❣✉r❡ ✸✽❝✮✳ ▲❡ ✢✉✐❞❡
♣r♦✈❡♥❛♥t ❞✉ ❝❛♥❛❧ ❞✬❡♥tré❡ r❡♠♣❧✐t ❡♥t✐èr❡♠❡♥t ❧❛ ❝❤❛♠❜r❡ ❛✈❛♥t q✉❡ ❧❡
✢✉✐❞❡ ♣r♦✈❡♥❛♥t ❞✉ ❝❛♥❛❧ ❞❡ s♦rt✐❡ ♥❡ s♦✐t ❛rr✐✈é ❛✉ ♥✐✈❡❛✉ ❞❡ ❧❛ ❝❤❛♠❜r❡✱
❝❡ q✉✐ ❝réé s②sté♠❛t✐q✉❡♠❡♥t ✉♥❡ ❜✉❧❧❡✳

◆♦✉s ❣❛r❞❡r♦♥s ❞♦♥❝ ❧❡ ❝❤♦✐① ✭❜✮✳

▲❛ ❣é♦♠étr✐❡ ✜♥❛❧❡ ❞✉ ❝❛♥❛❧ ♠✐❝r♦✢✉✐❞✐q✉❡ ❡st ♣rés❡♥té❡ ♣❛r ❧❛ ❋✐❣✉r❡
✸✾✳

 CA1

chambre 

sans flux

75 µm

300 µm

100  µm

50 µm(A)

(B)

50 µm

 CA2

❋✐❣✉r❡ ✷✳✸✾ ✕ ●é♦♠étr✐❡ ✜♥❛❧❡ ❞✉ ❝✐r❝✉✐t ♠✐❝r♦✢✉✐❞✐q✉❡✳ ✭❆✮ ❯♥❡ ❝❤❛♠❜r❡ s❛♥s ✢✉①

r❡❧✐é❡ ❛✉① ❞❡✉① ❝❛♥❛✉① ❞✬❛❧✐♠❡♥t❛t✐♦♥ ♣❛r s❡s ❞❡✉① ♦✉✈❡rt✉r❡s✳ ▲❡ ❝❛♥❛❧ ❞✬❛❧✐♠❡♥t❛t✐♦♥

❞✬❡♥tré❡ ✧❈❆✶✧ ❢❛✐t ✶✵✵ µm ❞❡ ❧❛r❣❡✉r✳ ▲❡ ❝❛♥❛❧ ❞✬❛❧✐♠❡♥t❛t✐♦♥ ❞❡ s♦rt✐❡ ✧❈❆✷✧ ❢❛✐t ✼✺ µm

❞❡ ❧❛r❣❡✉r✳ ▲❛ ✧❝❤❛♠❜r❡ s❛♥s ✢✉①✧ ❢❛✐t ✸✵✵①✸✵✵ µm ❡t ❧❡s ❞❡✉① ♦✉✈❡rt✉r❡s ❞❡ ❧❛ ❝❤❛♠❜r❡

❢♦♥t ✺✵①✺✵ µm✳ ✭❇✮ ❯♥❡ ✧❧✐❣♥❡ ❞❡ ❝❤❛♠❜r❡s✧ ✿ ✐❧ ② ❛ ✸✻ ❝❤❛♠❜r❡s ❡♥ sér✐❡ ❞❛♥s ✉♥❡ ❧✐❣♥❡✱

❧✬❡s♣❛❝❡♠❡♥t ❡♥tr❡ ❞❡✉① ❝❤❛♠❜r❡s ❝♦♥sé❝✉t✐✈❡s ét❛♥t ❞❡ ✺✵ µm✳
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❘❡♠♣❧✐ss❛❣❡

0.6 s

1.2 s

3 s

2.4 s

1.8 s

0 s0 s

3 s

T
em

p
s 

(s
ec

o
n
d
es

)!

❋✐❣✉r❡ ✷✳✹✵ ✕ ❈✐♥ét✐q✉❡ ❞❡ r❡♠♣❧✐ss❛❣❡ ❞✬✉♥❡ ❧✐❣♥❡ ❞❡ ❝❤❛♠❜r❡s ♠✐❝r♦✢✉✐❞✐q✉❡s✳ ▲❡

❝♦♥t♦✉r ❞❡s ❝❤❛♠❜r❡s ❡st r❡♣rés❡♥té ♣❛r ❧❡s ❧✐❣♥❡s ❡♥ ♣♦✐♥t✐❧❧é ❜❧❛♥❝✳ ▲❡ ✢✉✐❞❡ ✐♥❥❡❝té ❡st

✉♥❡ s♦❧✉t✐♦♥ ❞❡ ✢✉♦r♦♣❤♦r❡s ❧✐❜r❡s ❆❧❡①❛ ✹✽✽ ✭❝♦✉❧❡✉r ✈❡rt❡✮✳ ■♠❛❣❡r✐❡ ✿ ♠✐❝r♦s❝♦♣✐❡ ❞❡

✢✉♦r❡s❝❡♥❝❡ ❝❧❛ss✐q✉❡✳

▲❛ ❣é♦♠étr✐❡ ❞✬✉♥❡ ❧✐❣♥❡ ❞❡ ❝❤❛♠❜r❡s ❡st ❛❞❛♣té❡ ♣♦✉r q✉❡ ❧❡ r❡♠♣❧✐ss❛❣❡
❞❡ ❝❤❛q✉❡ ❝❤❛♠❜r❡ s❡ ❢❛ss❡ ❞❡ ❢❛ç♦♥ s②sté♠❛t✐q✉❡ ❞❡ ❧❛ ❢❛ç♦♥ s✉✐✈❛♥t❡ ✿
❧❡ ✢✉✐❞❡ s✬é❝♦✉❧❛♥t ❞❛♥s ❧❡ ❈❆✶ r❡♠♣❧✐t ❧❛ ❝❤❛♠❜r❡ ❡t r❡♥❝♦♥tr❡ ❧❡ ✢✉✐❞❡

✽✺



❈❍❆P■❚❘❊ ✷✳ ❘➱❙❯▲❚❆❚❙

♣r♦✈❡♥❛♥t ❞✉ ❈❆✷ ❛✉ ♥✐✈❡❛✉ ❞❡ ❧✬♦✉✈❡rt✉r❡ ❞❡ ❧❛ ❝❤❛♠❜r❡✳ ❚♦✉t❡ ❧❛ ❧✐❣♥❡ ❞❡
❝❤❛♠❜r❡ s❡ r❡♠♣❧✐t ❞❡ ❝❡tt❡ ♠❛♥✐èr❡✱ ♣❛r ❝✐r❝✉❧❛t✐♦♥✳ ▲✬❛✐r ❡st ❝❤❛ssé ✈❡rs
❧❛ s♦rt✐❡ ❞✉ ❝✐r❝✉✐t✱ ✐❧ ♥✬② ❛ ♣❛s à ❡①❡r❝❡r ❞❡ ♣r❡ss✐♦♥ s✉♣♣❧é♠❡♥t❛✐r❡✳ ▲❛
❢❡r♠❡t✉r❡ ❞✉ ❝✐r❝✉✐t P❉▼❙ ♣❛r ✉♥ é❝❤❛♥t✐❧❧♦♥ ♣❧❛t ❡♥ s✐♠♣❧❡ ❝♦♥t❛❝t ❡st
❞♦♥❝ ♣♦ss✐❜❧❡ s❛♥s r✐sq✉❡s ❞❡ ❢✉✐t❡✳

Pr✐♥❝✐♣❡ ❞❡ ❧✬é❝♦✉❧❡♠❡♥t ❞❛♥s ✉♥❡ ❧✐❣♥❡ ❞❡ ❝❤❛♠❜r❡s✳

❋✐❣✉r❡ ✷✳✹✶ ✕ Pr✐♥❝✐♣❡ ❞✬é❝♦✉❧❡♠❡♥t ❞✬✉♥ ✢✉✐❞❡ ❞❛♥s ✉♥❡ ❧✐❣♥❡ ❞❡ ❝❤❛♠❜r❡s ✿ ❧❡s ✢è❝❤❡s

♥♦✐r❡s ✐♥❞✐q✉❡♥t ❧❛ ❞✐r❡❝t✐♦♥ ❡t ❧✬✐♥t❡♥s✐té ❞✉ ✢✉①✱ ❧❡s ♣♦✐♥ts r♦✉❣❡s ✐♥❞✐q✉❡♥t ❧❡s ❝❤❛♠❜r❡s

❞❡ ❧❛ ❧✐❣♥❡ ♥♦♥ r❡♣rés❡♥té❡s✳

❯♥❡ ❢♦✐s ❧✬ét❛♣❡ ❞❡ r❡♠♣❧✐ss❛❣❡ t❡r♠✐♥é❡✱ ❧❡ ✢✉✐❞❡ ❡st ❡♥ é❝♦✉❧❡♠❡♥t st❛✲
t✐♦♥♥❛✐r❡✳ ❯♥ ✢✉① ❡st ♣rés❡♥t ❞❛♥s ❧❡s q✉❡❧q✉❡s ♣r❡♠✐èr❡s ❝❤❛♠❜r❡s ❡t ❧❡s
q✉❡❧q✉❡s ❞❡r♥✐èr❡s ❝❤❛♠❜r❡s ❞❡ ❧❛ ❧✐❣♥❡ ♠❛✐s t♦✉t❡s ❧❡s ❛✉tr❡s ❝❤❛♠❜r❡s q✉❡
❧✬♦♥ ❛♣♣❡❧❧❡r❛ ✧❝❤❛♠❜r❡s ❝❡♥tr❛❧❡s✧ ♥❡ s♦♥t ♣❛s tr❛✈❡rsé❡s ♣❛r ✉♥ ✢✉①✳

▲✐❣♥❡s ♠✐①t❡s ❞✬❛❞✈❡❝t✐♦♥✲❞✐✛✉s✐♦♥

(A) (B) 

❋✐❣✉r❡ ✷✳✹✷ ✕ ❊❝♦✉❧❡♠❡♥t st❛t✐♦♥♥❛✐r❡ ❞✬✉♥❡ s✉s♣❡♥s✐♦♥ ❞❡ ❜✐❧❧❡s ❡♥ ♣♦❧②st②rè♥❡ ✢✉♦✲

r❡s❝❡♥t ❛②❛♥t ✉♥ ❞✐❛♠ètr❡ ❞❡ ✶ µm✳ ▲❡s ❝♦♥t♦✉rs ❞❡s ❝❛♥❛✉① ♠✐❝r♦✢✉✐❞✐q✉❡s s♦♥t r❡♣rés❡♥✲

tés ♣❛r ❧❡s ❧✐❣♥❡s ❜❧❡✉❡s✳ ✭❆✮ ❝❤❛♠❜r❡ ❝❡♥tr❛❧❡ ❡t s❡s ❝❛♥❛✉① ❞✬❛❧✐♠❡♥t❛t✐♦♥✱ ♦❜s❡r✈❛t✐♦♥ ❛✉

❣r♦ss✐ss❡♠❡♥t ✷✵①✳ ✭❇✮ ❩♦♦♠ s✉r ✉♥❡ ♦✉✈❡rt✉r❡ ❞❡ ❝❤❛♠❜r❡✱ ♦❜s❡r✈❛t✐♦♥ ❛✉ ❣r♦ss✐ss❡♠❡♥t

✹✵①✳ ▲❡ t❡♠♣s ❞✬❛❝q✉✐s✐t✐♦♥ ♣♦✉r ❧❡s ✐♠❛❣❡s ✭❆✮ ❡t ✭❇✮ ❡st ❞❡ ✶ s✳ ■♠❛❣❡r✐❡ ✿ ♠✐❝r♦s❝♦♣✐❡

❞❡ ✢✉♦r❡s❝❡♥❝❡ ❝❧❛ss✐q✉❡✳
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❋✐❣✉r❡ ✹✷❆ ✿ ■❧ ② ❛ ♣rés❡♥❝❡ ❞❡ ✢✉① ❤②❞r♦❞②♥❛♠✐q✉❡ ❞❛♥s ❧❡s ❝❛♥❛✉① ❞✬❛❧✐✲
♠❡♥t❛t✐♦♥ ❡t ❛❜s❡♥❝❡ ❞❡ ✢✉① ❞❛♥s ❧✬❡♥s❡♠❜❧❡ ❞❡ ❧❛ ❝❤❛♠❜r❡✳ ❉❛♥s ❧❛ ❝❤❛♠❜r❡✱
❧❡s ❜✐❧❧❡s ❛♣♣❛r❛✐ss❡♥t ♣❧✉s ❣r❛♥❞❡s ❞✉ ❢❛✐t ❞❡ ❧❡✉r ♠♦✉✈❡♠❡♥t ❇r♦✇♥✐❡♥ ♣❡♥✲
❞❛♥t ❧❡ t❡♠♣s ❞✬♦✉✈❡rt✉r❡ ❞✉ ❞✐❛♣❤r❛❣♠❡✳

❋✐❣✉r❡ ✹✷❇ ✿ ▲❛ ❧✐❣♥❡ ❥❛✉♥❡ ♣♦✐♥t✐❧❧é❡ r❡♣rés❡♥t❡ ❧❛ ❢r♦♥t✐èr❡ ❡♥tr❡ ❧❛ ③♦♥❡
❞❡ ✢✉① ❧❛♠✐♥❛✐r❡ ❞✉ ❝❛♥❛❧ ❞✬❛❧✐♠❡♥t❛t✐♦♥ ❡t ❧❛ ③♦♥❡ s❛♥s ✢✉① ❞❡ ❧❛ ❝❤❛♠❜r❡✳
▲❡s ♠♦❧é❝✉❧❡s ♣❛ss❛♥t ♣❛r ❝❡tt❡ ❧✐❣♥❡ ♣❡✉✈❡♥t ❛✉ss✐ ❜✐❡♥ ❞✐✛✉s❡r ❞❛♥s ❧❛
❝❤❛♠❜r❡ q✉✬êtr❡ ❡♥tr❛✐♥é❡s ❞❛♥s ❧❡ ✢✉① ❞✉ ❝❛♥❛❧ ❞✬❛❧✐♠❡♥t❛t✐♦♥✳

❘❡♥♦✉✈❡❧❧❡♠❡♥t ❞✉ ♠✐❝r♦✲❡♥✈✐r♦♥♥❡♠❡♥t

0:00 1:30 3:00 4:30 6:00 7:30

Temps (minutes : secondes)!

❋✐❣✉r❡ ✷✳✹✸ ✕ ■♥❥❡❝t✐♦♥ ❞❛♥s ❧❡ ❝✐r❝✉✐t ♠✐❝r♦✢✉✐❞✐q✉❡ ❞✬✉♥❡ s♦❧✉t✐♦♥ ✷ ❞❡ ✢✉♦r♦♣❤♦r❡s

❧✐❜r❡s ❆❧❡①❛ ✺✻✽ ✭r♦✉❣❡✮ ❞❛♥s ✉♥❡ ❧✐❣♥❡ ❞❡ ❝❤❛♠❜r❡s ♣ré❝é❞❡♠♠❡♥t r❡♠♣❧✐❡ ♣❛r ✉♥❡ s♦❧✉✲

t✐♦♥ ✶ ❞❡ ✢✉♦r♦♣❤♦r❡s ❧✐❜r❡s ❆❧❡①❛ ✹✽✽ ✭✈❡rt✮✳ ❆✉ t❡♠♣s t ❂ ✶ ♠✐♥ ✿ ✸✵ s❡❝✱ ❧❛ s♦❧✉t✐♦♥ ✷

❛rr✐✈❡ ❛✉ ♥✐✈❡❛✉ ❞❡ ❧❛ ❝❤❛♠❜r❡ ♦❜s❡r✈é❡✳ ■♠❛❣❡r✐❡ ✿ ♠✐❝r♦s❝♦♣✐❡ ❞❡ ✢✉♦r❡s❝❡♥❝❡ ❝❧❛ss✐q✉❡✳

❖♥ ♦❜s❡r✈❡✱ ❛✉ ❝♦✉rs ❞✉ t❡♠♣s✱ ❧❡ ❢r♦♥t ❞❡ ❞✐✛✉s✐♦♥ ❞❡s ✢✉♦r♦♣❤♦r❡s
r♦✉❣❡s ❞❡s ❝❛♥❛✉① ❞✬❛❧✐♠❡♥t❛t✐♦♥ ✈❡rs ❧❛ ❝❤❛♠❜r❡ ❡t ❧✬é❝❤❛♣♣❡♠❡♥t ❞✐✛✉s✐❢
❞❡s ✢✉♦r♦♣❤♦r❡s ✈❡rts ❞❡ ❧❛ ❝❤❛♠❜r❡ ✈❡rs ❧❡s ❝❛♥❛✉① ❞✬❛❧✐♠❡♥t❛t✐♦♥✳ ▲❡ t❡♠♣s
❞❡ r❡♥♦✉✈❡❧❧❡♠❡♥t✱ q✉✐ ❡st ❧❡ t❡♠♣s ♣♦✉r q✉❡ ❧❡s ❝♦♠♣♦sés ♠♦❧é❝✉❧❛✐r❡s ❞❡ ❧❛
s♦❧✉t✐♦♥ ✷ r❡♠♣❧❛❝❡♥t t♦t❛❧❡♠❡♥t ❝❡✉① ❞❡ ❧❛ s♦❧✉t✐♦♥ ✶ ❞❛♥s ❧❛ ❝❤❛♠❜r❡✱ ❡st
❡♥✈✐r♦♥ ✼ ♠✐♥✉t❡s✱ ❝❡ q✉✐ ❡st r❛♣✐❞❡ r❡❧❛t✐✈❡♠❡♥t ❛✉ t❡♠♣s ❝❛r❛❝tér✐st✐q✉❡s
❞✬é✈♦❧✉t✐♦♥ ❞❡s s②stè♠❡s ❜✐♦♠♦❧é❝✉❧❛✐r❡s ét✉❞✐és✳
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❈r✐❜❧❛❣❡ ❤❛✉t ❞é❜✐t

❉❡ ❢❛ç♦♥ à ❛❝❝é❞❡r à ✉♥ ❝r✐❜❧❛❣❡ ❤❛✉t ❞é❜✐t✱ ♥♦✉s ❛✈♦♥s ❛✉❣♠❡♥té ❧❡
♥♦♠❜r❡ ❞❡ ❝❤❛♠❜r❡s ❡t ♥♦✉s ❧❡s ❛✈♦♥s ♥✉♠ér♦té❡s✳ ❈❡❧❛ ❛❝❝é❧èr❡ ❧❛ ❞ét❡❝t✐♦♥
❞❡s ♣❤é♥♦♠è♥❡s r❡♣r♦❞✉❝t✐❜❧❡s ❞❡s s②stè♠❡s ❜✐♦❧♦❣✐q✉❡s ♦❜s❡r✈és✳

(A)!

(B)!

in
le
ts

o
u
tl
e
ts

in
le
ts

o
u
tl
e
ts

❋✐❣✉r❡ ✷✳✹✹ ✕ ✭❆✮ ❯♥ ❝✐r❝✉✐t ♠✐❝r♦✢✉✐❞✐q✉❡ ❝♦♠♣❧❡t ❝♦♥t❡♥❛♥t ✷✹ ❧✐❣♥❡s ❞❡ ❝❤❛♠❜r❡s✳

■❧ ② ❛ ❞♦♥❝ ❛✉ t♦t❛❧ ✽✻✹ ❝❤❛♠❜r❡s à ♦❜s❡r✈❡r✳ ▲❡s ❡♥tré❡s ✭✧✐♥❧❡ts✧✮ s♦♥t r❡❧✐é❡s ❛✉ ❈❆✶

❞❡s ❧✐❣♥❡s ❞❡ ❝❤❛♠❜r❡s✱ ❧❡s s♦rt✐❡s ✭✧♦✉t❧❡ts✧✮ s♦♥t r❡❧✐é❡s ❛✉ ❈❆✷ ❞❡s ❧✐❣♥❡s ❞❡ ❝❤❛♠❜r❡s✳

✭❇✮ ❙♦❧✉t✐♦♥ ❞❡ ✢✉♦r♦♣❤♦r❡s ❧✐❜r❡s ✭❜❧❛♥❝✮ ❞❛♥s ✉♥❡ ❧✐❣♥❡ ❞❡ ❝❤❛♠❜r❡s✳ ▲❡s ❝❤❛♠❜r❡s s♦♥t

♥✉♠ér♦té❡s s❡❧♦♥ ❧❡✉r ❧✐❣♥❡ ❡t ❧❡✉r ♣❧❛❝❡ ❞❛♥s ❧❛ ❧✐❣♥❡✳

❋✐❣✉r❡ ✹✹❆ ✿ ❊♥ ✈❡rt ✿ ✉♥ ❝✐r❝✉✐t ♠✐❝r♦✢✉✐❞✐q✉❡ ❛✉ ❝♦♠♣❧❡t✳ ❊♥ ❣r✐s✱ ❧❛
t❛✐❧❧❡ ❞✬✉♥❡ ❧❛♠❡❧❧❡ ❡♥ ✈❡rr❡ ❝♦✉r❛♠♠❡♥t ✉t✐❧✐sé❡ ❡♥ ❜✐♦❧♦❣✐❡ ✐♥ ✈✐tr♦✳ ▲❛ t❛✐❧❧❡
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❞✉ ❝✐r❝✉✐t ❡st ❛❞❛♣té❡ ♣♦✉r q✉❡ ❝❡ ❞❡r♥✐❡r ♣✉✐ss❡ êtr❡ ❢❡r♠é ♣❛r ✉♥❡ ❧❛♠❡❧❧❡
❡♥ ✈❡rr❡ ❝♦✉r❛♠♠❡♥t ✉t✐❧✐sé❡ ❡♥ ❜✐♦❧♦❣✐❡✳

❋✐❣✉r❡ ✹✹❇ ✿ ▲❛ ♥✉♠ér♦t❛t✐♦♥ ❞❡s ❝❤❛♠❜r❡s ❡st ✈✐s✐❜❧❡ ❛✉ss✐ ❡♥ ♠✐❝r♦s❝♦✲
♣✐❡ ❞❡ ✢✉♦r❡s❝❡♥❝❡✱ ❝❡ q✉✐ s✬❛✈èr❡r❛ très ♣r❛t✐q✉❡ à ❧✬✉s❛❣❡✳

▲❛ ❣é♦♠étr✐❡ ❞✉ ❝✐r❝✉✐t ♠✐❝r♦✢✉✐❞✐q✉❡ à ❝❤❛♠❜r❡s s❛♥s ✢✉① ét❛♥t ❢♦♥❝✲
t✐♦♥♥❡❧❧❡✱ ✐❧ ❢❛✉t ♠❛✐♥t❡♥❛♥t é❧❛❜♦r❡r ✉♥ ❞✐s♣♦s✐t✐❢✱ ✐♥té❣r❛♥t ❧❡ ❝✐r❝✉✐t✱ q✉✐
s♦✐t ❛❞❛♣té ❛✉① ❝♦♥tr❛✐♥t❡s ✐♠♣♦sé❡s ♣❛r ❧❡s ❙▼❘■❱✳

✽✾



❈❍❆P■❚❘❊ ✷✳ ❘➱❙❯▲❚❆❚❙

❉✐s♣♦s✐t✐❢ ♣♦✉r ❧❡s ❙▼❘■❱

▲❡ ❞✐s♣♦s✐t✐❢ ❡♥ ❞ét❛✐❧

❱♦✐❝✐ ❧❛ ❣é♦♠étr✐❡ ❞✉ ❞✐s♣♦s✐t✐❢ ♠✐❝r♦✢✉✐❞✐q✉❡ ❛❞❛♣té ♣♦✉r ❧❡s ❙▼❘■❱

inlet

1
5

0
0

0
 µ

m

o
u
tl
e
ts

12500  µm

❋✐❣✉r❡ ✷✳✹✺ ✕ ●é♦♠étr✐❡ ❡♥ ❞❡✉① ❞✐♠❡♥s✐♦♥s ❞✉ ❝✐r❝✉✐t ♠✐❝r♦✢✉✐❞✐q✉❡ ❛❞❛♣té ♣♦✉r

❧❡s ❙▼❘■❱✳ ▲✬❡♥tré❡ ❡st ✉♥✐q✉❡ ❡t r❡♣rés❡♥té❡ ♣❛r ❧❡ ❝❡r❝❧❡ ❡♥ ♣♦✐♥t✐❧❧é ♥♦✐r ✭✐♥❧❡t✮✳ ■❧ ② ❛

✉♥❡ s♦rt✐❡ ❈❆✷ ♣♦✉r ❝❤❛q✉❡ ❧✐❣♥❡ ❞❡ ❝❤❛♠❜r❡s✳ ❧✬❡♥s❡♠❜❧❡ ❞❡s s♦rt✐❡s ❡st ❡♥t♦✉ré ♣❛r ✉♥❡

❧✐❣♥❡ ❡♥ ♣♦✐♥t✐❧❧é ✭♦✉t❧❡t✮✳

P♦✉r r❡❝♦♥st✐t✉❡r ❧❡ ❝②t♦sq✉❡❧❡tt❡ ❞✬❛❝t✐♥❡ ✐♥ ✈✐tr♦✱ ♦♥ ✉t✐❧✐s❡ ✉♥❡ s♦❧✉✲
t✐♦♥ ❝♦♥t❡♥❛♥t ✉♥ ❛❣❡♥t ✈✐sq✉❡✉①✱ ❧❛ ♠❡t❤②❧✲❝❡❧❧✉❧♦s❡✱ q✉✐ ✜①❡ ❧❛ ✈✐s❝♦s✐té ❞✉
♠✐❝r♦✲❡♥✈✐r♦♥♥❡♠❡♥t à 1, 8.10−3Pa.s−1✱ ✉♥❡ ✈❛❧❡✉r ♣r♦❝❤❡ ❞❡ ❝❡❧❧❡ ❞✉ ❝②t♦✲
♣❧❛s♠❡ ❝❡❧❧✉❧❛✐r❡ ❬✹✾✱ ✶✵✷❪✱ s♦✐t ❡♥✈✐r♦♥ ❞❡✉① ❢♦✐s ♣❧✉s q✉❡ ❧✬❡❛✉✳ ▲❛ s♦❧✉t✐♦♥
♥❡ ♣❡✉t ❞♦♥❝ s✬é❝♦✉❧❡r ❞❛♥s ❧❡ ❝✐r❝✉✐t ♠✐❝r♦✢✉✐❞✐q✉❡ ♣❛r ❧✬✉♥✐q✉❡ ❡✛❡t ❞❡ ❧❛
♣r❡ss✐♦♥ ❤②❞r♦st❛t✐q✉❡✳ ▲❡ ❞✐s♣♦s✐t✐❢ ♠✐❝r♦✢✉✐❞✐q✉❡ ❞❡✈r❛ ❞♦♥❝ êtr❡ ❛ss♦❝✐é
à ✉♥ s②stè♠❡ ❞✬✐♥❥❡❝t✐♦♥ ❡①t❡r♥❡ ❡t ♥♦✉s ♥❡ ♣♦✉✈♦♥s ❛❜❛✐ss❡r ❧❛ ❤❛✉t❡✉r ❞✉
❝❛♥❛❧ ♠✐❝r♦✢✉✐❞✐q✉❡ ❡♥ ❞❡ss♦✉s ❞❡ ✹✵ µm s✐ ♦♥ ✈❡✉t é✈✐t❡r t♦✉t r✐sq✉❡ ❞❡ ❢✉✐t❡✳

✾✵
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❱♦✐❝✐ ❧❡ s❝❤é♠❛ ❞✬❡①♣❧✐❝❛t✐♦♥ ❞✉ ❢♦♥❝t✐♦♥♥❡♠❡♥t ❞✉ ❞✐s♣♦s✐t✐❢ q✉❡ ♥♦✉s
❛✈♦♥s ♠✐s ❛✉ ♣♦✐♥t✳

objectif

lamelle échantillon

lame support

PDMS

connecteur

injecteur d’air

tube

solution

capillaire

❋✐❣✉r❡ ✷✳✹✻ ✕ ❙❝❤é♠❛ ❡♥ ❝♦✉♣❡ ❞✉ ❞✐s♣♦s✐t✐❢ ♠✐❝r♦✢✉✐❞✐q✉❡ ♣♦✉r ❧❡s ❙▼❘■❱✳

▲❡ ❜❧♦❝ ❞❡ P❉▼❙ ❝♦♥t✐❡♥t ❧❡ ❝✐r❝✉✐t ♠✐❝r♦✢✉✐❞✐q✉❡ à s❛ s✉r❢❛❝❡ s✉♣ér✐❡✉r❡
❡t ❝♦♥t✐❡♥t ✉♥ tr♦✉ ✜♥ q✉✐ ❧❡ tr❛✈❡rs❡✳ ❈❡ tr♦✉ ❡st ❛❧✐❣♥é ❛✈❡❝ ❧✬❡♥tré❡ ❞✉ ❝✐r✲
❝✉✐t ❛✉ ♥✐✈❡❛✉ ❞✉ ❝❡r❝❧❡ ♣♦✐♥t✐❧❧é ♥♦té ✧✐♥❧❡t✧ s✉r ❧❛ ❋✐❣✉r❡ ✸✹✳ ▲❡ ❜❧♦❝ ❞❡
P❉▼❙ ❡st ❝♦❧❧é ❞❡ ❢❛ç♦♥ ❝♦✈❛❧❡♥t❡ à ✉♥❡ ❧❛♠❡ ❡♥ ✈❡rr❡ ♣❡r❝é❡ ❛✉ ♥✐✈❡❛✉ ❞✉
tr♦✉ ❞✉ ❜❧♦❝ ❞❡ P❉▼❙✳ ❈❡tt❡ ❧❛♠❡ ❡♥ ✈❡rr❡ ❡st ✉♥ s✉♣♣♦rt ♠é❝❛♥✐q✉❡ r✐❣✐❞❡
♣♦✉r ♠❛✐♥t❡♥✐r ❧❛ ♣❧❛♥é✐té ❞❡ ❧❛ s✉r❢❛❝❡ s✉♣ér✐❡✉r❡ ❞✉ P❉▼❙✳ ❖♥ ♣❡✉t ❝♦❧❧❡r
s✉r ❧❛ s✉r❢❛❝❡ ✐♥❢ér✐❡✉r❡ ❞❡ ❝❡tt❡ ❧❛♠❡ ❡♥ ✈❡rr❡ ✉♥ ❝♦♥♥❡❝t❡✉r ♠✐❝r♦✢✉✐❞✐q✉❡✳
▲❡ ❝♦♥♥❡❝t❡✉r ♣❡r♠❡t ❞❡ ✈✐ss❡r ✉♥ ❝❛♣✐❧❧❛✐r❡ ❡♥ ♣❧❛st✐q✉❡ ❛✉ ❝✐r❝✉✐t ♠✐❝r♦✲
✢✉✐❞✐q✉❡✳ ▲✬❛✉tr❡ ❡①tré♠✐té ❞✉ ❝❛♣✐❧❧❛✐r❡ ❡st r❡❧✐é❡ ❛✉ s②stè♠❡ ❞✬✐♥❥❡❝t✐♦♥✳ ▲❡
❝❛♣✐❧❧❛✐r❡ ❡st très ✜♥ ♣♦✉r ♠✐♥✐♠✐s❡r ❧❡s é❝❤❛♥❣❡s ♣❛r ❞✐✛✉s✐♦♥ ❡♥tr❡ ❞❡✉①
s♦❧✉t✐♦♥s s✬é❝♦✉❧❛♥t ❧✬✉♥❡ à ❧❛ s✉✐t❡ ❞❡ ❧✬❛✉tr❡ ❡t ❧❡ ❝♦♥♥❡❝t❡✉r ♠✐♥✐♠✐s❡ ❧❡s
✈♦❧✉♠❡s ♠♦rts✳ ❊♥✜♥✱ ❧❡s ❝❛♥❛✉① s♦♥t ❢❡r♠és ♣❛r ✉♥❡ ❧❛♠❡❧❧❡ ❡♥ ✈❡rr❡ ♣❛r
s✐♠♣❧❡ ❝♦♥t❛❝t✳

P♦✉r ✉♥❡ ❡①♣ér✐❡♥❝❡ ❝❧❛ss✐q✉❡ ❡♥tr❡ ❧❛♠❡ ❡t ❧❛♠❡❧❧❡ ✭ré❛❧✐sé❡ ❡♥ r♦✉t✐♥❡
❛✉ ❧❛❜♦r❛t♦✐r❡✮✱ ❧❛ s♦❧✉t✐♦♥ q✉✬♦♥ ❛♣♣❡❧❧❡ ❛✉ss✐ ✧♠✐①✧ ❡t q✉✐ ❝♦♥t✐❡♥t ❧❡s
♣r♦té✐♥❡s ♣✉r✐✜é❡s ♥❡ ❞é♣❛ss❡ ❥❛♠❛✐s ❧❡s ✻✵ µL✳ ▲❡ ♠✐① ❡st ♣✐♣❡té ❛✉ ❢♦♥❞ ❞✬✉♥
t✉❜❡ à ❡ss❛✐ ❛✈❛♥t ❞✬êtr❡ ♣❧❛❝é ❡♥tr❡ ❧❛♠❡ ❡t ❧❛♠❡❧❧❡ ❡t r❛♣✐❞❡♠❡♥t ♦❜s❡r✈é✳
❈❤❛q✉❡ ❛❝t✐♦♥ ❞❡ ♣✐♣❡t❛❣❡ s✉♣♣❧é♠❡♥t❛✐r❡ ❡st s✉s❝❡♣t✐❜❧❡ ❞❡ ❞étér✐♦r❡r ❧❡s
♣r♦té✐♥❡s ♣rés❡♥t❡s ❞❛♥s ❧❛ s♦❧✉t✐♦♥✳ ◆♦✉s ❛✈♦♥s ❞♦♥❝ ❝❤♦✐s✐ ❞✬✉t✐❧✐s❡r ✉♥
s②stè♠❡ ❞✬✐♥❥❡❝t✐♦♥ q✉✐ ♣ré❧è✈❡ ❧❛ s♦❧✉t✐♦♥ ❞✐r❡❝t❡♠❡♥t ❞❛♥s ❧❡ t✉❜❡ à ❡ss❛✐
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❞❛♥s ❧❡q✉❡❧ ❧❛ s♦❧✉t✐♦♥ ❛ été ♣ré♣❛ré❡✱ ❝♦♠♠❡ ❧❡ ♠♦♥tr❡ ❧❛ ❋✐❣✉r❡ ✹✼ ❝✐✲
❞❡ss♦✉s✳

entrée d’air

solution

capillaire

bloc hermétique

❋✐❣✉r❡ ✷✳✹✼ ✕ ▲❡ ❋▲❖❲❊▲▲ ✿ ❜❧♦❝ ❞✬✐♥❥❡❝t✐♦♥ ❞✉ ✢✉✐❞❡ ♣❛r ❝♦♠♣r❡ss✐♦♥ ❞✬❛✐r✳

❈❡ s②stè♠❡ ❞✬✐♥❥❡❝t✐♦♥ ❡st ✉♥ s②stè♠❡ ❞❡ ❧❛ ❝♦♠♣❛❣♥✐❡ ❋❧✉✐❣❡♥t✳ ■❧ s❡
❝♦♠♣♦s❡ ❞✬✉♥ ❜❧♦❝ ❤❡r♠ét✐q✉❡ s✉r ❧❡q✉❡❧ ♦♥ ✈✐ss❡ ✉♥ t✉❜❡ stér✐❧❡ ✵✳✺ ♠▲
❝♦♥t❡♥❛♥t ❧❛ s♦❧✉t✐♦♥ à ✐♥❥❡❝t❡r✳ ▲❡ ❝❛♣✐❧❧❛✐r❡ ♣❧♦♥❣❡ ❞❛♥s ❧❛ s♦❧✉t✐♦♥ ❡t ✉♥❡
❡♥tré❡ ❞✬❛✐r ♣❡r♠❡t ❞❡ ♠❡ttr❡ ❧❡ ❣❛③ s♦✉s ♣r❡ss✐♦♥ ❞❛♥s ❧❡ ❜❧♦❝ ❤❡r♠ét✐q✉❡
❡t ❞❡ ♣♦✉ss❡r ❧❛ s♦❧✉t✐♦♥ ❞❛♥s ❧❡ ❝❛♣✐❧❧❛✐r❡✳ P♦✉r ♣❛ss❡r ❞✬✉♥❡ s♦❧✉t✐♦♥ ✶ à
✉♥❡ s♦❧✉t✐♦♥ ✷✱ ✐❧ s✉✣t ❞❡ ❞é✈✐ss❡r ❧❡ t✉❜❡ ❝♦♥t❡♥❛♥t ❧❛ s♦❧✉t✐♦♥ ✶ ❡t ❞❡ ❧❡
r❡♠♣❧❛❝❡r ♣❛r ✉♥ ❛✉tr❡ t✉❜❡ ❝♦♥t❡♥❛♥t ❧❛ s♦❧✉t✐♦♥ ✷ ✳ ▲❡ t✉❜❡ stér✐❧❡ ét❛♥t
♣❧❛❝é ♣❧✉s ❜❛s q✉❡ ❧❡ ❝✐r❝✉✐t ♠✐❝r♦✢✉✐❞✐q✉❡✱ ❧❛ s♦❧✉t✐♦♥ ✶ ♥❡ r❡♠♦♥t❡ ♣❛s
❞❛♥s ❧❡ ❝❛♣✐❧❧❛✐r❡✳ ❉❡ ❝❡tt❡ ♠❛♥✐èr❡✱ ❧❛ ❝♦♥♥❡①✐♦♥ ✢✉✐❞❡ ❡♥tr❡ ❧❛ s♦❧✉t✐♦♥
✶ ❝♦♥t❡♥✉❡ ❞❛♥s ❧❡ ❝❛♣✐❧❧❛✐r❡✱ ❡t ❧❛ s♦❧✉t✐♦♥ ✷ ❝♦♥t❡♥✉❡ ❛✉ ❢♦♥❞ ❞✉ t✉❜❡✱
s❡ ❢❛✐t s❛♥s ❢♦r♠❛t✐♦♥ ❞❡ ❜✉❧❧❡ ❡t s❛♥s ♠é❧❛♥❣❡ ❡♥tr❡ ❧❡s s♦❧✉t✐♦♥s ✶ ❡t ✷✳
▲✬✐♥❥❡❝t❡✉r ❞✬❛✐r ❡st ✉♥ ▼❋❈❙ ❞❡ ❝❤❡③ ❋❧✉✐❣❡♥t✳ ■❧ ❣é♥èr❡ ❞❡s ✢✉① st❛❜❧❡s ❡t
s❛♥s ♣✉❧s❛t✐♦♥s t♦✉t ❡♥ ❛②❛♥t ✉♥ t❡♠♣s ❞❡ ré♣♦♥s❡ ✐♥st❛♥t❛♥é✳

Pr♦t♦❝♦❧❡ ✽ ✭❝❢✳ ❆♥♥❡①❡s✮ ✿
▼♦♥t❛❣❡ ❡t ✉t✐❧✐s❛t✐♦♥ ❞✉ ❞✐s♣♦s✐t✐❢ ♠✐❝r♦✢✉✐❞✐q✉❡ ♣♦✉r ❧❡s ❙▼❘■❱✳
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▲❡s ❝❛❧✐❜r❛t✐♦♥s ❞✉ ❞✐s♣♦s✐t✐❢

❈❛❧✐❜r❛t✐♦♥ ❞✉ r❡♠♣❧✐ss❛❣❡ ❞❡s ❝❤❛♠❜r❡s ✿ ✈♦✐r ❋✐❣✉r❡ ✷✾✳

❆♣rès ♣❧✉s✐❡✉rs ❡ss❛✐s ❞❡ r❡♠♣❧✐ss❛❣❡ ❞✉ ❝✐r❝✉✐t ❛✈❡❝ ❞✐✛ér❡♥t❡s ♣r❡ss✐♦♥s
❛♣♣❧✐q✉é❡s✱ ❧❛ ♣r❡ss✐♦♥ ♦♣t✐♠❛❧❡ q✉✐ ❡♥❣❡♥❞r❡ ❝❡♥t ♣♦✉r ❝❡♥t ❞❡s ❝❤❛♠❜r❡s
r❡♠♣❧✐❡s ❡st ❞❡ ✶✷✱✺ ♠❜❛rs✳ ❆ ❝❡tt❡ ♣r❡ss✐♦♥✱ ❧❡s ✶✵✵✵ ❝❤❛♠❜r❡s s❡ r❡♠♣❧✐ss❡♥t
❡♥ tr❡♥t❡ s❡❝♦♥❞❡s ❡♥✈✐r♦♥✳

❈❛❧✐❜r❛t✐♦♥ ❞✉ ❝❤❛♠♣ ❞❡ ✈✐t❡ss❡ ❞✉ ✢✉✐❞❡ ❞❛♥s ❧❡s ❝❤❛♠❜r❡s ✿ ❋✐❣✉r❡s ✸✼ ❀
✸✽ ❡t ✸✾✳

(A) 

(B) 

❋✐❣✉r❡ ✷✳✹✽ ✕ ✭❆✮ s♦❧✉t✐♦♥ ✈✐sq✉❡✉s❡ ✭1, 8.10−3Pa.s−1✮ ❝♦♥t❡♥❛♥t ❞❡s ❜✐❧❧❡s ❡♥ ♣♦❧②st②✲

rè♥❡ ✢✉♦r❡s❝❡♥t ❞❡ ❞✐❛♠ètr❡ ✶ µm s✬é❝♦✉❧❛♥t ❞❛♥s ✉♥❡ ❧✐❣♥❡ ❞❡ ❝❤❛♠❜r❡s✳ ✭❇✮ ❙✐♠✉❧❛t✐♦♥

♥✉♠ér✐q✉❡ s✉r ❈❖▼❙❖▲ ❞✉ ❝❤❛♠♣ ❞❡ ✈✐t❡ss❡s ❞✬✉♥ ✢✉✐❞❡ ❞❡ ✈✐s❝♦s✐té 1, 8.10−3Pa.s−1

s✬é❝♦✉❧❛♥t ❞❛♥s ✉♥❡ ❧✐❣♥❡ ❞❡ ❝❤❛♠❜r❡s✳ ▲❡s ❝♦✉❧❡✉rs s♦♠❜r❡s r❡♣rés❡♥t❡♥t ❧❡s ❜❛ss❡s ✈✐✲

t❡ss❡s ❡t ❧❡s ❝♦✉❧❡✉rs ❝❧❛✐r❡s r❡♣rés❡♥t❡♥t ❧❡s ❤❛✉t❡s ✈✐t❡ss❡s✳ ✭❆✮ ❡t ✭❇✮ ▲❡s ❝❤✐✛r❡s ✜❣✉r❛♥t

❛✉ ❞❡ss✉s ❞❡ ❝❤❛q✉❡ ❝❤❛♠❜r❡ ❞♦♥♥❡♥t ❧❡ ♥✉♠ér♦ ❝♦rr❡s♣♦♥❞❛♥t à ❧❛ ♣♦s✐t✐♦♥ ❞❡ ❝❤❛❝✉♥❡

❞❡s ❝❤❛♠❜r❡s s✉r ❧❛ ❧✐❣♥❡ ❞❡ ❝❤❛♠❜r❡s✳

◆♦✉s ❛✈♦♥s ré❛❧✐sé✱ ❡♥ ♣❛r❛❧❧è❧❡✱ ❞❡ ♥♦♠❜r❡✉s❡s s✐♠✉❧❛t✐♦♥s ♥✉♠ér✐q✉❡s
❞✬é❝♦✉❧❡♠❡♥t ❡t ❞❡ ♥♦♠❜r❡✉① t❡sts ré❡❧s ❞✬é❝♦✉❧❡♠❡♥t ❛✈❡❝ ❞❡s ❜✐❧❧❡s ✉t✐❧✐sé❡s
❝♦♠♠❡ tr❛❝❡✉rs ❞❡ ✈✐t❡ss❡✳ ◆♦✉s ❛✈♦♥s r❡❧❡✈é ❧❡s ✈❛❧❡✉rs ❞❡ ❧❛ ✈✐t❡ss❡ ❞✉ ✢✉✐❞❡
❛✉ ❝❡♥tr❡ ❞❡ ❝❤❛q✉❡ ❝❤❛♠❜r❡✳ ▲❛ ❋✐❣✉r❡ ✹✾ r❡♣♦rt❡ ❧❡s ✈❛❧❡✉rs ♠❡s✉ré❡s✳
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(A)! (B)!

(C)! (D)!

❋✐❣✉r❡ ✷✳✹✾ ✕ ❍✐st♦❣r❛♠♠❡s ❞❡s ♠❡s✉r❡s ❞❡ ❧❛ ✈✐t❡ss❡ ❞✉ ✢✉✐❞❡ ❛✉ ❝❡♥tr❡ ❞❡s ❝❤❛♠❜r❡s✱

❡♥ é❝♦✉❧❡♠❡♥t ré❡❧ ✭❆ ❀ ❇✮ ❡t ❡♥ s✐♠✉❧❛t✐♦♥ ♥✉♠ér✐q✉❡ ✭❈ ❀ ❉✮✳ ▲❛ ✈✐t❡ss❡ ❞✉ ✢✉✐❞❡ ❡♥ ❡♥tré❡

❞❡ ❧✐❣♥❡ ✜①é❡ à ✶✺✵ µm.s−1 ♣♦✉r ❧❡s ❝❛s ✭❆✮ ❡t ✭❈✮ ❡t ✜①é❡ à ✶✺✵✵ µm.s−1 ♣♦✉r ❧❡s ❝❛s

✭❇✮ ❡t ✭❉✮✳

P♦✉r ❝❤❛q✉❡ ❝❤❛♠❜r❡ ❞♦♥t ❧❡ ♥✉♠ér♦ ❛♣♣❛r❛ît ❡♥ ❛❜s❝✐ss❡s✱ ❧❛ ❜❛rr❡ ♥♦✐r❡
r❡♣rés❡♥t❡ ❧❛ ✈❛❧❡✉r ❞❡ ❧❛ ✈✐t❡ss❡ ♠❡s✉ré❡ ❡t ❧❛ ❜❛rr❡ ♦r❛♥❣é❡ r❡♣rés❡♥t❡ ❧❛
✈❛❧❡✉r ❞❡ ❧❛ ✈✐t❡ss❡ ♦❜t❡♥✉❡ ♣❛r s✐♠✉❧❛t✐♦♥ ♥✉♠ér✐q✉❡✳ ❉❛♥s ❧❡ ❝❛s ✭❆✮ ❧❡ ✢✉①
❞❛♥s ❧❡s ❝❤❛♠❜r❡s t♦♠❜❡ à ③ér♦ à ♣❛rt✐r ❞❡ ❧❛ ❝✐♥q✉✐è♠❡ ❝❤❛♠❜r❡✳ ❉❛♥s ❧❡ ❝❛s
✭❇✮✱ ❧❡ ✢✉① ❞❛♥s ❧❡s ❝❤❛♠❜r❡s t♦♠❜❡ à ③ér♦ à ♣❛rt✐r ❞❡ ❧❛ s❡♣t✐è♠❡ ❝❤❛♠❜r❡✳
❉♦♥❝ ❡♥ ❛✉❣♠❡♥t❛♥t ❞✐① ❢♦✐s ❧❛ ✈✐t❡ss❡ ❞✉ ✢✉✐❞❡ ❡♥ ❡♥tré❡ ❞✉ ❝✐r❝✉✐t✱ ❧❡ ✢✉①
③ér♦ ❛✉ ❝❡♥tr❡ ❞❡s ❝❤❛♠❜r❡s ❡st ❞é❝❛❧é s❡✉❧❡♠❡♥t ❞❡ ❞❡✉① ❝❤❛♠❜r❡s✳ ❆✈❡❝
❝❡tt❡ ❣é♦♠étr✐❡ ❞❡ ♠✐❝r♦❝❛♥❛✉① ✢✉✐❞✐q✉❡s✱ ❧❛ ré❞✉❝t✐♦♥ ❞✉ ✢✉① ❥✉sq✉✬à ③ér♦
❞❛♥s ❧❡s ❝❤❛♠❜r❡s ❡st ❞♦♥❝ ❡✣❝❛❝❡✳ P♦✉r ❧❡s s②stè♠❡s ❞✬❛❝t✐♥❡ r❡❝♦♥st✐t✉és ✐♥
✈✐tr♦ ♥♦✉s tr❛✈❛✐❧❧♦♥s ❡♥ ❣é♥ér❛❧ à ❞❡s ✈✐t❡ss❡s ❡♥ ❡♥tré❡ ❞❡ ❧✐❣♥❡ ❞❡ ❧✬♦r❞r❡ ❞❡
✺✵✵ µm.s−1✳ ◆♦✉s ♣♦✉✈♦♥s ❞♦♥❝ ❝♦♥s✐❞ér❡r q✉❡✱ ❞❛♥s ✉♥❡ ❧✐❣♥❡ ❞❡ ❝❤❛♠❜r❡✱
✐❧ ② ❛ ♣rés❡♥❝❡ ❞❡ ✢✉① ❤②❞r♦❞②♥❛♠✐q✉❡ ✉♥✐q✉❡♠❡♥t ❞❛♥s ❧❡s ✻ ♣r❡♠✐èr❡s
❝❤❛♠❜r❡s ❡t ❞❛♥s ❧❡s ✻ ❞❡r♥✐èr❡s ❝❤❛♠❜r❡s✱ ❡t q✉✬✐❧ ② ❛ ❛❜s❡♥❝❡ t♦t❛❧❡ ❞❡
❝♦♥tr❛✐♥t❡s ❤②❞r♦❞②♥❛♠✐q✉❡s ❞❛♥s t♦✉t❡s ❧❡s ❛✉tr❡s ❝❤❛♠❜r❡s q✉❡ ♥♦✉s ❛♣✲
♣❡❧♦♥s ✧❝❤❛♠❜r❡s ❝❡♥tr❛❧❡s✧✳
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❋✐❣✉r❡ ✷✳✺✵ ✕ ❙✐♠✉❧❛t✐♦♥ ♥✉♠ér✐q✉❡ ❞✉ ❝❤❛♠♣ ❞❡ ✈✐t❡ss❡s ❞✬✉♥ ✢✉✐❞❡ ❞❡ ✈✐s❝♦s✐té

1, 8.10−3Pa.s−1 ❞❛♥s ✉♥❡ ❝❤❛♠❜r❡ ❝❡♥tr❛❧❡ ❛✈❡❝ ✉♥❡ ✈✐t❡ss❡ ❞✉ ✢✉✐❞❡ à ❧✬❡♥tré❡ ❞❡ ❧❛ ❧✐❣♥❡

❞❡ ❝❤❛♠❜r❡s ✜①é❡ à ✷✹✵✵ µm.s−1✳

◆♦✉s ❛✈♦♥s ré❛❧✐sé ✉♥❡ s✐♠✉❧❛t✐♦♥ ❛✜♥ ❞✬♦❜s❡r✈❡r ♣❧✉s ✜♥❡♠❡♥t ❧❡ ❝❤❛♠♣
❞❡ ✈✐t❡ss❡s ❛✉ s❡✐♥ ❞✬✉♥❡ ❝❤❛♠❜r❡ ❝❡♥tr❛❧❡ ✭❋✐❣✉r❡ ✺✵✮✳ ◆♦✉s ❛✈♦♥s ✜①é ❧❛
✈✐t❡ss❡ ❞✉ ✢✉✐❞❡ ❡♥ ❡♥tré❡ ❞❡ ❝✐r❝✉✐t à ✷✹✵✵ µm.s−1 ❜✐❡♥ q✉✬❡♥ ré❛❧✐té ♥♦✉s ♥❡
♣♦✉✈♦♥s ❞é♣❛ss❡r ❧❡s ✶✺✵✵ µm.s−1 s♦✉s ♣❡✐♥❡ ❞❡ ❢✉✐t❡s ✐♠♣♦rt❛♥t❡s✳ ▼❛❧❣ré
❝❡❧❛✱ ❧❡ ✢✉① t♦♠❜❡ ❜✐❡♥ à ③ér♦ ❞❛♥s ❧❛ q✉❛s✐ t♦t❛❧✐té ❞❡ ❧❛ ❝❤❛♠❜r❡✳ ▲❛ ❣é♦✲
♠étr✐❡ ❞✉ ❝✐r❝✉✐t ♣❡r♠❡t ❞♦♥❝ ✉♥❡ ✉t✐❧✐s❛t✐♦♥ ❞❡s ❝❤❛♠❜r❡s s❛♥s ✢✉① ♠❛❧❣ré
❞❡ ❢♦rt❡s ✈✐t❡ss❡s ❞❡ ✢✉✐❞❡ ❞❛♥s ❧❡ ❝✐r❝✉✐t✳

❈❛❧✐❜r❛t✐♦♥ ❞✉ r❛♣♣♦rt ❛❞✈❡❝t✐♦♥✴❞✐✛✉s✐♦♥✳

❘❛♣♣❡❧♦♥s ❧✬❡①♣r❡ss✐♦♥ ❞✉ ♥♦♠❜r❡ ❞❡ P❡❝❧❡t ✿

Pe =
UL

D
✭✷✳✶✶✮

❙❛❝❤❛♥t q✉❡ ❧❛ ✈✐s❝♦s✐té ❞❡ ❧❛ s♦❧✉t✐♦♥ ✉t✐❧✐sé❡ ❡st 1, 8.10−3Pa.s−1✱ ❡♥ ✉t✐✲
❧✐s❛♥t ❧✬éq✉❛t✐♦♥ ❞✬❊✐♥st❡✐♥ ✭✷✳✸✮ ✭s❡❝t✐♦♥ ✷✳✷✳✶✮✱ ♦♥ ♣❡✉t ❝❛❧❝✉❧❡r ❧❡ ❝♦❡✣❝✐❡♥t
❞❡ ❞✐✛✉s✐♦♥✱ à t❡♠♣ér❛t✉r❡ ❛♠❜✐❛♥t❡✱ ❞✬✉♥ ♠♦♥♦♠èr❡ ❞✬❛❝t✐♥❡ ❞♦♥t ❧❡ r❛②♦♥
❡st ❡♥✈✐r♦♥ ✷ ♥♠ ❬✶✽✵❪ ✿ ♦♥ tr♦✉✈❡ DactineG ≈ ✷✽✵ µm2.s−1✳

❊♥ ♠♦②❡♥♥❛♥t ❧❡s ♠❡s✉r❡s ❡t ❧❡s s✐♠✉❧❛t✐♦♥s ♥✉♠ér✐q✉❡s ❞❡s ✈✐t❡ss❡s
❞✬é❝♦✉❧❡♠❡♥t ❞❡ ❧❛ s♦❧✉t✐♦♥ ❞❛♥s ❧❡s ❝❤❛♠❜r❡s ❝❡♥tr❛❧❡s ✶✻ à ✷✶ ✭✈♦✐r ❋✐✲
❣✉r❡ ✸✼❆✮ ♦♥ ♦❜t✐❡♥t ✿ ✵✳✵✶ µm.s−1 ♣♦✉r ✉♥❡ ✈✐t❡ss❡ ❡♥ ❡♥tré❡ ❞❡ ❧✐❣♥❡ é❣❛❧❡
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à ✶✺✵ µm.s−1 ❡t ♦♥ ♦❜t✐❡♥t ✵✳✷✺ µm.s−1 ♣♦✉r ✉♥❡ ✈✐t❡ss❡ ❡♥ ❡♥tré❡ ❞❡ ❧✐❣♥❡
é❣❛❧❡ à ✶✺✵✵ µm.s−1✳

❉♦♥❝✱ s❛❝❤❛♥t q✉✬✉♥❡ ❝❤❛♠❜r❡ ♠✐❝r♦✢✉✐❞✐q✉❡ ❢❛✐t ✸✵✵ µm ① ✸✵✵ µm✱
❛✈❡❝ ✉♥❡ ✈✐t❡ss❡ ✐♥✐t✐❛❧❡ ❞❛♥s ❈❆✶ é❣❛❧❡ à ✶✺✵ µm✱ ♦♥ ❛ ✿ PeactineG ≈

✵✳✵✵✺
❛✈❡❝ ✉♥❡ ✈✐t❡ss❡ ✐♥✐t✐❛❧❡ ❞❛♥s ❈❆✶ é❣❛❧❡ à ✶✺✵✵ µm✱ ♦♥ ❛ ✿ PeactineG ≈ ✵✳✶✸

❙❛❝❤❛♥t q✉❡ ♥♦✉s tr❛✈❛✐❧❧♦♥s ♣❧✉tôt ❛✈❡❝ ✉♥❡ ✈✐t❡ss❡ ❡♥ ❡♥tré❡ ❞❡ ❧✐❣♥❡
é❣❛❧❡ à ✺✵✵ µm.s−1✱ ❧❡ ♥♦♠❜r❡ ❞❡ P❡❝❧❡t r❡st❡ très ♣❡t✐t ❞❡✈❛♥t ✶✱ ❝❡ q✉✐
s✐❣♥✐✜❡ q✉❡ ❝✬❡st ❜✐❡♥ ❧❛ ❞✐✛✉s✐♦♥ q✉✐ ❞✐r✐❣❡ ❧❡ ♠♦✉✈❡♠❡♥t ❞❡s ♠♦❧é❝✉❧❡s
❞❛♥s ❧❡s ❝❤❛♠❜r❡s ❝❡♥tr❛❧❡s ❞✉ ❝✐r❝✉✐t ♠✐❝r♦✢✉✐❞✐q✉❡✳

❈❛❧✐❜r❛t✐♦♥ ❞✉ r❡♥♦✉✈❡❧❧❡♠❡♥t ❞❡ ❧❛ s♦❧✉t✐♦♥ ♣❛r ❞✐✛✉s✐♦♥ ❞❛♥s ❧❡s
❝❤❛♠❜r❡s ❝❡♥tr❛❧❡s ✿ ❋✐❣✉r❡s ✹✵ ❡t ✹✶✳

◆♦✉s ❡✛❡❝t✉♦♥s ❧✬❡①♣ér✐❡♥❝❡ ❞❡ ❧❛ ✜❣✉r❡ ✷✽ ♠❛✐s ❡♥ ✐♥✈❡rs❛♥t ❧❛ ❝♦✉❧❡✉r
❞❡s ✢✉♦r♦♣❤♦r❡s ✿ ▲❛ s♦❧✉t✐♦♥ ✶ ❝♦♥t✐❡♥t ❧❡s ✢✉♦r♦♣❤♦r❡s ❆❧❡①❛ ✺✻✽ ✭r♦✉❣❡✮
❡t ❧❛ s♦❧✉t✐♦♥ ✷ ❝♦♥t✐❡♥t ❧❡s ✢✉♦r♦♣❤♦r❡s ❆❧❡①❛ ✹✽✽ ✭✈❡rt✮✳ ❊♥ r❡❧❡✈❛♥t ❧❡s s✐✲
❣♥❛✉① ❞❡ ✢✉♦r❡s❝❡♥❝❡ ❛✉ ❝♦✉rs ❞✉ t❡♠♣s✱ ♥♦✉s ♦❜t❡♥♦♥s ❧❡s rés✉❧t❛ts ♠♦♥trés
❡♥ ✜❣✉r❡ ✺✶✳
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0 minutes 4 minutes

2 minutes 6 minutes

(A) 

(B) 

❋✐❣✉r❡ ✷✳✺✶ ✕ ✭❆✮ ❙❝❤é♠❛ ❞✬✉♥❡ ❝❤❛♠❜r❡ ❡t s❡s ❝❛♥❛✉① ❞✬❛❧✐♠❡♥t❛t✐♦♥ ✭❞é❧✐♠✐t❛t✐♦♥

❞❡s ❝❛♥❛✉① ♠✐❝r♦✢✉✐❞✐q✉❡s ♣❛r ❧❡s ❧✐❣♥❡s ❜❧❡✉❡s✮ ✳ ▲❡s ♠❡s✉r❡s ❞❡s s✐❣♥❛✉① ❞❡ ✢✉♦r❡s❝❡♥❝❡

s♦♥t r❡❧❡✈és ❧❡ ❧♦♥❣ ❞❡ ❧❛ ❧✐❣♥❡ ❡♥ ♣♦✐♥t✐❧❧é ❜❧❛♥❝ q✉✐ ♣❛ss❡ ♣❛r ❧❡ ❝❡♥tr❡ ❞❡s ♦✉✈❡rt✉r❡s

❞❡ ❧❛ ❝❤❛♠❜r❡✳ ✭❇✮ ❙éq✉❡♥❝❡ ❛✉ ❝♦✉rs ❞✉ t❡♠♣s ❞❡ ❧✬é✈♦❧✉t✐♦♥ ❞✉ s✐❣♥❛❧ ❞❡ ✢✉♦r❡s❝❡♥❝❡

❞✬❆❧❡①❛ ✺✻✽ ✭r♦✉❣❡✮ ❡t ❞✉ s✐❣♥❛❧ ❞❡ ✢✉♦r❡s❝❡♥❝❡ ❞✬❆❧❡①❛ ✹✽✽ ✭✈❡rt✮✳ ❆✉ t❡♠♣s t ❂ ✵ ♠✐♥

❧❛ s♦❧✉t✐♦♥ ✷ ❛rr✐✈❡ ❛✉ ♥✐✈❡❛✉ ❞❡ ❧❛ ❝❤❛♠❜r❡✳

❊♥ ♠♦②❡♥♥❛♥t ❝❡s s✐❣♥❛✉① ❞❡ ✢✉♦r❡s❝❡♥❝❡ ❡t ❡♥ ❧❡s ♥♦r♠❛❧✐s❛♥t à ✶✱ ♦♥
♦❜t✐❡♥t ❧❡ ❣r❛♣❤✐q✉❡ ❞❡ ❧❛ ❋✐❣✉r❡ ✺✷✳
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(B) Diffusion of molecules throught chamber inlets. 

(A) (B) 

A

B

C

0"

0,2"

0,4"

0,6"

0,8"

1"

0" 1" 2" 3" 4" 5" 6" 7" 8"

❋✐❣✉r❡ ✷✳✺✷ ✕ ✭❆✮ ▲❡ s❡❣♠❡♥t ❬❆❇❪ ❡t ❧❡ s❡❣♠❡♥t ❬❇❈❪ s♦♥t ❧❡s ♣♦rt✐♦♥s ❞❡ ❧❛ ❧✐❣♥❡

❞❡ ♠❡s✉r❡ ❞❡ ❧❛ ✜❣✉r❡ ♣ré❝é❞❡♥t❡ s✉r ❧❡sq✉❡❧s ❧❡s ✈❛❧❡✉rs ❞❡s s✐❣♥❛✉① ❞❡ ✢✉♦r❡s❝❡♥❝❡ s♦♥t

♠♦②❡♥♥és✳ ✭❇✮ ❘❡♣rés❡♥t❛t✐♦♥ ❣r❛♣❤✐q✉❡ ❞❡s s✐❣♥❛✉① ❞❡ ✢✉♦r❡s❝❡♥❝❡ ❞✬❆❧❡①❛ ✺✻✽ ✭r♦✉❣❡✮

❡t ❞✬❆❧❡①❛ ✹✽✽ ✭✈❡rt✮ ♠♦②❡♥♥és s✉r ❧❡ s❡❣♠❡♥t ❬❆❇❪ ✭❧✐❣♥❡s ♣❧❡✐♥❡s✮ ❡t ♠♦②❡♥♥és s✉r ❧❡

s❡❣♠❡♥t ❬❇❈❪ ✭❧✐❣♥❡s ♣♦✐♥t✐❧❧é❡s✮✳

▲❛ ❞✐✛✉s✐♦♥ ❞❡s ✢✉♦r♦♣❤♦r❡s ❞❡ ❧❛ ❝❤❛♠❜r❡ ✈❡rs ❧❡s ❝❛♥❛✉① ❞✬❛❧✐♠❡♥t❛t✐♦♥
s❡ ❢❛✐t à ❧❛ ♠ê♠❡ ✈✐t❡ss❡ q✉❡ ❧❡✉r ❞✐✛✉s✐♦♥ ❞❡♣✉✐s ❧❛ ❝❤❛♠❜r❡ ✈❡rs ❧❡s ❝❛♥❛✉①
❞✬❛❧✐♠❡♥t❛t✐♦♥✳ ▲♦rsq✉✬✉♥ s♦❧✉té ❡st ♣rés❡♥t ❞❛♥s ❧❡s ❝❛♥❛✉① ❞✬❛❧✐♠❡♥t❛t✐♦♥
à ✉♥❡ ❝♦♥❝❡♥tr❛t✐♦♥ ❈ ❡t ❛❜s❡♥t ❞❛♥s ❧❛ ❝❤❛♠❜r❡✱ ♦♥ ❞é✜♥✐r❛ ❧❡ t❡♠♣s ❞❡
r❡♥♦✉✈❡❧❧❡♠❡♥t ♣❛r ❧❡ t❡♠♣s ♣♦✉r q✉❡ ❧❡ s♦❧✉té ❛tt❡✐❣♥❡ ❧❛ ❝♦♥❝❡♥tr❛t✐♦♥
❈ ❞❛♥s ❧❛ t♦t❛❧✐té ❞❡ ❧❛ ❝❤❛♠❜r❡✳ ■❝✐ ❧❡ t❡♠♣s ❞❡ r❡♥♦✉✈❡❧❧❡♠❡♥t ♣♦✉r ❧❛
♠♦❧é❝✉❧❡ ❆❧❡①❛ ❡st tr,Alexa ≈ 7min✳

❉✬❛♣rès ❧❡s éq✉❛t✐♦♥s ✭✷✳✷✮ ❡t ✭✷✳✸✮ ❞❡ ❧❛ s❡❝t✐♦♥ ✷✳✷✳✶✱ ❡t à ❣r❛❞✐❡♥t ❞❡
❝♦♥❝❡♥tr❛t✐♦♥ ✐❞❡♥t✐q✉❡✱ ♦♥ ♣❡✉t ♣♦s❡r ✿

tactineG
talexa

≈
RactineG

Ralexa

✭✷✳✶✷✮

❆✈❡❝ ✿ tr,actine ✿ ❚❡♠♣s ❞❡ r❡♥♦✉✈❡❧❧❡♠❡♥t ♣♦✉r ❧❡ ♠♦♥♦♠èr❡ ❞✬❛❝t✐♥❡✳ [m]
tr,Alexa ✿ ❚❡♠♣s ❞❡ r❡♥♦✉✈❡❧❧❡♠❡♥t ♣♦✉r ❧❛ ♠♦❧é❝✉❧❡ ❛❧❡①❛✳ [s]
Ractine ✿ ❘❛②♦♥ ❞✉ ♠♦♥♦♠èr❡ ❞✬❛❝t✐♥❡✳ [m]
RAlexa ✿ ❘❛②♦♥ ❞❡ ❧❛ ♠♦❧é❝✉❧❡ ❆❧❡①❛✳ [m]
talexa ≈ 7minutes ❀ RactineG = ✷✳✸ ♥♠ ❬✶✽✵❪ ❀ Ralexa = ✵✳✻ ♥♠ ❬✺✽❪✳ ❖♥

♣❡✉t ❞♦♥❝ ❡st✐♠❡r ❧❡ t❡♠♣s ❞❡ r❡♥♦✉✈❡❧❧❡♠❡♥t ❞❡ ❧✬❛❝t✐♥❡ ❣❧♦❜✉❧❛✐r❡ ❞❛♥s ❧❡s
❝❤❛♠❜r❡s tr,actine ≈ ✷✼ ♠✐♥✉t❡s✳

✾✽
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✷✳✷✳✸ ❈♦♥trô❧❡ ❞❡ ❧❛ ❝✐♥ét✐q✉❡ ❞❡ ♣♦❧②♠ér✐s❛t✐♦♥ ❞✉ ✜✲
❧❛♠❡♥t ❞✬❛❝t✐♥❡ ✐♥❞✐✈✐❞✉❡❧

Pr✐♥❝✐♣❡ ❞❡ ❧✬❡①♣ér✐❡♥❝❡

◆♦✉s ✉t✐❧✐s♦♥s ❧❡ ❞✐s♣♦s✐t✐❢ ♠✐❝r♦✢✉✐❞✐q✉❡ ❛❞❛♣té ❛✉① ❙▼❘■❱ ♣♦✉r ❝♦♥trô✲
❧❡r✱ ❞❛♥s ❧❡ t❡♠♣s✱ ❧❛ ❝♦♥❝❡♥tr❛t✐♦♥ ❡♥ ♠♦♥♦♠èr❡s ❞✬❛❝t✐♥❡ ❞❛♥s ❧❡ ♠✐❝r♦✲
❡♥✈✐r♦♥♥❡♠❡♥t ❞✬✉♥ ✜❧❛♠❡♥t ❞✬❛❝t✐♥❡ ✐♥❞✐✈✐❞✉❡❧ ❧✐❜r❡✳

   Si-PEG 5 kDa
         

   PDMS natif
         

mix

  filaments d’actine

 

PDMS natif

objectif

verre
         

Lamelle verre échantillon
         

Lame verre support
         

PDMS natif
         

huile optique Lamelle verre

échantillon
         

Lame verre support
         

PDMS natif
         

(A.1)!

(B.1)!

(B.2)!

(A.2)!

❋✐❣✉r❡ ✷✳✺✸ ✕ ✭❆✳✶✮ ❙❝❤é♠❛ ❡♥ ❝♦✉♣❡ ❞✉ ♠♦♥t❛❣❡ ❞✉ ❞✐♣♦s✐t✐❢ ♠✐❝r♦✢✉✐❞✐q✉❡✳ ✭❆✳✷✮
❱✉❡ ❡♥ ♣❡rs♣❡❝t✐✈❡✳ ✭❇✳✶✮ ❙❝❤é♠❛ ❡♥ ❝♦✉♣❡ ❞✉ ❞✐♣♦s✐t✐❢ ♠✐❝r♦✢✉✐❞✐q✉❡ ♠♦♥té✳ ✭❇✳✷✮ ❱✉❡ ❞❡
❧✬♦❜❥❡❝t✐❢ ❞✉ ♠✐❝r♦s❝♦♣❡ ❞✬✉♥❡ ❝❤❛♠❜r❡ ♠✐❝r♦✢✉✐❞✐q✉❡ r❡♠♣❧✐❡ ❞✉ ♠✐① ❞✬é❧♦♥❣❛t✐♦♥ ✭✈❡rt✮
❝♦♥t❡♥❛♥t ❞❡s ✜❧❛♠❡♥ts ✐♥❞✐✈✐❞✉❡❧s ✭r♦✉❣❡✮ ♣♦❧②♠ér✐s❛♥t s✉r ❧❛ s✉r❢❛❝❡ ❞❡ ❙✐✲P❊● ✺ ❦❉❛✳

✾✾
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▲❛ ❧❛♠❡❧❧❡ ❡♥ ✈❡rr❡ q✉✐ r❡❢❡r♠❡ ❧❡ ❝✐❝r✉✐t ♠✐❝r♦✢✉✐❞✐q✉❡ ❡st r❡❝♦✉✈❡rt❡
❞✬✉♥❡ ❝♦✉❝❤❡ ❞❡ ❙✐✲P❊● ✭❞❡ ♣♦✐❞s ♠♦❧é❝✉❧❛✐r❡ ✺ ❦❉❛ ♣❛r ❝❤❛✐♥❡ ❞❡ P❊●✮
s❡❧♦♥ ❧❡ ♣r♦t♦❝♦❧❡ ✾✳ ▲❡s ✜❧❛♠❡♥ts ❞✬❛❝t✐♥❡ ♣♦❧②♠ér✐s❛♥t s❡ r❡tr♦✉✈❡♥t ❡♥
❝♦♥t❛❝t ❛✈❡❝ ❧❡ P❊● ❡t ♥✬❛❞❤èr❡♥t ♣❛s ❛✉ ✈❡rr❡✳ ▲❡s ✜❧❛♠❡♥ts ❞✬❛❝t✐♥❡ q✉✐
♣♦❧②♠ér✐s❡♥t ❞❛♥s ❧❡s ❝❤❛♠❜r❡s s❛♥s ✢✉① ♦♥t ❧❡✉rs ❞❡✉① ❡①tré♠✐tés ❧✐❜r❡s ❡t
♥❡ s♦♥t s♦✉♠✐s q✉✬❛✉① ✢✉❝t✉❛t✐♦♥s t❤❡r♠✐q✉❡s ❝♦♥tr❛✐r❡♠❡♥t ❛✉① ✜❧❛♠❡♥ts
❞✬❛❝t✐♥❡ q✉✐ ♣♦❧②♠ér✐s❡♥t ❞❛♥s ❧❡s ❝❛♥❛✉① ❞✬❛❧✐♠❡♥t❛t✐♦♥ q✉✐ s♦♥t s♦✉♠✐s
❛✉① ❢♦r❝❡s ❞❡ ❝✐s❛✐❧❧❡♠❡♥t ❞✉ ✢✉① ❧❛♠✐♥❛✐r❡ ♣rés❡♥t✳ ▲✬❡①♣ér✐❡♥❝❡ ❝♦♥s✐st❡
à ♠♦❞✐✜❡r ❧❛ ❝♦♥❝❡♥tr❛t✐♦♥ ❞❡s ♠♦♥♦♠èr❡s ❞✬❛❝t✐♥❡ ❞❛♥s ❧❡s ❝❤❛♠❜r❡s s❛♥s
✢✉① ❛✉ ❝♦✉rs ❞❡ ❧❛ ♣♦❧②♠ér✐s❛t✐♦♥ ❞❡s ✜❧❛♠❡♥ts ❞✬❛❝t✐♥❡ ✐♥❞✐✈✐❞✉❡❧s✳ ❈❡tt❡
♠♦❞✐✜❝❛t✐♦♥ s✬❛❝❝♦♠♣❛❣♥❡ ❞✬✉♥❡ ♠♦❞✐✜❝❛t✐♦♥ ❞✉ ✢✉♦r♦♣❤♦r❡ ❞❡ ♠❛rq✉❛❣❡
❞❡s ♠♦♥♦♠èr❡s ❞✬❛❝t✐♥❡✳ ▲✬♦❜s❡r✈❛t✐♦♥ s❡ ❢❛✐t ♣❛r ♠✐❝r♦s❝♦♣✐❡ ❞❡ ✢✉♦r❡s❝❡♥❝❡
à ♦♥❞❡ é✈❛♥❡s❝❡♥t❡✳

Pr♦t♦❝♦❧❡ ✾ ✭❝❢✳ ❆♥♥❡①❡s✮ ✿
❉é♣ôt ❞❡ ❙✐✲P❊● ✭✺ ❦❉❛✮ s✉r ✉♥❡ ❧❛♠❡❧❧❡ ❡♥ ✈❡rr❡✳

✶✵✵
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❘és✉❧t❛ts

15 min! 30 min! 45 min!

60 min! 75 min! 90 min!

(A)! (B)!

90 min!

❋✐❣✉r❡ ✷✳✺✹ ✕ ✭❆✮ ❈✐♥ét✐q✉❡ ❞❡ ♣♦❧②♠ér✐s❛t✐♦♥ ❞✬✉♥ ✜❧❛♠❡♥t ❞✬❛❝t✐♥❡ ✐♥❞✐✈✐❞✉❡❧ ❞❛♥s

✉♥ ♠✐❝r♦✲❡♥✈✐r♦♥♥❡♠❡♥t ♠♦❞✐✜é ❛✉ ❝♦✉rs ❞✉ t❡♠♣s ✿ ▼✐① ✶ ✭t❂✵✮ ✿ ✵✱✹ µM ❞❡ ❞✬❛❝t✐♥❡✲●

♠❛rq✉és ♣❛r ❆❧❡①❛✲✹✽✽ ❀ ▼✐① ✷ ✭t❂✹✺ ♠✐♥✉t❡s✮ ✿ ✵✱✽ µM ❞✬❛❝t✐♥❡✲● ♠❛rq✉és ♣❛r ❆❧❡①❛✲

✺✻✽ ❀ ▼✐① ✸ ✭t❂✽✺ ♠✐♥✉t❡s✮ ✿ ✵ µM ❞✬❛❝t✐♥❡✲●✳ ❈❡s tr♦✐s ♠✐① ❞✐✛✉s❡♥t s✉❝❝❡ss✐✈❡♠❡♥t ❞❛♥s

❧❛ ❝❤❛♠❜r❡ s❛♥s ✢✉①✳ ▲❛ ✢è❝❤❡ ❜❧❛♥❝❤❡ ✐♥❞✐q✉❡ ❧✬❡①tré♠✐té ❜❛r❜é❡ ❞✉ ✜❧❛♠❡♥t ❞✬❛❝t✐♥❡✳ ✭❇✮

❱✐s✉❛❧✐s❛t✐♦♥✱ à t❂✾✵ ♠✐♥✉t❡s✱ ❞❡s ✜❧❛♠❡♥ts ❞✬❛❝t✐♥❡ ❞❛♥s ❧❡ ❝❛♥❛❧ ❞✬❛❧✐♠❡♥t❛t✐♦♥ ❛❞❥❛❝❡♥t

à ❧❛ ❝❤❛♠❜r❡ s❛♥s ✢✉① ♦❜s❡r✈é❡ ❡♥ ✭❆✮✳ ■♠❛❣❡r✐❡ ✿ ♠✐❝r♦s❝♦♣✐❡ ❞❡ ✢✉♦r❡s❝❡♥❝❡ ❝❧❛ss✐q✉❡✳

P❛r ❝♦♠♣❛r❛✐s♦♥ ❞❡ ✺✹❆ ❡t ✺✹❇ ♦♥ s❡ r❡♥❞ ❜✐❡♥ ❝♦♠♣t❡ q✉❡ ❧✬❡♥✈✐r♦♥♥❡✲
♠❡♥t s❛♥s ✢✉①✱ q✉❡ ❧❛ ❝❤❛♠❜r❡ ♠✐❝r♦✢✉✐❞✐q✉❡ ♦✛r❡✱ ❡st ✐♥❞✐s♣❡♥s❛❜❧❡ ♣♦✉r
r❡♥♦✉✈❡❧❡r ❧❡s ❝♦♥st✐t✉❛♥ts ❜✐♦❝❤✐♠✐q✉❡s ❞❡ ❧❛ s♦❧✉t✐♦♥ s❛♥s q✉❡ ❧❡s ✜❧❛♠❡♥ts
s♦✐❡♥t ♣❡rt✉r❜és✳ ❆✉ss✐✱ ♥♦✉s ❛✈♦♥s ✐❝✐ ✉♥ s②stè♠❡ q✉✐ ♣❡r♠❡t ❞❡ r❡♥♦✉✈❡✲
❧❡r✱ ❡♥ t❡♠♣s ré❡❧✱ ❧❛ ❝♦♠♣♦s✐t✐♦♥ ❞✉ ♠✐❝r♦✲❡♥✈✐r♦♥♥❡♠❡♥t ❜✐♦❝❤✐♠✐q✉❡ s✉r
✉♥ ✜❧❛♠❡♥t ❞✬❛❝t✐♥❡ ✐♥❞✐✈✐❞✉❡❧ ❞♦♥t ❧❡s ❞❡✉① ❡①tré♠✐tés s♦♥t ❧✐❜r❡s ❡t q✉✐
♥✬❡st ♣❛s ❡♥ ❛❞❤ér❡♥❝❡ ❛✈❡❝ ❧❛ s✉r❢❛❝❡✳ ▲❡s rés✉❧t❛ts q✉❛♥t✐t❛t✐❢s ❞❡ ❝❡tt❡
❡①♣ér✐❡♥❝❡ s♦♥t ♠♦♥trés s✉r ❧❡s ❋✐❣✉r❡s ✹✹ ❡t ✹✺✳

✶✵✶
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contrôle de la polymérisation 
et de la dépolymérisation
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❋✐❣✉r❡ ✷✳✺✺ ✕ ❈❤❛q✉❡ ♣♦✐♥t ❞✉ ❣r❛♣❤✐q✉❡ ❡st ✉♥❡ ♠❡s✉r❡ ❞❡ ❧❛ ❧♦♥❣✉❡✉r ❞✉ ✜❧❛♠❡♥t✳

❊♥ ✈❡rt ✿ ♣♦❧②♠ér✐s❛t✐♦♥ ❞✉ ✜❧❛♠❡♥t ❡♥ ♣rés❡♥❝❡ ❞✉ ▼✐① ✶ ❀ ❊♥ r♦✉❣❡ ✿ ♣♦❧②♠ér✐s❛t✐♦♥ ❞✉

✜❧❛♠❡♥t ❡♥ ♣rés❡♥❝❡ ❞✉ ▼✐① ✷ ❀ ❡♥ ♥♦✐r ✿ ❞é♣♦❧②♠ér✐s❛t✐♦♥ ❞✉ ✜❧❛♠❡♥t ❡♥ ♣rés❡♥❝❡ ❞✉ ▼✐①

✸✳ ❧❡s ❞r♦✐t❡s s♦♥t ❧❡s ré❣r❡ss✐♦♥s ❧✐♥é❛✐r❡s✳

vitesses de polymérisation et 
de dépolymérisation
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❋✐❣✉r❡ ✷✳✺✻ ✕ ▼♦②❡♥♥❡ ❞❡ ❧❛ ✈✐t❡ss❡ ❞❡ ♣♦❧②♠ér✐s❛t✐♦♥✴❞é♣♦❧②♠ér✐s❛t✐♦♥ ❞❡s ✜❧❛♠❡♥ts

❞✬❛❝t✐♥❡ ✐♥❞✐✈✐❞✉❡❧s ❞❛♥s ❧❡s tr♦✐s ré❣✐♠❡s ✿ ▼✐① ✶ ✭✈❡rt✮✱ ▼✐① ✷ ✭r♦✉❣❡✮ ❡t ▼✐① ✸ ✭♥♦✐r✮✳

❈❤❛q✉❡ ♣♦✐♥t r❡♣rés❡♥t❡ ❧❛ ✈✐t❡ss❡ ❞❡ ♣♦❧②♠ér✐s❛t✐♦♥ ♦✉ ❞❡ ❞é♣♦❧②♠ér✐s❛t✐♦♥ ❞✬✉♥ ✜❧❛♠❡♥t

❞✬❛❝t✐♥❡ ❞❛♥s ❧❡ ré❣✐♠❡ ❝♦rr❡s♣♦♥❞❛♥t✳ ▲❡s ❧✐❣♥❡s ❤♦r✐③♦♥t❛❧❡s ✐♥❞✐q✉❡♥t ❧❛ ✈❛❧❡✉r ♠♦②❡♥♥❡

❞✉ ❣r♦✉♣❡ ❞❡ ♣♦✐♥ts ❞❛♥s ❝❤❛❝✉♥ ❞❡s tr♦✐s ré❣✐♠❡s✳

✶✵✷
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❈❡s rés✉❧t❛ts ♣r♦✉✈❡♥t q✉✬♦♥ ❡st ❝❛♣❛❜❧❡ ❞❡ ❝♦♥trô❧❡r ❧❛ ✈✐t❡ss❡ ❞❡ ♣♦❧②✲
♠ér✐s❛t✐♦♥ ❞✬✉♥ ✜❧❛♠❡♥t ❞✬❛❝t✐♥❡ ❧✐❜r❡ ✐♥ ✈✐tr♦✱ ❞✬✐♥❞✉✐r❡ s❛ ❞é♣♦❧②♠ér✐s❛t✐♦♥
❡t ❞✬♦❜t❡♥✐r ❞❡s ❞♦♥♥é❡s q✉❛♥t✐t❛t✐✈❡s ❞❡s ✈✐t❡ss❡s ❝♦rr❡s♣♦♥❞❛♥t❡s✳ ▲❡ ❞✐s✲
♣♦s✐t✐❢ ♠✐❝r♦✢✉✐❞✐q✉❡ ❡st ❞♦♥❝ ✉♥ ❜♦♥ ♦✉t✐❧ ❞❡ ♠❡s✉r❡ ♣♦✉r t♦✉t❡ ét✉❞❡ ❞②♥❛✲
♠✐q✉❡ ❞✉ ✜❧❛♠❡♥t ❞✬❛❝t✐♥❡ ✐♥❞✐✈✐❞✉❡❧✱ ❝✬❡st ❧❡ ♣r❡♠✐❡r ❞✐s♣♦s✐t✐❢ ♣❡r♠❡tt❛♥t
❞❡ ❢❛✐r❡ ✐♥t❡r✈❡♥✐r ✉♥❡ ♣r♦té✐♥❡ s✉r ✉♥ ✜❧❛♠❡♥t ❞✬❛❝t✐♥❡ ❧✐❜r❡ ✭❡①tré♠✐té ❜❛r✲
❜é❡ ❡t ❡①tré♠✐té ♣♦✐♥t✉❡ s♦✉♠✐s❡s ✉♥✐q✉❡♠❡♥t ❛✉① ✢✉❝t✉❛t✐♦♥s t❤❡r♠✐q✉❡s✮
❡♥ ❝♦✉rs ❞❡ ♣♦❧②♠ér✐s❛t✐♦♥ ♦✉ ❞❡ ❞é♣♦❧②♠ér✐s❛t✐♦♥✳ ■❧ ♣❡r♠❡t ❞♦♥❝ ❞✬ét✉✲
❞✐❡r t♦✉s ❧❡s t②♣❡s ❞✬✐♥t❡r❛❝t✐♦♥s ❞✬✉♥ ✜❧❛♠❡♥t ❞✬❛❝t✐♥❡ ✐♥❞✐✈✐❞✉❡❧ ❛✈❡❝ ❞❡s
♣r♦té✐♥❡s ❛ss♦❝✐é❡s à ❧✬❛❝t✐♥❡✳

❉✐s❝✉ss✐♦♥

❯♥❡ ♣r♦té✐♥❡ ✐♥t❡r❛❣✐ss❛♥t s✉r ❧✬❡①tré♠✐té ♦✉ s✉r ❧❡ ❜♦r❞ ❞✬✉♥ ✜❧❛♠❡♥t
❞✬❛❝t✐♥❡ ♣❡✉t ♠♦❞✐✜❡r ❧❛ ❝♦♥❢♦r♠❛t✐♦♥ ❞✉ ✜❧❛♠❡♥t ❞✬❛❝t✐♥❡✳ ❈❡s ♠♦❞✐✜❝❛✲
t✐♦♥s ♣❡✉✈❡♥t êtr❡ ❞❡s ❝❤❛♥❣❡♠❡♥ts ❞❡ ❝♦♥❢♦r♠❛t✐♦♥ ♣❤②s✐q✉❡ ✭❝♦♥❢♦r♠❛✲
t✐♦♥ tr✐❞✐♠❡♥s✐♦♥♥❡❧❧❡✱ ❧♦♥❣✉❡✉r ❞❡ ♣❡rs✐st❛♥❝❡✮ ❡t✴♦✉ ❞❡s ❝❤❛♥❣❡♠❡♥ts ❞❡
❝♦♥❢♦r♠❛t✐♦♥ ❝❤✐♠✐q✉❡ ✭ét❛t ♥✉❝❧é♦t✐❞✐q✉❡ ❞❡s s♦✉s✲✉♥✐tés ♠♦♥♦♠ér✐q✉❡s✮✳
P❛r ❝♦♥séq✉❡♥t ✉♥❡ ♣r♦té✐♥❡ α ✐♥t❡r✈❡♥❛♥t s✉r ❧❡ ✜❧❛♠❡♥t ❞✬❛❝t✐♥❡ ✐♥✢✉❡♥❝❡
❧❡s ❛✣♥✐tés ❞✬✐♥t❡r❛❝t✐♦♥ ❞✬✉♥❡ ♣r♦té✐♥❡ β s✉r ❝❡ ♠ê♠❡ ✜❧❛♠❡♥t ❞✬❛❝t✐♥❡✳

▲❛ q✉❡st✐♦♥ ❣é♥ér❛❧❡ q✉✬♦♥ ♣❡✉t s❡ ♣♦s❡r ❡st ❧❛ s✉✐✈❛♥t❡ ✿ ❧❡ ✜❧❛♠❡♥t
❞✬❛❝t✐♥❡ ❛✉r❛✲t✲✐❧ ❧❛ ♠ê♠❡ ❝♦♥❢♦r♠❛t✐♦♥ ✜♥❛❧❡✱ ❞❛♥s ❧❡ ❝❛s ♦✉ ❧❛ ♣r♦té✐♥❡ α
✐♥t❡r✈✐❡♥t ❛✈❛♥t ❧❛ ♣r♦té✐♥❡ β✱ ❡t ❞❛♥s ❧❡ ❝❛s ♦✉ ❧❛ ♣r♦té✐♥❡ β ✐♥t❡r✈✐❡♥t ❛✈❛♥t
❧❛ ♣r♦té✐♥❡ α ❄

P❧✉s ♣ré❝✐sé♠❡♥t ✿ ◗✉❡❧❧❡ ❡st ❧❛ ♣♦rté❡ ❞✬✉♥❡ ♠♦❞✐✜❝❛t✐♦♥ ❞❡ ❝♦♥❢♦r♠❛✲
t✐♦♥ ♣❛r ✉♥❡ ♣r♦té✐♥❡ ❧❡ ❧♦♥❣ ❞✉ ✜❧❛♠❡♥t ❞✬❛❝t✐♥❡ ❄ ❆✉tr❡♠❡♥t ❞✐t✱ s✐ ✉♥❡
♣r♦té✐♥❡ α ✐♥t❡r❛❣✐t ❛✈❡❝ ❧❡ ✜❧❛♠❡♥t à ✉♥❡ ❛❜s❝✐ss❡ ❝✉r✈✐❧✐❣♥❡ xα✱ ❥✉sq✉✬à
q✉❡❧❧❡ ❛❜s❝✐ss❡ ❝✉r✈✐❧✐❣♥❡ xβ ❝❡tt❡ ♣r♦té✐♥❡ ♣❡✉t✲❡❧❧❡ ✐♥✢✉❡♥❝❡r ❧✬✐♥t❡r❛❝t✐♦♥
❞✬✉♥❡ ♣r♦té✐♥❡ β ❧❡ ❧♦♥❣ ❞✉ ✜❧❛♠❡♥t ❞✬❛❝t✐♥❡ ❄

❯♥❡ ❡①♣ér✐❡♥❝❡ ❝❧❛ss✐q✉❡ ✭s♦❧✉t✐♦♥ ❡♥tr❡ ❧❛♠❡ ❡t ❧❛♠❡❧❧❡✮ ♥❡ ♣❡r♠❡t ♣❛s
❞❡ ré♣♦♥❞r❡ ❝♦rr❡❝t❡♠❡♥t à ❝❡s q✉❡st✐♦♥s ❝❛r t♦✉t❡s ❧❡s ♣r♦té✐♥❡s ❛❣✐ss❡♥t
❡♥ ♠ê♠❡ t❡♠♣s ❡t ❞ès ❧❡ ❞é❜✉t ❞❡ ❧❛ ♣♦❧②♠ér✐s❛t✐♦♥ ❞✉ ✜❧❛♠❡♥t ❞✬❛❝t✐♥❡✳
▲❡ ❝♦♥trô❧❡ t❡♠♣♦r❡❧ ❞❡ ❧❛ ❝♦♥❝❡♥tr❛t✐♦♥ ♠❛ss✐q✉❡ ❞❡s ♣r♦té✐♥❡s ❞❛♥s ❧❡s
❝❤❛♠❜r❡s ♠✐❝r♦✢✉✐❞✐q✉❡s s❛♥s ✢✉① ♣❡✉t ♥♦✉s ♣❡r♠❡ttr❡ ❞❡ ré♣♦♥❞r❡ à ❞❡
t❡❧❧❡s q✉❡st✐♦♥s✳ ❊♥ ❡✛❡t✱ ❧❡ r❡♥♦✉✈❡❧❧❡♠❡♥t ❞❡ ❧❛ s♦❧✉t✐♦♥ r❡♥❞ ♣♦ss✐❜❧❡
❧✬ét✉❞❡ ❞✉ ❝❤❛♥❣❡♠❡♥t ❞❡ ❧✬♦r❞r❡ ❞✬✐♥t❡r✈❡♥t✐♦♥ ❞❡s ♣r♦té✐♥❡s ❞❛♥s ❧❡ t❡♠♣s✳

❆✉ss✐✱ ❡♥ s❡ ♣❧❛ç❛♥t à ❧❛ ❝♦♥❝❡♥tr❛t✐♦♥ ❝r✐t✐q✉❡ ❡♥ ♠♦♥♦♠èr❡s ❞✬❛❝t✐♥❡
❞❛♥s ❧❛ ❝❤❛♠❜r❡ ♠✐❝r♦✢✉✐❞✐q✉❡✱ ♦♥ ♣♦✉rr❛✐t r❡♣r♦❞✉✐r❡ ❧❡ ♣❤é♥♦♠è♥❡ ❞❡
✧tr❡❛❞♠✐❧❧✐♥❣✧ s✉r ✉♥ ✜❧❛♠❡♥t ✐♥❞✐✈✐❞✉❡❧✳ ▲❛ ❧♦♥❣✉❡✉r ❞✬✉♥ ✜❧❛♠❡♥t ❡♥ ré✲
❣✐♠❡ ❞❡ tr❡❛❞♠✐❧❧✐♥❣ ❡st ❝♦♥st❛♥t❡ ❛✉ ❝♦✉rs ❞✉ t❡♠♣s t♦✉t ❝♦♠♠❡ ❧❛ ❧♦♥❣✉❡✉r
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❞❡ s❡s ♣♦rt✐♦♥s ❆❚P✱ ❆❉P✲P✐ ❡t ❆❉P✳ ❖♥ ♣♦✉rr❛✐t ❞♦♥❝ ❢❛❝✐❧❡♠❡♥t ét✉❞✐❡r
❧❛ ❞②♥❛♠✐q✉❡ ❞❡s ✐♥t❡r❛❝t✐♦♥s ❞❡s ♣r♦té✐♥❡s q✉✐ s✬❛ss♦❝✐❡♥t ❛✉① ❝ôtés ❞❡s
✜❧❛♠❡♥ts ❞✬❛❝t✐♥❡ ❡♥ ❢♦♥❝t✐♦♥ ❞❡ ❧❡✉r â❣❡ ♥✉❝❧é♦t✐❞✐q✉❡✳ ▲❡ s②stè♠❡ ♠✐❝r♦✲
✢✉✐❞✐q✉❡ ♣♦✉r ❧❡s ❙▼❘■❱ ❡st ♣♦✉r ❧✬❤❡✉r❡ ❧❡ s❡✉❧ s②stè♠❡ ❞❛♥s ❧❡q✉❡❧ ❝❡ t②♣❡
❞✬❡①♣ér✐❡♥❝❡ ❡st ♣♦ss✐❜❧❡✳

✶✵✹
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✷✳✷✳✹ ❈♦♥trô❧❡ ❞❡ ❧❛ ❝✐♥ét✐q✉❡ ❞✬❛ss❡♠❜❧❛❣❡ ❞❡s str✉❝✲
t✉r❡s ❞✬❛❝t✐♥❡ é❧é♠❡♥t❛✐r❡s

Pr✐♥❝✐♣❡ ❞❡ ❧✬❡①♣ér✐❡♥❝❡

◆♦✉s ❝♦✉♣❧♦♥s ❧❡ ❞✐s♣♦s✐t✐❢ ♠✐❝r♦✢✉✐❞✐q✉❡ ❛❞❛♣té ❛✉① ❙▼❘■❱ ❡t ❧❡ ♠✐✲
❝r♦♣❛tt❡r♥✐♥❣ ❲❆❙P ♣♦✉r ❝♦♥trô❧❡r✱ ❞❛♥s ❧❡ t❡♠♣s✱ ❧❛ ❝♦♥❝❡♥tr❛t✐♦♥ ❡♥ ♠♦✲
♥♦♠èr❡s ❞✬❛❝t✐♥❡ ❞❛♥s ❧❡ ♠✐❝r♦✲❡♥✈✐r♦♥♥❡♠❡♥t ❞❡s ❛r❝❤✐t❡❝t✉r❡s ❞✬❛❝t✐♥❡ r❡✲
❝♦♥st✐t✉é❡s✳

   PLL-PEG

         

   PDMS natif
         

mix

  filaments d’actine

 

PDMS natif

verre
         

Lamelle verre échantillon
         

Lame verre support
         

PDMS natif
         

Lamelle verre échantillon
         

Lame verre support
         

PDMS natif
         

peptide pWa

objectif

(A.1)!

(B.1)!

(B.2)!

(A.2)!

❋✐❣✉r❡ ✷✳✺✼ ✕ ✭❆✳✶✮ ❙❝❤é♠❛ ❡♥ ❝♦✉♣❡ ❞✉ ♠♦♥t❛❣❡ ❞✉ ❞✐♣♦s✐t✐❢ ♠✐❝r♦✢✉✐❞✐q✉❡✳ ✭❆✳✷✮

❱✉❡ ❡♥ ♣❡rs♣❡❝t✐✈❡✳ ✭❇✳✶✮ ❙❝❤é♠❛ ❡♥ ❝♦✉♣❡ ❞✉ ❞✐♣♦s✐t✐❢ ♠✐❝r♦✢✉✐❞✐q✉❡ ♠♦♥té✳ ✭❇✳✷✮ ❱✉❡ ❞❡

❧✬♦❜❥❡❝t✐❢ ❞✉ ♠✐❝r♦s❝♦♣❡ ❞✬✉♥❡ ❝❤❛♠❜r❡ ♠✐❝r♦✢✉✐❞✐q✉❡ r❡♠♣❧✐❡ ❞✉ ♠✐① ❞✬é❧♦♥❣❛t✐♦♥ ✭✈❡rt✮

❝♦♥t❡♥❛♥t ❞❡s ✜❧❛♠❡♥ts ♣❛r❛❧❧è❧❡s ✭r♦✉❣❡✮ ✐ss✉s ❞✬✉♥ ♠✐❝r♦✲♣❛tt❡r♥ ❲❆❙P ❡t ♣♦❧②♠ér✐s❛♥t

s✉r ✉♥❡ s✉r❢❛❝❡ ❞❡ P▲▲✲P❊●✳
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▲❛ ❧❛♠❡❧❧❡ ❡♥ ✈❡rr❡ q✉✐ r❡❢❡r♠❡ ❧❡ ❝✐❝r✉✐t ♠✐❝r♦✢✉✐❞✐q✉❡ ❡st r❡❝♦✉✈❡rt❡
❞✬✉♥❡ ❝♦✉❝❤❡ ❞❡ P▲▲✲P❊● s❡❧♦♥ ❧❡ ♣r♦t♦❝♦❧❡ ✶✵✳ ❉❡s ③♦♥❡s ♦♥t étés ✐♥s♦❧é❡s
♣✉✐s r❡❝♦✉✈❡rt❡s ❞✉ ♣❡♣t✐❞❡ ❲❆❙P✳ ▲❡ ❝♦♠♣❧❡①❡ ❆r♣✷✴✸ ❝♦♥t❡♥✉ ❞❛♥s ❧❡
♠✐① ❞✬é❧♦♥❣❛t✐♦♥ ❛❝t✐✈é ♣❛r ❧❡s ♣❡♣t✐❞❡s ❲❆❙P ❞é❝❧❡♥❝❤❡ ❧❛ ♥✉❝❧é❛t✐♦♥ ❞❡s
✜❧❛♠❡♥ts ❞✬❛❝t✐♥❡ q✉✐ ♣♦❧②♠ér✐s❡♥t à ♣❛rt✐r ❞❡ ❝❡s ③♦♥❡s ♣❛r ❧❡✉r ❡①tré♠✐té
❜❛r❜é❡ ❞❛♥s ✉♥❡ ❞✐r❡❝t✐♦♥ ♣❡r♣❡♥❞✐❝✉❧❛✐r❡ ❛✉① ♠✐❝r♦♣❛tt❡r♥s ❲❆❙P✳ ▲❡s
✜❧❛♠❡♥ts ❞✬❛❝t✐♥❡ s♦♥t ❡♥ ❝♦♥t❛❝t ❛✈❡❝ ❧❡ P❊● ❡t ♥✬❛❞❤èr❡♥t ❞♦♥❝ ♣❛s ❛✉
✈❡rr❡✳

Pr♦t♦❝♦❧❡ ✶✵ ✭❝❢✳ ❆♥♥❡①❡s✮ ✿
❉é♣ôt ❞✬✉♥❡ ❝♦✉❝❤❡ ❞❡ P▲▲✲P❊● s✉r ✉♥❡ ❧❛♠❡❧❧❡ ❡♥ ✈❡rr❡

✶✵✻
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❘és✉❧t❛ts

(a)! (b)!

(c)! (d)!

❋✐❣✉r❡ ✷✳✺✽ ✕ ❋✐❧❛♠❡♥ts ❞✬❛❝t✐♥❡ ✐ss✉s ❞❡ ♠✐❝r♦♣❛tt❡r♥s ❲❆❙P ❡♥ ❞✐sq✉❡ ✭❛✮ ❡t ❡♥

❜❛rr❡s ✭❜✮✱ ❞❛♥s ✉♥❡ ❝❤❛♠❜r❡ s❛♥s ✢✉① ❡t ❞❛♥s ❧❡ ❝❛♥❛❧ ❞✬❛❧✐♠❡♥t❛t✐♦♥ ❛❞❥❛❝❡♥t✳ ✭❝✮ ❋✐❧❛✲

♠❡♥ts ❞✬❛❝t✐♥❡ ✐ss✉s ❞✬✉♥ ♠✐❝r♦♣❛tt❡r♥ ❲❆❙P ❡♥ ❢♦r♠❡ ❞❡ ❞✐sq✉❡ ❞❛♥s ❧❡ ♠✐① ❞✬é❧♦♥❣❛t✐♦♥

♣❧❛❝é ❡♥tr❡ ❧❛♠❡ ❡t ❧❛♠❡❧❧❡ ✭❡①♣ér✐❡♥❝❡ ✐♥ ✈✐tr♦ ❝❧❛ss✐q✉❡✮✳ ✭❞✮ ❋✐❧❛♠❡♥ts ❞✬❛❝t✐♥❡ ✐ss✉s ❞✬✉♥

♠✐❝r♦♣❛tt❡r♥ ❲❆❙P ❡♥ ❢♦r♠❡ ❞❡ ❞✐sq✉❡ ❞❛♥s ❧❡ ♠✐① ❞✬é❧♦♥❣❛t✐♦♥ ❞❛♥s ✉♥❡ ❝❤❛♠❜r❡ ♠✐✲

❝r♦✢✉✐❞✐q✉❡ s❛♥s ✢✉①✳ ❇❛rr❡ ❞✬é❝❤❡❧❧❡ ❂ ✸✵ µm ♣♦✉r ✭❝✮ ❡t ✭❞✮✳

❋✐❣✉r❡ ✺✽ ✿ ❊♥ ✭❛✮✱ ✭❜✮ ❡t ✭❞✮ ♦♥ ♦❜s❡r✈❡ q✉❡ ❧✬✉t✐❧✐s❛t✐♦♥ ❞❡s ❝❤❛♠❜r❡s
s❛♥s ✢✉① ♣r♦tè❣❡ ❧❡s ❛r❝❤✐t❡❝t✉r❡s ❞✬❛❝t✐♥❡ ❞❡s ❡✛❡ts ❞❡ ❝✐s❛✐❧❧❡♠❡♥t ❞❡ ✢✉①
❤②❞r♦❞②♥❛♠✐q✉❡✳ ▲✬✐♠❛❣❡ ✭❞✮ ♠♦♥tr❡ ❜✐❡♥ q✉❡ ❧❡s ✜❧❛♠❡♥ts ❞✬❛❝t✐♥❡ ♥❡ s♦♥t

✶✵✼



❈❍❆P■❚❘❊ ✷✳ ❘➱❙❯▲❚❆❚❙

♣❛s ♣❡rt✉r❜és ❛❧♦rs q✉✬❡♥ ✭❝✮ ♦♥ ♦❜s❡r✈❡ q✉❡ ❧❡s ✜❧❛♠❡♥ts ❞✬❛❝t✐♥❡ ♦♥t t❡♥✲
❞❛♥❝❡ à ❝♦❛❧❡s❝❡r s♦✉s ❧✬❡✛❡t ❞❡s ❧é❣❡rs ✢✉① q✉✐ s♦♥t ♣rés❡♥ts ❧❛ ♣❧✉♣❛rt ❞✉
t❡♠♣s ❞❛♥s ✉♥❡ ❡①♣ér✐❡♥❝❡ ❝❧❛ss✐q✉❡ ❡♥tr❡ ❧❛♠❡ ❡t ❧❛♠❡❧❧❡✳ ■❧ ❡st ❞♦♥❝ ♥❛✲
t✉r❡❧❧❡♠❡♥t ♣ré❢ér❛❜❧❡ ❞✬✉t✐❧✐s❡r ❧❡s ❝❤❛♠❜r❡s s❛♥s ✢✉① ♣♦✉r ❧❡s ét✉❞❡s ❞❡s
s②stè♠❡s ♠♦❧é❝✉❧❛✐r❡s r❡❝♦♥st✐t✉és ✐♥ ✈✐tr♦✳

❆✉ss✐✱ ♦♥ r❡♠❛rq✉❡✱ ❡♥ ✭❛✮✱ q✉❡ ❧❡s ✜❧❛♠❡♥ts ✐ss✉s ❞❡s ✧♠✐❝r♦♣❛tt❡r♥s✧
♥✉❝❧é❛t❡✉rs s♦✉♠✐s ❛✉ ✢✉① ❧❛♠✐♥❛✐r❡ ❞❛♥s ❧❡s ❝❛♥❛✉① ❞✬❛❧✐♠❡♥t❛t✐♦♥ r❡st❡♥t
♠❛❧❣ré t♦✉t ❛♥❝rés ❛✉① ♠♦t✐❢s ♣❛r ❧✐❛✐s♦♥ ❛✉ rés❡❛✉ ❜r❛♥❝❤é ♣rés❡♥t s✉r ❧❛
s✉r❢❛❝❡ ❞❡s ♠✐❝r♦♣❛tt❡r♥s ❲❆❙P✳ ❈❡❝✐ ❡st ♣♦t❡♥t✐❡❧❧❡♠❡♥t ❡①♣❧♦✐t❛❜❧❡ ♣♦✉r
❞❡s ét✉❞❡s ❞❡ ❢♦r❝❡s ❤②❞r♦❞②♥❛♠✐q✉❡s ❝♦♥trô❧é❡s s✉r ✉♥ rés❡❛✉ ❞❡ ✜❧❛♠❡♥ts
❞✬❛❝t✐♥❡ ♣❛r❛❧❧è❧❡s✱ ♥♦✉s ✈❡rr♦♥s ç❛ ♣❧✉s ❡♥ ❞ét❛✐❧ ❞❛♥s ❧❛ ♣❛rt✐❡ P❡rs♣❡❝t✐✈❡s
❞❡ ❝❡tt❡ t❤ès❡ ✭s❡❝t✐♦♥ ✸✮✳
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Alimentation continue ou limitée 
en monomères d'actine

(A.1)! (B)!(A.2)!

❋✐❣✉r❡ ✷✳✺✾ ✕ ✭❆✳✶✮ ❊❧♦♥❣❛t✐♦♥ ❞❡s ✜❧❛♠❡♥ts ❞✬❛❝t✐♥❡ ✐ss✉s ❞✬✉♥ ♠✐❝r♦♣❛tt❡r♥ ❲❆❙P

❡♥ ❜❛rr❡ ❞❛♥s ✉♥❡ ❝❤❛♠❜r❡ s❛♥s ✢✉① ❡t s❛♥s r❡♥♦✉✈❡❧❧❡♠❡♥t ❞❡s ♠♦♥♦♠èr❡s ❞✬❛❝t✐♥❡✳

✭❆✳✷✮ ❊❧♦♥❣❛t✐♦♥ ❞❡s ✜❧❛♠❡♥ts ❞✬❛❝t✐♥❡ ✐ss✉s ❞✬✉♥ ♠✐❝r♦♣❛tt❡r♥ ❲❆❙P ❡♥ ❜❛rr❡ ❞❛♥s ✉♥❡

❝❤❛♠❜r❡ s❛♥s ✢✉① ❛✈❡❝ r❡♥♦✉✈❡❧❧❡♠❡♥t ♣❡r♠❛♥❡♥t ❞❡s ♠♦♥♦♠èr❡s ❞✬❛❝t✐♥❡✳ ✭❇✮ ●r❛♣❤✐q✉❡

❞❡ ❧❛ ❧♦♥❣✉❡✉r ✧❞✧ ❞❡s ✜❧❛♠❡♥ts ✐ss✉s ❞❡s ♠✐❝r♦♣❛tt❡r♥s ❲❆❙P✱ s❛♥s r❡♥♦✉✈❡❧❧❡♠❡♥t ❞❡s

♠♦♥♦♠èr❡s ❞✬❛❝t✐♥❡ ✭♣♦✐♥ts ❣r✐s✮ ❡t ❛✈❡❝ r❡♥♦✉✈❡❧❧❡♠❡♥t ❞❡s ♠♦♥♦♠èr❡s ❞✬❛❝t✐♥❡ ✭♣♦✐♥ts

♥♦✐rs✮✳
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❋✐❣✉r❡ ✺✾ ✿ ❊♥ ✭❆✳✶✮ ❡t ❡♥ ✭❆✳✷✮ ❧❛ ❝♦♥❝❡♥tr❛t✐♦♥ ❡♥ ♠♦♥♦♠èr❡s ❞✬❛❝t✐♥❡
❡st ❧❛ ♠ê♠❡ ❞❛♥s t♦✉t ❧❡ ❝✐r❝✉✐t ♠✐❝r♦✢✉✐❞✐q✉❡ ✭❝❤❛♠❜r❡s ❡t ❝❛♥❛✉① ❞✬❛❧✐♠❡♥✲
t❛t✐♦♥✮✳ ❊♥ ✭❆✳✶✮ ♦♥ ❛ st♦♣♣é ❧✬é❝♦✉❧❡♠❡♥t ❞❛♥s ❧❡s ❝❛♥❛✉① ❞✬❛❧✐♠❡♥t❛t✐♦♥✱
❝❡ q✉✐ éq✉✐✈❛✉t à ✉♥❡ ❡①♣ér✐❡♥❝❡ ❝❧❛ss✐q✉❡ ❞❡ ♣♦❧②♠ér✐s❛t✐♦♥ ❞✬❛❝t✐♥❡ ❡♥tr❡
❧❛♠❡ ❡t ❧❛♠❡❧❧❡ ♦ù ❧❛ q✉❛♥t✐té ❞❡ ♠♦♥♦♠èr❡s ❞✬❛❝t✐♥❡ ❡st ❧✐♠✐té❡✳ ❊♥ ✭❆✳✷✮
❧❛ s♦❧✉t✐♦♥ ❝♦♥t❡♥❛♥t ❧❡s ♠♦♥♦♠èr❡s ❞✬❛❝t✐♥❡ s✬é❝♦✉❧❡ ❡♥ ♣❡r♠❛♥❡♥❝❡ ❞❛♥s
❧❡s ❝❛♥❛✉① ❞✬❛❧✐♠❡♥t❛t✐♦♥✳ ▲❡s str✉❝t✉r❡s ❞✬❛❝t✐♥❡ ❞❛♥s ❧❡s ❝❤❛♠❜r❡s s♦♥t
❞♦♥❝ ❛❧✐♠❡♥té❡s ❞❡ ❢❛ç♦♥ ❝♦♥t✐♥✉❡ ❡♥ ♠♦♥♦♠èr❡s ❞✬❛❝t✐♥❡✳ ▲❡ ❣r❛♣❤✐q✉❡ ✭❇✮
♠♦♥tr❡ q✉✬♦♥ ♣❡✉t ✐♥❞✉✐r❡ ✉♥❡ é❧♦♥❣❛t✐♦♥ q✉❛s✐ ❧✐♥é❛✐r❡ ❞❡s ✜❧❛♠❡♥ts ❞✬❛❝✲
t✐♥❡ ❞❛♥s ✉♥ rés❡❛✉ ♣❛r❛❧❧è❧❡✳ ❖r ❥✉sq✉✬à ♠❛✐♥t❡♥❛♥t✱ ❝❡ t②♣❡ ❞✬ét✉❞❡ q✉✐ s❡
❢❛✐s❛✐t ❡♥tr❡ ❧❛♠❡ ❡t ❧❛♠❡❧❧❡ ❞♦♥♥❛✐t r❛♣✐❞❡♠❡♥t ❧✐❡✉ à ✉♥ ét❛t st❛t✐♦♥♥❛✐r❡✱
❧❡s ♠♦♥♦♠èr❡s ❞✬❛❝t✐♥❡ ② ét❛♥t ❡♥ q✉❛♥t✐té ❧✐♠✐té❡✳

❙✐ ♦♥ ré❛❧✐s❡ ❧❡ ♠ê♠❡ t②♣❡ ❞✬❡①♣ér✐❡♥❝❡ q✉❡ ❝❡❧❧❡ ❞❡ ❧❛ ✜❣✉r❡ ✺✸✱ ♠❛✐s
❝❡tt❡ ❢♦✐s✲❝✐ ❛✈❡❝ ❧❡s rés❡❛✉① ❞❡ ✜❧❛♠❡♥ts ❞✬❛❝t✐♥❡ ♣❛r❛❧❧è❧❡s à ♦r✐❡♥t❛t✐♦♥
✐❞❡♥t✐q✉❡ ❣é♥érés ♣❛r ❧❡s ♠✐❝r♦♣❛tt❡r♥s ❲❆❙P✱ ♦♥ ♦❜t✐❡♥t ❧❡s rés✉❧t❛ts ♠♦♥✲
trés s✉r ❧❛ ✻✵✳ ▲❛ ❝♦♠♣❛r❛✐s♦♥ ❡♥tr❡ ✭❆✮ ❡t ✭❇✮ ♠♦♥tr❡ q✉❡ ❧✬❡♥✈✐r♦♥♥❡♠❡♥t
s❛♥s ✢✉① ❞❡ ❧❛ ❝❤❛♠❜r❡ ♠✐❝r♦✢✉✐❞✐q✉❡ ❡st ✐♥❞✐s♣❡♥s❛❜❧❡ ♣♦✉r r❡♥♦✉✈❡❧❡r
❧❡ ♠✐❝r♦✲❡♥✈✐r♦♥♥❡♠❡♥t ❜✐♦❝❤✐♠✐q✉❡ s❛♥s ♣❡rt✉r❜❡r ❧❡s str✉❝t✉r❡s ❞✬❛❝t✐♥❡
r❡❝♦♥st✐t✉é❡s✳ ▲✬✐♠❛❣❡ ✭❈✮ ❡st ✉♥ ❛✉tr❡ ❡①❡♠♣❧❡ ❞❡ ❣é♦♠étr✐❡ str✉❝t✉r❛❧❡✱
❧✬❡①♣ér✐❡♥❝❡ ❞❡ r❡♥♦✉✈❡❧❧❡♠❡♥t ❞✉ ♠✐❝r♦✲❡♥✈✐r♦♥♥❡♠❡♥t ❡st ❝♦♠♣❛t✐❜❧❡ ❛✈❡❝
t♦✉t❡ ❢♦r♠❡ ❣é♦♠étr✐q✉❡ ❞❡ ♠✐❝r♦♣❛tt❡r♥s✳ ❖♥ ♣❡✉t ❞♦♥❝ ❞✐r❡ q✉✬♦♥ ❛ ✉♥
❝♦✉♣❧❛❣❡ ❡♥tr❡ ❝♦♥trô❧❡ t❡♠♣♦r❡❧ ✭❞❡ ❧❛ s♦❧✉t✐♦♥ ❞❡ ♣♦❧②♠ér✐s❛t✐♦♥ ♣❛r ❧❛
♠✐❝r♦✢✉✐❞✐q✉❡✮ ❡t ❝♦♥trô❧❡ s♣❛t✐❛❧ ✭❞❡ ❧❛ ❣é♦♠étr✐❡ ❞❡ ♥✉❝❧é❛t✐♦♥ ❞❡s ✜❧❛✲
♠❡♥ts ❞✬❛❝t✐♥❡ ♣❛r ❧❡ ♠✐❝r♦♣❛tt❡r♥✐♥❣✮✳ ▲✬✐♠❛❣❡ ✭❉✮ ❡st ✉♥❡ ❞é♠♦♥str❛t✐♦♥
❞❡s ♣❡r❢♦r♠❛♥❝❡s ❞✉ ❞✐s♣♦s✐t✐❢ ♠✐❝r♦✢✉✐❞✐q✉❡ ✿ ❧❛ ❞✐✛✉s✐♦♥ à tr❛✈❡rs ❧❡s ❞❡✉①
♦✉✈❡rt✉r❡s ❞❡ ❧❛ ❝❤❛♠❜r❡ ♣❡r♠❡t ❞❡ r❡♥♦✉✈❡❧❡r ❧❛ s♦❧✉t✐♦♥ ❜✐♦❝❤✐♠✐q✉❡ ❞❡
❢❛ç♦♥ ❡✣❝❛❝❡✱ ✐❝✐ ✸ ♣❡r❢✉s✐♦♥s séq✉❡♥t✐❡❧❧❡s ❞❡ ❧❛ s♦❧✉t✐♦♥ ❡♥ ✶ ❤❡✉r❡ ❡t ✶✺
♠✐♥✉t❡s✳ ▲❡s t❡♠♣s ❞❡ r❡♥♦✉✈❡❧❧❡♠❡♥t s♦♥t ❝♦♥trô❧❛❜❧❡s ❣râ❝❡ à ❧✬✉t✐❧✐s❛t✐♦♥
❞✉ ♣♦✉ss❡✲❛✐r ❞❡ ❝❤❡③ ❋❧✉✐❣❡♥t✳ ▲♦rs ❞✬✉♥ r❡♥♦✉✈❡❧❧❡♠❡♥t✱ ❧❡s ♠♦♥♦♠èr❡s
♣rés❡♥ts ❞❛♥s ❧❛ ❝❤❛♠❜r❡ s❛♥s ✢✉① ❞✐✛✉s❡♥t ✈❡rs ❧✬❡①tér✐❡✉r ❡t ❧❡s ♥♦✉✈❡❛✉①
♠♦♥♦♠èr❡s ❝❤❛rr✐és ❞❛♥s ❧❡s ❝❛♥❛✉① ❞✬❛❧✐♠❡♥t❛t✐♦♥ ❞✐✛✉s❡♥t ✈❡rs ❧✬✐♥tér✐❡✉r
❞❡ ❧❛ ❝❤❛♠❜r❡✳ ❈❡t é❝❤❛♥❣❡ ❡st ❝❛r❛❝tér✐sé ♣❛r ❧❡ t❡♠♣s ❞❡ r❡♥♦✉✈❡❧❧❡♠❡♥t
❞❡ ❧❛ ♠♦❧é❝✉❧❡ é❝❤❛♥❣é❡ ✧tmolecule✧ q✉❡ ❧✬♦♥ ♣❡✉t ♦❜t❡♥✐r ♣❛r ❧❛ ❝❛❧✐❜r❛t✐♦♥
q✉❡ ♥♦✉s ❛✈♦♥s ❡✛❡❝t✉é❡ ❛✈❡❝ ❧❡s ♠♦❧é❝✉❧❡s ❞✬❆❧❡①❛✲❋❧✉♦r ✭❋✐❣✉r❡ ✺✶✮✳

✶✵✾
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(A)!

(D.4)!

(B)! (C)!

(D)!

(D.3)!

(D.2)!

(D.1)!

❋✐❣✉r❡ ✷✳✻✵ ✕ ✭❆✮✱✭❇✮ ❀✭❈✮ ❘❡♥♦✉✈❡❧❧❡♠❡♥t ❞❡s ♠♦♥♦♠èr❡s ❞✬❛❝t✐♥❡ ❛✉ ❝♦✉rs ❞❡ ❧✬é❧♦♥✲

❣❛t✐♦♥ ❞❡ rés❡❛✉① ❞❡ ✜❧❛♠❡♥ts ✐ss✉s ❞❡ ♠✐❝r♦♣❛tt❡r♥s ❲❆❙P✳ ✭❆✮ ❉❛♥s ✉♥ ❝❛♥❛❧ ❞✬❛❧✐♠❡♥✲

t❛t✐♦♥✳ ✭❇✮ ❀✭❈✮ ❉❛♥s ✉♥❡ ❝❤❛♠❜r❡ s❛♥s ✢✉①✳ ✭❆✮ ❀✭❇✮ ▼✐① ✶ ✿ ❛❝t✐♥❡ ❣❧♦❜✉❧❛✐r❡ ♠❛rq✉é❡ ♣❛r

❆❧❡①❛✲✹✽✽ ✷ µM ✭✜❧❛♠❡♥ts ❞✬❛❝t✐♥❡ ✈❡rts✮✱ ▼✐① ✷ ✿ ❛❝t✐♥❡ ❣❧♦❜✉❧❛✐r❡ ♠❛rq✉é❡ ♣❛r ❆❧❡①❛✲✺✻✽

✷ µM ✭✜❧❛♠❡♥ts ❞✬❛❝t✐♥❡ r♦✉❣❡s✮✳ ✭❈✮ ▼✐① ✶ ✿ ❛❝t✐♥❡ ❣❧♦❜✉❧❛✐r❡ ♠❛rq✉é❡ ♣❛r ❆❧❡①❛✲✺✻✽ ✷

µM ✭✜❧❛♠❡♥ts ❞✬❛❝t✐♥❡ r♦✉❣❡s✮✱ ▼✐① ✷ ✿ ❛❝t✐♥❡ ❣❧♦❜✉❧❛✐r❡ ♠❛rq✉é❡ ♣❛r ❆❧❡①❛✲✹✽✽ ✷ µM ✭✜✲

❧❛♠❡♥ts ❞✬❛❝t✐♥❡ ✈❡rts✮✳ ✭❉✮ ❘❡♥♦✉✈❡❧❧❡♠❡♥ts séq✉❡♥t✐❡❧s ❞❡s ♠♦♥♦♠èr❡s ❞✬❛❝t✐♥❡ ❛✉ ❝♦✉rs

❞❡ ❧✬é❧♦♥❣❛t✐♦♥ ❞❡ ✜❧❛♠❡♥ts ❞✬❛❝t✐♥❡ ✐ss✉s ❞✬✉♥ ♠✐❝r♦♣❛tt❡r♥ ❲❆❙P ❡♥ ❢♦r♠❡ ❞❡ ❜❛rr❡ ❞❛♥s

✉♥❡ ❝❤❛♠❜r❡ ♠✐❝r♦✢✉✐❞✐q✉❡ s❛♥s ✢✉① ❀ ✭❉✳✶✮ ❛❝t✐♥❡ ❣❧♦❜✉❧❛✐r❡ ♠❛rq✉é ♣❛r ❆❧❡①❛✲✹✽✽✱ ✶✵

♠✐♥✉t❡s ❞✬é❧♦♥❣❛t✐♦♥ ❀ ✭❉✳✷✮ ❛❝t✐♥❡ ❣❧♦❜✉❧❛✐r❡ ♠❛rq✉é ♣❛r ❆❧❡①❛✲✺✻✽✱ ✸✵ ♠✐♥✉t❡s ❞✬é❧♦♥❣❛✲

t✐♦♥ ❀ ✭❉✳✸✮ ❛❝t✐♥❡ ❣❧♦❜✉❧❛✐r❡ ♠❛rq✉é ♣❛r ❆❧❡①❛✲✻✹✼✱ ✶✺ ♠✐♥✉t❡s ❞✬é❧♦♥❣❛t✐♦♥ ❀ ✭❉✳✹✮ ❛❝t✐♥❡

❣❧♦❜✉❧❛✐r❡ ♠❛rq✉é ♣❛r ❆❧❡①❛✲✹✽✽✱ ✷✵ ♠✐♥✉t❡s ❞✬é❧♦♥❣❛t✐♦♥✳ ❇❛rr❡ ❞✬é❝❤❡❧❧❡ ❂ ✷✵ µm ♣♦✉r

✭❆✮✱ ✭❇✮✱ ✭❈✮ ❡t ✭❉✮✳

✶✶✵
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▲❡s rés❡❛✉① ❞❡ ✜❧❛♠❡♥ts ❞✬❛❝t✐♥❡ ♣❛r❛❧❧è❧❡s à ♦r✐❡♥t❛t✐♦♥ ✐❞❡♥t✐q✉❡ ❡①✐st❡♥t
❞❛♥s ❧❛ ❝❡❧❧✉❧❡✱ ❧❡s ✜❧♦♣♦❞❡s ❡♥ s♦♥t ✉♥ très ❜♦♥ ❡①❡♠♣❧❡✳ ❙✉r ❞❡ t❡❧❧❡s str✉❝✲
t✉r❡s✱ ❞❡s ♣r♦té✐♥❡s ❞❡ ❧✐❛✐s♦♥ ✈✐❡♥♥❡♥t ❛ss♦❝✐❡r ❧❡s ✜❧❛♠❡♥ts ❞✬❛❝t✐♥❡ ❡♥tr❡
❡✉① ❞❡ ❢❛ç♦♥ à ❛✉❣♠❡♥t❡r ❧❡✉r r✐❣✐❞✐té ♠é❝❛♥✐q✉❡✳ P♦✉r ét✉❞✐❡r ❧❛ ❞②♥❛✲
♠✐q✉❡ ❞❡ ♣♦❧②♠ér✐s❛t✐♦♥ ❡t ❞❡ ❞é♣♦❧②♠ér✐s❛t✐♦♥ ❞❡ ❝❡ t②♣❡ ❞✬❛r❝❤✐t❡❝t✉r❡✱
♥♦✉s ❛✈♦♥s ré❛❧✐sé ❧✬❡①♣ér✐❡♥❝❡ s✉✐✈❛♥t❡ ✿ ❞❛♥s ✉♥❡ s♦❧✉t✐♦♥ ✶ ♥♦✉s ❛✈♦♥s
❛❥♦✉té ✉♥❡ ♣r♦té✐♥❡ ❞❡ ❧✐❛✐s♦♥ ❝r♦✐sé❡ ✭❧❛ ❢❛s❝✐♥❡✮ s✉r ❧❡ rés❡❛✉ ❞❡ ✜❧❛♠❡♥ts
❞✬❛❝t✐♥❡ ♣❛r❛❧❧è❧❡s à ♦r✐❡♥t❛t✐♦♥ ✐❞❡♥t✐q✉❡✱ ♣✉✐s ♥♦✉s ❛✈♦♥s r❡♥♦✉✈❡❧é ❧❡ ♠✐❝r♦✲
❡♥✈✐r♦♥♥❡♠❡♥t ♣❛r ✉♥❡ s♦❧✉t✐♦♥ ✷ ♥❡ ❝♦♥t❡♥❛♥t ♣❛s ❧❛ ♣r♦té✐♥❡ ❞❡ ❧✐❛✐s♦♥
❝r♦✐sé❡✳ ▲❛ ❢❛s❝✐♥❡ ❧✐❡ ❧❡s ✜❧❛♠❡♥ts ❞❛♥s ❧❡✉r ♣❛rt✐❡ ❧❛ ♣❧✉s â❣é❡ ❡t ❡st ❛❜✲
s❡♥t❡ ❞❛♥s ❧❡✉r ♣❛rt✐❡ ❧❛ ♣❧✉s ❥❡✉♥❡✳ ▲❛ ♣❛rt✐❡ ❧❛ ♣❧✉s ♣r♦❝❤❡ ❞✉ ✧♠✐❝r♦♣❛tt❡r♥
❲❆❙P✧ ❡st ♠é❝❛♥✐q✉❡♠❡♥t r✐❣✐❞❡ ❡t ❧❛ ♣❛rt✐❡ ❧❛ ♣❧✉s é❧♦✐❣♥é❡ ❡st ❝♦♥st✐t✉é ❞❡
✜❧❛♠❡♥ts ❧✐❜r❡s✳ ◆♦✉s ❛✈♦♥s ❛✐♥s✐ r❡❝♦♥st✐t✉é ✉♥❡ str✉❝t✉r❡ ✧♠é❝❛♥✐q✉❡♠❡♥t
❤étér♦❣è♥❡✧✳ ▲❡s rés✉❧t❛ts s♦♥t ♠♦♥trés s✉r ❧❛ ❋✐❣✉r❡ ✻✶✳

Réseau 

lié 

Réseau 

parallèle 

Réseau branché 

A B 

❋✐❣✉r❡ ✷✳✻✶ ✕ ❆ ✿ ❋✐❧❛♠❡♥ts ❞✬❛❝t✐♥❡ ✐ss✉s ❞✬✉♥ ♠✐❝r♦♣❛tt❡r♥ ❲❆❙P ❡♥ ❜❛rr❡ ✭❜❛rr❡

✈❡rt❡ ❡♥ ❜❛s ❞❡ ❧✬✐♠❛❣❡✮✳ ▼✐① ✶ ✭t❂✵ ♠✐♥✉t❡s✮ ✿ ❢❛s❝✐♥❡ ✶ µM ❡t ❛❝t✐♥❡ ✷ µM ♠❛rq✉é❡ ♣❛r

❆❧❡①❛✲✹✽✽ ✭✈❡rt✮ ❀ ▼✐① ✷ ✭t❂✷✵ ♠✐♥✉t❡s✮ ✿ ❛❝t✐♥❡ ✷ µM ♠❛rq✉é❡ ♣❛r ❆❧❡①❛✲✺✻✽ ✭r♦✉❣❡✮✳

❇❛rr❡ ❞✬é❝❤❡❧❧❡ ✶✵ µm✳ ❇ ✿ ❙❝❤é♠❛ ✐♥❞✐q✉❛♥t ❧❡s ❞✐✛ér❡♥ts rés❡❛✉① é♠✐s✳

✶✶✶
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❉✐s❝✉ss✐♦♥

❋✐❧❛♠❡♥ts ❞✬❛❝t✐♥❡ ❧✐és

❯♥ ♦❜❥❡❝t✐❢ à ❝♦✉rt t❡r♠❡ ❡st ❞❡ ❞é♣♦❧②♠ér✐s❡r ✉♥❡ str✉❝t✉r❡ ♠é❝❛♥✐✲
q✉❡♠❡♥t ❤étér♦❣è♥❡ ✭❋✐❣✉r❡ ✻✶✮ ❛✜♥ ❞❡ ✈ér✐✜❡r ❧✬❤②♣♦t❤ès❡ s❡❧♦♥ ❧❛q✉❡❧❧❡
✉♥ rés❡❛✉ ❞❡ ✜❧❛♠❡♥ts ❞✬❛❝t✐♥❡ ♣❛r❛❧❧è❧❡s ♥♦♥ ❧✐és ✭❛❜s❡♥❝❡ ❞❡ ♣r♦té✐♥❡s ❞❡
❧✐❛✐s♦♥✮ ❞é♣♦❧②♠ér✐s❡ ♣❧✉s r❛♣✐❞❡♠❡♥t q✉✬✉♥ rés❡❛✉ ❞❡ ✜❧❛♠❡♥ts ❞✬❛❝t✐♥❡ ♣❛✲
r❛❧❧è❧❡s ❧✐és ✭♣rés❡♥❝❡ ❞❡ ♣r♦té✐♥❡s ❞❡ ❧✐❛✐s♦♥ ❝r♦✐sé❡✮✳ ❙✐ t❡❧ ❡st ❧❡ ❝❛s✱ ♦♥
♣❡✉t ♣❡♥s❡r q✉❡ ❧❛ ❝❡❧❧✉❧❡ ♣❡✉t ❛❞♦♣t❡r ✉♥❡ t❡❧❧❡ str❛té❣✐❡ str✉❝t✉r❛❧❡ ♣♦✉r
♣r♦té❣❡r ✉♥❡ ♣❛rt✐❡ ❞✬✉♥ rés❡❛✉ ❞❡ ✜❧❛♠❡♥ts ♣❛r❛❧❧è❧❡s ❞❡ ❧❛ ❞é♣♦❧②♠ér✐s❛✲
t✐♦♥ t♦✉t ❡♥ ❣❛r❞❛♥t ✉♥❡ ♣❛rt✐❡ ♣❧✉s ❞②♥❛♠✐q✉❡ ♣r♦♣✐❝❡ à ❧❛ ❢♦r♠❛t✐♦♥ ❞❡
✜❧♦♣♦❞❡s ♣❛r ❡①❡♠♣❧❡✳ ♥♦✉s ❛✈♦♥s ♦♣éré ❞❡s ❡ss❛✐s ♣ré❧✐♠✐♥❛✐r❡s ❞❡ ❞é♣♦❧②✲
♠ér✐s❛t✐♦♥ ❞✬✉♥❡ t❡❧❧❡ str✉❝t✉r❡ ❡♥ ré♣ét❛♥t ❧✬❡①♣ér✐❡♥❝❡ ❡t ❡♥ ✐♥❥❡❝t❛♥t ❛♣rès
❧❛ s♦❧✉t✐♦♥ ✷ ✭♠✐① ✷✮✱ ✉♥❡ s♦❧✉t✐♦♥ ✸ ✭♠✐① ✸✮ s❛♥s ♠♦♥♦♠èr❡s ❞✬❛❝t✐♥❡ ❀ s❡✉❧❡✲
♠❡♥t ❧❡s ✜❧❛♠❡♥ts ❞✬❛❝t✐♥❡ ♥❡ ❞é♣♦❧②♠ér✐s❡♥t ♣❛s✳ P♦✉r rés♦✉❞r❡ ❝❡ ♣r♦❜❧è♠❡
❞✬❡✣❝❛❝✐té ❞❡ ❞é♣♦❧②♠ér✐s❛t✐♦♥✱ ♥♦✉s ♣♦✉✈♦♥s ✉t✐❧✐s❡r ❧❛ ❧❛tr✐♥❝✉❧✐♥❡ ❇ q✉✐
séq✉❡str❡ ❧❡s ♠♦♥♦♠èr❡s ❧✐❜r❡s ❡♥ s♦❧✉t✐♦♥ ♦✉ ❜✐❡♥ ✉t✐❧✐s❡r ❧❛ ♠✐❝r♦✢✉✐❞✐q✉❡
s❡❧♦♥ ✉♥❡ ❛✉tr❡ ❛♣♣r♦❝❤❡ q✉❡ ♥♦✉s ✈❡rr♦♥s ❞❛♥s ❧❡s ♣❡r♣❡❝t✐✈❡s ❞❡ ❧❛ t❤ès❡
✭s❡❝t✐♦♥ ✸✮✳

❖♥ ♣♦✉rr❛ ❛✉ss✐✱ ❞❛♥s ✉♥❡ ❛✉tr❡ ét✉❞❡✱ s❡ ❝♦♥❝❡♥tr❡r s✉r ❧❛ ♣❤❛s❡ ❞❡ ♣♦✲
❧②♠ér✐s❛t✐♦♥ ❞❛♥s ❧✬é❞✐✜❝❛t✐♦♥ ❞✬✉♥❡ str✉❝t✉r❡ ❞❡ ✜❧❛♠❡♥ts ❧✐és✳ ❊♥ ❢❛✐s❛♥t
✈❛r✐❡r ❛✉ ❝♦✉rs ❞✉ t❡♠♣s ❧❛ ❝♦♥❝❡♥tr❛t✐♦♥ ❡♥ ♠♦♥♦♠èr❡s ❞✬❛❝t✐♥❡ ❡t ❡♥ ❣❛r✲
❞❛♥t ❝♦♥st❛♥t❡ ❧❛ ❝♦♥❝❡♥tr❛t✐♦♥ ❡♥ ♣r♦té✐♥❡s ❞❡ ❧✐❛✐s♦♥ ❝r♦✐sé❡✱ ❡t ✈✐❝❡ ✈❡rs❛✱
♦♥ ♦❜s❡r✈❡r❛ ❞✐r❡❝t❡♠❡♥t ❧✬❡✛❡t ❞❡ ❧❛ ✈✐t❡ss❡ ❞❡ ♣♦❧②♠ér✐s❛t✐♦♥ ❞❡s ✜❧❛♠❡♥ts
❞✬❛❝t✐♥❡ s✉r ❧✬❡✣❝❛❝✐té ❞❡ ♣♦♥t❛❣❡ ❞❡s ♣r♦té✐♥❡s ❞❡ ❧✐❛✐s♦♥✱ ❡t ✈✐❝❡ ✈❡rs❛✳ ❊t
❜✐❡♥ sûr ♥♦✉s ♣♦✉rr♦♥s ❝♦rré❧❡r ❝❡s ❡✛❡ts à ❧✬♦r❣❛♥✐s❛t✐♦♥ s♣❛t✐❛❧❡ ❞✬✉♥❡ ❛r✲
❝❤✐t❡❝t✉r❡ ❞❡ ✜❧❛♠❡♥ts ❞✬❛❝t✐♥❡ ❧✐és ❛✉ ❝♦✉rs ❞❡ s♦♥ é❞✐✜❝❛t✐♦♥✳

P❛r ❛✐❧❧❡✉rs✱ ❧❡ s②stè♠❡ ♠✐❝r♦✢✉✐❞✐q✉❡ ♥❡ ♣❡r♠❡t ♣❛s s❡✉❧❡♠❡♥t ❞✬❛❥♦✉t❡r
❞❡s ♣r♦té✐♥❡s à ✉♥❡ str✉❝t✉r❡✱ ♠❛✐s ❛✉ss✐ ❞✬❡♥ ❡♥❧❡✈❡r✳ ❖♥ ♣♦✉rr❛✐t ❛❧♦rs
ét✉❞✐❡r ❧❛ ré✈❡rs✐❜✐❧✐té ❞❛♥s ❧❡s ♣r♦❝❡ss✉s ❞✬❛ss❡♠❜❧❛❣❡ ❡t ❞❡ ❞és❛ss❡♠❜❧❛❣❡
❞❡ ❝❡s ❛r❝❤✐t❡❝t✉r❡s ❞✬❛❝t✐♥❡ r❡❝♦♥st✐t✉é❡s ✐♥ ✈✐tr♦✳

❘és❡❛✉ ❜r❛♥❝❤é ❡t ✜❧♦♣♦❞❡s

▲❡ ❧❛♠❡❧❧✐♣♦❞❡ ❝❡❧❧✉❧❛✐r❡ ❡st ❝♦♥st✐t✉é ❡ss❡♥t✐❡❧❧❡♠❡♥t ❞❡ ✜❧❛♠❡♥ts ❞✬❛❝✲
t✐♥❡s ❢♦r♠❛♥t ✉♥ rés❡❛✉ ❜r❛♥❝❤é ♣❛r ❧✬❛ss♦❝✐❛t✐♦♥ ❞✉ ❝♦♠♣❧❡①❡ ❆r♣✷✴✸ ❡t ❞❡
❧❛ ♣r♦té✐♥❡ ❲❆❙P✳ ❉❛♥s ❧❛ ❝❡❧❧✉❧❡✱ ❧❡s ✜❧♦♣♦❞❡s s❡ ❢♦r♠❡♥t ❛✉ ❝♦♥t❛❝t ❞❡
❧❛ ♠❡♠❜r❛♥❡ ♣❧❛s♠✐q✉❡ à ♣❛rt✐r ❞✉ rés❡❛✉ ❞❡ ✜❧❛♠❡♥ts ❞✬❛❝t✐♥❡ ❜r❛♥❝❤és✳
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❉❡s ❢♦r♠✐♥❡s ❡t ❞✬❛✉tr❡s ♣r♦té✐♥❡s ❝♦♠♠❡ ❧❛ ♣r♦té✐♥❡ ❱❆❙P ✈✐❡♥♥❡♥t ❢♦r♠❡r
✉♥ ❝♦♠♣❧❡①❡ à ❧✬❡①tré♠✐té ❜❛r❜é❡ ❞❡s ✜❧❛♠❡♥ts ❞✬❛❝t✐♥❡ ♣♦✉r ❞é❝❧❡♥❝❤❡r ❡t
❛❝❝é❧ér❡r ❧❛ ❢♦r♠❛t✐♦♥ ❞❡s ✜❧♦♣♦❞❡s✳ ◆♦✉s ✈♦✉❧♦♥s ❝♦♠♣r❡♥❞r❡ ❝♦♠♠❡♥t ❝❡s
♣r♦té✐♥❡s s♦♥t ✐♥té❣ré❡s s♣❛t✐♦ t❡♠♣♦r❡❧❧❡♠❡♥t ❛✉ rés❡❛✉ ❜r❛♥❝❤é ♣♦✉r ❞♦♥✲
♥❡r ♥❛✐ss❛♥❝❡ ❛✉① ✜❧♦♣♦❞❡s✳ P♦✉r ❝❡❧❛✱ ✐❧ ❝♦♥✈✐❡♥t ❞❡ ré♣♦♥❞r❡ à ❞❡s q✉❡st✐♦♥s
❝❧és ✿

✖ Pr❡♠✐❡r ❛①✐♦♠❡✱ ❧❛ q✉❡st✐♦♥ ❞❡ ❧❛ ❝♦♦r❞✐♥❛t✐♦♥ t❡♠♣♦r❡❧❧❡ ❞❡s ♣r♦✲
té✐♥❡s ❛✈❡❝ ❧❛ ❝♦♥str✉❝t✐♦♥ ❞✉ rés❡❛✉ ❜r❛♥❝❤é ✿ ❧❡s ♣r♦té✐♥❡s ♦♥t✲❡❧❧❡s
❧❡ ♠ê♠❡ ❡✛❡t ❞❛♥s ❧✬é❞✐✜❝❛t✐♦♥ ❡t ❧✬❛❝❝é❧ér❛t✐♦♥ ❞✬✉♥ ✜❧♦♣♦❞❡ s✐ ❡❧❧❡s
✐♥t❡r✈✐❡♥♥❡♥t ❛✉ ❞é❜✉t ❞❡ ❧❛ ❢♦r♠❛t✐♦♥ ❞✬✉♥ rés❡❛✉ ❜r❛♥❝❤é ♦✉ s✉r ✉♥
rés❡❛✉ ❜r❛♥❝❤é ❞é❥à ♣❧✉s ❞❡♥s❡ ❄

✖ ❉❡✉①✐è♠❡ ❛①✐♦♠❡ ✿ ❧❡s ♣r♦té✐♥❡s ♥❡ ♣❡✉✈❡♥t✲❡❧❧❡s ❥♦✉❡r ❧❡✉r rô❧❡ ❞❛♥s
❧❛ ❢♦r♠❛t✐♦♥ ❡t ❧✬é❧♦♥❣❛t✐♦♥ ❞✬✉♥ ✜❧♦♣♦❞❡ s❡✉❧❡♠❡♥t s✐ ❝❡ ❞❡r♥✐❡r ❛
❞é❥à ♦❜t❡♥✉ ❧✬❛r❝❤✐t❡❝t✉r❡ q✉✐ ❧✉✐ ❡st ♣r♦♣r❡✱ à s❛✈♦✐r ✉♥ r❡❣r♦✉♣❡♠❡♥t
stér✐q✉❡♠❡♥t ❝♦♠♣❛❝t ❞❡ ✜❧❛♠❡♥ts ❞✬❛❝t✐♥❡ ♣❛r❛❧❧è❧❡s ❡t ❞✬♦r✐❡♥t❛t✐♦♥
✐❞❡♥t✐q✉❡ ❄

✖ ❚r♦✐s✐è♠❡ ❛①✐♦♠❡✱ ❝❡t ❛①✐♦♠❡ ♣❧✉s ❣é♥ér❛❧ ♣♦s❡ ❧❛ q✉❡st✐♦♥ ❞❡ ❧✬♦r❞r❡
séq✉❡♥t✐❡❧ ❞✬✐♥t❡r✈❡♥t✐♦♥ ❡t ❞❡ r❡tr❛✐t ❞❡s ♣r♦té✐♥❡s s✉r ✉♥ rés❡❛✉ ❜r❛♥✲
❝❤é ♦✉ s✉r ✉♥ rés❡❛✉ ♣❛r❛❧❧è❧❡ ✿ ❧❛ ♣r♦té✐♥❡ ❱❆❙P ❞♦✐t✲❡❧❧❡ ✐♥t❡r✈❡♥✐r
❛✈❛♥t ♦✉ ❛♣rès ❧❛ ❢♦r♠✐♥❡ ♣♦✉r ❢♦r♠❡r ✉♥ ✜❧♦♣♦❞❡ ❄ ❖✉ ❡♥❝♦r❡ ❧❛
♣r♦té✐♥❡ ❱❆❙P ❞♦✐t✲❡❧❧❡ ❧❛✐ss❡r ❧❛ ♣❧❛❝❡ à ❧❛ ❢♦r♠✐♥❡ ♣♦✉r ❢♦r♠❡r ✉♥
✜❧♦♣♦❞❡ ❄

✶✶✸



❈❍❆P■❚❘❊ ✷✳ ❘➱❙❯▲❚❆❚❙

pWa 

(A)!

Formine 

OU OU 

pWa 

t0! t2!t1!

VASP Formine 

(B)! (C)!

(D)!

Formine Formine 

VASP Formine 

t0! t2!t1!

❋✐❣✉r❡ ✷✳✻✷ ✕ ✭❆✮ ❘és✉❧t❛t ♦❜t❡♥✉ ❛♣rès ✐♥t❡r✈❡♥t✐♦♥ ❞❡s ❢♦r♠✐♥❡s ❛✉ t❡♠♣s t0 ✿ ❞ès

❧❡ ❞é❜✉t ❞❡ ❧❛ ❢♦r♠❛t✐♦♥ ❞✉ rés❡❛✉ ❞✬❛❝t✐♥❡ ❜r❛♥❝❤é s✉r ❧❛ s✉r❢❛❝❡ ❞✉ ♠✐❝r♦♣❛tt❡r♥ ❲❆❙P

✭❞é❧✐♠✐té ♣❛r ❧❡s ❞❡✉① ❧✐❣♥❡s ♣♦✐♥t✐❧❧é❡ r♦✉❣❡s✮✳ ✭❇✮ ❘és✉❧t❛t ♦❜t❡♥✉ ❛♣rès ✐♥t❡r✈❡♥t✐♦♥

❞❡s ❢♦r♠✐♥❡s ❛✉ t❡♠♣s t1 ✿ ❛✉ ♠♦♠❡♥t ♦ù ❧❡ rés❡❛✉ ❜r❛♥❝❤é ❡st t♦t❛❧❡♠❡♥t ❢♦r♠é s✉r ❧❛

s✉r❢❛❝❡ ✧♠✐❝r♦♣❛tt❡r♥é❡✧ ✭❛❝t✐♥❡ ré♣rés❡♥té❡ ❡♥ ❜❧❛♥❝✮ ❛✈❛♥t q✉❡ ❧❡s ✜❧❛♠❡♥ts ❝♦♠♠❡♥❝❡♥t

à s♦rt✐r ❞✉ ♠✐❝r♦♣❛tt❡r♥✳ ✭❈✮ ❘és✉❧t❛t ♦❜t❡♥✉ ❛♣rès ✐♥t❡r✈❡♥t✐♦♥ ❞❡s ❢♦r♠✐♥❡s ❛✉ t❡♠♣s

t2 ✿ q✉❛♥❞ ❧❡s ✜❧❛♠❡♥ts q✉✐ s♦♥t s♦rt✐s ❞✉ ♠✐❝r♦♣❛tt❡r♥ ♦♥t ❛tt❡✐♥t q✉❡❧q✉❡s ♠✐❝r♦♠ètr❡s✳

✭❉✮ ❘és✉❧t❛t ♦❜t❡♥✉ ❛♣rès ✐♥t❡r✈❡♥t✐♦♥ s✉❝❝❡ss✐✈❡ ❞❡ ✿ ❱❆❙P s❡✉❧❡ ❛✉ t❡♠♣s t0 ❀ ❱❆❙P ✰

❢♦r♠✐♥❡ ❛✉ t❡♠♣s t1 ❀ ❋♦r♠✐♥❡ s❡✉❧❡ ❛✉ t❡♠♣s t2✳

◆♦✉s ✈♦②♦♥s ❜✐❡♥ q✉❡ ❧❡s q✉❡st✐♦♥s ♣♦sé❡s ❞❛♥s ❧❡s tr♦✐s ❛①✐♦♠❡s s♦♥t ✐♥✲
t❡r❞é♣❡♥❞❛♥t❡s✳ ▼❛✐s ✐❧ ❝♦♥✈✐❡♥t ❞✬② ré♣♦♥❞r❡ ❞✬❛❜♦r❞ sé♣❛ré♠❡♥t ❡t ❡♥s✉✐t❡
❞❡ ♠❡ttr❡ ❡♥ r❡❧❛t✐♦♥ ❧❡s é❧é♠❡♥ts ✉♥ à ✉♥✱ ❡♥ ❝♦♠♣❧❡①✐✜❛♥t ❧❡ s②stè♠❡ ♣❡t✐t
à ♣❡t✐t ✿ ❝✬❡st ❧❛ ♠ét❤♦❞❡ ❜♦tt♦♠✲✉♣✳ ❊♥ ❢❡r♠❛♥t ❧❡ ❝✐❝r✉✐t ♠✐❝r♦✢✉✐❞✐q✉❡ ❞❡
❝❤❛♠❜r❡s s❛♥s ✢✉① ♣❛r ♥♦s é❝❤❛♥t✐❧❧♦♥s ❝♦♥t❡♥❛♥t ❧❡s ♠✐❝r♦♣❛tt❡r♥s ❲❆❙P✱
♥♦✉s s♦♠♠❡s ❡♥ ♠❡s✉r❡ ❞❡ ré♣♦♥❞r❡ à ❧✬❡♥s❡♠❜❧❡ ❞❡ ❝❡s q✉❡st✐♦♥s✳ ❊♥ ❡✛❡t✱
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❝♦♠♠❡ ❞é❝r✐t ♣❛r ❧❡s ✜❣✉r❡s ✹ ❡t ✺✱ ❧❡s ♠✐❝r♦♣❛tt❡r♥s ❲❆❙P ❣é♥èr❡♥t ✉♥
rés❡❛✉ ❜r❛♥❝❤é ❞❡ ✜❧❛♠❡♥ts ❞✬❛❝t✐♥❡ q✉✐ ❣é♥èr❡ à s♦♥ t♦✉r ✉♥ r❡❣r♦✉♣❡♠❡♥t
stér✐q✉❡♠❡♥t ❝♦♠♣❛❝t ❞❡ ✜❧❛♠❡♥ts ❞✬❛❝t✐♥❡ ♣❛r❛❧❧è❧❡s ❡t ❞❡ ♣♦❧❛r✐té ✐❞❡♥✲
t✐q✉❡✱ t♦✉t ❝♦♠♠❡ ❞❛♥s ✉♥ ✜❧♦♣♦❞❡✳ ❉♦♥❝ ❡♥ ❝♦♥trô❧❛♥t ❧❡s t❡♠♣s ❞✬❛rr✐✈é❡
❡t ❧❛ ❝♦♥❝❡♥tr❛t✐♦♥ ❞❡s ♣r♦té✐♥❡s ❞✬✐♥térêt ✭❢♦r♠✐♥❡s ✱❱❆❙P✮ ❡t s❛❝❤❛♥t q✉❡
♥♦✉s ♣♦✉✈♦♥s ❢❛✐r❡ ❝♦❤❛❜✐t❡r ❆r♣✷✴✸ ❡t ♠❉✐❛ ❞❛♥s ✉♥❡ ♠ê♠❡ s♦❧✉t✐♦♥ ✭✜✲
❣✉r❡s ✶✶ ❡t ✶✷✮✱ ♦♥ ♣❡✉t ✐♠❛❣✐♥❡r ❧❡s ❡①♣ér✐❡♥❝❡s s❝❤é♠❛t✐sé❡s ♣❛r ❧❛ ✜❣✉r❡
✻✷ q✉✐ ♣❡r♠❡tt❡♥t ❞✬❡①♣ér✐♠❡♥t❡r ❧❡s tr♦✐s ❛①✐♦♠❡s ♠❡♥t✐♦♥♥és✳ ▲❡s rés✉❧t❛ts
✭❆✮ ❡t ✭❇✮ ♥♦✉s ♣❡r♠❡ttr♦♥t ❞❡ ré♣♦♥❞r❡ ❛✉ ♣r❡♠✐❡r ❛①✐♦♠❡✳ ▲❡ rés✉❧t❛t ✭❈✮
♥♦✉s ♣❡r♠❡ttr❛ ❞❡ ré♣♦♥❞r❡ ❛✉ ❞❡✉①✐è♠❡ ❛①✐♦♠❡✳ ▲❡ rés✉❧t❛t ✭❉✮ ♥♦✉s ♣❡r✲
♠❡ttr❛ ❞❡ ré♣♦♥❞r❡ ❛✉ tr♦✐s✐è♠❡ ❛①✐♦♠❡✳ P♦✉r ré♣♦♥❞r❡ ❞❡ ❢❛ç♦♥ ❝♦♠♣❧èt❡
❛✉ tr♦✐s✐è♠❡ ❛①✐♦♠❡✱ ✐❧ ❝♦♥✈✐❡♥❞r❛ ❞❡ ❝❤❛♥❣❡r ❧✬♦r❞r❡ ❡t ❧❛ ❝♦♠♣♦s✐t✐♦♥ ❞❡s
❣r♦✉♣❡s ❞❡ ♣r♦té✐♥❡s q✉❡ ❧✬♦♥ ❢❛✐t ✐♥t❡r✈❡♥✐r✳

❊♥ ré♣♦♥❞❛♥t ❛✉① tr♦✐s ❛①✐♦♠❡s✱ ♥♦✉s s❡r♦♥s ♣❧✉s à ♠ê♠❡ ❞❡ ❝♦♥♥❛îtr❡ ❧❡
❣r♦✉♣❡ ❞❡ ♣r♦té✐♥❡s ♥é❝❡ss❛✐r❡ ❡t s✉✣s❛♥t ♣♦✉r ❢♦r♠❡r ✉♥ ✜❧♦♣♦❞❡ ❝❡❧❧✉❧❛✐r❡
❛✐♥s✐ q✉❡ ❧✬♦r❞r❡ t❡♠♣♦r❡❧ ❞✬❛♣♣❛r✐t✐♦♥ ❡t ❞❡ ❞✐s♣❛r✐t✐♦♥ ❞❡s ❞✐✛ér❡♥t❡s ♣r♦✲
té✐♥❡s q✉✐ ♣❡r♠❡t ❧❛ ❢♦r♠❛t✐♦♥ ❞✬✉♥ ✜❧♦♣♦❞❡ ❝❡❧❧✉❧❛✐r❡✳ ▲✬❛ss♦❝✐❛t✐♦♥ ❡♥tr❡ ❧❡
❝♦♥trô❧❡ s♣❛t✐❛❧ ❞✉ r❡❝r✉t❡♠❡♥t ❞✉ ❝♦♠♣❧❡①❡ ❆r♣✷✴✸ ♣❛r ❧❡ ♠✐❝r♦♣❛tt❡r♥✐♥❣
❲❆❙P ❡t ❧❡ ❝♦♥trô❧❡ t❡♠♣♦r❡❧ ❞❡ ❧✬✐♥t❡r✈❡♥t✐♦♥ ❞❡s ❢♦r♠✐♥❡s ❡t ❞❡ ❱❆❙P ♣❡✉t
♥♦✉s ♣❡r♠❡ttr❡ ❞❡ ♠✐❡✉① ré♣♦♥❞r❡ ❛✉ ❞é❜❛t ❡♥tr❡ ❧❡ ♠♦❞è❧❡ ❞❡ ❝♦♥✈❡r❣❡♥❝❡
❡t ❧❡ ♠♦❞è❧❡ ❞❡ ♥✉❝❧é❛t✐♦♥ q✉❛♥❞ à ❧❛ ♠❛t✉r❛t✐♦♥ ❞✬✉♥ ✜❧♦♣♦❞❡ ❝❡❧❧✉❧❛✐r❡✳

✷✳✷✳✺ ❈♦♥trô❧❡ t❡♠♣♦r❡❧ ❞❡ ❧❛ ❝♦♥tr❛❝t✐♦♥ ❞❡ ❧✬❛♥♥❡❛✉
❞❡ ❝②t♦❝✐♥ès❡

❘❛♣♣❡❧♦♥s q✉❡ ♥♦✉s ♥✬❛✈✐♦♥s ♣✉ ✐♥❞✉✐r❡ ❧❛ ❝♦♥tr❛❝t✐❧✐té ❞❡ ❧✬❛♥♥❡❛✉ ❞❡
❝②t♦❝✐♥ès❡ ✐♥ ✈✐tr♦ ❡♥ tr❛✈❛✐❧❧❛♥t ❡♥tr❡ ❧❛♠❡ ❡t ❧❛♠❡❧❧❡ ✭✜❣✉r❡s ✶✹ ❡t ✶✺✮✳
❖r✱ ❧❡s s✐♠✉❧❛t✐♦♥s ♥✉♠ér✐q✉❡s ❞❡ ❧❛ ✜❣✉r❡ ✶✼ ♥♦✉s ♦♥t ♠♦♥tré q✉✬✐❧ ❢❛❧❧❛✐t✱
♣♦✉r ② ♣❛r✈❡♥✐r✱ ❢❛✐r❡ ✐♥t❡r✈❡♥✐r ❧❡s ♠♦t❡✉rs ♠♦❧é❝✉❧❛✐r❡s ❛✉ ♠♦♠❡♥t ♦✉ ❧❡s
❛♥♥❡❛✉① ❞❡ ✜❧❛♠❡♥ts ❞✬❛❝t✐♥❡ ♦♥t ❛tt❡✐♥t ❧❡✉r ét❛t st❛t✐♦♥♥❛✐r❡✳ ▲❡ ❞✐s♣♦✲
s✐t✐❢ ♠✐❝r♦✢✉✐❞✐q✉❡ ♣♦✉r ❧❡s ❙▼❘■❱ ♣❡✉t ♥♦✉s ♣❡r♠❡ttr❡ ❞❡ ✈ér✐✜❡r ❝❡tt❡
❤②♣♦t❤ès❡ ❡t ❞❡ s♦✉❧❡✈❡r ❛✐♥s✐ ❧❛ q✉❡st✐♦♥ s✉✐✈❛♥t❡ ✿ ♣❛r q✉❡❧s ♠é❝❛♥✐s♠❡s ❧❛
❝❡❧❧✉❧❡ ré❣✉❧❡✲t✲❡❧❧❡ ❞❛♥s ❧❡ t❡♠♣s ❧❡ r❡❝r✉t❡♠❡♥t ❞❡s ♠②♦s✐♥❡s s✉r ❧✬❛♥♥❡❛✉
❞❡ ❝②t♦❝✐♥ès❡ ❄ ❆♣rès ❛✈♦✐r ré♣♦♥❞✉ à ❝❡tt❡ q✉❡st✐♦♥✱ ♦♥ ♣♦✉rr❛ ❛❥♦✉t❡r ❧❡s
❛✉tr❡s ♣r♦té✐♥❡s ✐♠♣❧✐q✉é❡s ❞❛♥s ❧✬❛ss❡♠❜❧❛❣❡ ❡t ❧❛ ❝♦♥tr❛❝t✐♦♥ ❞❡ ❧✬❛♥♥❡❛✉
❞❡ ❝②t♦❝✐♥ès❡ ✐♥ ✈✐tr♦ ❡t ❝♦♥t✐♥✉❡r ❛✐♥s✐ ❧❛ ❞é♠❛r❝❤❡ ❜♦tt♦♠✲✉♣✳
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✷✳✷✳✻ ❝♦♥❝❧✉s✐♦♥

environnement 

biomimétique

système 

moléculaire

❋✐❣✉r❡ ✷✳✻✸ ✕ ❈♦✉♣❧❛❣❡ ♠✐❝r♦♣❛tt❡r♥✐♥❣✴♠✐❝r♦✢✉✐❞✐q✉❡ ❡t ❙▼❘■❱ ✿ ❩♦♥❡s ✈❡rt❡s ✿

③♦♥❡s ♥♦♥✲❛❞❤ér❡♥t❡s ✭P❊●✮✳ ❈❛rrés ❜❧❛♥❝s ✿ ❜✐♦✲♠♦❧é❝✉❧❡s ✜①é❡s✳ ▲❡ ❙▼❘■❱ ✭❝❡r❝❧❡

❜❧❛♥❝✮ s✬♦r❣❛♥✐s❡ ❡♥ ❢♦♥❝t✐♦♥ ❞❡s ❝♦♥st✐t✉❛♥ts ♠♦❧é❝✉❧❛✐r❡s ✜①és s✉r ❧❛ s✉r❢❛❝❡ ❞❡ ❧✬é❝❤❛♥✲

t✐❧❧♦♥ ✭♣❛r ❧❡ ♠✐❝r♦♣❛tt❡r♥✐♥❣✮ ❡t ❡♥ ❢♦♥❝t✐♦♥ ❞✉ r❡♥♦✉✈❡❧❧❡♠❡♥t ❞❡s ❝♦♠♣♦sés ❜✐♦❝❤✐♠✐q✉❡s

❞❛♥s ❧✬❡♥✈✐r♦♥♥❡♠❡♥t ❜✐♦♠✐♠ét✐q✉❡ ✭♣❛r ❧❛ ♠✐❝r♦✢✉✐❞✐q✉❡✮✳

▲❛ ré✉♥✐♦♥ ❞❡ ❧❛ ♠✐❝r♦✢✉✐❞✐q✉❡ ❡t ❞✉ ♠✐❝r♦♣❛tt❡r♥✐♥❣ ❞❡ s✉r❢❛❝❡ ♥♦✉s ❛
♣❡r♠✐s ❞✬♦❜t❡♥✐r ✉♥ ❝♦✉♣❧❛❣❡ ❡♥tr❡ ❧❡ ❝♦♥trô❧❡ s♣❛t✐❛❧ ❞❡s s♦✉s✲s②stè♠❡s ❞✬❛❝✲
t✐♥❡ r❡❝♦♥st✐t✉é❡s ✐♥ ✈✐tr♦ ❡t ❧❡ ❝♦♥trô❧❡ t❡♠♣♦r❡❧ ❞❡ ❧❡✉rs ❝♦♥st✐t✉❛♥ts ❜✐♦✲
❝❤✐♠✐q✉❡s ❞❛♥s ✉♥ ♠✐❝r♦✲❡♥✈✐r♦♥♥❡♠❡♥t s❛♥s ❝♦♥tr❛✐♥t❡s ❤②❞r♦❞②♥❛♠✐q✉❡s✳
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✷✳✸ ❆❞❛♣t❛t✐♦♥ ❞✉ ❝✐r❝✉✐t à ❝❤❛♠❜r❡s s❛♥s ✢✉①

♣♦✉r ❧❛ ❝✉❧t✉r❡ ❞❡s ❝❡❧❧✉❧❡s ♥♦♥✲❛❞❤ér❡♥t❡s

❆♣rès ❛✈♦✐r ✜♥❛❧✐sé ❧❡ ❞✐s♣♦s✐t✐❢ ♠✐❝r♦✢✉✐❞✐q✉❡ ♣♦✉r ❧❡s ❙▼❘■❱✱ ❥✬❛✐ ♣✉
❞é✈❡❧♦♣♣❡r✱ ❡♥ ❣❛r❞❛♥t ❧❛ ❣é♦♠étr✐❡ ❞❡s ❝❤❛♠❜r❡s s❛♥s ✢✉①✱ ✉♥❡ ♣✉❝❡ ❛❞❛♣✲
té❡ ♣♦✉r ❧✬ét✉❞❡ ❞❡s ❝❡❧❧✉❧❡s ✐♥ ✈✐tr♦ ♦✉ ✧❈■❱ ✧✳ ▲❡s ❈■❱ s✬❛❞r❡ss❛♥t à ✉♥
❜✐❡♥ ♣❧✉s ❧❛r❣❡ ♣✉❜❧✐❝ q✉❡ ❧❡s ❙▼❘■❱✱ ❧❡ ♠✐❝r♦✲❡♥✈✐r♦♥♥❡♠❡♥t s❛♥s ✢✉① ❞❡s
❝❤❛♠❜r❡s ❞✉ ❝✐r❝✉✐t ♠✐❝r♦✢✉✐❞✐q✉❡ s✬❛✈èr❡ très ✉t✐❧❡ ❡t ♣❛rt✐❝✉❧✐èr❡♠❡♥t ❜✐❡♥
❛❞❛♣té✱ ♥♦t❛♠♠❡♥t ♣♦✉r ❧✬ét✉❞❡ ❞❡s ❝❡❧❧✉❧❡s ♥♦♥✲❛❞❤ér❡♥t❡s✳

✷✳✸✳✶ ❯♥❡ ♣✉❝❡ à ❝❡❧❧✉❧❡s ✿ ❇r❡✈❡t

▲❛ ♠✐s❡ ❛✉ ♣♦✐♥t ❞❡ ❧❛ ♣✉❝❡ à ❝❡❧❧✉❧❡s s✬❡st ❢❛✐t❡ ❞❛♥s ✉♥ s♦✉❝✐ ❞❡ s✐♠♣❧✐❝✐té
❡t ❞❡ r❛♣✐❞✐té ❞✬✉t✐❧✐s❛t✐♦♥ ❞❡ ❢❛ç♦♥ à ❢❛❝✐❧✐t❡r s♦♥ ✉s❛❣❡ ❡♥ ❧❛❜♦r❛t♦✐r❡✳

❇r❡✈❡t ✭❝❢✳ ❆♥♥❡①❡s✮ ✿
❈❛♠❜✐❡r ❚✳ ❡t ❛❧✳ ✷✵✶✺✳

▲❛ ♣✉❝❡ à ❝❡❧❧✉❧❡s ❡♥ ❞ét❛✐❧s

❈✐❝r✉✐t

▲❛ ❣é♦♠étr✐❡ ❞✉ ❝✐r❝✉✐t ♠✐❝r♦✢✉✐❞✐q✉❡ ❞❡ ❧❛ ♣✉❝❡ à ❝❡❧❧✉❧❡ ❡st ❧❛ ♠ê♠❡ q✉❡
❝❡❧❧❡ ❞✉ ❞✐s♣♦s✐t✐❢ ♣♦✉r ❧❡s ❙▼❘■❱ à ❧❛ ❞✐✛ér❡♥❝❡ ♣rès ❞❡ ❧✬❛❣❡♥❝❡♠❡♥t ❞❡s
❝❛♥❛✉① ❞✬❡♥tré❡ ❞❛♥s ❧❡s ❧✐❣♥❡s ❞❡ ❝❤❛♠❜r❡s ✭❋✐❣✉r❡ ✻✹✮✳ ❈❡s ❞❡r♥✐❡rs s♦♥t
✜♥s ✭✷✵✵ µm✮ ❞❡ ❢❛ç♦♥ à é✈✐t❡r ❧❛ sé❞✐♠❡♥t❛t✐♦♥ ❡t ❧✬❛❣❣❧✉t✐♥❛t✐♦♥ ❞❡s ❝❡❧❧✉❧❡s
q✉✐ ♣r♦✈♦q✉❡♥t ❞❡s ❜♦✉❝❤♦♥s✳ ❆✈❡❝ ✉♥❡ ❞❡♥s✐té ❞❡ ❝❡❧❧✉❧❡s ❛❞éq✉❛t❡✱ ♦♥ ♣❡✉t
② ✈♦✐r ❧❡s ❝❡❧❧✉❧❡s ♣❛ss❡r ❡♥ ✜❧❡ ✐♥❞✐❡♥♥❡✳ ■❧ ② ❛ ❞❡✉① ✧✐♥❧❡ts✧ ✭❞❡✉① rés❡r✈♦✐rs
❞✬❡♥tré❡✮ ♣♦✉r ♣♦✉✈♦✐r t❡st❡r ❞❡✉① ❝♦♥❞✐t✐♦♥s ❜✐♦❝❤✐♠✐q✉❡s ❞✐✛ér❡♥t❡s s✉r ❧❛
♣♦♣✉❧❛t✐♦♥ ❝❡❧❧✉❧❛✐r❡ ♣rés❡♥t❡ ❞❛♥s ❧❛ ♣✉❝❡ ♠✐❝r♦✢✉✐❞✐q✉❡✳

✶✶✼



❈❍❆P■❚❘❊ ✷✳ ❘➱❙❯▲❚❆❚❙

in
le

t 
1

in
le

t 
2

1
5

0
0

0
 µ

m

12500  µm

o
u

tl
e
t

❋✐❣✉r❡ ✷✳✻✹ ✕ ●é♦♠étr✐❡ ❡♥ ❞❡✉① ❞✐♠❡♥s✐♦♥s ❞✉ ❝✐r❝✉✐t ♠✐❝r♦✢✉✐❞✐q✉❡ ♣♦✉r ❧❡s ❈■❱✳

▲❡s ❝❛♥❛✉① ❞✬❡♥tré❡ ❞❛♥s ❧❡s ❧✐❣♥❡s ❞❡ ❝❤❛♠❜r❡s ❢♦♥t ✷✵✵ µm ❞❡ ❧❛r❣❡✉r✳ ❈❡s ❝❛♥❛✉①

❞✬❡♥tré❡ s♦♥t sé♣❛rés ❡♥ ❞❡✉① ❣r♦✉♣❡s ❝♦rr❡s♣♦♥❞❛♥t à ❞❡✉① rés❡r✈♦✐rs ✿ ❧✬✐♥❧❡t ✶ ❡t ❧✬✐♥❧❡t

✷✳ ▲❡s ♣❡t✐ts ❝❡r❝❧❡s ❡t ❧❡s ❣r❛♥❞s ❝❡r❝❧❡s ❡♥ ♣♦✐♥t✐❧❧é ♥♦✐r r❡♣rés❡♥t❡♥t r❡s♣❡❝t✐✈❡♠❡♥t

❧❛ t❛✐❧❧❡ ♠✐♥✐♠✉♠ ❡t ❧❛ t❛✐❧❧❡ ♠❛①✐♠✉♠ ❞❡s rés❡r✈♦✐rs ❝②❧✐♥❞r✐q✉❡s ❛❞❛♣t❛❜❧❡s ❛✉ ❝✐r❝✉✐t

♠✐❝r♦✢✉✐❞✐q✉❡ ✿ ❧❡ ❞✐❛♠ètr❡ ♠✐♥✐♠✉♠ ét❛♥t ❞❡ ✹ ♠♠ ❡t ❧❡ ❞✐❛♠ètr❡ ♠❛①✐♠✉♠ ét❛♥t ❞❡ ✽

♠♠✳ ▲✬♦✉t❧❡t✱ r❡♣rés❡♥té ♣❛r ❧✬♦✈❛❧❡ ♥♦✐r ❡♥ ♣♦✐♥t✐❧❧é✱ ❡st ❧✬❡♥s❡♠❜❧❡ ❞❡s s♦rt✐❡s ❈❆✷ ❞❡s

❧✐❣♥❡s ❞❡ ❝❤❛♠❜r❡s✳
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P✉❝❡

objective
coverglass

Pipette

microfluidic circuit

bath

PDMS

small molecules 

inlets

outlets

❋✐❣✉r❡ ✷✳✻✺ ✕ ❙❝❤é♠❛ ❡♥ ❝♦✉♣❡ ❞❡ ❧❛ ♣✉❝❡ ♠✐❝r♦✢✉✐❞✐q✉❡ ♣♦✉r ❧❡s ❈■❱✳

❯♥ ❜❧♦❝ ❞❡ P❉▼❙ ❝♦♥t✐❡♥t ❧❡ ❝✐r❝✉✐t ♠✐❝r♦✢✉✐❞✐q✉❡ à s❛ s✉r❢❛❝❡ ✐♥❢ér✐❡✉r❡
❡t ❝♦♥t✐❡♥t ❞❡✉① rés❡r✈♦✐rs ❞✬❡♥tré❡ ✭❝♦♠♠❡ ❞✐t ♣ré❝é❞❡♠♠❡♥t✮ q✉✐ ❧❡ tr❛✲
✈❡rs❡♥t✳ ❈❡s ❞❡✉① rés❡r✈♦✐rs ❝②❧✐♥❞r✐q✉❡s s♦♥t ❝❡♥trés s✉r ❧❡s ❞❡✉① ❣r♦✉♣❡s ❞❡
❝❛♥❛✉① ❞✬❡♥tré❡ ❝♦♠♠❡ ❧✬✐♥❞✐q✉❡ ❧❛ ✜❣✉r❡ ♣ré❝é❞❡♥t❡✱ ✐❧s s♦♥t ♣❡r❝és ❛✈❡❝ ✉♥
❡♠♣♦rt❡✲♣✐è❝❡ ❡t ♦♥t ✉♥ ❞✐❛♠ètr❡ q✉✐ ♣❡✉t ❛❧❧❡r ❞❡ ✹ à ✽ ♠♠ ❞❡ ❞✐❛♠ètr❡✳
❯♥ ❜❛✐♥ ♦✉✈❡rt s✉r ❧✬❡♥✈✐r♦♥♥❡♠❡♥t ❡①tér✐❡✉r s✉r♣❧♦♠❜❡ ❧❡ ❝✐r❝✉✐t ♠✐❝r♦✢✉✐✲
❞✐q✉❡✳ ❈❡ ❞❡r♥✐❡r ❡st ❢❡r♠é ♣❛r ✉♥❡ ❧❛♠❡❧❧❡ ❡♥ ✈❡rr❡✱ s♦✐t ♣❛r s✐♠♣❧❡ ❝♦♥t❛❝t
✭❧✐❛✐s♦♥ ré✈❡rs✐❜❧❡✮✱ s♦✐t ♣❛r ❧✐❡♥s ❝♦✈❛❧❡♥ts ❛♣rès ✉♥ tr❛✐t❡♠❡♥t ♣❧❛s♠❛ O2 ❞❡
❧❛ s✉r❢❛❝❡ ❞❡ P❉▼❙ ❡t ❞❡ ❧❛ ❧❛♠❡❧❧❡ ❡♥ ✈❡rr❡✳ ▲❡ ♠✐❧✐❡✉ ❞❡ ❝✉❧t✉r❡ ❞❡s ❝❡❧❧✉❧❡s
❡st ❡ss❡♥t✐❡❧❧❡♠❡♥t ❝♦♠♣♦sé ❞✬❡❛✉✱ s❛ ✈✐s❝♦s✐té ❡st ❞♦♥❝ ❞❡ ✶ ♠P❛✳s✳ ▲❛ ❢♦r❝❡
❤②❞r♦st❛t✐q✉❡ ❝réé❡ ♣❛r ❧❛ ❞✐✛ér❡♥❝❡ ❞❡ ❤❛✉t❡✉r ❞❡ ✢✉✐❞❡ ❡♥tr❡ ❧❡s rés❡r✈♦✐rs
❞✬❡♥tré❡ ❡t ❧❡ rés❡r✈♦✐r ❞❡ s♦rt✐❡ s✉✣t à r❡♠♣❧✐r ❧❡s ❝❤❛♠❜r❡s ♠✐❝r♦✢✉✐❞✐q✉❡s
❡t à ét❛❜❧✐r ✉♥ é❝♦✉❧❡♠❡♥t ♣❡r♠❛♥❡♥t ❞❛♥s ❧❡s ❝❛♥❛✉① ❞✬❛❧✐♠❡♥t❛t✐♦♥✳ ■❧ ♥✬❡st
❞♦♥❝ ♣❛s ♥é❝❡ss❛✐r❡ ❞✬❛ss♦❝✐❡r ✉♥ s②stè♠❡ ❞✬✐♥❥❡❝t✐♦♥ ❡①t❡r♥❡ ❝♦♠♠❡ s✉r ❧❡
❞✐s♣♦s✐t✐❢ ♣♦✉r ❧❡s ❙▼❘■❱✳ ▲❡ r❡♠♣❧✐ss❛❣❡ ❞❡s ❝❤❛♠❜r❡s ♠✐❝r♦✢✉✐❞✐q✉❡s ❛✐♥s✐
q✉❡ ❧❡✉r r❡♥♦✉✈❡❧❧❡♠❡♥t s❡ ❢❛✐t ❡♥ ✉t✐❧✐s❛♥t ✉♥❡ s✐♠♣❧❡ ♣✐♣❡tt❡✳

▲❡ P❉▼❙ ❡st ✉♥ ♠❛tér✐❛✉ ♣♦r❡✉①✳ ▲❡s ♠♦❧é❝✉❧❡s ❞❡ t❛✐❧❧❡ ✐♠♣♦rt❛♥t❡
✭♣r♦té✐♥❡s✮ ❞✐✛✉s❡♥t ♣❡✉ à tr❛✈❡rs ❧❡ P❉▼❙ ♠❛✐s ❧❡s ♠♦❧é❝✉❧❡s ❞❡ ♣❡t✐t❡
t❛✐❧❧❡ ✭❡❛✉ ❡t ❣❛③✮ ❞✐✛✉s❡♥t très ❜✐❡♥ ❞❛♥s ✉♥ ❜❧♦❝ ❞❡ P❉▼❙✳ ❆ ✸✼ oC✱ ❧❡ ❝♦✲
❡✣❝✐❡♥t ❞❡ ❞✐✛✉s✐♦♥ ❞❡ O2 ❡st ❞❡ ✷✵✵✵ µm

2.s−1 ❞❛♥s ❧✬❡❛✉✱ ❡t ❞❡ ✶✾✵✵ µm2.s−1

❞❛♥s ❧❡ P❉▼❙✳ ▲❡ ❝♦❡✣❝✐❡♥t ❞❡ ❞✐✛✉s✐♦♥ ❞✬H20 ❡st ❞❡ ✷✶✵✵ µm2.s−1 ❞❛♥s
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❧✬❡❛✉✱ ❡t ❞❡ ✶✵✵✵ µm2.s−1 ❞❛♥s ❧❡ P❉▼❙✳ ❧❛ s✉r❢❛❝❡ ❞✬é❝❤❛♥❣❡ ❡♥tr❡ ❧❛ s♦✲
❧✉t✐♦♥ ❝♦♥t❡♥✉❡ ❞❛♥s ✉♥❡ ❝❤❛♠❜r❡ ❡t ❧❛ s♦❧✉t✐♦♥ ❞❡s ❝❛♥❛✉① ❞✬❛❧✐♠❡♥t❛t✐♦♥
❡st ❞❡ ✷✵✵✵ µm2 ❡t ❧❛ s✉r❢❛❝❡ ❞✬é❝❤❛♥❣❡ ❡♥tr❡ ❧❛ s♦❧✉t✐♦♥ ❝♦♥t❡♥✉❡ ❞❛♥s ✉♥❡
❝❤❛♠❜r❡ ❡t ❧❡ P❉▼❙ ❡st ❞❡ ✾✵✵✵✵ µm2✳ ❉♦♥❝✱ s❛♥s ❜❛✐♥ ❛✉ ❞❡ss✉s ❞✉ ❝✐r✲
❝✉✐t ♠✐❝r♦✢✉✐❞✐q✉❡ ✭❡♥ ❝♦♥s✐❞ér❛♥t ✉♥ ❣r❛❞✐❡♥t ♠♦❧é❝✉❧❛✐r❡ ✐❞❡♥t✐q✉❡ ❡♥tr❡
❧❡s ❝❛♥❛✉① ❞✬❛❧✐♠❡♥t❛t✐♦♥ ❡t ❧❛ ❝❤❛♠❜r❡✱ ❡t ❡♥tr❡ ❧❛ ❝❤❛♠❜r❡ ❡t ❧❡ P❉▼❙✮ ❧❡s
♣❡t✐t❡s ♠♦❧é❝✉❧❡s ❝♦♥t❡♥✉❡s ❞❛♥s ❧❛ s♦❧✉t✐♦♥ s✬é❝❤❛♣♣❡♥t ❞❡s ❝❤❛♠❜r❡s ♠✐❝r♦✲
✢✉✐❞✐q✉❡s ♣❧✉s r❛♣✐❞❡♠❡♥t q✉✬❡❧❧❡s ♥✬② ❡♥tr❡♥t ✿ ✹✸ ❢♦✐s ♣❧✉s r❛♣✐❞❡♠❡♥t ♣♦✉r
O2 ❡t ✷✶ ❢♦✐s ♣❧✉s r❛♣✐❞❡♠❡♥t ♣♦✉r H20✳ ▲❡s ♣❡rt❡s s♦♥t ❞♦♥❝ ❝♦♥s✐❞ér❛❜❧❡s✳
▼❛✐s ❛✈❡❝ ❧❛ ♣rés❡♥❝❡ ❞✬✉♥ ❜❛✐♥ ❝♦♥t❡♥❛♥t ✉♥❡ s♦❧✉t✐♦♥ ✐s♦✲♦s♠♦t✐q✉❡✱ ♦♥
♣❡✉t r❡❝ré❡r ✉♥ éq✉✐❧✐❜r❡ ❞❡ ❞✐✛✉s✐♦♥ ❞❡s ♣❡t✐t❡s ♠♦❧é❝✉❧❡s ✿ s✉r ❧❡ ③♦♦♠ ❞❡
❧❛ ✜❣✉r❡ ✻✺✱ ❧❡s ♣❡t✐t❡s ♠♦❧é❝✉❧❡s s♦♥t r❡♣rés❡♥té❡s ♣❛r ❞❡s ♣♦✐♥ts ✈❡rts q✉✐
s♦♥t ✐ss✉s à ❧❛ ❢♦✐s ❞❡ ❧❛ s♦❧✉t✐♦♥ ❞✉ ❝✐r❝✉✐t ❡t ❞❡ ❧❛ s♦❧✉t✐♦♥ ❞✉ ❜❛✐♥✳ ❆✐♥s✐✱
❛✈❡❝ ❝❡ ❜❛✐♥ ✐s♦✲♦s♠♦t✐q✉❡✱ ♦♥ ❝♦♥trô❧❡ ❞❡ ❢❛ç♦♥ st❛❜❧❡ ❧❛ ❝♦♥❝❡♥tr❛t✐♦♥ ❞❡s
❝♦♠♣♦sés ❝❤✐♠✐q✉❡s ❡t ❜✐♦❝❤✐♠✐q✉❡s ❞❛♥s ❧❡s ❝❤❛♠❜r❡s ❞❡ tr❛✈❛✐❧✳

Pr♦t♦❝♦❧❡ ✶✶ ✭❝❢✳ ❆♥♥❡①❡s✮ ✿
▼♦♥t❛❣❡ ❡t ✉t✐❧✐s❛t✐♦♥ ❞❡ ❧❛ ♣✉❝❡ à ❝❡❧❧✉❧❡s ❛✈❡❝ ♣❧❛❢♦♥❞ ❞❡ P❉▼❙ ✜♥
✭♠❡♠❜r❛♥❡ ❞❡ ♠♦✐♥s ❞❡ ✷✵✵ µm ❞✬é♣❛✐ss❡✉r✮ ♣❛r ❧❛ ♠ét❤♦❞❡ ♣❧❛s♠❛

Pr♦t♦❝♦❧❡ ✶✷ ✭❝❢✳ ❆♥♥❡①❡s✮ ✿
▼♦♥t❛❣❡ ❡t ✉t✐❧✐s❛t✐♦♥ ❞❡ ❧❛ ♣✉❝❡ à ❝❡❧❧✉❧❡s ❛✈❡❝ ♣❧❛❢♦♥❞ ❞❡ P❉▼❙ é♣❛✐s
✭✺✵✵ µm ❞✬é♣❛✐ss❡✉r✮ ♣❛r ❧❛ ♠ét❤♦❞❡ ♣❧❛s♠❛ ❡t ♣❛r ❧❛ ♠ét❤♦❞❡ s✐♠♣❧❡

❝♦♥t❛❝t

▲❡s ❝❛❧✐❜r❛t✐♦♥s ❞❡ ❧❛ ♣✉❝❡

◆✬❛②❛♥t ♣❛s ❡✉ ❧❡ t❡♠♣s ♥é❝❡ss❛✐r❡ ♣♦✉r ❝❛❧✐❜r❡r ❝❡tt❡ ♣✉❝❡ à ❝❡❧❧✉❧❡s
❝♦♠♠❡ ♥♦✉s ❧❡ s♦✉❤❛✐t✐♦♥s✱ ❥❡ ♣rés❡♥t❡ ✐❝✐ ❧❡s t❡sts ✐♠♣♦rt❛♥ts q✉❡ ♥♦✉s
❛✈♦♥s ❢❛✐ts ❡t ❧❛ ❧✐st❡ ❞❡s ❝❛❧✐❜r❛t✐♦♥s q✉❡ ♥♦✉s ❝♦♠♣t♦♥s ❢❛✐r❡ ♣❛r ❧❛ s✉✐t❡✳

❈❛❧✐❜r❛t✐♦♥ ❞✉ r❡♠♣❧✐ss❛❣❡ ❞❡s ❝❤❛♠❜r❡s ✿ ✈♦✐r ❋✐❣✉r❡ ✷✾✳

❈♦♠♠❡ ❞✐t ♣ré❝é❞❡♠♠❡♥t✱ ♦♥ ♣❡✉t ❢❡r♠❡r ❧❡ ❝✐r❝✉✐t ♠✐❝r♦✢✉✐❞✐q✉❡ ♣❛r
❞❡✉① ♠ét❤♦❞❡s ✿ ♣❛r ✉♥ tr❛✐t❡♠❡♥t ♣ré❛❧❛❜❧❡ ❛✉ ♣❧❛s♠❛ O2 ♦✉ ♣❛r s✐♠♣❧❡
❝♦♥t❛❝t✳ ❆✈❡❝ ✉♥ tr❛✐t❡♠❡♥t ❛✉ ♣❧❛s♠❛ O2✱ ❧❡ r❡♠♣❧✐ss❛❣❡ ❞❡s ❝❤❛♠❜r❡s ♠✐✲
❝r♦✢✉✐❞✐q✉❡s ♥❡ ♥é❝❡ss✐t❡ ❛✉❝✉♥❡ ♣r❡ss✐♦♥ ❞✬❡♥tré❡✱ ✐❧ s❡ ❢❛✐t ♣❛r ❧✬❛❝t✐♦♥ ❞❡s
❢♦r❝❡s ❞✬❤②❞r♦♣❤♦❜✐❝✐té ❛❣✐ss❛♥t s✉r ❧❡ ✢✉✐❞❡ ♣❛r ❧❡s s✉r❢❛❝❡s ✐♥❢ér✐❡✉r❡s ❡t
s✉♣ér✐❡✉r❡s tr❛✐té❡s ❛✉ ♣❧❛s♠❛✳ ❆✈❡❝ ❝❡tt❡ ♠ét❤♦❞❡✱ ♦♥ ♣❡✉t ❞♦♥❝ r❡♠♣❧✐r
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❧❡s ❝❤❛♠❜r❡s ❛✈❡❝ ❞❡ très ❢❛✐❜❧❡s ✈♦❧✉♠❡s✳ ▼❛✐s✱ s✐ ♦♥ ✈❡✉t ré❛❧✐s❡r ✉♥❡ ❡①♣é✲
r✐❡♥❝❡ ❛✈❡❝ ✉♥❡ ❧❛♠❡❧❧❡ ❡♥ ✈❡rr❡ ♠✐❝r♦str✉❝t✉ré❡ ❝❤✐♠✐q✉❡♠❡♥t ❡t✴♦✉ ❜✐♦❝❤✐✲
♠✐q✉❡♠❡♥t✱ ❧✬✉♥✐q✉❡ ♠ét❤♦❞❡ ♣♦ss✐❜❧❡ ♣♦✉r ♣rés❡r✈❡r t♦t❛❧❡♠❡♥t ❧❡s ♠✐❝r♦✲
str✉❝t✉r❡s ❡st ❧❡ ✧s✐♠♣❧❡ ❝♦♥t❛❝t✧ ✭♦✉ ❧✐❛✐s♦♥ ré✈❡rs✐❜❧❡✮✳ ◆♦✉s ❛✈♦♥s t❡sté ❧❛
❢❛✐s❛❜✐❧✐té ❞✉ r❡♠♣❧✐ss❛❣❡ ❞❡s ❝❤❛♠❜r❡s ❛✈❡❝ ❝❡tt❡ ♠ét❤♦❞❡ ❡t ✐❧ s✬❛✈èr❡ q✉❡
❧❡ r❡♠♣❧✐ss❛❣❡ ❡st ❡✣❝❛❝❡ à ✽✵ ✪ ❛✈❡❝ ✉♥❡ ❧❛♠❡❧❧❡ ❡♥ ✈❡rr❡ ❢♦♥❝t✐♦♥♥❛❧✐sé❡
❛✉ P▲▲✲P❊● ❡t ✉♥ ✈♦❧✉♠❡ ❞❡ ♠✐❧✐❡✉ ❞❡ ❝✉❧t✉r❡ ❞❡ ✶✺✵ µL ♣❧❛❝é ❞❛♥s ✉♥
rés❡r✈♦✐r ❞✬❡♥tré❡ ❞❡ ✻ ♠♠ ❞❡ ❞✐❛♠ètr❡✳

P♦✉r ❛♠❡♥❡r ❝❡tt❡ ❡✣❝❛❝✐té ❞❡ r❡♠♣❧✐ss❛❣❡ à ✶✵✵ ✪✱ ❝✬❡st✲à✲❞✐r❡ ❝❡♥t ♣♦✉r
❝❡♥t ❞❡s ❝❤❛♠❜r❡s r❡♠♣❧✐❡s✱ ✐❧ ❢❛✉❞r❛ t❡st❡r ❞✐✛ér❡♥t❡s ❤❛✉t❡✉rs ❞❡ ❝❛♥❛✉① ✿
✶✵µm ❀ ✷✵µm ❀ ✹✵µm✳ ■❧ ❢❛✉❞r❛ ❛✉ss✐ t❡st❡r ❞✐✛ér❡♥t❡s ✈✐t❡ss❡s ❞❡ ✢✉✐❞❡ ❡♥
❡♥tré❡ ❞❡ ❝✐r❝✉✐t✳

❈❛❧✐❜r❛t✐♦♥ ❞❡ ❧❛ ✈✐t❡ss❡ ❞✉ ✢✉✐❞❡ ❡♥ ❡♥tré❡ ❞❡ ❝✐r❝✉✐t

▲❡ s❡❝♦♥❞ tr❛✈❛✐❧ ❞❡ ❝❛❧✐❜r❛t✐♦♥ ❝♦♥s✐st❡r❛ à é✈❛❧✉❡r ❧❛ ✈✐t❡ss❡ ❞✬é❝♦✉❧❡✲
♠❡♥t ❞✉ ✢✉✐❞❡ ❞❛♥s ❧❡s ❝♦♥❞✉✐t❡s ♠✐❝r♦✢✉✐❞✐q✉❡s ❡♥ ❢♦♥❝t✐♦♥ ✿

✲ ❞❡ ❧❛ ❞✐✛ér❡♥❝❡ ❞❡ ❤❛✉t❡✉r ❞❡ ✢✉✐❞❡ ❡♥tr❡ ❧❡s rés❡r✈♦✐rs ❞✬❡♥tré❡ ❡t ❧❛
s♦rt✐❡✱

✲ ❞❡ ❧❛ ❤❛✉t❡✉r ❞✉ ❝✐r❝✉✐t ♠✐❝r♦✢✉✐❞✐q✉❡✱
✲ ❞✉ ❞✐❛♠ètr❡ ❞❡s rés❡r✈♦✐rs ✭q✉✐ ❥♦✉❡r❛ ❛✉ss✐ s✉r ❧❛ ✈✐t❡ss❡ ❞✬é❝♦✉❧❡♠❡♥t

❝❛r à ❝❡s é❝❤❡❧❧❡s✱ ❧❡s ❢♦r❝❡s ❝❛♣✐❧❧❛✐r❡s s♦♥t ♥♦♥✲♥é❣❧✐❣❡❛❜❧❡s ❞❡✈❛♥t ❧❡s ❢♦r❝❡s
❞❡ ❣r❛✈✐té✮✳

❈❛❧✐❜r❛t✐♦♥ ❞✉ P❍ ❛✉ s❡✐♥ ❞✬✉♥❡ ❝❤❛♠❜r❡

❊♥ ✉t✐❧✐s❛♥t ❞❡s ✐♥❞✐❝❛t❡✉rs ✢✉♦r❡s❝❡♥ts ❞❡ P❍✱ ♥♦✉s ♣♦✉rr♦♥s ❝❛❧✐❜r❡r
❧✬éq✉✐❧✐❜r❡ ❞✉ P❍ ❞✉ ♠✐❧✐❡✉ ❞❡ ❝✉❧t✉r❡ ❝❡❧❧✉❧❛✐r❡ ❝♦♥t❡♥✉ ❞❛♥s ✉♥❡ ❝❤❛♠❜r❡
❡♥ ❢♦♥❝t✐♦♥ ✿

✲ ❞❡ ❧✬é♣❛✐ss❡✉r ❞❡ P❉▼❙ ❡♥tr❡ ❧❡s ❝❤❛♠❜r❡s ❡t ❧❡ ❜❛✐♥ ✐s♦✲♦s♠♦t✐q✉❡✱
✲ ❞❡ ❧❛ ♣rés❡♥❝❡ ❞❡ ♠✐❧✐❡✉ t❛♠♣♦♥♥é ❞❛♥s ❧❡ ❜❛✐♥ ✐s♦✲♦s♠♦t✐q✉❡✱
✲ ❞❡ ❧❛ ✈✐t❡ss❡ ❞✬é❝♦✉❧❡♠❡♥t ❞✉ ♠✐❧✐❡✉ ❞❛♥s ❧❡s ❝❛♥❛✉① ❞✬❛❧✐♠❡♥t❛t✐♦♥✳

✶✷✶



❈❍❆P■❚❘❊ ✷✳ ❘➱❙❯▲❚❆❚❙

❈❛❧✐❜r❛t✐♦♥ ❞❡ ❧❛ ✢❡①✐❜✐❧✐té ❞✉ ♣❧❛❢♦♥❞ ❞❡ P❉▼❙

❋✐❣✉r❡ ✷✳✻✻ ✕ ❱✐s✉❛❧✐s❛t✐♦♥ ❡♥ ♠✐❝r♦s❝♦♣✐❡ à ❝♦♥tr❛st❡ ❞❡ ♣❤❛s❡✱ ❞❡ ❧✬❛✛❛✐ss❡♠❡♥t ❞✉

P❉▼❙ s✉r ❧❡ ❢♦♥❞ ❞❡s ❝❤❛♠❜r❡s ♠✐❝r♦✢✉✐❞✐q✉❡s✳

▲✬é♣❛✐ss❡✉r ❤ ❞✉ ♣❧❛❢♦♥❞ ❞❡ P❉▼❙ ❡st ét❛❜❧✐❡ ❡♥ ❛♣♣❧✐q✉❛♥t ❧❛ t❡❝❤♥✐q✉❡
❞✉ ✧s♣✐♥✲❝♦❛t✐♥❣✧ ♣♦✉r ❝ré❡r ✉♥ ✜❧♠ ✜♥ ❞❡ P❉▼❙ ❞✐r❡❝t❡♠❡♥t s✉r ❧❡ ♠♦✉❧❡
♠✐❝r♦str✉❝t✉ré✳ ❉❡ ❝❡tt❡ ♠❛♥✐èr❡ ♥♦✉s s♦♠♠❡s ♣❛r✈❡♥✉s à ❞❡s é♣❛✐ss❡✉rs ❞❡
♣❧❛❢♦♥❞ ❞❡ P❉▼❙ ❞✬✉♥❡ ❝✐♥q✉❛♥t❛✐♥❡ ❞❡ ♠✐❝r♦♠ètr❡s✳ ❆ ❝❡s é♣❛✐ss❡✉rs ❧à✱ ❧❡
P❉▼❙ ❞❡✈✐❡♥t s✐ ✢❡①✐❜❧❡ q✉✬✐❧ s✬ét❛❧❡ s✉r ❧❡ ❢♦♥❞ ❞❡s ❝❤❛♠❜r❡s s♦✉s ❧✬❡✛❡t ❞❡
s♦♥ ♣r♦♣r❡ ♣♦✐❞s ❝♦♠♠❡ ❧❡ ♠♦♥tr❡ ❧❛ ✜❣✉r❡ ✻✻✳

❈❡tt❡ é♣❛✐ss❡✉r ❤ ♣❡✉t êtr❡ ❝♦rr❡❝t❡♠❡♥t ♠♦❞é❧✐sé❡ ♣❛r ❧✬❡①♣r❡ss✐♦♥ ❡♠✲
♣✐r✐q✉❡ s✉✐✈❛♥t❡ ✿

h = kC
( µ

w2

)1/3

❈ ✿ ❝♦♥❝❡♥tr❛t✐♦♥ ✐♥✐t✐❛❧❡ ❞❡ ♣♦❧②♠èr❡s ❞❛♥s ❧❛ s♦❧✉t✐♦♥✳
❦ ✿ ❝♦♥st❛♥t❡ ❞❡ ❝❛❧✐❜r❛t✐♦♥✳
✇ ✿ ✈✐t❡ss❡ ❞❡ r♦t❛t✐♦♥ ❛♥❣✉❧❛✐r❡ ✭✧s♣✐♥✲❝♦❛t✐♥❣✧✮✳
µ ✿ ✈✐s❝♦s✐té✳

▲❛ r❛✐❞❡✉r ❞✉ ♣❧❛❢♦♥❞ ❞❡ P❉▼❙ ❞❡✈r❛ êtr❡ ❝❛❧✐❜ré ❡♥ ❢♦♥❝t✐♦♥ ❞❡ s♦♥
é♣❛✐ss❡✉r ❤ ♣♦✉r ❞❡s ét✉❞❡s ♠é❝❛♥✐q✉❡s ❞❡s ❝❡❧❧✉❧❡s ❝♦♥t❡♥✉❡s ❞❛♥s ❧❡s ❝❤❛♠❜r❡s
❬✷✾✱✶✵✼❪ ♠❛✐s ❛✉ss✐ ♣♦✉r ♣❡r♠❡ttr❡ à ✉♥❡ ❛✐❣✉✐❧❧❡ ❞❡ tr❛✈❡rs❡r ❧❡ P❉▼❙ ♣♦✉r
s✬♦✛r✐r ❧❛ ♣♦ss✐❜✐❧✐té ❞❡ ré❝✉♣ér❡r ❧❡s ❝❡❧❧✉❧❡s ❛♣rès ✉♥ é✈❡♥t✉❡❧ tr❛✐t❡♠❡♥t✳
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✷✳✸✳✷ ❈♦♠♣❛t✐❜✐❧✐té ❞❡ ❧❛ ♣✉❝❡ ♣♦✉r ❧❛ ❝✉❧t✉r❡ ❡t ❧✬♦❜✲
s❡r✈❛t✐♦♥ ❞❡s ❝❡❧❧✉❧❡s

❆✜♥ ❞❡ ✈❛❧✐❞❡r ❧❛ ❝♦♠♣❛t✐❜✐❧✐té ❞❡ ❝❡tt❡ ♣✉❝❡ ❛✈❡❝ ❧❛ ❝✉❧t✉r❡ ❞❡s ❝❡❧❧✉❧❡s
♥♦♥✲❛❞❤ér❡♥t❡s✱ ♥♦✉s ② ❛✈♦♥s ❝✉❧t✐✈é ❞❡s ❧②♠♣❤♦❝②t❡s ❚ ✭❏✉r❦❛ts✮ ❡t ❞❡s
❝❡❧❧✉❧❡s s♦✉❝❤❡s ❤é♠❛t♦♣♦ïét✐q✉❡s ✭❈❙❍s✮✳ ▲❡s ❡①♣ér✐❡♥❝❡s ❞❡ ❝✉❧t✉r❡ à ❧♦♥❣
t❡r♠❡ ❡t ❧❡s ♠❡s✉r❡s q✉❡ ♥♦✉s ❛✈♦♥s ❢❛✐t❡s ♥♦✉s ♦♥t ♠♦♥tré ❧❛ q✉❛❧✐té ❞❡s
❛♥❛❧②s❡s ❞✐♠❡♥s✐♦♥♥❡❧❧❡s ❡t t❡♠♣♦r❡❧❧❡s q✉❡ ❧❛ ♣✉❝❡ à ❝❡❧❧✉❧❡s ♣❡r♠❡t ❞❡
ré❛❧✐s❡r✳

❏✉r❦❛ts

■♥❥❡❝t✐♦♥ ❞❡s ❝❡❧❧✉❧❡s

❖♥ r❡♠♣❧✐t ❧❡ rés❡r✈♦✐r ❞✬❡♥tré❡ ♣❛r ✉♥❡ s✉s♣❡♥s✐♦♥ ❞❡ ❧②♠♣❤♦❝②t❡s ❚✱ ❧❡
r❡♠♣❧✐ss❛❣❡ ❞❡s ❝❤❛♠❜r❡s ♣❛r ❧❡s ❝❡❧❧✉❧❡s s❡ ❢❛✐t ❡♥ q✉❡❧q✉❡s ♠✐♥✉t❡s✳
(A)

❋✐❣✉r❡ ✷✳✻✼ ✕ ❘é♣❛rt✐t✐♦♥ ❞❡s ❧②♠♣❤♦❝②t❡s ❚ ❞❛♥s ❧❡s ❝❤❛♠❜r❡s s❛♥s ✢✉① ❞❡ ❧❛ ♣✉❝❡

♠✐r♦✢✉✐❞✐q✉❡ ❛♣rès ✐♥❥❡❝t✐♦♥ ❞❛♥s ❧❡ rés❡r✈♦✐r ❞✬❡♥tré❡✳ ▲❡s ❝❡❧❧✉❧❡s s♦♥t ✐♥❥❡❝té❡s ❞❛♥s

❧❡ ♠✐❧✐❡✉ ❞❡ ❝✉❧t✉r❡ ❉▼❊▼ ✭✶❳✮ ●❧✉t❛▼❆❳✲✶✳ ▲❡ ♠✐❧✐❡✉ ❡st r❡♥♦✉✈❡❧é ❞❛♥s ❧❡ rés❡r✈♦✐r

❞✬❡♥tré❡ ❞❡ ❧❛ ♣✉❝❡ t♦✉t❡s ❧❡s ✻ ❤❡✉r❡s✳ ▲❛ ♣✉❝❡ ❡st ♣❧❛❝é❡ ❞❛♥s ✉♥ ✐♥❝✉❜❛t❡✉r ❤✉♠✐❞✐✜é à

✸✼ oC ❛✈❡❝ ✺ % ❞❡ CO2 ❡t ✾✺ % ❞✬❛✐r✳

▲❛ ré♣❛rt✐t✐♦♥ ❞✉ ♥♦♠❜r❡ ❞❡ ❝❡❧❧✉❧❡s ♣❛r ❝❤❛♠❜r❡ ✭q✉✐ ❞é♣❡♥❞ ❞❡ ❧❛ ❞❡♥✲
s✐té ❞❡ ❝❡❧❧✉❧❡s ✐♥tr♦❞✉✐t❡s ❞❛♥s ❧❡ rés❡r✈♦✐r ❞✬❡♥tré❡✮ ❡st ❛ss❡③ ❤♦♠♦❣è♥❡ ❛✈❡❝
❡♥✈✐r♦♥ ✶✵ % ❞❡s ❝❤❛♠❜r❡s q✉✐ ❝♦♥t✐❡♥♥❡♥t ✉♥❡ ❝❡❧❧✉❧❡ ✐♥❞✐✈✐❞✉❡❧❧❡✳ ▲❡s ❝❡❧✲
❧✉❧❡s r❡st❡♥t ✐♠♠♦❜✐❧❡s ❞❛♥s ❧❡s ❝❤❛♠❜r❡s s❛♥s ✢✉① ❡t ♥❡ r❡st❡♥t ♣❛s ❜❧♦q✉é❡s
❞❛♥s ❧❡s ❝❛♥❛✉① ❞✬❛❧✐♠❡♥t❛t✐♦♥✳
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❙✉✐✈✐ ❞❡s ❞✐✈✐s✐♦♥s ❝❡❧❧✉❧❛✐r❡s à ❧♦♥❣ t❡r♠❡

1 1
11

1

11

12

11

111

112

1

1311

12
111

11

1
13

12

121

111

11

112

12

1211

13

111
111

1111

12 121

112

11
1

13

111
1111

12 121

112

11
1

13

16 h00 h 35 h

38 h 56 h 60 h

63 h 65 h

❋✐❣✉r❡ ✷✳✻✽ ✕ ❙éq✉❡♥❝❡ ❛✉ ❝♦✉rs ❞✉ t❡♠♣s ✭❡♥ ❥♦✉rs ✿ ❤❡✉r❡s ✿ ♠✐♥✉t❡s✮ ❞❡ ❧❛ ♣r♦✲

❧✐❢ér❛t✐♦♥ ❞✬✉♥ ❧②♠♣❤♦❝②t❡ ❚ ✐♥❞✐✈✐❞✉❡❧ ❞❛♥s ✉♥❡ ❝❤❛♠❜r❡ s❛♥s ✢✉①✳ ▲❡s ❝❡❧❧✉❧❡s s♦♥t

♥✉♠ér♦té❡s ❛✈❡❝ ❧❡ ❝♦❞❡ ❝♦✉❧❡✉r s✉✐✈❛♥t ✿ ♣r❡♠✐èr❡ ❣é♥ér❛t✐♦♥ ✿ r♦✉❣❡ ❀ ❞❡✉①✐è♠❡ ❣é♥ér❛✲

t✐♦♥ ✿ ♦r❛♥❣❡ ❀ tr♦✐s✐è♠❡ ❣é♥ér❛t✐♦♥ ✿ ❥❛✉♥❡ ❀ q✉❛tr✐è♠❡ ❣é♥ér❛t✐♦♥ ✿ ❜❧❛♥❝✳ ❖❜s❡r✈❛t✐♦♥ ❡♥

❧✉♠✐èr❡ ❜❧❛♥❝❤❡ tr❛♥s♠✐s❡✳

❊♥ ♠✐❝r♦s❝♦♣✐❡ à ❝♦♥tr❛st❡ ❞❡ ♣❤❛s❡ ♦♥ ❡st ❝❛♣❛❜❧❡ ❞❡ s✉✐✈r❡ ❧❡s ♠♦✉✲
✈❡♠❡♥ts ❞❡s ❝❡❧❧✉❧❡s ❛✉ ❝♦✉rs ❞✉ t❡♠♣s ✭❋✐❣✉r❡ ✻✽✮✳ ❆✉ss✐✱ ❧❛ ❤❛✉t❡✉r ❞❡s
❝❤❛♠❜r❡s ét❛♥t ❞❡ ✷✵ µm ❡t ❧❡ ❞✐❛♠ètr❡ t②♣✐q✉❡ ❞✬✉♥ ❧②♠♣❤♦❝②t❡ ❚ ét❛♥t
❞❡ ✶✺ µm✱ ❧❡s ❝❡❧❧✉❧❡s ♥❡ s❡ ❝❤❡✈❛✉❝❤❡♥t ♣❛s✳ ■❧ ❡st ❞♦♥❝ ❛✐sé ❞❡ ❧❡s r❡♣é✲
r❡r ✐♥❞✐✈✐❞✉❡❧❧❡♠❡♥t ❡t ❞❡ ❧❡✉r ❛ttr✐❜✉❡r ✉♥ ♥✉♠ér♦✳ ❈❡ ♥✉♠ér♦ ❝♦♥t✐❡♥t ❧❡s
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✐♥❢♦r♠❛t✐♦♥s s✉✐✈❛♥t❡s ✿ ♥♦♠❜r❡ ❞❡ ❞✐✈✐s✐♦♥s q✉✬❛ ❡✛❡❝t✉é ❧❛ ❝❡❧❧✉❧❡ ❞❡♣✉✐s
❧❡ ❞é❜✉t ❞❡ ❧✬❡①♣ér✐❡♥❝❡ ❡t ✐❞❡♥t✐té ❞❡ ❧❛ ❝❡❧❧✉❧❡ ♠èr❡ s❛❝❤❛♥t q✉❡ ❧❛ ❝❡❧❧✉❧❡
♠èr❡ ❞❡ ❞é♣❛rt ♣♦rt❡ ✉♥ ♥✉♠ér♦ à ✉♥ ❝❤✐✛r❡✳ ▲❡ s✉✐✈✐ ❞❡s ❝❡❧❧✉❧❡s ❡st r❡♥❞✉
♣♦ss✐❜❧❡ à ❧♦♥❣ t❡r♠❡ ❝❛r ❞✉ ♠✐❧✐❡✉ ❢r❛✐s ❡st ♣❡r❢✉sé ❞❡ ♠❛♥✐èr❡ ❝♦♥t✐♥✉❡ ❞❛♥s
❧❡s ❝❤❛♠❜r❡s ♠✐❝r♦✢✉✐❞✐q✉❡s ♣❛r ❧❡s ❝❛♥❛✉① ❞✬❛❧✐♠❡♥t❛t✐♦♥✳

❆ ♣❛rt✐r ❞❡s ❞♦♥♥é❡s ❞❡ ❧❛ ✜❣✉r❡ ✻✽ ♦♥ ♣❡✉t ❝♦♥str✉✐r❡ ❧✬❛r❜r❡ ❞❡ ♣❡❞✐❣r❡❡
❞✬✉♥❡ ❝❡❧❧✉❧❡ ✐♥❞✐✈✐❞✉❡❧❧❡ q✉✐ ❞♦♥♥❡ ✉♥❡ r❡♣rés❡♥t❛t✐♦♥ ❞❡ ❧❛ ❞②♥❛♠✐q✉❡ ❞❡
❝❡s ❞✐✈✐s✐♦♥s ✭❋✐❣✉r❡ ✻✾✮✳

1

13

12

11

121

112

111

1111

Time (hours)

B

❋✐❣✉r❡ ✷✳✻✾ ✕ ❆r❜r❡ ❞❡ ♣❡❞✐❣r❡❡ ❞✉ ❧②♠♣❤♦❝②t❡ ❚ ♥✉♠ér♦té ✶ s✉r ❧❛ ❋✐❣✉r❡ ✺✸✳ ▲❡s

❝❡❧❧✉❧❡s s♦♥t ♥✉♠ér♦té❡s ❞❡ ❧❛ ❢❛ç♦♥ s✉✐✈❛♥t❡ ✿ ♣r❡♠✐èr❡ ❣é♥ér❛t✐♦♥ ✿ ✶ ❝❤✐✛r❡ ❀ ❞❡✉①✐è♠❡

❣é♥ér❛t✐♦♥ ✿ ✷ ❝❤✐✛r❡s ❀ tr♦✐s✐è♠❡ ❣é♥ér❛t✐♦♥ ✿ ✸ ❝❤✐✛r❡s ❀ q✉❛tr✐è♠❡ ❣é♥ér❛t✐♦♥ ✿ ✹ ❝❤✐✛r❡s✳

▲❡s ❧✐❣♥❡s ❜❧❛♥❝❤❡s ✈❡rt✐❝❛❧❡s r❡♣rés❡♥t❡♥t ❧❡s ❞✐✈✐s✐♦♥s ❝❡❧❧✉❧❛✐r❡s✳

▼❡s✉r❡ ❞❡s ✢✉❝t✉❛t✐♦♥s t❡♠♣♦r❡❧❧❡s ❞✉ ❞✐❛♠ètr❡ ❞❡s ❝❡❧❧✉❧❡s

◆♦✉s ❛✈♦♥s ❡✛❡❝t✉é ❞❡s ❛♥❛❧②s❡s ❞✐♠❡♥s✐♦♥♥❡❧❧❡s s✉r ❧❡s ❧②♠♣❤♦❝②t❡s ❚
❞❛♥s ❧❡s ❝❤❛♠❜r❡s ❡♥ ♠❡s✉r❛♥t ❧❡✉rs ❞✐❛♠ètr❡ ❞❛♥s ❧✬✐❞é❡ ❞❡ ❞ét❡r♠✐♥❡r s✐ ❝❡
t②♣❡ ❞❡ ♣❛r❛♠ètr❡ ❡st ❝♦♥st❛♥t ♦✉ ✢✉❝t✉❛♥t s✉r ❧✬é❝❤❡❧❧❡ ❞❡ t❡♠♣s ❞❡ ❧✬❡①✲
♣ér✐❡♥❝❡✳ ▲❡s ✜❣✉r❡s ✺✾✱ ✻✵ ❡t ✻✶ ♠♦♥tr❡♥t ❧❡s rés✉❧t❛ts ♦❜t❡♥✉s✳ ▲❡s ✈❛❧❡✉rs
❡①♣♦sé❡s s✉r ❝❡s ✜❣✉r❡s s♦♥t ♠❡s✉ré❡s t♦✉t ❛✉ ❧♦♥❣ ❞❡ ❧❛ ♣r♦❧✐❢ér❛t✐♦♥ ❞❡s
❝❡❧❧✉❧❡s ❞ès ❧❡✉r ✐♥❥❡❝t✐♦♥ ❞❛♥s ❧❡s ❝❤❛♠❜r❡s ♠✐❝r♦✢✉✐❞✐q✉❡s✳ ▲✬❛♥❛❧②s❡ ❛ été
ré❛❧✐sé❡ s✉r ❞✐① ❝❤❛♠❜r❡s s❛♥s ✢✉① ré♣❛rt✐❡s s✉r t♦✉t❡ ❧❛ ♣✉❝❡ ♠✐❝r♦✢✉✐❞✐q✉❡✳
▲❛ ♠❡s✉r❡ ❞✉ ❞✐❛♠ètr❡ ❞❡s ❝❡❧❧✉❧❡s ♠èr❡s ❡st ré❛❧✐sé❡ ❞❛♥s ❧❡s tr♦✐s ♠✐♥✉t❡s
q✉✐ ♣ré❝è❞❡♥t s❛ ❞✐✈✐s✐♦♥ ❡t ❧❛ ♠❡s✉r❡ ❞✉ ❞✐❛♠ètr❡ ❞❡s ❞❡✉① ❝❡❧❧✉❧❡s ✜❧❧❡s
❣é♥éré❡s ❡st ré❛❧✐sé❡ ❞❛♥s ❧❡s tr♦✐s ♠✐♥✉t❡s ❛♣rès ❧❛ ❞✐✈✐s✐♦♥✳

✶✷✺
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Fluctuation du diamètre des cellules selon les chambres

❋✐❣✉r❡ ✷✳✼✵ ✕ ❍✐st♦❣r❛♠♠❡ ❞❡s ❞❡✉① ✈❛❧❡✉rs s✉✐✈❛♥t❡s ✿ ❞✐❛♠ètr❡ ❞✬✉♥❡ ❝❡❧❧✉❧❡ ♠èr❡

✭❜❛rr❡s ♥♦✐r❡s✮ ❡t ❞✐❛♠ètr❡ ♠♦②❡♥ ❞❡ s❡s ❞❡✉① ❝❡❧❧✉❧❡s ✜❧❧❡s ✭❜❛rr❡s ❣r✐s❡s✮✱ ✈❛❧❡✉rs ♠♦②❡♥✲

♥é❡s ❞❛♥s ❝❤❛q✉❡ ❝❤❛♠❜r❡ s❛♥s ✢✉①✳
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Variation du rapport des diamètres entre 

cellule mère et cellule fille selon les générations cellulaires 

❋✐❣✉r❡ ✷✳✼✶ ✕ ❍✐st♦❣r❛♠♠❡ ❞✉ r❛t✐♦ ✿ ❞✐❛♠ètr❡ ♠♦②❡♥ ❞❡s ❞❡✉① ❝❡❧❧✉❧❡s ✜❧❧❡s✴❞✐❛♠ètr❡

❞❡ ❧❡✉r ❝❡❧❧✉❧❡ ♠èr❡ ♠♦②❡♥♥é ♣♦✉r ❝❤❛q✉❡ ❣é♥ér❛t✐♦♥ ❝❡❧❧✉❧❛✐r❡ ✶ ❀ ✷ ❀ ✸ ❀ ✹ ❝♦rr❡s♣♦♥❞❛♥t

r❡s♣❡❝t✐✈❡♠❡♥t ❛✉① ❝❡❧❧✉❧❡s q✉✐ s❡ s♦♥t ❞✐✈✐sé❡s ✵ ❀ ✶ ❀ ✷ ❀ ✸ ❢♦✐s ✳
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❇✐❡♥ q✉❡ ❧❡ ❞✐❛♠ètr❡ ❞❡s ❝❡❧❧✉❧❡s ✈❛r✐❡ ❞✬✉♥❡ ♣♦♣✉❧❛t✐♦♥ à ❧✬❛✉tr❡ ✭✜❣✉r❡
✺✾✮✱ ❧❡ r❛♣♣♦rt ✿ ❞✐❛♠ètr❡s ♠♦②❡♥ ❞❡s ❞❡✉① ❝❡❧❧✉❧❡s ✜❧❧❡s✴❞✐❛♠ètr❡ ❞❡ ❧❡✉r
❝❡❧❧✉❧❡ ♠èr❡ ❡st très st❛❜❧❡ ❛✉t♦✉r ❞❡ ✵✱✼ ♣♦✉r t♦✉t❡s ❧❡s ❣é♥ér❛t✐♦♥s ❝❡❧❧✉✲
❧❛✐r❡s ✭❋✐❣✉r❡ ✼✶✮✳ ❉❛♥s ✉♥ ❝❛❧❝✉❧ s✐♠♣❧❡✱ s✐ ♦♥ ❝♦♥s✐❞èr❡ ✉♥❡ s♣❤èr❡ ❞❡ r❛②♦♥
❘ ❛②❛♥t ✉♥❡ s✉r❢❛❝❡ ❞❡✉① ❢♦✐s s✉♣ér✐❡✉r❡ à ✉♥❡ ❛✉tr❡ s♣❤èr❡ ❞❡ r❛②♦♥ r✱ ❧❡
r❛♣♣♦rt r/R = 0, 7✳ ❈❡ q✉✐ ♣r♦✉✈❡ q✉❡✱ q✉❡❧q✉❡ s♦✐t ❧❡ ❞✐❛♠ètr❡ ❞✉ ❧②♠♣❤♦✲
❝②t❡ ❚✱ q✉✐ ✢✉❝t✉❡ ❡♥tr❡ ✶✵ ❡t ✷✵ µm✱ ❧❛ s✉r❢❛❝❡ ❞❡ ❧❛ ♠❡♠❜r❛♥❡ ♣❧❛s♠✐q✉❡
❡st t♦✉❥♦✉rs ❞✐✈✐sé❡ ❡♥ ❞❡✉① ❧♦rs ❞❡ ❧❛ ❞✐✈✐s✐♦♥ ❝❡❧❧✉❧❛✐r❡✳

▲❡s ❝♦♥❝❧✉s✐♦♥s s♦♥t ❧❡s s✉✐✈❛♥t❡s ✿ ♥♦✉s s♦♠♠❡s ❝❛♣❛❜❧❡s ❞❡ r❡❝♦♥♥❛îtr❡
❧❡s ♣❛r❛♠ètr❡s q✉✐ ✢✉❝t✉❡♥t ♣❧✉s r❛♣✐❞❡♠❡♥t q✉❡ ❧❡ t❡♠♣s ❞❡ ❞✐✈✐s✐♦♥ ❝❡❧❧✉✲
❧❛✐r❡ ❡t ♥♦✉s ♣♦✉✈♦♥s ♠❡s✉r❡r ❝❡s ♣❛r❛♠ètr❡s ❛✈❡❝ ♣ré❝✐s✐♦♥✳
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Fluctuation du rapport des diamètres entre 

cellule mère et cellule fille selon les chambres microfluidiques

❋✐❣✉r❡ ✷✳✼✷ ✕ ❍✐st♦❣r❛♠♠❡ ❞✉ r❛t✐♦ ✿ ❞✐❛♠ètr❡ ♠♦②❡♥ ❞❡s ❞❡✉① ❝❡❧❧✉❧❡s ✜❧❧❡s✴❞✐❛♠ètr❡

❞❡ ❧❡✉r ❝❡❧❧✉❧❡ ♠èr❡ ♠♦②❡♥♥é ♣♦✉r ❝❤❛❝✉♥❡ ❞❡s ✶✵ ❝❤❛♠❜r❡s ♠✐❝r♦✢✉✐❞✐q✉❡s ❝❤♦✐s✐❡s ❛❧é❛✲

t♦✐r❡♠❡♥t s✉r ❧❛ ♣✉❝❡✳

▲❡ r❛♣♣♦rt ✿ ❞✐❛♠ètr❡ ♠♦②❡♥ ❞❡s ❞❡✉① ❝❡❧❧✉❧❡s ✜❧❧❡s✴❞✐❛♠ètr❡ ❞❡ ❧❡✉r ❝❡❧✲
❧✉❧❡ ♠èr❡ ❡st é❣❛❧❡♠❡♥t st❛❜❧❡ s✉r ❧✬❡♥s❡♠❜❧❡ ❞❡ ❧❛ ♣♦♣✉❧❛t✐♦♥ ❞❡ ❝❡❧❧✉❧❡s
❝♦♥t❡♥✉❡ ❞❛♥s ❧❛ ♣✉❝❡ ♠✐❝r♦✢✉✐❞✐q✉❡ ✭❋✐❣✉r❡ ✼✷✮✳ ❈❡ q✉✐ ❝♦♥❢♦rt❡ ❧❡ ❝❛r❛❝✲
tèr❡ r❡♣r♦❞✉❝t✐❜❧❡ ❞❡s ♠❡s✉r❡s s✉r ❧✬❡♥s❡♠❜❧❡ ❞❡s ❝❤❛♠❜r❡s s❛♥s ✢✉① ❞❡ ❧❛
♣✉❝❡ ♠✐❝r♦✢✉✐❞✐q✉❡✳
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❈❙❍s

❊t✉❞❡ ❞❡ ❧❛ ❞②♥❛♠✐q✉❡ ❞❡s ❞✐✈✐s✐♦♥s

▲❛ ❝✉❧t✉r❡ ❞❡s ❏✉r❦❛ts ❛②❛♥t ♠♦♥tré q✉❡ ♥♦✉s ♣♦✉✈♦♥s ❡✛❡❝t✉❡r ✉♥ s✉✐✈✐
t❡♠♣♦r❡❧ ♣ré❝✐s ❞❡s ❞✐✈✐s✐♦♥s ❝❡❧❧✉❧❛✐r❡s s✉r ❛✉ ♠♦✐♥s q✉❛tr❡ ❣é♥ér❛t✐♦♥s✱ ♥♦✉s
❛✈♦♥s ❞é❝r✐t ❧✬❡♥s❡♠❜❧❡ ❞❡s ♣❛r❛♠ètr❡s t❡♠♣♦r❡❧s ♠❡s✉r❛❜❧❡s à ♣❛rt✐r ❞✬✉♥❡
❝❡❧❧✉❧❡ ✐♥❞✐✈✐❞✉❡❧❧❡ ❞❛♥s ✉♥❡ ❝❤❛♠❜r❡ s❛♥s ✢✉① ✭❋✐❣✉r❡ ✼✸✮

t11 t12

t111                    t112                    t121                    t122 

t1

g3

g2

g1

 

T
im

e
 (

h
o
u
rs

)

 0

 

70

 

tg1 = t1  

tg2 = ( t11 + t12)/2

tg3 = ( t111 + t112 + t121 + t122)/4

tgend = 70 - ( tg1 + tg2 + tg3)

Temporal parameters. 

❋✐❣✉r❡ ✷✳✼✸ ✕ ❘❡♣rés❡♥t❛t✐♦♥ s❝❤é♠❛t✐q✉❡ ❞❡ ❧✬❛r❜r❡ ❞❡ ♣❡❞✐❣r❡❡ ❞✬✉♥❡ ❝❡❧❧✉❧❡ ✐♥❞✐✈✐✲

❞✉❡❧❧❡ ❛✈❡❝ ❧❡s ❞é✜♥✐t✐♦♥s ❞❡s ♣❛r❛♠ètr❡s t❡♠♣♦r❡❧s ❞❡ ♣r♦❧✐❢ér❛t✐♦♥ ❝❡❧❧✉❧❛✐r❡✳ ▲❛ ♣r♦❧✐❢ér❛✲

t✐♦♥ ❝♦♠♠❡♥❝❡ ❛✉ t❡♠♣s t = 0h ❤❡✉r❡s ❡t ✜♥✐t ❛✉ t❡♠♣s t = 70h✳ ❣✶ ❀ ❣✷ ❀ ❣✸ r❡♣rés❡♥t❡♥t

❧❡s ❣é♥ér❛t✐♦♥s ❝❡❧❧✉❧❛✐r❡s q✉✐ ❝♦rr❡s♣♦♥❞❡♥t r❡s♣❡❝t✐✈❡♠❡♥t à ✵ ❞✐✈✐s✐♦♥s ❀ ✶ ❞✐✈✐s✐♦♥ ❀ ✷

❞✐✈✐s✐♦♥s✳ ∆t11 ❡st ❧✬✐♥t❡r✈❛❧❧❡ ❞❡ t❡♠♣s✱ ♣♦✉r ❧❛ ❝❡❧❧✉❧❡ ✶✶✱ ❡♥tr❡ ❧❛ ❞✐✈✐s✐♦♥ ❞❡ ❧❛ ❝❡❧❧✉❧❡

✶ ❡t ❧❛ ❞✐✈✐s✐♦♥ ❞❡ ❧❛ ❝❡❧❧✉❧❡ ✶✶ ❡t ∆t12 ❡st ❧✬✐♥t❡r✈❛❧❧❡ ❞❡ t❡♠♣s✱ ♣♦✉r ❧❛ ❝❡❧❧✉❧❡ ✶✷✱ ❡♥tr❡

❧❛ ❞✐✈✐s✐♦♥ ❞❡ ❧❛ ❝❡❧❧✉❧❡ ✶ ❡t ❧❛ ❞✐✈✐s✐♦♥ ❞❡ ❧❛ ❝❡❧❧✉❧❡ ✶✷ ❀ ∆tg2 ❡st ❧❛ ✈❛❧❡✉r ♠♦②❡♥♥❡ ❞❡

∆t11 ❡t ∆t12✳ ❉❡ ♠❛♥✐èr❡ ❣é♥ér❛❧❡✱ ∆ti ❡st ❧❡ t❡♠♣s é❝♦✉❧é ❡♥tr❡ ❞❡✉① ❞✐✈✐s✐♦♥s ❝❡❧❧✉❧❛✐r❡s

❝♦♥sé❝✉t✐✈❡s ❡t ∆tgi ❡st ❧❛ ✈❛❧❡✉r ♠♦②❡♥♥❡ ❞❡s ∆ti ❞❡ ❧❛ ❣é♥ér❛t✐♦♥ ✐✳

❈❡t ❛r❜r❡ ❞❡ ♣❡❞✐❣r❡❡ ❡st ❞❡st✐♥é à ❞❡s ❛♥❛❧②s❡s ♣✉r❡♠❡♥t t❡♠♣♦r❡❧❧❡s✳ ▲❡
❥❡✉ ❞❡ ✈❛r✐❛❜❧❡s ✭∆ti ❀ ∆tgi✮ ❡st ♥é❝❡ss❛✐r❡ ❡t s✉✣s❛♥t ♣♦✉r ♦❜t❡♥✐r t♦✉t❡s ❧❡s
❞♦♥♥é❡s t❡♠♣♦r❡❧❧❡s ✉t✐❧❡s ❝♦♥❝❡r♥❛♥t ❧❡s ❞✐✈✐s✐♦♥s ❞✬✉♥❡ ❝❡❧❧✉❧❡ ✐♥❞✐✈✐❞✉❡❧❧❡✳

✶✷✽
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◆♦✉s ❛✈♦♥s ❛❧♦rs ❝✉❧t✐✈é ❞❡s ❝❡❧❧✉❧❡s s♦✉❝❤❡s ❤é♠❛t♦♣♦ïét✐q✉❡s ❤✉♠❛✐♥❡s ❞❛♥s
❧❡s ❝❤❛♠❜r❡s s❛♥s ✢✉① s✉r ✉♥❡ ♣ér✐♦❞❡ ❞❡ ✼✵ ❤❡✉r❡s ♣♦✉r ♠❡s✉r❡r ❝❡s ♣❛r❛✲
♠ètr❡s t❡♠♣♦r❡❧s ✭❋✐❣✉r❡ ✼✹✮✳
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❋✐❣✉r❡ ✷✳✼✹ ✕ ❍✐st♦❣r❛♠♠❡s ❞❡s ♠❡s✉r❡s ❞❡s ♣❛r❛♠ètr❡s t❡♠♣♦r❡❧s ❞é❝r✐s ♣❛r ❧❛ ❋✐❣✉r❡

✺✽✳ ✭❆✮ ❱❛❧❡✉rs ♠♦②❡♥♥❡s ❞❡s ∆tgi ❞❡ ❧✬❡♥s❡♠❜❧❡ ❞❡s ❝❡❧❧✉❧❡s ❞✬✉♥❡ ♣✉❝❡ ♠✐❝r♦✢✉✐❞✐q✉❡

♣♦✉r ❝❤❛q✉❡ ❣é♥ér❛t✐♦♥ ✐ ✭✵✱ ✶✱ ✷ ❡t ✸ ❞✐✈✐s✐♦♥s✮✳ ✭❇✮ ❱❛❧❡✉rs ♠♦②❡♥♥❡s ❞❡s t❡♠♣s ❞✬❛s②✲

♠étr✐❡ ❞❡ ❞✐✈✐s✐♦♥ ✿ dtg2✱♠♦② ❂ | ∆t11 − ∆t12 | ❡t dtg3✱♠♦② ❂ | ∆t111 − ∆t112 | + |

∆t121 −∆t122 |

◆♦✉s r❡♠❛rq✉♦♥s q✉❡ ❧❡s ❈❙❍s ♥❡ s✉✐✈❡♥t ♣❛s t♦✉t❡s ❧❛ ♠ê♠❡ é✈♦❧✉t✐♦♥
t❡♠♣♦r❡❧❧❡ ❞❡ ❞✐✈✐s✐♦♥s ❜✐❡♥ q✉✬❡❧❧❡s s♦✐❡♥t ❞❛♥s ❧❛ ♠ê♠❡ ❝❤❛♠❜r❡ ♠✐❝r♦✢✉✐✲
❞✐q✉❡✳ ◆♦✉s r❡♠❛rq✉♦♥s ❛✉ss✐ ❞❡s ❛s②♠étr✐❡s t❡♠♣♦r❡❧❧❡s ❡♥tr❡ ❧❡s t❡♠♣s ❞❡
❞✐✈✐s✐♦♥ ❞❡ ❝❡❧❧✉❧❡s ✜❧❧❡s ♣r♦✈❡♥❛♥t ❞❡ ❧❛ ♠ê♠❡ ♠èr❡ ✿ ♣❛r ❡①❡♠♣❧❡ dt711 = 13h
❡t dt712 = 7h✳ ❯♥❡ ❞✐✈✐s✐♦♥ ❛s②♠étr✐q✉❡ ❞♦♥♥❛♥t ❧✐❡✉ à ✉♥❡ ❞✐✛ér❡♥t✐❛t✐♦♥
s❡r❛✐t✲❡❧❧❡ ❛❝❝♦♠♣❛❣♥é❡ ❞✬✉♥❡ t❡❧❧❡ ❛s②♠étr✐❡ t❡♠♣♦r❡❧❧❡ ❄

❯♥❡ q✉❡st✐♦♥ ♣❧✉s ❣é♥ér❛❧❡ ❝♦♥❝❡r♥❛♥t ❧✬♦❜s❡r✈❛t✐♦♥ ❞❡ ❝❡s ❞♦♥♥é❡s t❡♠✲
♣♦r❡❧❧❡s ❡st ❧❛ s✉✐✈❛♥t❡ ✿ q✉❡❧❧❡ ❡st ❧❛ ❝♦rré❧❛t✐♦♥✱ ❞❛♥s ❧❡ ❝❛s ❞✬✉♥❡ ❈❙❍
✐♥❞✐✈✐❞✉❡❧❧❡✱ ❡♥tr❡ ❧❡s ❝♦✉♣❧❡s ❞❡ ✈❛❧❡✉rs ✭∆tgi ❀ dtgi✮ ❡t ❧❛ ❢réq✉❡♥❝❡ ❞❡s ❞✐✲
✈✐s✐♦♥s ❞❡ ❧❛ ❈❙❍ ♣❡♥❞❛♥t ❧❡ t❡♠♣s ❞❡ ❧✬❡①♣ér✐❡♥❝❡ ❄ P♦✉r ré♣♦♥❞r❡ à ❝❡tt❡
q✉❡st✐♦♥ ✐❧ ♥♦✉s ❢❛✉t ❞❛✈❛♥t❛❣❡ ❞❡ ❞♦♥♥é❡s ❡t ✉♥❡ ❡①♣ér✐❡♥❝❡ s✉r ✉♥❡ ❞✉ré❡
❞❡ t❡♠♣s s✉✣s❛♥t❡ ♣♦✉r ♦❜t❡♥✐r ✉♥ ♣r♦✜❧ s✉r ✉♥ ❣r❛♥❞ ♥♦♠❜r❡ ❞❡ ❞✐✈✐s✐♦♥s
❝❡❧❧✉❧❛✐r❡s✳
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❝♦♥❝❧✉s✐♦♥

▲❛ ♣✉❝❡ ❡st ❛❞❛♣té❡ ❛✉ s✉✐✈✐ à ❧♦♥❣ t❡r♠❡ ❞❡s ❝❡❧❧✉❧❡s ♥♦♥✲❛❞❤ér❡♥t❡s ❡t
r❡♥❞ ♣♦ss✐❜❧❡ ❞❡s ♠❡s✉r❡s ❞✐♠❡♥s✐♦♥♥❡❧❧❡s ❡t t❡♠♣♦r❡❧❧❡s ♣ré❝✐s❡s✳ ❈❡s ❡①♣é✲
r✐❡♥❝❡s ♥♦✉s ♦♥t ♣❡r♠✐s ❞✬é✈❛❧✉❡r ❧❡s ❞✐✛ér❡♥ts ❝r✐tèr❡s t❡❝❤♥✐q✉❡s ❞❡ ❧❛ ♣✉❝❡
q✉✐ ❛♣♣♦rt❡♥t ❝❤❛❝✉♥ ✉♥ ❛✈❛♥t❛❣❡ ♣♦✉r ❧✬ét✉❞❡ ❞❡s ❝❡❧❧✉❧❡s ✐♥ ✈✐tr♦✳ ❊♥ ✈♦✐❝✐
❧❛ ❧✐st❡ ✿

❆✮ ❈♦♥tr❛✐♥t❡s ♣❤②s✐q✉❡s
❆✶ ❋❧✉① ❤②❞r♦❞②♥❛♠✐q✉❡ ✭♥✉❧✮
❆✷ ■♥t❡r❛❝t✐♦♥ ❞❡ ❧❛ s✉r❢❛❝❡ ❛✈❡❝ ❧❡s ❝❡❧❧✉❧❡s ✭❢❛✐❜❧❡✮
❆✸ ■s♦❧❡♠❡♥t ❞❡ ❝❡❧❧✉❧❡s ✐♥❞✐✈✐❞✉❡❧❧❡s ✭♦✉✐✮

❇✮ ❖❜s❡r✈❛t✐♦♥ ❡t ❧✬❛♥❛❧②s❡
❇✶ ❈✉❧t✉r❡ ❝❡❧❧✉❧❛✐r❡ à ❧♦♥❣ t❡r♠❡ ✭≤ ✼✵ ❤❡✉r❡s✮
❇✷ ▼❛rq✉❛❣❡s ❝❡❧❧✉❧❛✐r❡s ❡♥ t❡♠♣s ré❡❧ ✭♦✉✐✮
❇✸ ❈♦♥✜♥❡♠❡♥t ❞❡s ❝❡❧❧✉❧❡s ❞❛♥s ✉♥ ♣❧❛♥ ✭♦✉✐✮
❇✹ ❈r✐❜❧❛❣❡ ❤❛✉t ❞é❜✐t ✭✶✵✵✵ ❝❤❛♠❜r❡s✮

❈✮ ❙✐♠♣❧✐❝✐té ❡t r❡♣r♦❞✉❝t✐❜✐❧✐té ❞✉ ♠♦♥t❛❣❡ ❡t ❞❡ ❧✬✉t✐❧✐s❛t✐♦♥
❈✶ ❈♦♠♣❧❡①✐té ❞✉ ❝✐r❝✉✐t ♠✐❝r♦✢✉✐❞✐q✉❡ ✭✷ ❞✐♠❡♥s✐♦♥s✮
❈✷ ❙②stè♠❡ ❞✬✐♥❥❡❝t✐♦♥ ❞❡s ❝❡❧❧✉❧❡s ✭♣✐♣❡tt❡✮
❈✸ ❊✣❝❛❝✐té ❞✉ r❡♠♣❧✐ss❛❣❡ ✭♣❛s ❞❡ ❣é♥ér❛t✐♦♥ ❞❡ ❜✉❧❧❡s✮
❈✹ ❘❛♣✐❞✐té ❞✉ r❡♥♦✉✈❡❧❧❡♠❡♥t ❞✉ ♠✐❝r♦✲❡♥✈✐r♦♥♥❡♠❡♥t ✭≤ ✸✵ ♠✐♥✉t❡s✮

❈❡s ❝r✐tèr❡s s♦♥t à ❝♦♠♣❛r❡r à ❝❡✉① ❞❡s ❛✉tr❡s s②stè♠❡s ♠✐❝r♦✢✉✐❞✐q✉❡s
s❛♥s ✢✉① ❞é❝r✐s ❛✉ ♣❛r❛❣r❛♣❤❡ ✧♠♦②❡♥s✧ ❞❛♥s ❧❛ s❡❝t✐♦♥ ✷✳✷✳✶ ❞❡ ❝❡tt❡ t❤ès❡✳
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✷✳✸✳✸ ❯t✐❧✐s❛t✐♦♥ ❞❡ ❧❛ ♣✉❝❡ ♣♦✉r ❝♦♥trô❧❡r ❧❡s ❝❡❧❧✉❧❡s
s♦✉❝❤❡s ❤é♠❛t♦♣♦ïét✐q✉❡s ❤✉♠❛✐♥❡s ✿ ❆rt✐❝❧❡ ✷✳

❆♣rès ❛✈♦✐r ✈❛❧✐❞é ❧❛ ❢❛✐s❛❜✐❧✐té ❞❡ ❧❛ ♣✉❝❡ ♠✐❝r♦✢✉✐❞✐q✉❡✱ ♥♦✉s ❧✬❛✈♦♥s
✉t✐❧✐sé❡ ♣♦✉r ❝♦rré❧❡r ❧❛ ❞②♥❛♠✐q✉❡ ❞❡s ❞✐✈✐s✐♦♥s ❞❡s ❝❡❧❧✉❧❡s s♦✉❝❤❡s ❤é♠❛✲
t♦♣♦ïét✐q✉❡ ❡t ❧❡✉r ét❛t ❞❡ ❞✐✛ér❡♥❝✐❛t✐♦♥ ✭♣❛r ❞❡s ♠❛rq✉❛❣❡s ♠❡♠❜r❛♥❛✐r❡s
❡♥ t❡♠♣s ré❡❧✮✳ ❈❡ q✉✐ ♥♦✉s ❛ ❛♠❡♥és à ♦❜s❡r✈❡r ✉♥❡ ❝♦rré❧❛t✐♦♥ ❡♥tr❡ ❧❛
s②♠étr✐❡ ❞❡s ♠❛rq✉❡✉rs ❞❡ ❞✐✛ér❡♥t✐❛t✐♦♥ ❡t ❧❛ ♠♦t✐❧✐té ❝❡❧❧✉❧❛✐r❡✳

❆rt✐❝❧❡ ✷ ✭❝❢✳ ❆♥♥❡①❡s✮ ✿
❈❛♠❜✐❡r ❚✳ ❡t ❛❧✳ ▲❛❜ ❈❤✐♣✱✷✵✶✺✳
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✷✳✹ ❈♦♥❝❧✉s✐♦♥ ❣é♥ér❛❧❡

▲❡ ❝♦♥trô❧❡ ❞❡ ❧❛ ré♣❛rt✐t✐♦♥ s✉r❢❛❝✐q✉❡ ❞❡s ❢❛❝t❡✉rs ❞❡ ♥✉❝❧é❛t✐♦♥ ❞❡ ❧✬❛❝✲
t✐♥❡ Cnuclateurs(x, y) ✐♥❞✉✐t ❧✬♦r❣❛♥✐s❛t✐♦♥ s♣❛t✐❛❧❡ ❞❡ ❧✬❛ss❡♠❜❧❛❣❡ ❞❡s ❛r❝❤✐✲
t❡❝t✉r❡s ❞✬❛❝t✐♥❡ ✐♥ ✈✐tr♦✳ ▲❛ ❝♦♠♣❧❡①✐✜❝❛t✐♦♥ ♣r♦❣r❡ss✐✈❡ ❞❡ ❝❡s ❛r❝❤✐t❡❝t✉r❡s✱
♠❛✐♥t❡♥✉❡s ❞❛♥s ❞❡s ❝♦♥❞✐t✐♦♥s ♣❤②s✐♦❧♦❣✐q✉❡s✱ ♣❡r♠❡t ❞❡ ❝♦♠♣r❡♥❞r❡ t♦✉t❡s
❧❡s ét❛♣❡s ❞❡ ❧✬❛ss❡♠❜❧❛❣❡ ❞✉ ❝②t♦sq✉❡❧❡tt❡ ❞✬❛❝t✐♥❡ ✐♥ ✈✐✈♦✳ ▲❡ ❝♦♥trô❧❡ t❡♠✲
♣♦r❡❧ ❞❡ ❧❛ ❝♦♥❝❡♥tr❛t✐♦♥ ❞❡s ❝♦♠♣♦sés ❜✐♦❝❤✐♠✐q✉❡s Cbiomolcules(t) ♣❛r ❞✐❢✲
❢✉s✐♦♥ ❞❛♥s ❧❡ ♠✐❝r♦✲❡♥✈✐r♦♥♥❡♠❡♥t ❜✐♦♠✐♠ét✐q✉❡ ❡t s♦♥ ❝♦✉♣❧❛❣❡ ❛✈❡❝ ❧❡
❝♦♥trô❧❡ ❞❡ Cnuclateurs(x, y) ♦✉✈r❡ ❧❡ ❝❤❛♠♣ ❛✉① ✐♥✈❡st✐❣❛t✐♦♥s s✉r ❧❛ ❞②♥❛✲
♠✐q✉❡ ❞✬❛ss❡♠❜❧❛❣❡ ❡t ❞❡ ❞és❛ss❡♠❜❧❛❣❡ ❞❡ t♦✉t t②♣❡ ❞❡ str✉❝t✉r❡ ❞✬❛❝t✐♥❡ ❀
❞❡ ❧❛ ♣❧✉s s✐♠♣❧❡✱ ❝♦♠♠❡ ❧❡ ✜❧❛♠❡♥t ✐♥❞✐✈✐❞✉❡❧✱ à ❧❛ ♣❧✉s ❝♦♠♣❧❡①❡ q✉❡ ♥♦✉s
♣✉✐ss✐♦♥s r❡♣r♦❞✉✐r❡ ✐♥ ✈✐tr♦✱ ❝♦♠♠❡ ❧✬❛♥♥❡❛✉ ❞❡ ❝②t♦❝✐♥ès❡✳

▲❛ ♣✉❝❡ ♠✐❝r♦✢✉✐❞✐q✉❡ s✬❡st ❛✈éré❡ ❞✬✉♥❡ ❣r❛♥❞❡ s✐♠♣❧✐❝✐té ❡t ❞✬✉♥❡ ❡✣✲
❝❛❝✐té r❡❞♦✉t❛❜❧❡ ♣♦✉r ❧✬♦❜s❡r✈❛t✐♦♥ ❡t ❧✬❛♥❛❧②s❡ ❞❡s ❝❡❧❧✉❧❡s ♥♦♥✲❛❞❤ér❡♥t❡s
❞❛♥s ✉♥ ❡♥✈✐r♦♥♥❡♠❡♥t ❜✐♦❝❤✐♠✐q✉❡♠❡♥t ❝♦♥trô❧❛❜❧❡ à ❧♦♥❣ t❡r♠❡✳

Pr♦✈❡♥❛♥t ❞✉ ❞♦♠❛✐♥❡ ❞❡ ❧❛ ♣❤②s✐q✉❡✱ ❧❡s t❡❝❤♥♦❧♦❣✐❡s ❞❡ ♠✐❝r♦❢❛❜r✐❝❛✲
t✐♦♥ ❝♦♠♠❡ ❧❡ ♠✐❝r♦♣❛tt❡r♥✐♥❣ ❡t ❧❛ ♠✐❝r♦✢✉✐❞✐q✉❡ s♦♥t ❞❡ ♠✐❡✉① ❡♥ ♠✐❡✉①
❛♣♣r✐✈♦✐sé❡s ♣❛r ❧❡s ❜✐♦❧♦❣✐st❡s✳ ▲❡✉rs é✈♦❧✉t✐♦♥s ❡t ❧❡✉r ♠✐①❛❣❡ ♣❡r♠❡tt❡♥t
❝❤❛q✉❡ ❥♦✉r ❞❡ ♠✐❡✉① ❞é❝♦rt✐q✉❡r ❧❡s ♠é❝❛♥✐s♠❡s ❜✐♦♠♦❧é❝✉❧❛✐r❡s à ❧❛ ❜❛s❡
❞❡ ❧✬♦r❣❛♥✐s❛t✐♦♥ ❞❡s s②stè♠❡s ❜✐♦❧♦❣✐q✉❡s✳

✶✸✷
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✷✳✺ Pr♦t♦❝♦❧❡s

Pr♦t♦❝♦❧❡ ✵ ✿
▼✐❝r♦♣❛tt❡r♥✐♥❣ ❲❆❙P

✶ Pré♣❛r❛t✐♦♥ ❞❡s t❛♠♣♦♥s ❡t ❞❡s ♣r♦té✐♥❡s ✭st♦❝❦❛❣❡ ❞❛♥s ❜❛❝ à ❣❧❛❝❡✮✳

❚❋ ✭✷✺✺ µL s✉r ❣❧❛❝❡✮
✰✾✹ µL ✹❳❆❇
✰✹✷ µL ❉❚❚ ✶ ▼
✰✽ µL ❝❛t❛❧❛s❡
✰✽ µL ❣❧✉❝♦s❡
✰✹ µL ❣❧✉❝♦s❡ ♦①②❞❛s❡
✰✺ µL ❆❚P ✵✱✶ ▼
✰✾✹ µL ▼❈ ✷ %✳

t♣● ✭✺✵ ♠▲✮
✰✺✵✵ µL ✶✵✵❳
✰✺ µL ❈❛❈❧✷ ✶ ▼
✰✹✺✱✺ ♠▲ ❍✷❖✳

✶✵❳❑▼❊■ ✭✶✵ ♠▲✮
✰✼✱✺ ♠▲ ❍✷❖
✰✶✱✷✺ ♠▲ ❑❈❧ ✹ ▼
✰✶ ♠▲ ■♠✐❞❛③♦❧❡ ✶ ▼ P❍ ✼
✰✶✵✵ µL ▼❣❈❧✷ ✶ ▼✳

✶❳ ❑▼❊■ ✭✺✵ ♠▲✮
✰✺ ♠▲ ✶✵❳ ❑▼❊■
✰✹✺ ♠▲ t♣●

❆❝t✐♥❡
✰✷✵ % ❛❝t✐♥❡ ❣❧②❝❡r♦❧ ✺✻✽
✰✽✵ % ❛❝t✐♥❡ ❜❧❛❝❦

Pr♦✜❧✐♥❡ ❀ ❆r♣✷✴✸ ❀ ♣❲❆ ✿ à ❞é❝♦♥❣❡❧❡r s✉r ❣❧❛❝❡✳

✷ ▲❛✈❛❣❡ ❞✉ ♠❛sq✉❡ ❡♥ ❝❤r♦♠❡✳
❋r♦tt❡r ❧❡ ♠❛sq✉❡ ❛✈❡❝ ✉♥ ❝❤✐✛♦♥ ❑■▼❚❊❈❍ ✐♠❜✐❜é ❞✬❡❛✉✱ r✐♥❝❡r à ❧❛ ♣✐s✲
s❡tt❡ ❞✬❡❛✉ ♠✐❧❧✐✲◗✱ sé❝❤❡r à ❧❛ s♦✉✤❡tt❡✱ ❢r♦tt❡r ❛✈❡❝ ✉♥ ❝❤✐✛♦♥ ❑■▼❚❊❈❍
✐♠❜✐❜é ❞✬✐s♣♦♣r♦♣❛♥♦❧✱ sé❝❤❡r r❛♣✐❞❡♠❡♥t à ❧❛ s♦✉✤❡tt❡ ❞❡ s♦rt❡ q✉✬✐❧ ♥❡ r❡st❡

✶✸✸
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♣❛s ❞❡ tr❛❝❡s s✉r ❧❡ ♠❛sq✉❡✳

✸ Pré♣❛r❛t✐♦♥ ❞❡ ❧❛ ❝❤❛♠❜r❡ à ✢✉①✳
▲❛♠❡ ♥♦♥ ❧❛✈é❡ ❡t s❝♦t❝❤ ✼✵ ♠✐❝r♦♠ètr❡s ❞✬é♣❛✐ss❡✉r✳

✹ ■♥s♦❧❛t✐♦♥ ❞❡s ❧❛♠❡❧❧❡s P❊● ❂ ❝ré❛t✐♦♥ ❞❡s ♣❛tt❡r♥s✳
Pré❝❤❛✉✛❛❣❡ ❞❡ ❧❛ ❧❛♠♣❡ ❯❱ ✿ ✺ ♠✐♥✉t❡s ❀ ✐♥s♦❧❛t✐♦♥ ✿ ✼ ♠✐♥✉t❡s ❀ ❞é❝♦✉♣❛❣❡
❞❡ ❧❛ ❧❛♠❡❧❧❡ ✼✻ ♠♠ ① ✷✻ ♠♠ ❡♥ ✹ ❛✈❡❝ ❧❛ ♣♦✐♥t❡ ❞✐❛♠❛♥t✳

✺ ✧❈♦❛t✐♥❣ ♣❲❛✧ ❞❡s ♣❛tt❡r♥s ❡t r✐♥ç❛❣❡✳
❉é♣♦s❡r ✉♥ q✉❛rt ❞❡ ❧❛♠❡❧❧❡ s✉r ✉♥❡ ❣♦✉tt❡ ❞❡ ✸✵ ♠✐❝r♦❧✐tr❡s ❞❡ ♣❲❛ ✶ µM
♣❡♥❞❛♥t ✶✵ ♠✐♥✉t❡s s✉r ❞✉ ♣❛r❛✜❧♠✳ ❊♥❧❡✈❡r ❞é❧✐❝❛t❡♠❡♥t ❡t ❧❡♥t❡♠❡♥t ❧❛ ❧❛✲
♠❡❧❧❡ ✧♣❛t❡r♥é❡✧ ❞✉ ♣❛r❛✜❧♠✱ ❧❛ ♣❧♦♥❣❡r ❧❡♥t❡♠❡♥t ❞❛♥s ✉♥ ❜❛✐♥ ❞❡ ✶❳ ❑▼❊■
✭✷✵ à ✸✵ ♠▲ ❞❛♥s ✉♥❡ ♣❡t✐t❡ ❜♦✐t❡ ❞❡ ♣étr✐✮ ❡♥ ❣❛r❞❛♥t ❧❛ ❧❛♠❡❧❧❡ ❞❛♥s ❧❛
♣✐♥❝❡ ♣✉✐s✱ ❧❛ r❡t✐r❡r ❧❡♥t❡♠❡♥t ❡t ❧❛ ♣❧❛❝❡r s✉r ❧❡s s❝♦t❝❤s ❞❡ ❧❛ ❝❤❛♠❜r❡ à ✢✉①✳

✻ Pré♣❛r❛t✐♦♥ ❡t ✐♥❥❡❝t✐♦♥ ❞✉ ▼■❳ ❞❡ ♣♦❧②♠ér✐s❛t✐♦♥✳

▼■❳ ✭✻✵ µL✮
✰✻ µL ✶✵❳❑▼❊■
✰✷ µL ❞❡ ❇❙❆ ✸ %
✰✷✽ µL ❞❡ t♣●
✰✶✱✷ µL Profiline495microM

✰✷ µL Arp2/3300nM
✰✷✵ µL ❚❋
✰✷✱✽ µL ❛❝t✐♥❡ ✹✸ µM ✳

■♥❥❡❝t✐♦♥ r❛♣✐❞❡ ❞✉ ♠✐① ❞❛♥s ❧❛ ❝❤❛♠❜r❡ à ✢✉①✳ ❋❡r♠❡t✉r❡ ❞❡ ❧❛ ❝❤❛♠❜r❡
à ✢✉① ❛✈❡❝ ❞❡ ❧❛ ♣❛r❛✜♥❡ ❧✐q✉✐❞❡✳
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Pr♦t♦❝♦❧❡ ✶ ✿
▼✉❧t✐♣❛tt❡r♥✐♥❣ ♣♦✉r ❧❡ ❣✉✐❞❛❣❡ ❣é♦♠étr✐q✉❡ ❞❡s rés❡❛✉①
♣❛r❛❧❧è❧❡s ❞❡ ✜❧❛♠❡♥ts ❞✬❛❝t✐♥❡ à ♦r✐❡♥t❛t✐♦♥ ✐❞❡♥t✐q✉❡

✶ Pré♣❛r❛t✐♦♥ ❞❡s t❛♠♣♦♥s ❡t ❞❡s ♣r♦té✐♥❡s ✭st♦❝❦❛❣❡ ❞❛♥s ❜❛❝ à ❣❧❛❝❡✮✳

❚❋ ✭✷✺✺ µL s✉r ❣❧❛❝❡✮
✰✾✹ µL ✹❳❆❇
✰✹✷ µL ❉❚❚ ✶ ▼
✰✽ µL ❝❛t❛❧❛s❡
✰✽ µL ❣❧✉❝♦s❡
✰✹ µL ❣❧✉❝♦s❡ ♦①②❞❛s❡
✰✺ µL ❆❚P ✵✱✶ ▼
✰✾✹ µL ▼❈ ✷ %✳

t♣● ✭✺✵ ♠▲✮
✰✺✵✵ µL ✶✵✵❳
✰✺ µL ❈❛❈❧✷ ✶ ▼
✰✹✺✱✺ ♠▲ ❍✷❖✳

✶✵❳❑▼❊■ ✭✶✵ ♠▲✮
✰✼✱✺ ♠▲ ❍✷❖
✰✶✱✷✺ ♠▲ ❑❈❧ ✹ ▼
✰✶ ♠▲ ■♠✐❞❛③♦❧❡ ✶ ▼ P❍ ✼
✰✶✵✵ µL ▼❣❈❧✷ ✶ ▼✳

✶❳ ❑▼❊■ ✭✺✵ ♠▲✮
✰✺ ♠▲ ✶✵❳ ❑▼❊■
✰✹✺ ♠▲ t♣●

❆❝t✐♥❡
✰✷✵ % ❛❝t✐♥❡ ❣❧②❝❡r♦❧ ✺✻✽
✰✽✵ % ❛❝t✐♥❡ ❜❧❛❝❦

Pr♦✜❧✐♥❡ ❀ ❆r♣✷✴✸ ❀ ♣❲❆ ✿ à ❞é❝♦♥❣❡❧❡r s✉r ❣❧❛❝❡✳

✷ ▲❛✈❛❣❡ ❞✉ ♠❛sq✉❡ ❡♥ ❝❤r♦♠❡✳
❋r♦tt❡r ❧❡ ♠❛sq✉❡ ❛✈❡❝ ✉♥ ❝❤✐✛♦♥ ❑■▼❚❊❈❍ ✐♠❜✐❜é ❞✬❡❛✉✱ r✐♥❝❡r à ❧❛ ♣✐s✲
s❡tt❡ ❞✬❡❛✉ ♠✐❧❧✐✲◗✱ sé❝❤❡r à ❧❛ s♦✉✤❡tt❡✱ ❢r♦tt❡r ❛✈❡❝ ✉♥ ❝❤✐✛♦♥ ❑■▼❚❊❈❍
✐♠❜✐❜é ❞✬✐s♣♦♣r♦♣❛♥♦❧✱ sé❝❤❡r r❛♣✐❞❡♠❡♥t à ❧❛ s♦✉✤❡tt❡ ❞❡ s♦rt❡ q✉✬✐❧ ♥❡ r❡st❡
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♣❛s ❞❡ tr❛❝❡ s✉r ❧❡ ♠❛sq✉❡✳

✸ Pré♣❛r❛t✐♦♥ ❞❡ ❧❛ ❝❤❛♠❜r❡ à ✢✉①✳
▲❛♠❡ ♥♦♥ ❧❛✈é❡ ❡t s❝♦t❝❤ ✼✵ ♠✐❝r♦♠ètr❡s ❞✬é♣❛✐ss❡✉r✳

✹ ■♥s♦❧❛t✐♦♥ ❞❡s ❧❛♠❡❧❧❡s P❊● ❂ ❝ré❛t✐♦♥ ❞❡s ♣❛tt❡r♥s✳
Pré❝❤❛✉✛❛❣❡ ❞❡ ❧❛ ❧❛♠♣❡ ❯❱ ✿ ✺ ♠✐♥✉t❡s ❀ ✐♥s♦❧❛t✐♦♥ ✿ ✼ ♠✐♥✉t❡s ❀ ❞é❝♦✉♣❛❣❡
❞❡ ❧❛ ❧❛♠❡❧❧❡ ✼✻ ♠♠ ① ✷✻ ♠♠ ❡♥ ✹ ❛✈❡❝ ❧❛ ♣♦✐♥t❡ ❞✐❛♠❛♥t✳

✺ ✧❈♦❛t✐♥❣ ♣❲❛✧ ❞❡s ♣❛tt❡r♥s ❡t r✐♥ç❛❣❡✳
❉é♣♦s❡r ✉♥ q✉❛rt ❞❡ ❧❛♠❡❧❧❡ s✉r ✉♥❡ ❣♦✉tt❡ ❞❡ ✸✵ ♠✐❝r♦❧✐tr❡s ❞❡ ♣❲❛ ✶ µM
♣❡♥❞❛♥t ✶✵ ♠✐♥✉t❡s s✉r ❞✉ ♣❛r❛✜❧♠✳ ❊♥❧❡✈❡r ❞é❧✐❝❛t❡♠❡♥t ❡t ❧❡♥t❡♠❡♥t ❧❛ ❧❛✲
♠❡❧❧❡ ✧♣❛t❡r♥é❡✧ ❞✉ ♣❛r❛✜❧♠✱ ❧❛ ♣❧♦♥❣❡r ❧❡♥t❡♠❡♥t ❞❛♥s ✉♥ ❜❛✐♥ ❞❡ ✶❳ ❑▼❊■
✭✷✵ à ✸✵ ♠▲ ❞❛♥s ✉♥❡ ♣❡t✐t❡ ❜♦✐t❡ ❞❡ ♣étr✐✮ ❡♥ ❣❛r❞❛♥t ❧❛ ❧❛♠❡❧❧❡ ❞❛♥s ❧❛
♣✐♥❝❡ ♣✉✐s✱ ❧❛ r❡t✐r❡r ❧❡♥t❡♠❡♥t ❡t ❧❛ ♣❧❛❝❡r s✉r ❧❡s s❝♦t❝❤s ❞❡ ❧❛ ❝❤❛♠❜r❡ à ✢✉①✳

✻ ❉❡✉①✐è♠❡ ✐♥s♦❧❛t✐♦♥ ❂ ❝ré❛t✐♦♥ ❞❡s ③♦♥❡s ❞❡ ❣✉✐❞❛❣❡✳
Pré❝❤❛✉✛❛❣❡ ❞❡ ❧❛ ❧❛♠♣❡ ❯❱ ✿ ✺ ♠✐♥✉t❡s ❀ ✐♥s♦❧❛t✐♦♥ ✿ ✼ ♠✐♥✉t❡s ❀ ❞é❝♦✉♣❛❣❡
❞❡ ❧❛ ❧❛♠❡❧❧❡ ✼✻ ♠♠ ① ✷✻ ♠♠ ❡♥ ✹ ❛✈❡❝ ❧❛ ♣♦✐♥t❡ ❞✐❛♠❛♥t✳

✼ Pré♣❛r❛t✐♦♥ ❡t ✐♥❥❡❝t✐♦♥ ❞✉ ▼■❳ ❞❡ ♣♦❧②♠ér✐s❛t✐♦♥✳

▼■❳ ✭✻✵ µL✮
✰✻ µL ✶✵❳❑▼❊■
✰✷ µL ❞❡ ❇❙❆ ✸ %
✰✷✽ µL ❞❡ t♣●
✰✶✱✷ µL Profiline495microM

✰✷ µL Arp2/3300nM
✰✷✵ µL ❚❋
✰✷✱✽ µL ❛❝t✐♥❡ ✹✸ µM ✳

■♥❥❡❝t✐♦♥ r❛♣✐❞❡ ❞✉ ♠✐① ❞❛♥s ❧❛ ❝❤❛♠❜r❡ à ✢✉①✳ ❋❡r♠❡t✉r❡ ❞❡ ❧❛ ❝❤❛♠❜r❡
à ✢✉① ❛✈❡❝ ❞❡ ❧❛ ♣❛r❛✜♥❡ ❧✐q✉✐❞❡✳

✶✸✻
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Pr♦t♦❝♦❧❡ ✷ ✿
❉é♣ôt ❞✬✉♥❡ ❝♦✉❝❤❡ ❞❡ ❙✐✲P❊● ✸✵ ❦❉❛ s✉r ✉♥❡ ❧❛♠❡❧❧❡ ❡♥ ✈❡rr❡

✶ P♦rt❡ ❧❛♠❡❧❧❡s✳
▼❡ttr❡ ❧❡s ❧❛♠❡❧❧❡s ✼✻ ♠♠ ① ✷✻ ♠♠ ❞❛♥s ✉♥ ♣♦rt❡✲❧❛♠❡❧❧❡ ❉✐❞✐❡r ✭❡♥ ✈❡rr❡✮✳

✷ ❚r❛✐t❡♠❡♥t à ❧✬❛❝ét♦♥❡✳
▼❡ttr❡ ❧❡ ♣♦rt❡✲❧❛♠❡❧❧❡s ❞❛♥s ✉♥ ❜ê❝❤❡r ❞❡ ✸✵✵ ♠▲ ❡♥ ✈❡rr❡ r❡♠♣❧✐ ❞✬❛❝ét♦♥❡✱
❧❛✐ss❡r à ❛❣✐t❛t✐♦♥ à ✼✵ r♣♠ ♣❡♥❞❛♥t ✸✵ ♠✐♥✉t❡s✳

✸ ❘✐♥ç❛❣❡ ❞❡ ❧✬❛❝ét♦♥❡ à ❧✬❛❧❝♦♦❧✳
▼❡ttr❡ ❧❡ ♣♦rt❡✲❧❛♠❡❧❧❡s ❞❛♥s ✉♥ ❜ê❝❤❡r ❞❡ ✸✵✵ ♠▲ ❡♥ ✈❡rr❡ r❡♠♣❧✐ ❞✬❛❧❝♦♦❧
✾✻ %✱ ❧❛✐ss❡r à ❛❣✐t❛t✐♦♥ ❛✉ ❜❛rr❡❛✉ ❛✐♠❛♥té à ✼✵ r♣♠ ♣❡♥❞❛♥t ✶✺ ♠✐♥✉t❡s✳

✹ ❘✐♥ç❛❣❡ ❞❡ ❧✬❛❧❝♦♦❧ à ❧✬❡❛✉✳
▼❡ttr❡ ❧❡ ♣♦rt❡✲❧❛♠❡❧❧❡ ❞❛♥s ✉♥ ❜ê❝❤❡r ❞❡ ✸✵✵ ♠▲ ❡♥ ✈❡rr❡ r❡♠♣❧✐ ❞✬❡❛✉
♠✐❧❧✐✲◗ ♣✉✐s ❛❣✐t❡r à ❧❛ ♠❛✐♥✳ ❈❤❛♥❣❡r ❧✬❡❛✉ ❡t ré♣ét❡r ❧✬ét❛♣❡✳ ❈❤❛♥❣❡r ❧✬❡❛✉
❡t ré♣ét❡r ❧✬ét❛♣❡ ✉♥❡ tr♦✐s✐è♠❡ ❢♦✐s✳

✺ ❚r❛✐t❡♠❡♥t ❛✉ ❞ét❡r❣❡♥t ❍❡❧❧♠❛♥❡① ✷ ♣♦✉r❝❡♥ts ✭❞✐❧✉é ❞❛♥s ❧✬❡❛✉ ✮✳
▼❡ttr❡ ❧❡ ♣♦rt❡✲❧❛♠❡❧❧❡s ❞❛♥s ✉♥ ❜❛❝ ❡♥ ✈❡rr❡ r❡♠♣❧✐ ❞✬❤❡❧❧♠❛♥❡① ✷ ♣♦✉r❝❡♥t✱
♠❡ttr❡ à ❛❣✐t❛t✐♦♥ à ✼✵ r♣♠ ♣❡♥❞❛♥t ✷ ❤❡✉r❡s✳

✻ ❘✐♥ç❛❣❡ ❞❡ ❧✬❤❡❧❧♠❛♥❡① à ❧✬❡❛✉ ❡t sé❝❤❛❣❡✳
▼❡ttr❡ ❧❡ ♣♦rt❡✲❧❛♠❡❧❧❡ ❞❛♥s ✉♥ ❜ê❝❤❡r ❞❡ ✸✵✵ ♠▲ ❡♥ ✈❡rr❡ r❡♠♣❧✐ ❞✬❡❛✉
♠✐❧❧✐✲◗ ♣✉✐s ❛❣✐t❡r à ❧❛ ♠❛✐♥✳ ❈❤❛♥❣❡r ❧✬❡❛✉ ❡t ré♣ét❡r ❧✬ét❛♣❡✳ ❈❤❛♥❣❡r ❧✬❡❛✉
❡t ré♣ét❡r ❧✬ét❛♣❡ ✉♥❡ tr♦✐s✐è♠❡ ❢♦✐s✳

✼ ❈♦❛t✐♥❣ ❞✉ ❙✐✲P❊● ✸✵ ❦❉❛ ✶ mg.mL−1✳
▼❡ttr❡ ❧❡ ♣♦rt❡✲❧❛♠❡❧❧❡s ❞❛♥s ✉♥ ❜❛❝ ❡♥ ✈❡rr❡ r❡♠♣❧✐ ❞❡ s♦❧✉t✐♦♥ ❞❡ ❙✐✲P❊●
✸✵ ❦❉❛ ✶ mg.mL−1✱ s❝♦t❝❤❡r ❧❡ ❝♦✉✈❡r❝❧❡ ✭♣♦✉r é✈✐t❡r ❧✬é✈❛♣♦r❛t✐♦♥✮✱ ♠❡ttr❡
à ❛❣✐t❛t✐♦♥ à ✺✵ r♣♠ ♣❡♥❞❛♥t ✶✽ ❤❡✉r❡s✳

✽ ❘✐♥ç❛❣❡ ❞✉ ❙✐✲P❊● à ❧✬❛❝❧♦♦❧ ❡t à ❧✬❡❛✉✳
❆❣✐t❡r ❧❡ ♣♦rt❡✲❧❛♠❡❧❧❡ ❞❛♥s ✉♥ ❜ê❝❤❡r ❞❡ ✺✵✵ ♠▲ ❡♥ ✈❡rr❡ r❡♠♣❧✐ à r❛s ❞✬❛❧✲
❝♦♦❧ ✾✻ %✳ ❆❣✐t❡r ❧❡ ♣♦rt❡✲❧❛♠❡❧❧❡ ❞❛♥s ✉♥ ❜ê❝❤❡r ❞❡ ✺✵✵ ♠▲ ❡♥ ✈❡rr❡ r❡♠♣❧✐
à r❛s ❞✬❡❛✉ ♠✐❧❧✐✲◗✳ ❘❡♣r❡♥❞r❡ ❧❡s ❧❛♠❡❧❧❡s ✉♥❡ ♣❛r ✉♥❡✱ ❧❡s r❡♣❧♦♥❣❡r ❞❛♥s
❧❡ ❜ê❝❤❡r ❞✬❡❛✉ ❡t ❧❡s r❡t✐r❡r ❧❡♥t❡♠❡♥t ❞❡ ❢❛ç♦♥ à ❝❡ q✉✬❡❧❧❡s s♦✐❡♥t sè❝❤❡s
✭❡♥❧❡✈❡r ❧❡s ❞❡r♥✐èr❡s ❣♦✉tt❡s ❛✉ ♣❛♣✐❡r ❑■▼❚❊❈❍✮✳
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✾ Pré♣❛r❛t✐♦♥ ❞❡ ❧❛ s♦❧✉t✐♦♥ ❞❡ ❙✐✲P❊● ✸✵ ❦❉❛ ✶ mg.mL−1✳
❙♦rt✐r ❧❡ t✉❜❡ ❞❡ ♣♦✉❞r❡ ❞❡ ❙✐✲P❊● ✸✵ ❦❉❛✱ ❧❡ ❝❤❛✉✛❡r ❞❛♥s ❧❛ ♣❛✉♠❡ ❞❡ ❧❛
♠❛✐♥ ♣♦✉r é✈✐t❡r q✉✬✐❧ ❝♦♥❞❡♥s❡ à ❧✬♦✉✈❡rt✉r❡ ❞✉ ❜♦✉❝❤♦♥✳ ■♥tr♦❞✉✐r❡ ❞❛♥s ✉♥
✢❛❝♦♥ à ❜♦✉❝❤♦♥ ❜❧❡✉ ❞❡ ✷✵✵ ♠▲ ✿ ✸✼✱✺ µL ❞✬❍❈❧ ✸✼ % ✰ ✶✺✵ ♠▲ ❞✬❡t❤❛♥♦❧
✾✻ % ✰ ✶✺✵ ♠❣ ❞❡ ♣♦✉❞r❡ ❞❡ ❙✐✲P❊● ✸✵ ❦❉❛✳ ❈❤❛✉✛❡r ❧❡ ✢❛❝♦♥ à ✼✵ oC
❡t ❛❣✐t❡r ♣❛r ✐♥t❡r♠✐tt❡♥❝❡ ❥✉sq✉✬à ❝❡ q✉❡ t♦✉t ❧❡ ❙✐✲P❊● s♦✐t ❞✐ss♦✉s✳ ❚❡❝❤✲
♥✐q✉❡ ❞✉ ❣❛♥t ❞✬❆r❣♦♥ ♣♦✉r r❡✲r❡♠♣❧✐r ❧❡ t✉❜❡ ❞❡ ♣♦✉❞r❡ ❞❡ ❙✐✲P❊● ❞✬❆r❣♦♥
❛✈❛♥t ❞❡ s❝♦t❝❤❡r ❧❡ ❜♦✉❝❤♦♥ ❡t ❞❡ r❡♠❡ttr❡ ❧❡ t✉❜❡ à ✲✷✵ oC✳

✶✸✽
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Pr♦t♦❝♦❧❡ ✸ ✿
▼✐❝r♦✲♣❛tt❡r♥✐♥❣ ♠❉✐❛

✶ ❘é❣✉❧❛t✐♦♥ ❞❡s P❍ ❛✈❛♥t ❞❡ ❝♦♠♠❡♥❝❡r ❧❛ ♠❛♥✐♣✉❧❛t✐♦♥✳
t♣● P❍ ✼ ✭♣♦✉r ç❛ t❛♠♣♦♥♥❡r ❧❡ ✶✵✵❳ t♣● à P❍ ✼✱✵✺✮
■♠✐❞❛③♦❧❡ P❍✼
❉❚❚ P❍ ✼
❑❈❧ P❍✼
❊●❚❆ P❍ ✼
▼❣❈❧✷ P❍✼

✷ ❈ré❛t✐♦♥ ❞❡s ♣❛tt❡r♥s✳

✷✳✶ ▲❛✈❛❣❡ ♠❛sq✉❡✳
▲❛✈❛❣❡ ❞✉ ♠❛sq✉❡ ❡♥ ❝❤r♦♠❡ ✿ ❡❛✉✱ s♦✉✤❡tt❡✱ ét❤❛♥♦❧ ✾✻ ♣♦✉r❝❡♥t✱ s♦✉✤❡tt❡✱
❡❛✉✱ s♦✉✤❡tt❡✳

✷✳✷ ■♥s♦❧❛t✐♦♥✳
Pré❝❤❛✉✛❡r ❧❛ ❧❛♠♣❡ ❯❱ ♣❡♥❞❛♥t ✸ ♠✐♥✉t❡s✱ ✐♥s♦❧❡r ♣❡♥❞❛♥t ✸✵ s❡❝♦♥❞❡s✳

✷✳✸ ❉é❝♦✉♣❛❣❡✳
▲❛♠❡❧❧❡ ✼✻ ♠♠ ① ✷✻ ♠♠ ✿ ❞é❝♦✉♣❡r ❡♥ ✹ ❛✈❡❝ ✉♥❡ ♣♦✐♥t❡ ❞✐❛♠❛♥t s❛♥s tr♦♣
❛♣♣✉②❡r ♣♦✉r é✈✐t❡r ❧❡s ♣❛✐❧❧❡tt❡s ❞❡ ✈❡rr❡✳

✷✳✹ ❙t♦❝❦❛❣❡✳
❙t♦❝❦❛❣❡ à t❡♠♣ér❛t✉r❡ ❛♠❜✐❛♥t❡ s✉r ❧❛ ♣❛✐❧❧❛ss❡ ✭✶ ❥♦✉r✮✳

✸ ❚r❛✐t❡♠❡♥t ❧❛♠❡ ❡♥ ✈❡rr❡✳
❊❛✉✱ s♦✉✤❡tt❡✱ ét❤❛♥♦❧ ✾✻ %✱ s♦✉✤❡tt❡✱ ❡❛✉✱ s♦✉✤❡tt❡✳

✹ ❊❝❤❛♥❣❡ ✭✻ µL✱ ✺ ♠✐♥✉t❡s✱ ✺ ♠✐♥✉t❡s✮✳

✹❳❡①❇ ✭✻✵✵ ♠✐❝r♦❧✐tr❡s✮
✰✺✽✶ µL t♣●
✰✼✱✽ µL MgCl2 ✵✱✵✶ ▼
✰✶✵ µL ❊●❚❆ ✵✱✵✺ ▼

✹✳✶ ❈❤é❧❛t✐♦♥ ❞✉ ❈❛ ♣❛r ❧❡ ▼❣ ✭✹ ♠✐❝r♦▲ ✺ ♠✐♥✉t❡s s✉r ❣❧❛❝❡✮
✰✸ µL ATTO50%

Ca ✸✵ ♠✐❝r♦▼
✰✶ µL ✹❳❡①❇

✶✸✾



❈❍❆P■❚❘❊ ✷✳ ❘➱❙❯▲❚❆❚❙

✹✳✷ ❈♦♠♣❧❡①❛t✐♦♥ ❞❡ ❧❛ ♣r♦✜❧✐♥❡ à ❧✬❛❝t✐♥❡ ❣❧♦❜✉❧❛✐r❡ ✭✻ µL ✺ ♠✐♥✉t❡s s✉r
❣❧❛❝❡✮
✰✹ µL ATTO50%

Mg ✷✷✱✺ µM
✰✷ µL PRO305microM

❂ATTO50%
15microM ✲ PRO100microM ❂ ❝♦♠♣❧❡①❡ ❛❝t✐♥❡✲♣r♦✜❧✐♥❡ ✶✺ µM

✺ ■♥❝✉❜❛t✐♦♥ ♠❉✐❛ ✭✹✺ µL✱ ✺ ♠✐♥✉t❡s✮✳
❉✐❧✉❡r ✶✱✸✼ µL ❞❡ ♠❉✐❛ ✸✺ µM ❞❛♥s ✹✽ µL ❞❡ t❛♠♣♦♥ ✶❳❑▼❊■ ✭✷ ❛❧❧❡r✲
r❡t♦✉rs✮✳ ▼é❧❛♥❣❡r ❧❡♥t❡♠❡♥t ❛✈❡❝ ✶✷ µL✳ ❉é♣♦s❡r ✹✺ µL s✉r ♣❛r❛✜❧♠✳ ❉é✲
♣♦s❡r ❧❡♥t❡♠❡♥t ❧❛ ❧❛♠❡❧❧❡ ✧♣❛tt❡r♥é❡✧ s✉r ❧❛ ❣♦✉tt❡✳

✻ ❘✐♥ç❛❣❡ ✭✷✺ ♠▲✮✳
❉é❝♦❧❧❡r très ❧❡♥t❡♠❡♥t ❧❛ ❧❛♠❡❧❧❡ ♣❛tt❡r♥é❡ ❞❡ ❧❛ ❣♦✉tt❡ ❞❡ ♠❉✐❛✳ ▲❛ ❞é♣♦✲
s❡r ❧❡♥t❡♠❡♥t ❞❛♥s ❧❡ ❜❛✐♥ ❞❡ r✐♥ç❛❣❡ ✶❳ ❑▼❊■ ❞é♣♦sé ♣ré❛❧❛❜❧❡♠❡♥t s✉r ❧❛
♣❛✐❧❧❛ss❡ ✭❧❛✐ss❡r ❡♥s✉✐t❡ ❧❡ ❜❛✐♥ s✉r ❧❛ ❣❧❛❝❡✮✳

✼ ▼■❳s✳

✼✳✶ MIXtheo ✭✹✵ µL✮
✰✹ µL ✶✵❳❑▼❊■
✰✺✱✹ µL ❇❙❆ ✶✵ %
✰✶✷✱✸ µL t♣● ✭♠é❧❛♥❣❡r✮
✰✺ µL actine15microM

✰✶✸✱✸ µL ❚❋ ✭♠é❧❛♥❣❡r✮

✼✳✷ MIXchristophe ✭✹✵ µL✮
✰✺✱✹ µL ❇❙❆ ✶✵ %
✰ ✸ µL t♣● ✭♠é❧❛♥❣❡r✮
✰✺ µL actine15microM

✰✷✻✱✻ µL ❚❋ ✭♠é❧❛♥❣❡r✮

✽ ❉é♣ôt ❞✉ ♠✐① ❡♥tr❡ ❧❛♠❡ ❡t ❧❛♠❡❧❧❡ ✭✸ µL ♣♦✉r ✺✵✵ mm2✮
❘❡t✐r❡r ❧❡♥t❡♠❡♥t ❧❛ ❧❛♠❡❧❧❡ ❞✉ ❜❛✐♥✳ ❉é♣♦s❡r r❛♣✐❞❡♠❡♥t ✸ µL ❞❡ ▼■❳ s✉r
❧❛ ❧❛♠❡❧❧❡ ♣❛tt❡r♥é❡ ❡❧❧❡✲♠ê♠❡ ♣♦sé❡ s✉r ✉♥ ❝❤✐✛♦♥ ❑■▼❚❊❈❍✳ ❱❡♥✐r ❛♣♣❧✐✲
q✉❡r ❧❛ ❧❛♠❡ s✉r ❧❛ ❣♦✉tt❡ ❞❡ ▼■❳✳

✾ ❱❛❧❛♣
❘é❣❧❛❣❡ ❤✐❣❤t ♣♦s✐t✐♦♥ ✼ ✭♣♦✉r q✉✬✐❧ s♦✐t ❜✐❡♥ ❧✐q✉✐❞❡✮✳ ❆♣♣❧✐q✉❡r ✉♥ ✈❛❧❛♣ ❧❡
♣❧✉s ♣❧❛t ♣♦ss✐❜❧❡✳

✶✵ ❆❝q✉✐s✐t✐♦♥

✶✹✵
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∆t ❂ ✻✵ s❡❝♦♥❞❡s ❀ ✶✵ à ✸✵ ♣♦s✐t✐♦♥s✱ ❧❛♠♣❡ à ✶✵✵ %✱ t❡♠♣s ❞✬❡①♣♦s✐t✐♦♥ ✿
✷✵✵ ♠s ❀ ♣❡♥s❡r à sé❧❡❝t✐♦♥♥❡r ❧❡ ❩ ❖❧②♠♣✉s ❀ ❝♦♥✜❣✉r❡r ❧✬❛✉t♦❢♦❝✉s ❀ ♣❛ss❡r
❛✉ ✹✵ ❳✳

✶✹✶
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Pr♦t♦❝♦❧❡ ✹ ✿
❈♦♥tr❛❝t✐♦♥ ❞❡ ❧✬❛♥♥❡❛✉ ❞❡ ❝②t♦❝✐♥ès❡ ✐♥ ✈✐tr♦ ♣❛r ❧❛ ♠②♦s✐♥❡ ❱■

✶ Pré♣❛r❛t✐♦♥ ❞❡s t❛♠♣♦♥s ♣♦✉r ❧❛ ♠②♦s✐♥❡ ❱■✳

✶✵❳ ❑❊❊■ ✭✶✵✵✵ µL s✉r ❣❧❛❝❡✮
✰✻✼✽ µL H20 ♠✐❧❧✐✲◗
✰✷✵✵ µL ❑❈❧ ✹ ▼
✰✶✵✵ µL ■♠✐❞❛③♦❧❡ ✶▼ P❍✼
✰✷✵ µL ❊●❚❆ ✵✱✺▼ P❍✼
✰✷ µL ❊❉❚❆ ✵✱✵✺▼ P❍✼

▼②♦s✐♥❡ ❱■ ❇✉✛❡r ✭✺✵✵ µL s✉r ❣❧❛❝❡✮
✰✹✷✵ µL H20 ♠✐❧❧✐✲◗
✰✺✵ µL ✶✵❳❑❊❊■
✰✷✺ µL ❆❚P ✵✱✶ ▼ P❍✼
✰✷✱✺ µL▲ MgCl2 ✶▼
✰✶ µL ❉❚❚ ✶▼ P❍✼

✶✵❳ ▼❣❆❚P ✭✶✵✵ µL s✉r ❣❧❛❝❡✮
✰✼✽ ♠✐❝r♦▲ H20 ♠✐❧❧✐✲◗
✰✷✵ ♠✐❝r♦▲ ❊●❚❆ ✵✱✺▼ P❍✼
✰✷ ♠✐❝r♦▲ MgCl2 ✶▼

P❊P ✭❛❧✐q✉♦t ❞❡ ✷ µL s✉r ❣❧❛❝❡✮
✶✵✵ ♠▼ P❍✼✱✺

P❦ ✭❛❧✐q✉♦t ❞❡ ✺✵✵ ♠✐❝r♦▲ s✉r ❣❧❛❝❡ à r❡♠❡ttr❡ à ✲✷✵ oC ❛♣rés ✉t✐❧✐s❛t✐♦♥✮

✷ ♣❛rt✐❡s ✶ à ✻ ❞✉ ♣r♦t♦❝♦❧❡ ✶✷✳

✸ ▼✐① ✭✹✵ µL✮
✰✹ µL ✶✵① ❑▼❊■
✰✺✱✹ µL ❇❙❆ ✶✵ %
✰✹ µL ✶✵❳ ▼❣❆❚P
✰✵✱✽ µL P❊P
✰✵✱✽ µL P❦
✰✹✱✼ µL t♣●
✰✺ µL ATTO50%

Ca ✶✺ µM
✰✷ µL ▼②♦s✐♥❡ ❱■ ✷✵✵ ♥▼

✶✹✷
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✰✶✸✱✸ ❚❋ ✭♠é❧❛♥❣❡r✮

✹ P❛rt✐❡s ✽ à ✶✶ ❞✉ ♣r♦t♦❝♦❧❡ ✶✷✳

✶✹✸
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Pr♦t♦❝♦❧❡ ✺ ✿
❋❛❜r✐❝❛t✐♦♥ ❞✬✉♥ ♠♦✉❧❡ à ♠♦t✐❢s ❞❡ ✶✵ µm ❞❡ ❤❛✉t❡✉r ✭s❛❧❧❡

❜❧❛♥❝❤❡✮

✶ Pré♣❛r❛t✐♦♥ ❞✉ ❞é✈❡❧♦♣♣❡✉r✳
❉é✈❡❧♦♣♣❡✉r ✿ ❜♦✉t❡✐❧❧❡ ❞✬❆❩✹✵✵❑ ✭❆❩ ❡❧❡❝tr♦♥✐❝ ♠❛t❡r✐❛❧s✮ P♦✉r ❧❡ ❞é✈❡❧♦♣✲
♣❡♠❡♥t ❞❡ ❞❡✉① ✇❛❢❡rs✱ ♠é❧❛♥❣❡r ✼✵ ♠▲ ❞✬❆❩✹✵✵❑ ❡t ✶✸✵ ♠▲ ❞✬❡❛✉ ❞✐st✐❧❧é❡
❞❛♥s ✉♥ ✢❛❝♦♥ ❡♥ ✈❡rr❡ à ❜♦✉❝❤♦♥✳

✷ ❙♣✐♥ ❝♦❛t✐♥❣ ❞❡ ❧❛ rés✐♥❡✳
❘és✐♥❡ ✿ ❆❩✾✷✻✵ ✭❆❩ ❡❧❡❝tr♦♥✐❝ ♠❛t❡r✐❛❧s✮✱ st♦❝❦é❡ à ✹ oC✳ ✧❲❛❢❡✧r ✿ ✶✵✵
♠♠✴◆ ❚②♣❡✳ ❉é♣♦s❡r ❧❛ rés✐♥❡ s✉r ✉♥ ✧✇❛❢❡r✧ ❡t ❧✬ét❛❧❡r ❡♥ ❢❛✐s❛♥t t♦✉r♥❡r
❧❡ ✧✇❛❢❡r✧ ❞❛♥s ❧❛ ♠❛✐♥ ❞❡ s♦rt❡ q✉❡ ❧❛ rés✐♥❡ r❡❝♦✉✈r❡ t♦✉t❡ ❧❛ s✉r❢❛❝❡ ❞✉
✧✇❛❢❡r✧✳ ✧❙♣✐♥✲❝♦❛t❡r✧ ❧❛ rés✐♥❡ ✿ ✈✐t❡ss❡ ❞❡ r♦t❛t✐♦♥ ✿ ✸✵✵✵ r♣♠✱ ❛❝❝❡❧❡r❛✲
t✐♦♥ ✿ ✺✵✵ r♣♠✱ t✐♠❡ ✿ ✻✵ s❡❝♦♥❞❡s ✭♣r♦❣r❛♠♠❡ ✵✵✸ ❀ ❡♥t❡r ❀ s♣❡❡❞ ❀ ❛❝❝♥ ❀✸ ❀
t✐♠❡✮✳ ❆♣rès ✉t✐❧✐s❛t✐♦♥✱ ❧❛✈❡r ❧❛ t♦✉r♥❡tt❡ à ❧✬❛❝ét♦♥❡✳

✸ ❈✉✐ss♦♥✳
▼❡ttr❡ ❧❡ ✇❛❢❡r s✉r ✉♥❡ ♣❧❛q✉❡ ❝❤❛✉✛❛♥t❡ à ✻✵ oC ♣❡♥❞❛♥t ✶ ♠✐♥✉t❡ ♣✉✐s s✉r
❧✬❛✉tr❡ ♣❧❛q✉❡ ❝❤❛✉✛❛♥t❡ à ✶✶✵ oC ♣❡♥❞❛♥t ✸ ♠✐♥✉t❡s✳ ✭▲❡ ❝❤❛✉✛❛❣❡ é✈❛♣♦r❡
❧❡s s♦❧✈❛♥ts ♣rés❡♥ts ❞❛♥s ❧❛ rés✐♥❡ ❡t ❧❛ s♦❧✐❞✐✜❡✮✳ ❊♥tr❡ ❧❛ ❝✉✐ss♦♥ ❡t ❧✬✐♥s♦❧❛✲
t✐♦♥ ❯❱✱ ❧❛✐ss❡r ❧❡ ✇❛❢❡r r❡✈❡♥✐r à t❡♠♣ér❛t✉r❡ ❛♠❜✐❛♥t❡ ♣❡♥❞❛♥t ✺ ♠✐♥✉t❡s
❛✜♥ q✉❡ ❧❛ rés✐♥❡ ✜♥✐ss❡ ❞❡ s❡ s♦❧✐❞✐✜❡r✳

✹ ■♥s♦❧❛t✐♦♥ ❯❱✳
P❧❛❝❡r ❧❡ ♠❛sq✉❡ ❡♥ ❝❤r♦♠❡ s✉r ❧❡ ♣♦rt❡✲♠❛sq✉❡ ❞❡ ❧❛ ▼❏❇✹ ❢❛❝❡ ❝❤r♦♠❡
✈❡rs ❧❡ ❜❛s✱ ♣❧❛❝❡r ❧❡ ✧✇❛❢❡r✧ s✉r ❧❡ ♣♦rt❡✲✇❛❢❡r ❡♥ ❞❡ss♦✉s ♣✉✐s ♣r♦❝é❞❡r ❛✉
✓ ✇❡❝ s❡tt✐♥❣s ✔ q✉✐ ❝♦♥s✐st❡ à ♣❧❛q✉❡r ✇❛❢❡r ❡t ♠❛sq✉❡✱ ❡t ré❣❧❡r ❧❛ ♣r❡ss✐♦♥
❡♥tr❡ ❧❡s ❞❡✉①✳ ❉❛♥s ❧❡ ♠❡♥✉ ✓ ♣❛r❛♠❡t❡rs ✔ ✿ sé❧❡❝t✐♦♥♥❡r ❛❧✐❣♥✰❡①♣♦s✉r❡ ❀
sé❧❡❝t✐♦♥♥❡r ✧❤❛r❞ ❝♦♥t❛❝t✧ ✿ ✧❤❛r❞ ❝♦♥t❛❝t t✐♠❡✧ ❂ ✺ s❡❝♦♥❞❡s ❀ t❡♠♣s ❞✬❡①✲
♣♦s✐t✐♦♥ ❂ ✺✵ s❡❝♦♥❞❡s✳ ▲❛♥❝❡r ❧✬❡①♣♦s✐t✐♦♥✳ ❊♥❧❡✈❡r ❧❡ ✧✇❛❢❡r✧ ❞✉ ♠❛sq✉❡✳

✺ ❉é✈❡❧♦♣♣❡♠❡♥t✳
■♠♠é❞✐❛t❡♠❡♥t ❛♣rès ❧✬✐♥s♦❧❛t✐♦♥ ❛✉① ❯❱s✱ ✐♠♠❡r❣❡r ❧❡ ✇❛❢❡r ❞❛♥s ✉♥❡ ❜♦✐t❡
❞❡ ♣étr✐ ❡♥ ✈❡rr❡ r❡♠♣❧✐❡ ❞❡ ❞é✈❡❧♦♣♣❡✉r✱ ❛❣✐t❡r s❛♥s ❝❡ss❡ ❧❛ ❜♦✐t❡ ❞❡ ♣étr✐✳
❉ès q✉✬✐❧ ♥✬② ❛ ♣❧✉s ❞❡ rés✐♥❡ s✉r ❧❡ ✧✇❛❢❡r✧ ❡♥ ❞❡❤♦rs ❞❡s ❝❛♥❛✉①✱ r❡t✐r❡r ❧❡
✧✇❛❢❡r✧ ❡t ❧❡ r✐♥❝❡r ❛❜♦♥❞❛♠♠❡♥t à ❧✬❡❛✉ ❞✐st✐❧❧é❡ s✉r s❡s ❞❡✉① ❢❛❝❡s ♣✉✐s ❧❡
sé❝❤❡r à ❧❛ s♦✉✤❡tt❡✳

✶✹✹
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Pr♦t♦❝♦❧❡ ✻ ✿
❋❛❜r✐❝❛t✐♦♥ ❞✬✉♥ ♠♦✉❧❡ à ♠♦t✐❢s ❞❡ ✷✵ µm ❞❡ ❤❛✉t❡✉r ✭s❛❧❧❡

❜❧❛♥❝❤❡✮

✶ Pré♣❛r❛t✐♦♥ ❞✉ ❞é✈❡❧♦♣♣❡✉r✳
❉é✈❡❧♦♣♣❡✉r ✿ ❜♦✉t❡✐❧❧❡ ❞✬❆❩✹✵✵❑ ✭❆❩ ❡❧❡❝tr♦♥✐❝ ♠❛t❡r✐❛❧s✮ P♦✉r ❧❡ ❞é✈❡❧♦♣✲
♣❡♠❡♥t ❞❡ ❞❡✉① ✇❛❢❡rs✱ ♠é❧❛♥❣❡r ✼✵ ♠▲ ❞✬❆❩✹✵✵❑ ❡t ✶✸✵ ♠▲ ❞✬❡❛✉ ❞✐st✐❧❧é❡
❞❛♥s ✉♥ ✢❛❝♦♥ ❡♥ ✈❡rr❡ à ❜♦✉❝❤♦♥✳

✷ ❙♣✐♥ ❝♦❛t✐♥❣ ❞❡ ❧❛ rés✐♥❡✳
❘és✐♥❡ ✿ ❆❩✾✷✻✵ ✭❆❩ ❡❧❡❝tr♦♥✐❝ ♠❛t❡r✐❛❧s✮✱ st♦❝❦é❡ à ✹ oC✳ ❲❛❢❡r ✿ ✶✵✵ ♠♠✴◆
❚②♣❡✳ ❉é♣♦s❡r ❧❛ rés✐♥❡ s✉r ✉♥ ✇❛❢❡r ❡t ❧✬ét❛❧❡r ❡♥ ❢❛✐s❛♥t t♦✉r♥❡r ❧❡ ✇❛❢❡r
❞❛♥s ❧❛ ♠❛✐♥ ❞❡ s♦rt❡ q✉❡ ❧❛ rés✐♥❡ r❡❝♦✉✈r❡ t♦✉t❡ ❧❛ s✉r❢❛❝❡ ❞✉ ✇❛❢❡r✳ ✧❙♣✐♥✲
❝♦❛t❡r✧ ❧❛ rés✐♥❡ ✿ ✈✐t❡ss❡ ❞❡ r♦t❛t✐♦♥ ✿ ✼✺✵ r♣♠✱ ❛❝❝é❧ér❛t✐♦♥ ✿ ✷✵✵ r♣♠✱ t✐♠❡ ✿
✻✵ s❡❝♦♥❞❡s ✭♣r♦❣r❛♠♠❡ ✵✵✸ ❀ ❡♥t❡r ❀ s♣❡❡❞ ❀ ❛❝❝♥ ❀✸ ❀ t✐♠❡✮✳ ❆♣rès ✉t✐❧✐s❛t✐♦♥✱
❧❛✈❡r ❧❛ t♦✉r♥❡tt❡ à ❧✬❛❝ét♦♥❡✳

✸ ❈✉✐ss♦♥✳
▼❡ttr❡ ❧❡ ✇❛❢❡r s✉r ✉♥❡ ♣❧❛q✉❡ ❝❤❛✉✛❛♥t❡ à ✻✵ ❞❡❣rés ❝❡❧❝✐✉s ♣❡♥❞❛♥t ✶ ♠✐✲
♥✉t❡ ♣✉✐s s✉r ❧✬❛✉tr❡ ♣❧❛q✉❡ ❝❤❛✉✛❛♥t❡ à ✶✶✵ ❞❡❣rés ❝❡❧❝✐✉s ♣❡♥❞❛♥t ✹ ♠✐♥✉t❡s✳
✭▲❡ ❝❤❛✉✛❛❣❡ é✈❛♣♦r❡ ❧❡s s♦❧✈❛♥ts ♣rés❡♥ts ❞❛♥s ❧❛ rés✐♥❡ ❡t ❧❛ s♦❧✐❞✐✜❡✮✳ ❊♥tr❡
❧❛ ❝✉✐ss♦♥ ❡t ❧✬✐♥s♦❧❛t✐♦♥ ❯❱✱ ❧❛✐ss❡r ❧❡ ✇❛❢❡r r❡✈❡♥✐r à t❡♠♣ér❛t✉r❡ ❛♠❜✐❛♥t❡
♣❡♥❞❛♥t ✺ ♠✐♥✉t❡s ❛✜♥ q✉❡ ❧❛ rés✐♥❡ ✜♥✐ss❡ ❞❡ s❡ s♦❧✐❞✐✜❡r✳

✹ ■♥s♦❧❛t✐♦♥ ❯❱✳
P❧❛❝❡r ❧❡ ♠❛sq✉❡ ❡♥ ❝❤r♦♠❡✴q✉❛rt③ s✉r ❧❡ ♣♦rt❡✲♠❛sq✉❡ ❞❡ ❧❛ ♠❛❝❤✐♥❡ à ✐♥s♦✲
❧❛t✐♦♥ ❯❱ ✭▼❏❇✹✮ ❢❛❝❡ ❝❤r♦♠❡ ✈❡rs ❧❡ ❜❛s✱ ♣❧❛❝❡r ❧❡ ✇❛❢❡r s✉r ❧❡ ♣♦rt❡✲✇❛❢❡r
❡♥ ❞❡ss♦✉s ♣✉✐s ♣r♦❝é❞❡r ❛✉ ✓ ✇❡❝ s❡tt✐♥❣s ✔ q✉✐ ❝♦♥s✐st❡ à ♣❧❛q✉❡r ✇❛❢❡r ❡t
♠❛sq✉❡✱ ❡t ré❣❧❡r ❧❛ ♣r❡ss✐♦♥ ❡♥tr❡ ❧❡s ❞❡✉①✳ ❉❛♥s ❧❡ ♠❡♥✉ ✓ ♣❛r❛♠❡t❡rs ✔ ✿
sé❧❡❝t✐♦♥♥❡r ❛❧✐❣♥✰❡①♣♦s✉r❡ ❀ sé❧❡❝t✐♦♥♥❡r ❤❛r❞ ❝♦♥t❛❝t ✿ ❤❛r❞ ❝♦♥t❛❝t t✐♠❡
❂ ✺ s❡❝♦♥❞❡s ❀ ❡①♣♦s✉r❡ t✐♠❡ ❂ ✺✵ s❡❝♦♥❞❡s✳ ▲❛♥❝❡r ❧✬❡①♣♦s✐t✐♦♥✳ ❊♥❧❡✈❡r ❧❡
✇❛❢❡r ❞✉ ♠❛sq✉❡✳

✺ ❉é✈❡❧♦♣♣❡♠❡♥t✳
■♠♠é❞✐❛t❡♠❡♥t ❛♣rès ❧✬✐♥s♦❧❛t✐♦♥ ❯❱✱ ✐♠♠❡r❣❡r ❧❡ ✇❛❢❡r ❞❛♥s ✉♥❡ ❜♦✐t❡ ❞❡
♣étr✐ ❡♥ ✈❡rr❡ r❡♠♣❧✐❡ ❞❡ ❞é✈❡❧♦♣♣❡✉r✱ ❛❣✐t❡r s❛♥s ❝❡ss❡ ❧❛ ❜♦✐t❡ ❞❡ ♣étr✐✳ ❉ès
q✉✬✐❧ ♥✬② ❛ ♣❧✉s ❞❡ rés✐♥❡ s✉r ❧❡ ✇❛❢❡r ❡♥ ❞❡❤♦rs ❞❡s ❝❛♥❛✉①✱ r❡t✐r❡r ❧❡ ✇❛❢❡r
❡t ❧❡ r✐♥❝❡r ❛❜♦♥❞❡♠❡♥t à ❧✬❡❛✉ ❞✐st✐❧❧é❡ s✉r s❡s ❞❡✉① ❢❛❝❡s ♣✉✐s ❧❡ sé❝❤❡r à ❧❛
s♦✉✤❡tt❡✳

✶✹✺
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Pr♦t♦❝♦❧❡ ✼ ✿
❋❛❜r✐❝❛t✐♦♥ ❞✬✉♥ ♠♦✉❧❡ à ♠♦t✐❢s ❞❡ ✹✵ µm ❞❡ ❤❛✉t❡✉r ✭s❛❧❧❡

❜❧❛♥❝❤❡✮

✶ Pré♣❛r❛t✐♦♥ ❞✉ ❞é✈❡❧♦♣♣❡✉r✳
❉é✈❡❧♦♣♣❡✉r ✿ ❜♦✉t❡✐❧❧❡ ❞✬❆❩✹✵✵❑ ✭❆❩ ❡❧❡❝tr♦♥✐❝ ♠❛t❡r✐❛❧s✮ P♦✉r ❧❡ ❞é✈❡❧♦♣✲
♣❡♠❡♥t ❞❡ ❞❡✉① ✇❛❢❡rs✱ ♠é❧❛♥❣❡r ✶✵✵ ♠▲ ❞✬❆❩✹✵✵❑ ❡t ✶✵✵ ♠▲ ❞✬❡❛✉ ❞✐st✐❧❧é❡
❞❛♥s ✉♥ ✢❛❝♦♥ ❡♥ ✈❡rr❡ à ❜♦✉❝❤♦♥✳

✷ ✧❙♣✐♥ ❝♦❛t✐♥❣ ❞❡ ❧❛ rés✐♥❡✧✳
❘és✐♥❡ ✿ ❆❩✹✵❳❚ ✭❆❩ ❡❧❡❝tr♦♥✐❝ ♠❛t❡r✐❛❧s✮✱ st♦❝❦é❡ à ✹ oC✳ ✧❲❛❢❡r✧ ✿ ✶✵✵
♠♠✴◆ ❚②♣❡✳ ❉é♣♦s❡r ✉♥ ✧✇❛❢❡r✧ s✉r ❧❛ t♦✉r♥❡tt❡✱ ❞é♣♦s❡r ✷ à ✸ ♠▲ ❞❡ rés✐♥❡
s✉r ❧❡ ✧✇❛❢❡r✧✳ ✧❙♣✐♥✲❝♦❛t❡✧r ❧❛ rés✐♥❡ ✿ ✈✐t❡ss❡ ❞❡ r♦t❛t✐♦♥ ✿ ✶✼✺✵ r♣♠✱ ❛❝✲
❝é❧ér❛t✐♦♥ ✿ ✶✵✵ r♣♠✱ t❡♠♣s ✿ ✷✵ s❡❝♦♥❞❡s ✭♣r♦❣r❛♠♠❡ ✵✵✸ ❀ ❡♥t❡r ❀ ✧s♣❡❡❞✧ ❀
✧❛❝❝♥✧ ❀✧✸✧ ❀ ✧t✐♠❡✧✮✳ ❆♣rès ✉t✐❧✐s❛t✐♦♥ ❧❛✈❡r ❧❛ t♦✉r♥❡tt❡ à ❧✬❛❝ét♦♥❡✳

✸ ❈✉✐ss♦♥ ❛✈❛♥t ✐♥s♦❧❛t✐♦♥✳
▼❡ttr❡ ❧❡ ✧✇❛❢❡r✧ s✉r ✉♥❡ ♣❧❛q✉❡ ❝❤❛✉✛❛♥t❡ à ✶✷✻ oC ♣❡♥❞❛♥t ✼ ♠✐♥✉t❡s✳ ✭▲❡
❝❤❛✉✛❛❣❡ é✈❛♣♦r❡ ❧❡s s♦❧✈❛♥ts ♣rés❡♥ts ❞❛♥s ❧❛ rés✐♥❡ ❡t ❧❛ s♦❧✐❞✐✜❡✮✳ ❊♥tr❡
❧❛ ❝✉✐ss♦♥ ❡t ❧✬✐♥s♦❧❛t✐♦♥ ❛✉① ❯❱✱ ❧❛✐ss❡r ❧❛ rés✐♥❡ à t❡♠♣ér❛t✉r❡ ❛♠❜✐❛♥t❡
♣❡♥❞❛♥t ✺ ♠✐♥✉t❡s ♣♦✉r q✉✬❡❧❧❡ ✜♥✐ss❡ ❞❡ s❡ s♦❧✐❞✐✜❡r✳

✹ ■♥s♦❧❛t✐♦♥ ❯❱✳
P❧❛❝❡r ❧❡ ♠❛sq✉❡ ❡♥ ❝❤r♦♠❡ s✉r ❧❡ ♣♦rt❡✲♠❛sq✉❡ ❞❡ ❧❛ ▼❏❇✹ ❢❛❝❡ ❝❤r♦♠❡
✈❡rs ❧❡ ❜❛s✱ ♣❧❛❝❡r ❧❡ ✧✇❛❢❡r✧ s✉r ❧❡ ♣♦rt❡✲✇❛❢❡r ❡♥ ❞❡ss♦✉s ♣✉✐s ♣r♦❝é❞❡r ❛✉ ✓
✇❡❝ s❡tt✐♥❣s ✔ q✉✐ ❝♦♥s✐st❡ à ♣❧❛q✉❡r ✧✇❛❢❡r✧ ❡t ♠❛sq✉❡ ❡t ré❣❧❡r ❧❛ ♣r❡ss✐♦♥
❡♥tr❡ ❧❡s ❞❡✉①✳ ❉❛♥s ❧❡ ♠❡♥✉ ✓ ♣❛r❛♠❡t❡rs ✔ ✿ sé❧❡❝t✐♦♥♥❡r ✧❛❧✐❣♥✰❡①♣♦s✉r❡✧ ❀
sé❧❡❝t✐♦♥♥❡r ✧❤❛r❞ ❝♦♥t❛❝t✧ ✿ ✧❤❛r❞ ❝♦♥t❛❝t t✐♠❡✧ ❂ ✺ s❡❝♦♥❞❡s ❀ ✧❡①♣♦s✉r❡
t✐♠❡✧ ❂ ✶✺ s❡❝♦♥❞❡s✳ ▲❛♥❝❡r ❧✬❡①♣♦s✐t✐♦♥✳ ❊♥❧❡✈❡r ❧❡ ✧✇❛❢❡r✧ ❞✉ ♠❛sq✉❡✳

✺ ❈✉✐ss♦♥ ❛♣rès ❡①♣♦s✐t✐♦♥✳
■♠♠é❞✐❛t❡♠❡♥t ❛♣rès ❧✬✐♥s♦❧❛t✐♦♥✱ ♠❡ttr❡ ❧❡ ✧✇❛❢❡r✧ s✉r ✉♥❡ ♣❧❛q✉❡ ❝❤❛✉❢✲
❢❛♥t❡ à ✶✵✺ oC ♣❡♥❞❛♥t ✶ ♠✐♥✉t❡✳ ✭❈❡ ❝❤❛✉✛❛❣❡ ❛✉❣♠❡♥t❡ ❧✬❛❞❤és✐♦♥ ❡♥tr❡ ❧❛
rés✐♥❡ ❡t ❧❡ ✧✇❛❢❡r✧✮✳ ❊♥tr❡ ❧❛ ❝✉✐ss♦♥ ❛♣rès ✐♥s♦❧❛t✐♦♥ ❡t ❧❡ ❞é✈❡❧♦♣♣❡♠❡♥t✱
❧❛✐ss❡r ❧❛ rés✐♥❡ à t❡♠♣ér❛t✉r❡ ❛♠❜✐❛♥t❡ ♣❡♥❞❛♥t ✶✵ ♠✐♥✉t❡s✳

✻ ❉é✈❡❧♦♣♣❡♠❡♥t✳
■♠♠❡r❣❡r ❧❡ ✇❛❢❡r ❞❛♥s ✉♥❡ ❜♦✐t❡ ❞❡ ♣étr✐ ❡♥ ✈❡rr❡ r❡♠♣❧✐❡ ❞❡ ❞é✈❡❧♦♣♣❡✉r✱
❛❣✐t❡r s❛♥s ❝❡ss❡ ❧❛ ❜♦✐t❡ ❞❡ ♣étr✐✳ ❉ès q✉✬✐❧ ♥✬② ❛ ♣❧✉s ❞❡ rés✐♥❡ s✉r ❧❡ ✧✇❛❢❡r✧
❡♥ ❞❡❤♦rs ❞❡s ❝❛♥❛✉①✱ r❡t✐r❡r ❧❡ ✧✇❛❢❡r✧ ❡t ❧❡ r✐♥❝❡r ❛❜♦♥❞❛♠♠❡♥t à ❧✬❡❛✉
❞✐st✐❧❧é❡ s✉r s❡s ❞❡✉① ❢❛❝❡s ♣✉✐s ❧❡ sé❝❤❡r à ❧❛ s♦✉✤❡tt❡✳

✶✹✻
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Pr♦t♦❝♦❧❡ ✽ ✿
▼♦♥t❛❣❡ ❡t ✉t✐❧✐s❛t✐♦♥ ❞✉ ❞✐s♣♦s✐t✐❢ ♠✐❝r♦✢✉✐❞✐q✉❡ ♣♦✉r ❧❡s

❙▼❘■❱

✶ Pré♣❛r❛t✐♦♥ ❞❡s ❧❛♠❡s ❞❡ ❝♦♥♥❡①✐♦♥✳

✶✳✶ P❡rç❛❣❡ ❞❡s ❧❛♠❡s✳
▲❛♠❡ ✿ ❧❛♠❡ ❞❡ ✈❡rr❡ ✼✻①✷✻ ✭❚❍❊❘▼❖ ❙❈■❊◆❚■❋■❈✮✳ ❆✈❡❝ ✉♥❡ ❢r❛✐s❡✉s❡
❞✐❛♠❛♥t ✭❤❛❜✐❧✐t❛t✐♦♥ à ❛✈♦✐r✮✱ ❞♦♥❝ ❝✬❡st ❑❡✈✐♥ ❞✉ ▲❚▼ q✉✐ ❧❡ ❢❛✐t✱ ✐❧ s✉✣t
❞❡ ❧✉✐ ❞♦♥♥❡r ✉♥ ♣❧❛♥ ❞❡ ♣❡rç❛❣❡✳

✶✳✷ ❈♦❧❧❛❣❡ ❞❡s ❝♦♥♥❡❝t❡✉rs✳
❈♦♥♥❡❝t❡✉r ✿ ❦✐t ◆✲✸✸✸ ✰ ❛❞❤és✐✈❡ r✐♥❣s ◆✲✶✵✵✲✵✶ ✭■❉❊❳ ❤❡❛❧t❤ ❛♥❞ s❝✐❡♥❝❡✮
P♦✉r ❝♦❧❧❡r ❧❡ ❝♦♥♥❡❝t❡✉r ❛ ❧❛ ❧❛♠❡ ❞❡ ✈❡rr❡ ♣❡r❝é❡✱ ❛❧✐❣♥❡r ✉♥ ❝♦♥♥❡❝t❡✉r s✉r
✉♥ ❞❡s ❞❡✉① tr♦✉s✱ ❧❡ ♣❧❛q✉❡r ❡t ♠❡ttr❡ ❛✉ ❢♦✉r à ✶✼✵ oC ♣❡♥❞❛♥t ✷ ❤❡✉r❡s✳

✷ Pré♣❛r❛t✐♦♥ ❞❡s ♣✐è❝❡s ✭❜❧♦❝s✮ P❉▼❙✳

✷✳✶ Pré♣❛r❛t✐♦♥ P❉▼❙ ❧✐q✉✐❞❡✳
❉❛♥s ✉♥ ✈❡rr❡ ♣❧❛st✐q✉❡ ✿ ✹ ❣ ❞❡ rét✐❝✉❧❛♥t ✰ ✹✵ ❣ ❞❡ ❝❤❛✐♥❡s ♣♦❧②♠ér✐q✉❡s
✭❦✐t s②❧❣❛r❞ ✶✽✹✮✳ ▼é❧❛♥❣❡r ✭♣❡t✐t ❝♦✉t❡❛✉ ❡♥ ♣❧❛st✐q✉❡✮ ♣❡♥❞❛♥t ✻✵ s❡❝♦♥❞❡s✳

✷✳✷ ❉é❣❛③❛❣❡ ❞✉ P❉▼❙ ❧✐q✉✐❞❡✳
▼❡ttr❡ ❧❡ P❉▼❙ s♦✉s ✈✐❞❡ ✭❝❧♦❝❤❡ à ✈✐❞❡✮ ♣♦✉r ❞é❣❛③❡r ❥✉sq✉✬à ❞✐s♣❛r✐t✐♦♥
❝♦♠♣❧èt❡ ❞❡s ❜✉❧❧❡s ✭♣♦✉r ❛❝❝é❧ér❡r ❧❡ ❞é❣❛③❛❣❡✱ ♦♥ ♣❡✉t ❞❡ t❡♠♣s ❡♥ t❡♠♣s
❢❛✐r❡ r❡♥tr❡r ❞❡ ❧✬❛✐r ❞❛♥s ❧❛ ❝❧♦❝❤❡ à ✈✐❞❡✱ ❝❡ q✉✐ ❛ ♣♦✉r ❡✛❡t ❞✬❡①♣❧♦s❡r ❧❡s
❜✉❧❧❡s ❡♥ s✉r❢❛❝❡✮✳

✷✳✸ ❘ét✐❝✉❧❛t✐♦♥ ❞✉ P❉▼❙ ✭s♦❧✐❞✐✜❝❛t✐♦♥✮✳
P♦s❡r ❧❡ ♠♦✉❧❡ ❡♥ rés✐♥❡ ✓ ✶ ✐♥ ✔ ❞❛♥s ✉♥❡ ❜♦✐t❡ ❞❡ ♣étr✐ ❡♥ ✈❡rr❡✱ ❝♦✉❧❡r
❧❡ P❉▼❙ s✉r ❧❡ ♠♦✉❧❡ ❡♥ rés✐♥❡ ✓ ✶ ✐♥ ✔ ♣✉✐s ♣♦s❡r ❧❛ ❜♦✐t❡ ❞❡ ♣étr✐ s✉r
✉♥❡ ♣❧❛q✉❡ ❝❤❛✉✛❛♥t❡ ✱ ❛tt❡♥❞r❡ ✉♥❡ ♠✐♥✉t❡ ❧❡ t❡♠♣s q✉❡ ❧❛ s✉r❢❛❝❡ ❧✐❜r❡ ❞✉
P❉▼❙ s♦✐t ♣❛r❢❛✐t❡♠❡♥t ♣❧❛♥❡ ♣✉✐s ❝❤❛✉✛❡r ♣❡♥❞❛♥t ✺ à ✶✵ ♠✐♥✉t❡s à ✶✵✵
oC ♣♦✉r ❧✬❆❩✾✷✻✵ ❀ à ✽✵ oC ♣♦✉r ❧✬❆❩✹❖❳❚✳

✷✳✹ ❉é❝♦✉♣❛❣❡✱ ❞é♠♦✉❧❛❣❡ ❡t ♣❡rç❛❣❡ ❞❡s ♣✐è❝❡s P❉▼❙✳
■♠♠é❞✐❛t❡♠❡♥t ❛♣rès ❧❛ rét✐❝✉❧❛t✐♦♥✱ ❞é❝♦✉♣❡r ❧❡ P❉▼❙ ❛✉ s❝❛❧♣❡❧ ❛✉t♦✉r
❞❡s ❝✐r❝✉✐ts ♠✐❝r♦✢✉✐❞✐q✉❡s ✭s❝❛❧♣❡❧ ♣❡r♣❡♥❞✐❝✉❧❛✐r❡ ❛✉ ✧✇❛❢❡r✧✮ ♣✉✐s ❞é♠♦✉✲
❧❡r ❧❡s ✺ ♣✐è❝❡s ❡t ❧❡s ♣❧❛❝❡r ❞❛♥s ✉♥❡ ❜♦✐t❡ ❞❡ ♣étr✐ ❢❛❝❡ ❝❛♥❛✉① ✈❡rs ❧❡ ❤❛✉t
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✷✳✺ P❡rç❛❣❡ ❞❡s ♣✐è❝❡s P❉▼❙✳
❉é♣♦s❡r ✉♥❡ ♣✐è❝❡ P❉▼❙ s✉r ✉♥ ✇❛❢❡r ♣r♦♣r❡✱ ❢❛❝❡ ❝❛♥❛✉① ✈❡rs ❧❡ ❤❛✉t ❡t
♣❡r❝❡r ❧❡ P❉▼❙ à ❧✬❡♠♣♦rt❡✲♣✐è❝❡ ❛✉ ❝❡♥tr❡ ❞✉ ❞✐sq✉❡ ❞✬❡♥tré❡✳ ❘❡❞é♣♦s❡r
❧❛ ♣✐è❝❡ ❞❛♥s s❛ ❜♦✐t❡ ❞❡ ♣étr✐ ❢❛❝❡ ❝❛♥❛✉① ✈❡rs ❧❡ ❤❛✉t✳

✸ ❈♦❧❧❛❣❡ ❞❡s ♣✐è❝❡s P❉▼❙ s✉r ❧❡s ❧❛♠❡s ❞❡ ❝♦♥♥❡①✐♦♥✳

P♦s❡r ❧❡s ♣✐è❝❡s P❉▼❙ s✉r ✉♥ ✇❛❢❡r ✭✶✵✵ ♠♠ ♣ré❛❧❛❜❧❡♠❡♥t ❧❛✈é à ❧✬❛❧✲
❝♦♦❧ ✾✻ %✮ ❢❛❝❡ ❝❛♥❛✉① ❝♦♥tr❡ ❧❡ ✧✇❛❢❡r✧✳
P❧❛❝❡r ❝❡s ♣✐è❝❡s ❡t ❧❡s ❧❛♠❡s ❞❡ ❝♦♥♥❡①✐♦♥ ❞❛♥s ❧✬❡♥❝❡✐♥t❡ ♣❧❛s♠❛✱ ♣✉✐s s✉✐✈r❡
❧❛ ♣r♦❝é❞✉r❡ ♣❧❛s♠❛ ✭✷ ♠✐♥✉t❡s ❞❡ ✈✐❞❡ ❡t ✷ ♠✐♥✉t❡s ❞✬✐♥tr♦❞✉❝t✐♦♥ ❞✬O2✮
♣✉✐s ❡①♣♦s❡r ❛✉ ♣❧❛s♠❛ à ✶✵✵ ✇❛tts ♣❡♥❞❛♥t ✶✵ s❡❝♦♥❞❡s✳ ■♠♠é❞✐❛t❡♠❡♥t
❛♣rès ❡①♣♦s✐t✐♦♥✱ ❞é♣♦s❡r s✐♠♣❧❡♠❡♥t ❧❡s ♣✐è❝❡s P❉▼❙ ✭❢❛❝❡ ♣❧❛t❡ ❝♦♥tr❡ ❧❡
✈❡rr❡✮ s✉r ❧❡s ❧❛♠❡s ❞❡ ❝♦♥♥❡①✐♦♥ ❡♥ ❛❧✐❣♥❛♥t ❧❡ tr♦✉ ❞✉ P❉▼❙ ❛✈❡❝ ❧❡ tr♦✉
❞✬❡♥tré❡ ❞❡ ❧❛ ❧❛♠❡ ❞❡ ❝♦♥♥❡①✐♦♥✳ P❧❛❝❡r ❧❡s ❧❛♠❡s ❞❛♥s ✉♥❡ ❜♦✐t❡ ❞❡ r❛♥❣❡✲
♠❡♥t ❞❡ ❧❛♠❡s✳

✹ ❋❡r♠❡t✉r❡ ❞✉ ❝✐r❝✉✐t ♠✐❝r♦✢✉✐❞✐q✉❡ ❡t ✐♥❥❡❝t✐♦♥ ❞❡ ❧❛ s♦❧✉t✐♦♥ ❞❡ ♣♦❧②✲
♠ér✐s❛t✐♦♥✳

✹✳✶ Pré♣❛r❛t✐♦♥ ❞✉ ❝❛♣✐❧❧❛✐r❡ ❞✬✐♥❥❡❝t✐♦♥✳
❈❛♣✐❧❧❛✐r❡ ❞✬✐♥❥❡❝t✐♦♥ ✿ P❊❊❑ ♣♦❧②♠❡r t✉❜✐♥❣ ❈♦♥♥❡❝t❡r ❧❡ ❝❛♣✐❧❧❛✐r❡ ❞✬✐♥❥❡❝✲
t✐♦♥ à ❧❛ ✈✐s ❞❡ ❝♦♥♥❡①✐♦♥ ✭❦✐t ◆✲✸✸✸ ■❉❊❳✮ ❡t ❛✉ ✢♦✇❡❧❧ ✭❋❧✉✐❣❡♥t✮✳ ▲❛✈❡r ❧❡
❝❛♣✐❧❧❛✐r❡ ❛✈❡❝ ✶✱✺ ♠▲ ❞❡ t❛♠♣♦♥ ✺✵✵ ♠▼ ❑❈❧ à ❧✬❛✐❞❡ ❞❡ ❧✬♦♣t✐♦♥ P❯❘●❊✳
P✉✐s ❧❛✈❡r ❧❡ ❝❛♣✐❧❧❛✐r❡ ❛✈❡❝ ✶✱✺ ♠▲ ❞✬❡❛✉ ♠✐❧❧✐◗ à ❧✬❛✐❞❡ ❞❡ ❧✬♦♣t✐♦♥ P❯❘●❊✳
P✉✐s sé❝❤❡r ❧❡ ❝❛♣✐❧❧❛✐r❡ t♦✉❥♦✉rs ❛✈❡❝ ❧✬♦♣t✐♦♥ P❯❘●❊✳

✹✳✷ Pré♣❛r❛t✐♦♥ ❞❡ ❧✬é❝❤❛♥t✐❧❧♦♥✳
▲❛♠❡❧❧❡ é❝❤❛♥t✐❧❧♦♥ ❂ ❧❛♠❡❧❧❡ ❡♥ ✈❡rr❡ ❝♦♥t❡♥❛♥t à s❛ s✉r❢❛❝❡ ✉♥ tr❛✐t❡♠❡♥t
❝❤✐♠✐q✉❡ ✭P▲▲✲P❊● ♦✉ ❙■✲P❊● ♦✉ ♠✐❝r♦♣❛tt❡r♥s ❞❡ ♣r♦té✐♥❡s✮✳ P❛ss❡r ❧❛
s♦✉✤❡tt❡ s✉r ❧❡ ❝❛♥❛❧ P❉▼❙✱ ♣✉✐s ❞é♣♦s❡r ❞é❧✐❝❛t❡♠❡♥t ❧✬é❝❤❛♥t✐❧❧♦♥ s✉r ❝❡
❝❛♥❛❧✳ ❱✐ss❡r ❧❡ ❝❛♣✐❧❧❛✐r❡ ❛✉ ❝♦♥♥❡❝t❡✉r ❡t ♣❧❛❝❡r ❧❛ ❧❛♠❡ s♦✉s ❧❡ ♠✐❝r♦s❝♦♣❡✳

✹✳✸ Pré♣❛r❛t✐♦♥ ❞✉ ♠✐① à ✐♥❥❡❝t❡r✳
▼✐① ✿ ✢✉✐❞❡ ❞♦♥t ❧❛ ✈✐s❝♦s✐té ❝✐♥é♠❛t✐q✉❡ ❡st ❡♥✈✐r♦♥ ❞❡ ✵✱✶✽✽ P❛✳s✲✶✳ ❱✐ss❡r
❧❡ t✉❜❡ à ✈✐s ❝♦♥t❡♥❛♥t ❧❡ ♠✐① s✉r ❧❡ ✢♦✇❡❧❧ ♣✉✐s ✐♥❥❡❝t❡r ❡♥ ❛♣♣❧✐q✉❛♥t ✉♥❡
♣r❡ss✐♦♥ ❞❡ ✹✵ à ✻✵ ♠❇❛r✱ ♣❛ss❡r à ✵ ♠❇❛r ❞ès q✉❡ ❧❡ ♠✐① ❛tt❡✐♥t ❧✬é❝❤❛♥✲
t✐❧❧♦♥✱ ♣✉✐s r❡♠♣❧✐r ❧❡s ❝❤❛♠❜r❡s ❡♥ ❛♣♣❧✐q✉❛♥t ✉♥❡ ♣r❡ss✐♦♥ ❞❡ ✶✵ à ✶✺ ♠❇❛r✳

✶✹✽
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✺ ❘❡♥♦✉✈❡❧❧❡♠❡♥t ❞❡ ❧❛ s♦❧✉t✐♦♥✳

P❛ss❡r à ✵ ♠❇❛r✱ ❞é✈✐ss❡r ❧❡ t✉❜❡ à ✈✐s✱ ❧❡ r❡♠♣❧❛❝❡r ♣❛r ✉♥ ❛✉tr❡✱ ❝♦♥t❡✲
♥❛♥t ✉♥ ❛✉tr❡ ♠✐① ❡t ✐♥❥❡❝t❡r à ✹✵ ♠❇❛r✳

✻ ❊①♣ér✐❡♥❝❡ ❞❡✉① ❝♦✉❧❡✉rs ❞❡ ❧✬❛❝t✐♥❡✳

▼✐① ✶ ✈❡rt ✭✻✵ µL✮ ✿
✰✻ µL ✶✵ ❳ ❑▼❊■
✰✷ µL ❇❙❆ ✶✵ %
✰✷✺ µL t♣●
✰✷ µL Profiline305microM ✿ ✶✵ µM
✰✷ µL Arp2/3300nM ✿ ✶✵ ♥▼
✰✷✵ µL ❚❋
✰✸✱✷ µL Actine568,20%glycerol,37microM ✿ ✷ µM

▼✐① ✷ r♦✉❣❡ ✭✻✵ µL✮
✰✻ µL ✶✵ ❳ ❑▼❊■
✰✷✵✱✺ µL t♣●
✰✷ µL Profiline305microM ✿ ✶✵ µM
✰✷✵ µL ❚❋
✰✷✱✼ µL ctine488,20%glycerol,44microM ✿ ✷ µM

✶✹✾
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Pr♦t♦❝♦❧❡ ✾ ✿
❉é♣ôt ❞✬✉♥❡ ❝♦✉❝❤❡ ❞❡ ❙✐✲P❊● ✺ ❦❉❛ s✉r ✉♥❡ ❧❛♠❡❧❧❡ ❡♥ ✈❡rr❡

▼✐s ❛✉ ♣♦✐♥t ♣❛r ▲❛✉rè♥❡ ●r❡ss✐♥ ❡t ❆❧♣❤é ▼✐❝❤❡❧♦t ✭♥♦♥ ♣✉❜❧✐é✮

✶✺✵
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Pr♦t♦❝♦❧❡ ✶✵ ✿
❉é♣ôt ❞✬✉♥❡ ❝♦✉❝❤❡ ❞❡ P▲▲✲P❊● s✉r ✉♥❡ ❧❛♠❡❧❧❡ ❡♥ ✈❡rr❡

✶ ❉✐❧✉t✐♦♥ ❞✉ P▲▲✲P❊● ❡♥ ♣♦✉❞r❡✳

✶✳✶ ❉✐❧✉t✐♦♥ à ✶ mg.mL−1✳
▼❡ttr❡ ❞❛♥s ✉♥ t✉❜❡ ✸ ♠▲ ✿ ✸ ♠❣ ❞❡ ♣♦✉❞r❡ ❞❡ P▲▲✲P❊● st♦❝❦é❡ à ✲✷✵ oC
✰ ✸ ♠▲ ❞❡ t❛♠♣♦♥ ❍❊P❊❙ ✶✵ ♠▼ P❍ ✼✱✹ ✭❍❊P❊❙ ✶✵ ♠▼ ❂ ✶✷✵ ♠❣ ❞❡
♣♦✉❞r❡ ❞✬❍❊P❊❙ ✷✸✽ g.mol−1 ✰ ✷✵ ♠▲ ❍✷❖ ♠✐❧❧✐✲◗✮✳

✶✳✷ ❉✐❧✉t✐♦♥ à mg.mL−1✳
▼❡ttr❡ ❞❛♥s ✉♥ t✉❜❡ ✸✵ ♠▲ ✿ ✸ ♠▲ ❞❡ P▲▲✲P❊● ✶ mg.mL−1 ✰ ✷✼ ♠▲
❞✬❍❊P❊❙ ✶✵ ♠▼✳

✷ ▲❛✈❛❣❡ ❞❡s ❧❛♠❡❧❧❡s ❡♥ ✈❡rr❡✳
▼❡ttr❡ ❞❡s ❧❛♠❡❧❧❡s ✼✻ ♠♠ ❳ ✷✻ ♠♠ s✉r ✉♥ ♣♦rt♦✐r ✭✉♥❡ ❧❛♠❡❧❧❡ t♦✉s ❧❡s ✷
❝r❛♥s✮✳ ❆❣✐t❡r ❧❡ ♣♦rt♦✐r ❞❛♥s ✉♥ ❜ê❝❤❡r ❞✬❡❛✉✱ ♣✉✐s ❞❛♥s ✉♥ ❜ê❝❤❡r ❞✬ét❤❛♥♦❧
✾✻ % ♣✉✐s à ♥♦✉✈❡❛✉ ❞❛♥s ❧✬❡❛✉ ♣✉✐s sé❝❤❡r ❧❡s ❧❛♠❡❧❧❡s à ❧❛ s♦✉✤❡tt❡✳

✸ ❚r❛✐t❡♠❡♥t ♣❧❛s♠❛ ❞❡s ❧❛♠❡❧❧❡s ❡♥ ✈❡rr❡✳
P❛ss❡r ❧❡s ❧❛♠❡❧❧❡s ❛✉ ♣❧❛s♠❛ O2 à ✽✵ ❲❛tts ♣❡♥❞❛♥t ✶✵ s❡❝♦♥❞❡s✳

✹ ■♥❝✉❜❛t✐♦♥ ❞❡s ❧❛♠❡❧❧❡s ✈❡rr❡ ❛✉ P▲▲✲P❊●✳
❉é♣♦s❡r ❞❡s ❣♦✉tt❡s ❞❡ ✷✽✵ µL ❞❡ s♦❧✉t✐♦♥ ❞❡ P▲▲✲P❊● ✵✱✶ mg.mL−1 s✉r
✉♥ ♣❛r❛✜❧♠ ♣✉✐s ❞é♣♦s❡r ❧❡s ❧❛♠❡❧❧❡s ♣❧❛s♠é❡s s✉r ❧❡s ❣♦✉tt❡s✳ ❆tt❡♥❞r❡ ✸✵
♠✐♥✉t❡s✳

✹ ❘✐♥ç❛❣❡✱ sé❝❤❛❣❡✱ st♦❝❦❛❣❡✳
■♥tr♦❞✉✐r❡ ✷✵✵✵ µL ❞✬❡❛✉ ♠✐❧❧✐✲◗ s♦✉s ❝❤❛q✉❡ ❧❛♠❡❧❧❡ ✈❡rr❡ ♣✉✐s ❧❡s ♣❧❛❝❡r
s✉r ❧❡ ♣♦rt♦✐r ✭✉♥❡ ❧❛♠❡❧❧❡ t♦✉s ❧❡s ❞❡✉① ❝r❛♥s✮✱ ♣❧♦♥❣❡r ❧❡ ♣♦rt♦✐r ❞❛♥s ✉♥
❜ê❝❤❡r ❞✬❡❛✉ ♠✐❧❧✐✲◗ ♣✉✐s ❧❡ r❡t✐r❡r ❧❡♥t❡♠❡♥t ❞❡ ❧✬❡❛✉✳ ❙é❝❤❡r ❧❡s ❧❛♠❡❧❧❡s ✉♥❡
♣❛r ✉♥❡ s✉r ❧❛ ❢❛❝❡ q✉✐ ♥❡ ❝♦♥t✐❡♥t ♣❛s ❞❡ P▲▲✲P❊● ✭ré❣❧❡r ❧❛ s♦✉✤❡tt❡ ♣♦✉r
♦❜t❡♥✐r ✉♥ ❢❛✐❜❧❡ ✢✉① ❞✬❛✐r✮ ♣✉✐s ❧❡s ♣❧❛❝❡r ❝❤❛❝✉♥❡ ❞❛♥s ✉♥❡ ❜♦✐t❡ ❞❡ ♣étr✐✳

✶✺✶
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Pr♦t♦❝♦❧❡ ✶✶ ✿
▼♦♥t❛❣❡ ❡t ✉t✐❧✐s❛t✐♦♥ ❞❡ ❧❛ ♣✉❝❡ à ❝❡❧❧✉❧❡ à ❝❡❧❧✉❧❡s✱ ❛✈❡❝ ♣❧❛❢♦♥❞
❞❡ P❉▼❙ ✜♥ ✭♠❡♠❜r❛♥❡ ❞❡ ♠♦✐♥s ❞❡ ✷✵✵ µm ❞✬é♣❛✐ss❡✉r✮ ♣❛r ❧❛

♠ét❤♦❞❡ ♣❧❛s♠❛

✶ Pré♣❛r❛t✐♦♥s ❞❡s ♣✐è❝❡s P❉▼❙ ✉♣ ❡t ❞♦✇♥✳

✶✳✶ Pré♣❛r❛t✐♦♥ ❞✉ P❉▼❙ ❧✐q✉✐❞❡✳
❉❛♥s ✉♥ ✈❡rr❡ ♣❧❛st✐q✉❡ ✿ ✼ ❣ rét✐❝✉❧❛♥t ✰ ✼✵ ❣ ❝❤❛✐♥❡s ♣♦❧②♠ér✐q✉❡s ✭❦✐t s②❧✲
❣❛r❞ ✶✽✹✮✳ ❉❛♥s ✉♥ ❛✉tr❡ ✈❡rr❡ ♣❧❛st✐q✉❡ ✿ ✷ ❣ ❞❡ rét✐❝✉❧❛♥t ✰ ✷✵ ❣ ❞❡ ❝❤❛✐♥❡s
♣♦❧②♠ér✐q✉❡s ✭❦✐t s②❧❣❛r❞ ✶✽✹✮✳ ▼é❧❛♥❣❡r ✭♣❡t✐t ❝♦✉t❡❛✉ ❡♥ ♣❧❛st✐q✉❡✮ ♣❡♥✲
❞❛♥t ✸✵ à ✻✵ s❡❝♦♥❞❡s✳

✶✳✷ ❉é❣❛③❛❣❡ ❞✉ P❉▼❙ ❧✐q✉✐❞❡
▼❡ttr❡ ❧❡ P❉▼❙ s♦✉s ✈✐❞❡ ✭❝❧♦❝❤❡ à ✈✐❞❡✮ ♣♦✉r ❞é❣❛③❡r ❥✉sq✉✬à ❞✐s♣❛r✐t✐♦♥
❝♦♠♣❧èt❡ ❞❡s ❜✉❧❧❡s ✭♣♦✉r ❛❝❝é❧ér❡r ❧❡ ❞é❣❛③❛❣❡✱ ♦♥ ♣❡✉t ❞❡ t❡♠♣s ❡♥ t❡♠♣s
❢❛✐r❡ r❡♥tr❡r ❞❡ ❧✬❛✐r ❞❛♥s ❧❛ ❝❧♦❝❤❡ à ✈✐❞❡✱ ❝❡ q✉✐ ❛ ♣♦✉r ❡✛❡t ❞✬❡①♣❧♦s❡r ❧❡s
❜✉❧❧❡s ❡♥ s✉r❢❛❝❡✮✳

✶✳✸ ✧❙♣✐♥✲❝♦❛t✐♥❣✧ ♣♦✉r ❧❡s ♣✐è❝❡s ❞♦✇♥✳
❙♦✉s ❧❛ ❤ôt❡✱ ❉é♣♦s❡r ❧❡ P❉▼❙ ❧✐q✉✐❞❡ ❞✉ ✈❡rr❡ ✷ s✉r ❧❡ ✓ ♠♦✉❧❡ ❡♥ rés✐♥❡ ✐♥
✈✐✈♦ ✔✱ ❜✐❡♥ ❝❡♥tr❡r ❧❡ ✧✇❛❢❡r✧ s✉r ❧❛ t♦✉r♥❡tt❡ ❡t ❧❛♥❝❡r ✉♥ ✧s♣✐♥ ❝♦❛t✐♥❣✧ ✿
✈✐t❡ss❡ ❞❡ r♦t❛t✐♦♥ ✿ ✶✵✵✵ r♣♠✱ ❛❝❝ ✿ ✶✱ t✐♠❡ ✿ ✻✵ s❡❝♦♥❞❡s✳ P✉✐s ♣❧❛❝❡r ❧❡
✧✇❛❢❡r✧ ❞❛♥s ✉♥❡ ❜♦✐t❡ ❞❡ ♣étr✐ ❡♥ ✈❡rr❡✳

✶✳✹ ❈✉✐ss♦♥ ♣♦✉r ❧❡s ♣✐è❝❡s ✉♣✳
❈♦✉❧❡r ❧❡ P❉▼❙ ❧✐q✉✐❞❡ ❞✉ ✈❡rr❡ ✶ s✉r ✉♥ ✓ ✇❛❢❡r tr❛❝é ✔ ♣❧❛❝é ❞❛♥s ✉♥❡
❜♦✐t❡ ❞❡ ♣étr✐✱ ♣♦s❡r ❧❛ ❜♦✐t❡ ❞❡ ♣étr✐ s✉r ✉♥❡ ♣❧❛q✉❡ ❝❤❛✉✛❛♥t❡ ❡t ❛tt❡♥❞r❡
✉♥❡ ♠✐♥✉t❡✱ ❧❡ t❡♠♣s q✉❡ ❧❛ s✉r❢❛❝❡ ❧✐❜r❡ ❞✉ P❉▼❙ s♦✐t ♣❛r❢❛✐t❡♠❡♥t ♣❧❛♥❡✱
♣✉✐s ❝❤❛✉✛❡r à ✶✵✵ oC ♣❡♥❞❛♥t ❡♥✈✐r♦♥ ✶✵ ♠✐♥✉t❡s✳

✶✳✺ ❉é❝♦✉♣❛❣❡ ❞❡s ♣✐è❝❡s ✉♣✳
❉é❝♦✉♣❡r ❧❡s ♣✐è❝❡s ✉♣ s❡❧♦♥ ❧❡s tr❛❝és s✉r ❧❡ ✇❛❢❡r✳

✶✳✻ ❈✉✐ss♦♥ ♣♦✉r ❧❡s ♣✐è❝❡s ❞♦✇♥✳
P❧❛❝❡r ✓ ♠♦✉❧❡ ❡♥ rés✐♥❡ ✐♥ ✈✐✈♦ ✔ s✉r ✉♥❡ ♣❧❛q✉❡ ❝❤❛✉✛❛♥t❡✱ ❝❤❛✉✛❡r à ✶✵✵
oC ❥✉sq✉✬à ❝❡ q✉✬✐❧ s♦✐t ♣♦ss✐❜❧❡ ❞❡ ❞é❝♦❧❧❡r ❧❛ ♠❡♠❜r❛♥❡ P❉▼❙ ❞✉ ✇❛❢❡r✳

✶✳✼ ❈♦❧❧❛❣❡ ❞❡s ♣✐è❝❡s ✉♣ ❡t ❞♦✇♥ ❂ ♣✐è❝❡s P❉▼❙ ✜♥❛❧❡s✳
P❧❛❝❡r ❧❡s ♣✐è❝❡s ✉♣ ❡t ❧❡ ♠♦✉❧❡ ❡♥ rés✐♥❡ ✓ ✷ ✐♥ ✔ ✭❍❂✶✵ µm ♦✉ ❍❂✷✵ µm ♦✉
❍❂✹✵ µm✮ ❛✉ ♣❧❛s♠❛ ❖✷ ✭♣✐è❝❡s ✉♣ ❢❛❝❡s ♣❧❛♥❡s ✈❡rs ❧❡ ❤❛✉t✮✳ ✶✵✵ ✇❛tts✱ ✶✵

✶✺✷
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s❡❝♦♥❞❡s✳ ✭P♦✉r ❧✬✉t✐❧✐s❛t✐♦♥ ❞✉ ♣❧❛s♠❛✱ ❜✐❡♥ r❡s♣❡❝t❡r ❧❡s ✷ ♠✐♥✉t❡s ❞❡ ✈✐❞❡
❡t ❧❡s ✷ ♠✐♥✉t❡s ❞✬✐♥tr♦❞✉❝t✐♦♥ ❞✬O2✮✳ ❉é♣♦s❡r ❧❡s ♣✐è❝❡s P❉▼❙ s✉r ❧❡s ♣✐è❝❡s
P❉▼❙ ❞♦✇♥✱ ❞é❝♦✉♣❡r ❛✉ s❝❛❧♣❡❧ ❧❡s ♣✐è❝❡s ❞♦✇♥ s❡❧♦♥ ❧❡ ❝♦♥t♦✉r ❞❡s ♣✐è❝❡s
P❉▼❙ ✉♣✱ ❞é❝♦❧❧❡r t♦✉t ❞♦✉❝❡♠❡♥t ❧❡s ♣✐è❝❡s P❉▼❙ ✜♥❛❧❡s ❡t ❧❡s ❞é♣♦s❡r
❝❤❛❝✉♥❡ ❞❛♥s ✉♥❡ ❜♦✐t❡ ❞❡ ♣étr✐✳

✶✳✽ P❡rç❛❣❡ ❞❡s ♣✐è❝❡s P❉▼❙ ✜♥❛❧❡s✳
P❡r❝❡r ♣❧✉s✐❡✉rs tr♦✉s à ❧✬❡♥tré❡ ❡t à ❧❛ s♦rt✐❡ ❞❡s ♣✐è❝❡s P❉▼❙ ✜♥❛❧❡s à
❧✬❡♠♣♦rt❡✲♣✐è❝❡ ❜❧❛♥❝✳

✷ ❋❡r♠❡t✉r❡ ❞✉ ❝✐r❝✉✐t ♠✐❝r♦✢✉✐❞✐q✉❡ ❡t ✐♥❥❡❝t✐♦♥ ❞❡s ❝❡❧❧✉❧❡s ❞❛♥s ❧❡s
❝❤❛♠❜r❡s ♠✐❝r♦✢✉✐❞✐q✉❡s✳

✷✳✶ ▲❛✈❛❣❡ ❞❡s ♣✐è❝❡s P❉▼❙ ✜♥❛❧❡s✳
P❛ss❡r ❧❡s ✺ ♣✐è❝❡s P❉▼❙ ✜♥❛❧❡s à ❧❛ ♣✐ss❡tt❡ ❞✬❡❛✉ ♠✐❧❧✐✲◗ ❡t ♣❛ss❡r ✺ ❧❛♠❡s
❡♥ ✈❡rr❡ ✼✻①✷✻ à ❧❛ ♣✐ss❡tt❡ ❞✬❡❛✉ é❣❛❧❡♠❡♥t✳

✷✳✷ Pré♣❛r❛t✐♦♥ ❞❡s ❝❡❧❧✉❧❡s✳
P♦✉r ✉♥❡ ♠❛♥✐♣✉❧❛t✐♦♥✱ ❝❡♥tr✐❢✉❣❡r ❞❡s ❝❡❧❧✉❧❡s ♣♦✉r ♦❜t❡♥✐r ✶ ♠▲ ❞❡ s✉s♣❡♥✲
s✐♦♥ ❝❡❧❧✉❧❛✐r❡ à ✷✳✶✵✻ ❝❡❧❧✉❧❡s✴♠▲✳ P❧❛❝❡r ❝❡ ✈♦❧✉♠❡ ❞❛♥s ✉♥❡ ♣❡t✐t❡ ❜♦✐t❡
❞❡ ❝✉❧t✉r❡ ❡t ❧❛ ♣❧❛❝❡r ❞❛♥s ❧✬✐♥❝✉❜❛t❡✉r✳

✷✳✸ ❈♦❧❧❛❣❡ ❞✬✉♥❡ ♣✐è❝❡ P❉▼❙ ✜♥❛❧❡ s✉r ❧❛ ❧❛♠❡✳
P❧❛❝❡r ❛✉ ♣❧❛s♠❛ O2 ✉♥❡ ❧❛♠❡ ❡♥ ✈❡rr❡ ❡t ✉♥❡ ♣✐è❝❡s P❉▼❙ ✜♥❛❧❡ ❢❛❝❡ ♠❡♠✲
❜r❛♥❡ ✈❡rs ❧❡ ❤❛✉t✳ ✶✵✵ ✇❛tts✱ ✸✵ s❡❝♦♥❞❡s✳ ❉é♣♦s❡r ❧❛ ♣✐è❝❡s P❉▼❙ ✜♥❛❧❡
s✉r ❧❛ ❧❛♠❡ ❡♥ ✈❡rr❡ ❢❛❝❡ ♠❡♠❜r❛♥❡ ❝♦♥tr❡ ❧❛ ❧❛♠❡ ❡♥ ✈❡rr❡✳

✷✳✹ ✧▲♦❛❞✐♥❣✧ ❞❡s ❝❤❛♠❜r❡s ♠✐❝r♦✢✉✐❞✐q✉❡s✳
❚♦✉t ❞❡ s✉✐t❡ ❛♣rès ❧❡ ❝♦❧❧❛❣❡✱ ✐♥❥❡❝t❡r ✵✱✺ ♠▲ ❞❡ s✉s♣❡♥s✐♦♥ ❝❡❧❧✉❧❛✐r❡ à ✷✳✶✵✻
❝❡❧❧✉❧❡s✴♠▲ ❞❛♥s ❧❡ rés❡r✈♦✐r ❞✬❡♥tré❡✳ ❆tt❡♥❞r❡ q✉❡ t♦✉t❡s ❧❡s ❝❤❛♠❜r❡s s❡
r❡♠♣❧✐ss❡♥t ✭❡♥ ♦❜s❡r✈❛♥t ❛✉ ♠✐❝r♦s❝♦♣❡✮ ♣✉✐s ✈✐❞❡r ❧❡ rés❡r✈♦✐r ❞✬❡♥tré❡ ❡t ❧❡
r❡♠♣❧✐r ♣❛r ❞✉ ♠✐❧✐❡✉ ❞❡ ❝✉❧t✉r❡✳ ❘❡♠♣❧✐r ❧❡ ❜❛✐♥ ✐s♦✲♦s♠♦t✐q✉❡ ❞❡ ✵✱✽ ♠▲ ❞❡
♠✐❧✐❡✉ ❞❡ ❝✉❧t✉r❡✳ ❊♥✜♥✱ r❡❝♦✉✈r✐r ❧❛ ♣✐è❝❡ P❉▼❙ ♣❛r ✉♥❡ ♠❡♠❜r❛♥❡ ❝♦❧❧❛♥t❡
✭●r❡✐♥✐❡r ❜✐♦✲♦♥❡✮✳

✸ ❈❤❛♥❣❡♠❡♥t ❞✉ ♠✐❧✐❡✉ ❞❡ ❝✉❧t✉r❡✳

❊♥❧❡✈❡r ❧❛ ♠❡♠❜r❛♥❡ ❝♦❧❧❛♥t❡✱ ✈✐❞❡r ❧❡s rés❡r✈♦✐rs ❞✬❡♥tré❡ ❡t ❞❡ s♦rt✐❡ ❡t ❧❡
❜❛✐♥ ✐s♦✲♦s♠♦t✐q✉❡ ♣✉✐s r❡♠♣❧✐r ❧❡ rés❡r✈♦✐r ❞✬❡♥tré❡ ❡t ❧❡ ❜❛✐♥ ✐s♦✲♦s♠♦t✐q✉❡
❛✈❡❝ ✵✱✺ ♠▲ ❡t ✵✱✽ ♠▲ ❞❡ ♠✐❧✐❡✉ ❞❡ ❝✉❧t✉r❡ r❡s♣❡❝t✐✈❡♠❡♥t✳ ❘❡♠❡ttr❡ ✉♥❡
♠❡♠❜r❛♥❡ ❝♦❧❧❛♥t❡ s✉r ❧❛ ♣✐è❝❡ ❞❡ P❉▼❙✳

✶✺✸



❈❍❆P■❚❘❊ ✷✳ ❘➱❙❯▲❚❆❚❙

Pr♦t♦❝♦❧❡ ✶✷ ✿ ▼♦♥t❛❣❡ ❡t ✉t✐❧✐s❛t✐♦♥ ❞❡ ❧❛ ♣✉❝❡ à ❝❡❧❧✉❧❡s✱ ❛✈❡❝
♣❧❛❢♦♥❞ ❞❡ P❉▼❙ é♣❛✐s ✭✺✵✵ µm ❞✬é♣❛✐ss❡✉r✮ ♣❛r ❧❛ ♠ét❤♦❞❡

♣❧❛s♠❛ ❡t ♣❛r ❧❛ ♠ét❤♦❞❡ s✐♠♣❧❡ ❝♦♥t❛❝t✳

✶ ❋❛❜r✐❝❛t✐♦♥ ❞❡s ♣✉❝❡s P❉▼❙✳

✶✳✶ ❉é❣❛③❛❣❡ ❞✉ P❉▼❙ ✭❉❖❲ ❈❖❘◆■◆●✱❑■❚ ❙❨▲●❆❘❉ ✶✽✹✮✳
❘❛t✐♦ ❝✉rr✐♥❣ ❛❣❡♥t ✿s✐❧✐❝♦♥ ❡❧❛st♦♠❡r ❂ ✶ ✿✶✵ ✭P❉▼❙✮✳ ▼é❧❛♥❣❡r ✷ ❣ ❞❡ ré✲
t✐❝❧✉❛♥t ✰ ✷✵ ❣ ❞❡ ❉▼❙ ❞❛♥s ✉♥ ré❝✐♣✐❡♥t ❡♥ ♣❧❛st✐q✉❡ ✶✳ ▼é❧❛♥❣❡r ✹ ❣ ❞❡
rét✐❝✉❧❛♥t ✰ ✹✵ ❣ ❞❡ ❉▼❙ ❞❛♥s ✉♥ ❛✉tr❡ ré❝✐♣✐❡♥t ❡♥ ♣❧❛st✐q✉❡ ✷✳ ❉é❣❛③❡r
❝❡s ❞❡✉① ♠é❧❛♥❣❡s ❞❛♥s ✉♥❡ ❝❧♦❝❤❡ à ✈✐❞❡ ❥✉sq✉✬à ❝❡ q✉✬✐❧ ♥✬② ❛✐t ♣❧✉s ❛✉❝✉♥❡
❜✉❧❧❡ ✭✸✵ à ✹✵ ♠✐♥✉t❡s✮✳

✶✳✷ ❈✉✐ss♦♥ ❞✉ P❉▼❙✳
P♦s❡r ❧❡ ✇❛❢❡r ✶ ❝♦♥t❡♥❛♥t ❧❡s ♠♦t✐❢s ❡♥ rés✐♥❡ ❡t ❧❡ ✇❛❢❡r ✷ ❝♦♥t❡♥❛♥t ❧❡s
❢♦r♠❡s ❤❛❝❤✉ré❡s ❝❤❛❝✉♥ ❞❛♥s ✉♥❡ ❜♦✐t❡ ❞❡ ♣❡tr✐ ❡♥ ✈❡rr❡ ❞❡ t❛✐❧❧❡ ❛❞❛♣té❡
❛✉ ❝♦♥t♦✉r ❞✉ ✇❛❢❡r✳ ❈♦✉❧❡r ❧❡ P❉▼❙ ✶ ❞✉ ré❝✐♣✐❡♥t ✶ s✉r ❧❡ ✇❛❢❡r ✶✳ ❈♦✉❧❡r
❧❡ P❉▼❙ ✷ ❞✉ ré❝✐♣✐❡♥t ✷ s✉r ❧❡ ✇❛❢❡r ✷✳ ▼❡ttr❡ ❧❡s ❞❡✉① P❉▼❙ à ❝✉✐r❡
❝❤❛❝✉♥ s✉r ✉♥❡ ♣❧❛q✉❡ ❝❤❛✉✛❛♥t❡ ✭❙❚❯❆❘❚✮ à ✶✵✵ oC ❥✉sq✉✬à ❝❡ q✉❡ ❧❛ s✉r✲
❢❛❝❡ ❞✉ P❉▼❙ s♦✐t s♦❧✐❞❡ ✭❡♥ r❡❝♦✉✈r❛♥t ❞✬✉♥ ❝♦✉✈❡r❝❧❡ ♣♦✉r é✈✐t❡r q✉❡ ❧❡s
♣♦✉ss✐èr❡s ✐♥té❣r❡♥t ❧❡ P❉▼❙✮✳

✶✳✹ ❉é❝♦✉♣❛❣❡ ❞❡s ♣✐è❝❡s P❉▼❙✳
❆✉ s❝❛❧♣❡❧✱ ❞é❝♦✉♣❡r ❧❡ P❉▼❙ ✶ s❡❧♦♥ ❧❡ ❝♦♥t♦✉r ❞❡s ❤❛❝❤✉r❡s ✭✐♥tér✐❡✉r ❡t
❡①tér✐❡✉r ❞❡s ❤❛❝❤✉r❡s✮✳ ❘é❝✉♣ér❡r ❧❡s ✺ ♣✐è❝❡s ✏✉♣✏ ✭q✉✐ ❝♦♥st✐t✉❡♥t ❞❡s ♣❡✲
t✐t❡s ♣✐s❝✐♥❡s✮ ❡t ❧❡s ❞é♣♦s❡r ❢❛❝❡ ✐♥❢ér✐❡✉r❡ ❝♦♥tr❡ ❧❡ P❉▼❙ ✷ ❡♥ ❛❧✐❣♥❛♥t ❧❡s
♣✐s❝✐♥❡s ❛✉ ❞❡ss✉s ❞❡s ❝❤❛♠❜r❡s s❛♥s ✢✉①✳ ❆✉ s❝❛❧♣❡❧✱ ❞é❝♦✉♣❡r ❧❡ P❉▼❙ ✶
s❡❧♦♥ ❧❡ ❝♦♥t♦✉r ❞❡s ♣✐è❝❡s ✏✉♣✏✳ ❘é❝✉♣ér❡r ❧❡s ♣✐è❝❡s ✏✉♣✏ ✭♣✐s❝✐♥❡s✮ ❡t ❧❡s
❞é♣♦s❡r✱ ❢❛❝❡ ✐♥❢ér✐❡✉r❡ ✈❡rs ❧❡ ❤❛✉t✱ s✉r ✉♥ ✧✇❛❢❡r✧ r✐♥❝é à ❧✬❛❧❝♦♦❧ ✼✵ %✳
❘é❝✉♣ér❡r ❧❡s ♣✐è❝❡s ✏❞♦✇♥✏ ✭❝❛♥❛✉①✮ ❡t ❧❡s ❞é♣♦s❡r✱ ❢❛❝❡ ❝❛♥❛✉① ✈❡rs ❧❡ ❜❛s✱
s✉r ✉♥ ✧✇❛❢❡r✧ r✐♥❝é à ❧✬❛❝♦♦❧ ✼✵ %✳

✶✳✺ ❙❡❧❧❛❣❡ ❛✉ ♣❧❛s♠❛ O2✳ ❞❡s ♣❛rt✐❡s ✧✉♣✧ ❡t ✧❞♦✇♥✧ ❞✉ P❉▼❙✳
▼❡ttr❡ ❧❡s ✇❛❢❡rs s✉r ❧❡sq✉❡❧s s♦♥t ♣♦sé❡s ❧❡s ♣✐è❝❡s ✏❞♦✇♥✏ ❡t ✏✉♣✏ ❛✉ ♣❧❛s♠❛
O2 ✿ ✶✵✵ ✇❛tts✱ ✶✵ s❡❝♦♥❞❡s✳ ❆♣rès s✬êtr❡ ❛ss✉ré q✉❡ ❧❡s ♣✐è❝❡s ✏✉♣✏ s♦✐❡♥t ❜✐❡♥
à ♣❧❛t s✉r ❧❡ ✧✇❛❢❡r✧✱ ré❝✉♣ér❡r ❧❡s ♣✐è❝❡s ✏❞♦✇♥✏ ♣♦✉r ❧❡s ❝♦❧❧❡r s✉r ❧❡s ♣✐è❝❡s
✏✉♣✏ ❡♥ ❧❡s ❛❧✐❣♥❛♥t s❡❧♦♥ ❧❡✉r ❝♦♥t♦✉r ✭❢❛❝❡ ✧♣❧❛s♠é❡✧ ❝♦♥tr❡ ❢❛❝❡ ✧♣❧❛s♠é❡✧✮✳

✶✳✻ P❡rç❛❣❡ ❞❡s ✧✐♥❧❡t✧ ❡t ❞❡ ✧❧✬♦✉t❧❡t✧✳
P❧❛❝❡r ❧❡s ✺ ♣✉❝❡s ❞❛♥s ✉♥❡ ❜♦✐t❡ ❞❡ ♣étr✐ stér✐❧❡ ❢❛❝❡ ❝❛♥❛✉① ✈❡rs ❧❡ ❤❛✉t✳

✶✺✹



❘é❝✉♣ér❡r ✉♥❡ ♣✉❝❡✱ ❧❛ ♣♦s❡r ❞❛♥s ✉♥❡ ❛✉tr❡ ❜♦✐t❡ ❞❡ ♣❡tr✐ ✭❞❡❞✐é❡ ❛✉ ♣❡r✲
ç❛❣❡✮✳ ❆✈❡❝ ✉♥ ❡♠♣♦rt❡✲♣✐è❝❡ ❝✐r❝✉❧❛✐r❡ ✭❍❆❘❘■❙ ❯◆■✲❈❖❘❊ ✻✳✵✵ ♠♠✮ ✱
♣❡r❝❡r ✉♥ ♦✉ ❞❡✉① tr♦✉s à ✧❧✬✐♥❧❡t✧ ✭rés❡r✈♦✐r ❞✬❡♥tré❡✮ ❡t ♣❧✉s✐❡✉rs tr♦✉s à
✧❧✬♦✉t❧❡t✧ ✭♣❛s ❞❡ rés❡r✈♦✐r ❞❡ s♦rt✐❡✮✳ ❘❡♣♦s❡r ❧❛ ♣✉❝❡ ❞❛♥s s❛ ❜♦✐t❡ ❞❡ ♣étr✐✳

✷ ❋❡r♠❡t✉r❡ ❞✉ ❝✐r❝✉✐t ♠✐❝r♦✢✉✐❞✐q✉❡ ❡t ✐♥❥❡❝t✐♦♥ ❞❡s ❝❡❧❧✉❧❡s ❞❛♥s ✉♥❡
♣✉❝❡ ❛❞❤és✐✈❡ ✭♠ét❤♦❞❡ ♣❧❛s♠❛✮✳
❘é❝✉♣ér❡r ✉♥❡ ♣✉❝❡✱ ❧❛ ♣❧❛❝❡r ❞❛♥s ✉♥❡ ❜♦✐t❡ ❞❡ ♣étr✐ stér✐❧❡ ❞❡ ❧❛ ❢❛ç♦♥
s✉✐✈❛♥t❡ ✿ ❡♥ ❞✐❛❣♦♥❛❧❡✱ ✉♥ ❞❡s ❝♦tés ❞❡ ❧❛ ♣✉❝❡ ❝❤❡✈❛✉❝❤❛♥t ❧❡ r❡❜♦r❞ ❞✬✉♥
❝❛♣✉❝❤♦♥ stér✐❧❡ ❛✈❡❝ ❧❡ ♠♦✐♥s ❞❡ ❝♦♥t❛❝t ♣♦ss✐❜❧❡ ❡♥tr❡ ❧❡ P❉▼❙ ❡t ❧❡ r❡st❡✳
❉é♣♦s❡r ✉♥❡ ❧❛♠❡❧❧❡ ❡♥ ✈❡rr❡ ❞❡ ✶✵✵ µm ❞✬é♣❛✐ss❡✉r ♣❛ssé❡ à ❧❛ s♦✉✤❡tt❡
❞❛♥s ❧❛ ❜♦✐t❡ ❞❡ ♣étr✐ à ❝♦té ❞❡ ❧❛ ♣✉❝❡✳ P❛ss❡r ❧❛ ❜♦✐t❡ ❞❡ ♣étr✐ ❝♦♥t❡♥❛♥t ❧❛
♣✉❝❡ ❡t ❧❛ ❧❛♠❡❧❧❡ ✈❡rr❡ ❛✉ ♣❧❛s♠❛ ✵✷ ✿ ✶✵✵ ✇❛tts✱ ✶✵ s❡❝♦♥❞❡s✳
❈♦❧❧❡r ❧❛ ♣✉❝❡ s✉r ❧❛ ❧❛♠❡❧❧❡ ❡♥ ✈❡rr❡ ✭❢❛❝❡ ❝❛♥❛✉① ❝♦♥tr❡ ❧❡ ✈❡rr❡✮ ❡t✱ s❛♥s
❛tt❡♥❞r❡✱ ✐♥❥❡❝t❡r✱ ❞❛♥s ❧❡ rés❡r✈♦✐r ❞✬❡♥tré❡✱ à ❧❛ ♣✐♣❡tt❡✱ ✶✵✵ µL ❞❡ s✉s♣❡♥✲
s✐♦♥ ❝❡❧❧✉❧❛✐r❡ ❛✈❡❝ ✉♥❡ ❞❡♥s✐té ❞❡ ✶ à ✷ ♠✐❧❧✐♦♥s ❞❡ ❝❡❧❧✉❧❡s ♣❛r ♠▲✳
❈♦♥trô❧❡r ❛✉ ♠✐❝r♦s❝♦♣❡ ❢❛✐❜❧❡ ❣r♦ss✐ss❡♠❡♥t ❡♥ ❧✉♠✐èr❡ tr❛♥s♠✐s❡ q✉❡ ❧❡s
❝❤❛♠❜r❡s s❛♥s ✢✉① s♦✐❡♥t ❜✐❡♥ r❡♠♣❧✐❡s ♣❛r ❧❡ ♠✐❧✐❡✉ ❝♦♥t❡♥❛♥t ❧❡s ❝❡❧❧✉❧❡s✳
❘❡♠♣❧✐r ❧❡ rés❡r✈♦✐r ❞✬❡♥tré❡ ❞❡ ♠✐❧✐❡✉ ❛✈❡❝ ✉♥❡ ♣✐♣❡tt❡✱ ❢❛✐r❡ q✉❡❧q✉❡s ❛❧❧❡r✲
r❡t♦✉rs à ❧❛ ♣✐♣❡tt❡ ♣♦✉r r❡✲s✉s♣❡♥❞r❡ ❧❡s ❝❡❧❧✉❧❡s q✉✐ s♦♥t ❛✉ ❢♦♥❞ ❞✉ rés❡r✲
✈♦✐r✱ ♣✉✐s ❛s♣✐r❡r ❧❛ t♦t❛❧✐té ❞✉ ✈♦❧✉♠❡ ❞✉ rés❡r✈♦✐r ❞✬❡♥tré❡✳
❘❡♠♣❧✐r ❧❡ rés❡r✈♦✐r ❞✬❡♥tré❡ ❡t ❧❛ ♣✐s❝✐♥❡ ❛✈❡❝ ❞✉ ♠✐❧✐❡✉ à ✸✼ oC ❞❡ ❢❛ç♦♥ à
❝❡ q✉❡ ❧❛ s✉r❢❛❝❡ ❧✐❜r❡ ❞❡s ❧✐q✉✐❞❡s s♦✐t ♣❧❛♥❡✳

✸ ■♥❥❡❝t✐♦♥ ❞❡s ❝❡❧❧✉❧❡s ❞❛♥s ✉♥❡ ♣✉❝❡ ♥♦♥ ❛❞❤és✐✈❡ ✭♠ét❤♦❞❡ s✐♠♣❧❡
❝♦♥t❛❝t✮ ✿
❘é❝✉♣ér❡r ✉♥❡ ♣✉❝❡✱ ❧❛ ♣❛ss❡r à ❧❛ s♦✉✤❡tt❡✱ ♣✉✐s ❧❛ ♠❡ttr❡ ❞é❧✐❝❛t❡♠❡♥t
❡♥ ❝♦♥t❛❝t ❛✈❡❝ ✉♥❡ ❧❛♠❡❧❧❡ ✶✵✵ µm ❞✬é♣❛✐ss❡✉r r❡❝♦✉✈❡rt❡ ❞✬✉♥❡ ❝♦✉❝❤❡ ❞❡
s✐❧❛♥❡✲♣♦❧②❡t❤②❧❡♥❡ ❣❧②❝♦❧ ✺ ❦✐❧♦❞❛❧t♦♥s ✭❢❛❝❡ ❝❛♥❛✉① ❝♦♥tr❡ ❧❡ P❊●✮ ❥✉st❡
s♦rt✐❡ ❞✉ ré❢r✐❣ér❛t❡✉r ✹ oC✳
■♥❥❡❝t❡r ❞❛♥s ❧❡ rés❡r✈♦✐r ❞✬❡♥tré❡✱ à ❧❛ ♣✐♣❡tt❡✱ ✶✵✵ µL ❞❡ s✉s♣❡♥s✐♦♥ ❝❡❧❧✉✲
❧❛✐r❡ ❛✈❡❝ ✉♥❡ ❞❡♥s✐té ❞❡ ✶ à ✷ ♠✐❧❧✐♦♥s ❞❡ ❝❡❧❧✉❧❡s ♣❛r ♠▲✳
❈♦♥trô❧❡r✱ ❛✉ ♠✐❝r♦s❝♦♣❡ ❢❛✐❜❧❡ ❣r♦ss✐ss❡♠❡♥t ❡♥ ❧✉♠✐èr❡ tr❛♥s♠✐s❡✱ q✉❡ ❧❡s
❝❤❛♠❜r❡s s❛♥s ✢✉① s♦✐❡♥t ❜✐❡♥ r❡♠♣❧✐❡s ♣❛r ❧❡ ♠✐❧✐❡✉ ❝♦♥t❡♥❛♥t ❧❡s ❝❡❧❧✉❧❡s✳
❘❡♠♣❧✐r ❧❡ rés❡r✈♦✐r ❞✬❡♥tré❡ ❞❡ ♠✐❧✐❡✉ ❛✈❡❝ ✉♥❡ ♣✐♣❡tt❡✱ ❢❛✐r❡ q✉❡❧q✉❡s ❛❧❧❡r✲
r❡t♦✉rs à ❧❛ ♣✐♣❡tt❡ ♣♦✉r r❡✲s✉s♣❡♥❞r❡ ❧❡s ❝❡❧❧✉❧❡s q✉✐ s♦♥t ❛✉ ❢♦♥❞ ❞✉ rés❡r✲
✈♦✐r✱ ♣✉✐s ❛s♣✐r❡r ❧❛ t♦t❛❧✐té ❞✉ ✈♦❧✉♠❡ ❞✉ rés❡r✈♦✐r ❞✬❡♥tré❡✳
❘❡♠♣❧✐r ❧❡ rés❡r✈♦✐r ❞✬❡♥tré❡ ❡t ❧❛ ♣✐s❝✐♥❡ ❛✈❡❝ ❞✉ ♠✐❧✐❡✉ à ✸✼ oC ❞❡ ❢❛ç♦♥ à
❝❡ q✉❡ ❧❛ s✉r❢❛❝❡ ❧✐❜r❡ ❞❡s ❧✐q✉✐❞❡s s♦✐t ♣❧❛♥❡✳

✶✺✺



❈❤❛♣✐tr❡ ✸

P❡rs♣❡❝t✐✈❡s

✶✺✻



✶✺✼



❈❤❛♣✐tr❡ ✸

♣❡rs♣❡❝t✐✈❡s

✸✳✶ ▼❡s✉r❡ ❞❡s ❢♦r❝❡s ❝♦♥tr❛❝t✐❧❡s ❞❡ ❧✬❛♥♥❡❛✉

❞❡ ❝②t♦❝✐♥ès❡

▲❡s ❢♦r❝❡s ❝♦♥tr❛❝t✐❧❡s ❡①❡r❝é❡s ❧♦rs ❞❡ ❧❛ ❝②t♦❝✐♥ès❡ ♦♥t ❞é❥à étés ♠❡s✉ré❡s
s✉r ❞❡s ❝❡❧❧✉❧❡s ✐s♦❧é❡s ❬✷✽❪✳ ●râ❝❡ à ❧❛ t❡❝❤♥♦❧♦❣✐❡ ❞❡s ❣❡❧s ♣♦❧②❛❝r②❧❛♠✐❞❡
✉❧tr❛✲❡①t❡♥s✐❜❧❡s✱ ✐❧ ❡st ♣♦ss✐❜❧❡ ❞❡ ♠❡s✉r❡r ❧❡s ❢♦r❝❡s ❝♦♥tr❛❝t✐❧❡s ❞✐r❡❝t❡♠❡♥t
s✉r ❧✬❛♥♥❡❛✉ ❞❡ ❝②t♦❝✐♥ès❡ r❡❝♦♥st✐t✉é ✐♥ ✈✐tr♦ ✭❋✐❣✉r❡ ✶✮✳ ▲❡ ❣❡❧ ♣♦❧②❛❝r②❧❛✲
♠✐❞❡ s♦❧✐❞❛✐r❡ ❛✉① ♠✐❝r♦♣❛tt❡r♥s ♠❉✐❛ s❡ ❝♦♥tr❛❝t❡r❛✐t s♦✉s ❧✬❡✛❡t ❞❡s ❢♦r❝❡s
✐♥❞✉✐t❡s ♣❛r ❧❛ ❝♦♥tr❛❝t✐♦♥ ❞❡ ❧✬❛♥♥❡❛✉ ❞✬❛❝t✐♥❡✳ ▲❛ ♠❡s✉r❡ ❞✉ ❞é♣❧❛❝❡♠❡♥t
❞❡ ♠✐❝r♦✲❜✐❧❧❡s ❝♦♥t❡♥✉❡s ❞❛♥s ❧❡ ❣❡❧ ♣❡r♠❡ttr❛✐t ❛❧♦rs ❞❡ ❝❛rt♦❣r❛♣❤✐❡r ❧❛
ré♣❛rt✐t✐♦♥ ❞❡s ❢♦r❝❡s ❝♦♥tr❛❝t✐❧❡s s✉r t♦✉t❡ ❧❛ ❝✐r❝♦♥❢ér❡♥❝❡ ❞❡ ❧✬❛♥♥❡❛✉ ❞✬❛❝✲
t✐♥❡✳ ❆✐♥s✐✱ ♥♦✉s ♣♦✉rr✐♦♥s ❢❛✐r❡ ✈❛r✐❡r ❧❡s ♣❛r❛♠ètr❡s s♣❛t✐❛✉① ✭❞✐❛♠ètr❡
❞❡ ❧✬❛♥♥❡❛✉✱ ❞❡♥s✐té ❡♥ ✜❧❛♠❡♥ts ❞✬❛❝t✐♥❡✱ ❧♦♥❣✉❡✉r ❞❡s ✜❧❛♠❡♥ts ❞✬❛❝t✐♥❡✮
❡t ❧❡s ♣❛r❛♠ètr❡s t❡♠♣♦r❡❧s ✭✈❛r✐❛t✐♦♥ ❞❡ ❧❛ ❝♦♥❝❡♥tr❛t✐♦♥ ❞✬❛❝t✐♥❡✱ t❡♠♣s
❞✬✐♥t❡r✈❡♥t✐♦♥ ❞❡s ♠♦t❡✉rs ♠♦❧é❝✉❧❛✐r❡s✱ t❡♠♣s ❞✬✐♥t❡r✈❡♥t✐♦♥ ❞❡s ♣r♦té✐♥❡s
❞❡ ❧✐❛✐s♦♥✮ ♣✉✐s ❞ét❡r♠✐♥❡r q✉❡❧s s♦♥t ❝❡✉① q✉✐ ❢❛✈♦r✐s❡♥t ♦✉ ❞é❢❛✈♦r✐s❡♥t ❧❛
❣é♥ér❛t✐♦♥ ❞❡ ❢♦r❝❡s ❝♦♥tr❛❝t✐❧❡s ❞❛♥s ❧❡ ♣r♦❝❡ss✉s ❞❡ ❝②t♦❝✐♥ès❡✳

✶✺✽



❈❍❆P■❚❘❊ ✸✳ P❊❘❙P❊❈❚■❱❊❙

(A)

(B)

❋✐❣✉r❡ ✸✳✶ ✕ ▼❡s✉r❡ ❞❡s ❢♦r❝❡s ❝♦♥tr❛❝t✐❧❡s ❞✬✉♥ ❛♥♥❡❛✉ ❞❡ ❝②t♦❝✐♥ès❡ ✐♥ ✈✐tr♦✳ ✭❆✮

❆♥♥❡❛✉ ❞❡ ✜❧❛♠❡♥ts ❞✬❛❝t✐♥❡ ✭r♦✉❣❡✮ s❡ ❝♦♥tr❛❝t❛♥t s✉r ❧✉✐✲♠ê♠❡ ✭❧❡s ✢è❝❤❡s ♥♦✐r❡s ✐♥❞✐✲

q✉❛♥t ❧❡s ❞✐r❡❝t✐♦♥s ❞❡s ❢♦r❝❡s✮ s✉r ✉♥❡ s✉r❢❛❝❡ ❞❡ P❊● ✭✈❡rt✮✳ ✭❇✮ ❱✉❡ ❡♥ ❝♦✉♣❡ s❡❧♦♥ ❧❛

❧✐❣♥❡ ♣♦✐♥t✐❧❧é❡✳ ❊♥ ❜❧❡✉ ✿ ❧❛ s♦❧✉t✐♦♥ ❜✐♦❝❤✐♠✐q✉❡ ❀ ❡♥ r♦✉❣❡ ✿ ❧❡ ❝â❜❧❡ ❞❡ ✜❧❛♠❡♥ts ❞✬❛❝t✐♥❡

❝♦♥st✐t✉❛♥t ❧✬❛♥♥❡❛✉ ❀ ❡♥ ✈✐♦❧❡t ✿ ❧❡s ❢♦r♠✐♥❡s ❀ ❡♥ ❣r✐s ✿ ❧❡ ❣❡❧ ❞❡ ♣♦❧②❛❝r②❧❛♠✐❞❡ ❝♦♥t❡♥❛♥t

❞❡s ♠✐❝r♦✲❜✐❧❧❡s ✢✉♦r❡s❝❡♥t❡s r❡♣rés❡♥té❡s ♣❛r ❧❡s ♣♦✐♥ts ♥♦✐rs✳ ▲❡s ✢è❝❤❡s ♥♦✐r❡s ✐♥❞✐q✉❡♥t

❧❡s ❞✐r❡❝t✐♦♥ ❞✉ ♠♦✉✈❡♠❡♥t ❞❡ ❧✬❛♥♥❡❛✉ ❞✬❛❝t✐♥❡ ❡t ❞❡s ❜✐❧❧❡s ❞✉ ❣❡❧ ❞❡ ♣♦❧②❛❝r②❧❛♠✐❞❡ ❛✉

❝♦✉rs ❞❡ ❧❛ ❝♦♥tr❛❝t✐♦♥ ♣❛r ❧❡s ♠②♦s✐♥❡s✳

✶✺✾
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✸✳✷ ❆r❝❤✐t❡❝t✉r❡s ❞✬❛❝t✐♥❡ s♦✉s ❝♦♥tr❛✐♥t❡ ❤②✲

❞r♦❞②♥❛♠✐q✉❡

❉❛♥s ❝❡tt❡ t❤ès❡ ❥✬❛✐ tr❛✈❛✐❧❧é s✉r ❧❡ ❝②t♦sq✉❡❧❡tt❡ ❞✬❛❝t✐♥❡ r❡❝♦♥st✐t✉é ❞❛♥s
✉♥ ❡♥✈✐r♦♥♥❡♠❡♥t s❛♥s ✢✉①✳ ▼❛✐s ♥♦✉s ♣♦✉✈♦♥s ❛✉ss✐ ✉t✐❧✐s❡r ❧❡ ✢✉① ♣♦✉r
ét✉❞✐❡r ❧❡s ❛r❝❤✐t❡❝t✉r❡s ❞✬❛❝t✐♥❡ r❡❝♦♥st✐t✉é❡s ♣❛r ❧❡ ♠✐❝r♦♣❛tt❡r♥✐♥❣✳ P♦✉r
❝❡❧❛✱ ♥♦✉s ✉t✐❧✐s♦♥s ✉♥❡ ❣é♦♠étr✐❡ ❞❡ ❝✐r❝✉✐t ♠✐❝r♦✢✉✐❞✐q✉❡ s✐♠♣❧❡ ✭❋✐❣✉r❡ ✷✮✳

inlet

❋✐❣✉r❡ ✸✳✷ ✕ ❈✐r❝✉✐t ♠✐❝r♦✢✉✐❞✐q✉❡ à é❝♦✉❧❡♠❡♥t ❧❛♠✐♥❛✐r❡ r❡❝t✐❧✐❣♥❡ ✭✷❉✮✳

◆♦✉s ❛✈♦♥s ❞é❥à ✉t✐❧✐sé ❝❡ ❝✐r❝✉✐t ♣♦✉r ré❛❧✐s❡r ✉♥❡ ❡①♣ér✐❡♥❝❡ ❞❡ r❡♥♦✉✲
✈❡❧❧❡♠❡♥t ❞✉ ♠✐❝r♦✲❡♥✈✐r♦♥♥❡♠❡♥t ❜✐♦❝❤✐♠✐q✉❡ s✉r ✉♥ rés❡❛✉ ❞❡ ✜❧❛♠❡♥ts
❞✬❛❝t✐♥❡ ♣❛r❛❧❧è❧❡s à ♦r✐❡♥t❛t✐♦♥ ✐❞❡♥t✐q✉❡ ❣é♥éré ♣❛r ✉♥ ♠✐❝r♦♣❛tt❡r♥ ❲❆❙P
❡t ❧❡ rés✉❧t❛t ❡st ♣r♦♠❡tt❡✉r ✭❋✐❣✉r❡ ✸✮✳

✶✻✵
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❘és❡❛✉ ❞❡ ✜❧❛♠❡♥ts ❞✬❛❝t✐♥❡ ♣❛r❛❧❧è❧❡s à ♣♦❧❛r✐té ✐❞❡♥t✐q✉❡ s♦✉s ✢✉①

❋✐❣✉r❡ ✸✳✸ ✕ ❈❤❛♥❣❡♠❡♥ts séq✉❡♥t✐❡❧s ❞❡ ❧❛ s♦❧✉t✐♦♥ ❜✐♦❝❤✐♠✐q✉❡ s♦✉s ✢✉① s✉r ✉♥ rés❡❛✉

❞❡ ✜❧❛♠❡♥ts ♣❛r❛❧❧è❧❡s à ♣♦❧❛r✐té ✐❞❡♥t✐q✉❡ ✐ss✉s ❞✬✉♥ ♠✐❝r♦♣❛tt❡r♥ ❲❆❙P✳ ▲❡ ♠✐❝r♦♣❛tt❡r♥

❲❆❙P ❡st ❞é❧✐♠✐té ♣❛r ❧❡s ❧✐❣♥❡s ❡♥ ♣♦✐♥t✐❧❧és ❜❧❛♥❝s✳ ▲❡ ✢✉① ✐♥❞✐q✉é ♣❛r ❧❛ ✢è❝❤❡ ❜❧❛♥❝❤❡

❡st ♣❡r♣❡♥❞✐❝✉❧❛✐r❡ ❛✉ ♠✐❝r♦♣❛tt❡r♥ ❡♥ ❜❛♥❞❡✳ ❋❧✉① ✶ ✿ ♠♦♥♦♠èr❡s ❞✬❛❝t✐♥❡ ♠❛rq✉és ♣❛r

❆❧❡①❛ ✹✽✽ ✭✈❡rt✮✱ ✢✉① ✷ ✿ ♠♦♥♦♠èr❡s ❞✬❛❝t✐♥❡ ♠❛rq✉és ♣❛r ❆❧❡①❛ ✺✻✽ ✭r♦✉❣❡✮✱ ✢✉① ✸ ✿

♠♦♥♦♠èr❡s ❞✬❛❝t✐♥❡ ♠❛rq✉és ♣❛r ❆❧❡①❛ ✻✹✼ ✭❜❧❡✉✮✳

▲❡ ♠✐❝r♦✲♣❛tt❡r♥ ❡♥ ❜❛♥❞❡ ❡st ♦r✐❡♥té ♣❡r♣❡♥❞✐❝✉❧❛✐r❡♠❡♥t à ❧❛ ❞✐r❡❝t✐♦♥
❞✉ ✢✉①✳ ❊♥ ❞♦s❛♥t ❧❛ ✈✐t❡ss❡ ❞✉ ✢✉①✱ ❧❡s ✜❧❛♠❡♥ts ♣❛r❛❧❧è❧❡s ❞✉ rés❡❛✉ ❢♦r♠é
s♦♥t ét✐rés ♣❛r ❧❡s ❧✐❣♥❡s ❞❡ ❝♦✉r❛♥t ♠❛✐s ❧❡ rés❡❛✉① ❜r❛♥❝❤é ❞✬❛❝t✐♥❡ r❡st❡
s♦❧✐❞❛✐r❡ ❛✉ ♠✐❝r♦♣❛tt❡r♥✳ ▲❛ ❞é♣♦❧②♠ér✐s❛t✐♦♥ ❞❡s ✜❧❛♠❡♥ts ❞✬❛❝t✐♥❡ ❞❛♥s
✉♥❡ t❡❧❧❡ ❝♦♥✜❣✉r❛t✐♦♥ s♦✉s ✢✉① ❡st ♣❧✉s r❛♣✐❞❡ q✉❡ ❞❛♥s ❧❛ ❝♦♥✜❣✉r❛t✐♦♥
s❛♥s ✢✉①✳ ▲✬ét✉❞❡ ❞❡ ❧❛ ✈✐t❡ss❡ ❞❡ ❞é♣♦❧②♠ér✐s❛t✐♦♥ ❞✬✉♥ rés❡❛✉ ❞❡ ✜❧❛♠❡♥ts
❞✬❛❝t✐♥❡ ♠é❝❛♥✐q✉❡♠❡♥t ❤étér♦❣è♥❡ q✉❡ ♥♦✉s ❛✈✐♦♥s ❞✉ ♠❛❧ à ré❛❧✐s❡r ❞❡✈✐❡♥t
❞♦♥❝ ❢❛✐s❛❜❧❡✳ ❉❡ ♣❧✉s ❧✬❛❧✐❣♥❡♠❡♥t ❞❡s ✜❧❛♠❡♥ts ❛✈❡❝ ❧❡s ❧✐❣♥❡s ❞❡ ❝♦✉r❛♥t
r❡♥❞ ❧❡s ♠❡s✉r❡s ♣❧✉s r❛♣✐❞❡s✳

❊♥ ❞✐♠✐♥✉❛♥t ❢♦rt❡♠❡♥t ❧❛ ❞❡♥s✐té ❞❡ ✜❧❛♠❡♥ts ❞✬❛❝t✐♥❡ ✐ss✉s ❞✉ ♠✐❝r♦✲
♣❛tt❡r♥ ✭❝❡ q✉✐ ❡st ♣♦ss✐❜❧❡ ❡♥ ❞✐♠✐♥✉❛♥t ❧❛ q✉❛♥t✐té ❞❡ ❝♦♠♣❧❡①❡s ❆r♣✷✴✸
❣r❡✛és s✉r ❧❡ ♠✐❝r♦♣❛tt❡r♥✮ ❡t ❡♥ ✉t✐❧✐s❛♥t ❧❛ ♠✐❝r♦s❝♦♣✐❡ ❞❡ ✢✉♦r❡s❝❡♥❝❡ à
♦♥❞❡ é✈❛♥❡s❝❡♥t❡✱ ♥♦✉s ♣♦✉rr✐♦♥s ét✉❞✐❡r ❧❡ ✜❧❛♠❡♥t ❞✬❛❝t✐♥❡ ✐♥❞✐✈✐❞✉❡❧ s♦✉s
❝♦♥tr❛✐♥t❡ ❤②❞r♦❞②♥❛♠✐q✉❡✱ ❧✬❡①tré♠✐té ♣♦✐♥t✉❡ ❛♥❝ré❡ ❞❛♥s ❧❡ rés❡❛✉ ❜r❛♥✲
❝❤é s✉r ❧❡ ♠✐❝r♦♣❛tt❡r♥ ❡t ❧✬❡①tré♠✐té ❜❛r❜é❡ ❧✐❜r❡✳ ▲✬ét✉❞❡ ❞❡s ✐♥t❡r❛❝t✐♦♥ ❞❡s
♣r♦té✐♥❡s ❛ss♦❝✐é❡s à ❧✬❛❝t✐♥❡ s✉r ❝❡s ✜❧❛♠❡♥t ❞♦♥t ❧✬ét✐r❡♠❡♥t ❡st ❝♦♥trô❧❛❜❧❡
♣❛r ❧❡ ✢✉① ♣♦✉rr❛✐t ré✈é❧❡r ❞❡s rés✉❧t❛ts ✐♥tér❡ss❛♥ts✳
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❋✐❜r❡ ❞❡ str❡ss s♦✉s ✢✉①

(A)

(B)

(C)

❋✐❣✉r❡ ✸✳✹ ✕ ✭❆✮ ❯♥❡ ✜❜r❡ ❞❡ str❡ss é❧é♠❡♥t❛✐r❡ r❡❝♦♥st✐t✉é❡ ✐♥ ✈✐tr♦ ✿ ❞❡✉① ♠✐❝r♦♣❛t✲

t❡r♥s ❲❆❙P ❡♥ ❞✐sq✉❡ ♣♦❧②♠ér✐s❡♥t ❞❡s ✜❧❛♠❡♥ts ❞✬❛❝t✐♥❡ q✉✐ s❡ ❝r♦✐s❡♥t ♣❛r❛❧❧è❧❡♠❡♥t✳

✭❇✮ ❙❝❤é♠❛ ❞✬✉♥❡ ✜❜r❡ ❞❡ str❡ss é❧é♠❡♥t❛✐r❡ r❡❝♦♥st✐t✉é❡ ✐♥ ✈✐tr♦ ❡t ♠✐s❡ s♦✉s t❡♥s✐♦♥ ♣❛r

❞❡s ♠②♦s✐♥❡s ✭♣♦✐♥ts ✈❡rts✮✳ ✭❈✮ ❙❝❤é♠❛ ❞✬❛♣♣❧✐❝❛t✐♦♥ ❞✬✉♥ ✢✉① ❤②❞r♦❞②♥❛♠✐q✉❡ ♣❡r♣❡♥✲

❞✐❝✉❧❛✐r❡♠❡♥t à ❧❛ ✜❜r❡ ❞❡ str❡ss ❞❛♥s ✉♥ ❝❛♥❛❧ ♠✐❝r♦✢✉✐❞✐q✉❡✳

❊♥ ✐♠♣♦s❛♥t ✉♥ ✢✉① ❤②❞r♦❞②♥❛♠✐q✉❡ ♣❡r♣❡♥❞✐❝✉❧❛✐r❡♠❡♥t à ✉♥❡ ✜❜r❡
str❡ss é❧é♠❡♥t❛✐r❡✱ ❝❡tt❡ ❞❡r♥✐èr❡ ❛✉r❛✐t t❡♥❞❛♥❝❡ à s❡ ❝♦✉r❜❡r s♦✉s ❧✬❡✛❡t ❞❡s
❢♦r❝❡s ❡♥ ♣rés❡♥❝❡✳ ❈❡❝✐ ❝ré❡r❛✐t ✉♥❡ ❢♦r❝❡ ❛✉ s❡✐♥ ❞❡ ❧❛ ✜❜r❡ ❞❡ str❡ss ❛❧❧❛♥t
à ❧✬♦♣♣♦sé ❞❡ ❝❡❧❧❡ q✉✐ ❡st ❣é♥éré❡ ♣❛r ❧❡s ♠②♦s✐♥❡s✳ ❈❡ t②♣❡ ❞✬ét✉❞❡ ♣❡✉t
♣❡r♠❡ttr❡ ❞❡ ré♣♦♥❞r❡ à ❞❡s q✉❡st✐♦♥s ✐♥tér❡ss❛♥t❡s ✿ ✲ ◗✉❡❧❧❡ ❡st ❧❛ ✈❛❧❡✉r
❞❡ ❧❛ ❢♦r❝❡ ❝♦♥tr❛❝t✐❧❡ ❡①❡r❝é❡✱ ❞❛♥s ✉♥❡ ✜❜r❡ ❞❡ str❡ss✱ ♣❛r têt❡ ❞❡ ♠②♦s✐♥❡
❡t ♣❛r ✉♥✐té ❞❡ ❧♦♥❣✉❡✉r ❞❡ ✜❧❛♠❡♥t ❞✬❛❝t✐♥❡ ❄ ✲ ◗✉❡❧ ❡st ❧❡ s❡✉✐❧ ❞❡ ❢♦r❝❡ ❛✉
❞❡❧à ❞✉q✉❡❧ ❧❛ ♠②♦s✐♥❡ ♥✬❡✛❡❝t✉❡ ♣❧✉s s♦♥ tr❛✈❛✐❧ s✉r ❧❡s ✜❧❛♠❡♥ts ❞✬❛❝t✐♥❡ ❄
✲ ❈♦♠♠❡♥t ❧❡s ♠②♦s✐♥❡s s♦♥t✲❡❧❧❡s r❡❝r✉té❡s ❡♥ ❢♦♥❝t✐♦♥ ❞❡ ❧❛ t❡♥s✐♦♥ ❞❛♥s ❧❛
✜❜r❡ ❞❡ str❡ss ❄ ❡t❝✳
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✸✳✸ ❈♦♠♠❡r❝✐❛❧✐s❛t✐♦♥ ❡t ✉t✐❧✐s❛t✐♦♥ ❞❡ ❧❛ ♣✉❝❡

à ❝❡❧❧✉❧❡s

❈♦♠♠❡r❝✐❛❧✐s❛t✐♦♥

❋✐❣✉r❡ ✸✳✺ ✕ ▲❡ ♠❛r❝❤é ❞❡ ❧❛ ♠✐❝r♦✢✉✐❞✐q✉❡✳

▲✬✐♥❞✉str✐❡ ❞❡s s②stè♠❡s ♠✐❝r♦✢✉✐❞✐q✉❡s ❡st ❞❛♥s ✉♥ ♠❛r❝❤é ✢♦r✐ss❛♥t✳
▲✬❡♥tr❡♣r✐s❡ ■❇■❉■ ♣♦ssè❞❡ ❧❡s ❞❡r♥✐èr❡s t❡❝❤♥♦❧♦❣✐❡s ♣♦✉r ♣r♦❞✉✐r❡ ❞❡s ♣✉❝❡s
♠✐❝r♦✢✉✐❞✐q✉❡s ❡♥ ♠❛t✐èr❡ ♣❧❛st✐q✉❡ ❜✐♦✲❝♦♠♣❛t✐❜❧❡ ❞é❞✐é❡s à ❞✐✈❡rs❡s ❛♣♣❧✐✲
❝❛t✐♦♥s✳ ❈❡tt❡ ❡♥tr❡♣r✐s❡ ❡st ✐♥tér❡ssé ♣❛r ❧❛ ❣é♦♠étr✐❡ ❞❡ ❧❛ ♣✉❝❡ à ❝❤❛♠❜r❡
s❛♥s ✢✉① q✉❡ ♥♦✉s ❛✈♦♥s ❞é✈❡❧♦♣♣é❡✳ ◆♦✉s ♣♦✉rr♦♥s ❝♦❧❧❛❜♦r❡r ❛✈❡❝ ❡✉① à
❧❛ ❢❛❜r✐❝❛t✐♦♥ ❞❡ ♥♦tr❡ ♣✉❝❡✱ ❡♥ ♠❛t✐èr❡ ♣❧❛st✐q✉❡✱ ❡t ❞♦té❡ ❞✬✉♥ tr❛✐t❡♠❡♥t
❛❞❤és✐❢ s✉r ❧❛ s✉r❢❛❝❡ ♠✐❝r♦str✉❝t✉ré❡ ✭❋✐❣✉r❡ ✻✮✳

objets biologiques,

      traitements chimiques

         

  surface adhesive
         

verre
         

Lamelle échantillon
         

  circuit microlfuidique

plastique
         

  circuit plastique
         

❋✐❣✉r❡ ✸✳✻ ✕ ❙❝❤é♠❛ ❞❡ ♠♦♥t❛❣❡ ❞✬✉♥❡ ♣✉❝❡ à ❝❤❛♠❜r❡ s❛♥s ✢✉① ❡♥ ♠❛t✐èr❡ ♣❧❛st✐q✉❡

à s✉r❢❛❝❡ ❝♦❧❧❛♥t❡✳
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❯t✐❧✐s❛t✐♦♥ ♣♦✉r ❧✬ét✉❞❡ ❞❡s ❝❡❧❧✉❧❡s s♦✉❝❤❡s ❤é♠❛t♦♣♦ïét✐q✉❡s

▲❡ t❡r♠❡ ❝❡❧❧✉❧❡ s♦✉❝❤❡ ❤é♠❛t♦♣♦ïét✐q✉❡ ✭❈❙❍✮ ❡st ✉♥ t❡r♠❡ ❣é♥ér✐q✉❡
q✉✐ ❞és✐❣♥❡ ❡♥ ❢❛✐t ✉♥❡ ❧❛r❣❡ ♣♦♣✉❧❛t✐♦♥ ❞❡ ❝❡❧❧✉❧❡s✳ ❉❡ ♠❛♥✐èr❡ ❣é♥ér❛❧❡✱ ❧❛
♣✉❝❡ à ❝❡❧❧✉❧❡s ♣❡✉t ♣❡r♠❡ttr❡ ❞❡ ❞ét❡r♠✐♥❡r ❝♦♠♠❡♥t ❧❡s ❢❛❝t❡✉rs ♣❤②s✐❝♦✲
❝❤✐♠✐q✉❡s ✐♥✢✉❡♥❝❡♥t ❧❛ ❞✐✛ér❡♥t✐❛t✐♦♥ ❞✬✉♥❡ ❝❡❧❧✉❧❡ s♦✉❝❤❡ ❤é♠❛t♦♣♦ïét✐q✉❡
✐♥❞✐✈✐❞✉❡❧❧❡✳ ▼❛✐s ♥♦✉s ♣♦✉rr✐♦♥s ❛✉ss✐ ❧✬✉t✐❧✐s❡r ♣♦✉r ét✉❞✐❡r ❝♦♠♠❡♥t ❧✬❛❞❤é✲
s✐♦♥ ❝❡❧❧✉❧❛✐r❡✱ ❧❛ r✐❣✐❞✐té ❞✉ s✉❜str❛t✱ ❡t ❧❛ ♣rés❡♥❝❡ ❞❡ ❝❡❧❧✉❧❡s ✈♦✐s✐♥❡s ré✲
❣✉❧❡♥t ❧❛ ❞✐✛ér❡♥t✐❛t✐♦♥ ❡t ❧❡s ❞✐✈✐s✐♦♥s ❞❡s ❈❙❍s✳ P♦✉r ❡①❛♠✐♥❡r ❧❡s ✐♥t❡r❛❝✲
t✐♦♥s q✉✐ ❡①✐st❡♥t ❡♥tr❡ ❧❡s ❝❡❧❧✉❧❡s s♦✉❝❤❡s ❤é♠❛t♦♣♦ïét✐q✉❡s ❡t ❧❡s ❝❡❧❧✉❧❡s
❞❡ ❧❡✉r ♥✐❝❤❡✱ ♥♦✉s ♣♦✉rr♦♥s s♦✐t r❡♠♣❧✐r ❧❡s ❝❤❛♠❜r❡s ♠✐❝r♦✢✉✐❞✐q✉❡s ❛✈❡❝
❧❡s ❝❡❧❧✉❧❡s ❞❡ ❧❛ ♥✐❝❤❡ ❡t ❧❡s ❈❙❍s ❡♥ ♠ê♠❡ t❡♠♣s ✭❝♦✲❝✉❧t✉r❡✮✱ s♦✐t r❡♠♣❧✐r
❞✬❛❜♦r❞ ❧❡s ❝❤❛♠❜r❡s ♠✐❝r♦✢✉✐❞✐q✉❡s ❛✈❡❝ ❧❡s ❈❙❍s ♣✉✐s ✐♥❥❡❝t❡r ❧❡ ♠✐❧✐❡✉
❞❡ ❝✉❧t✉r❡ ❞❡s ❝❡❧❧✉❧❡s ❞❡ ❧❛ ♥✐❝❤❡ ❝♦♥t❡♥❛♥t t♦✉s ❧❡s ❢❛❝t❡✉rs ❜✐♦❝❤✐♠✐q✉❡s
q✉✬❡❧❧❡s sé❝rèt❡♥t ❞❛♥s ❧❡s ❝❛♥❛✉① ❞✬❛❧✐♠❡♥t❛t✐♦♥✳ ▲❛ ❝♦♠♣❛r❛✐s♦♥ ❞❡ ❝❡s ❞❡✉①
❛♣♣r♦❝❤❡s ♥♦✉s ♣❡r♠❡ttr❛ ❞❡ ❞✐s❝❡r♥❡r ❧❡s ❡✛❡ts ✐♥❞✉✐ts ♣❛r ❧❡ ❝♦♥t❛❝t ❞❡s
❈❙❍s ❛✈❡❝ ❧❡s ❝❡❧❧✉❧❡s ❞❡ ❧❡✉r ♥✐❝❤❡✳
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✸✳✹ P✉❝❡ à ❣r❛❞✐❡♥t ❞❡ ✢✉① ❤②❞r♦❞②♥❛♠✐q✉❡

♣♦✉r ❧❡s ❝❡❧❧✉❧❡s ❛❞❤ér❡♥t❡s

■♥ ✈✐✈♦✱ ❧❡s ❢♦r❝❡s ❤②❞r♦❞②♥❛♠✐q✉❡s ❣é♥éré❡s ♣❛r ❧❡s ✢✉① ✐♥t❡rst✐t✐❡❧s s♦♥t
❞❡ ❧✬♦r❞r❡ ❞❡ ✸ dyn.cm2 ❬✶✺✹❪ ❡t ❧❡ ✢✉① ❛rtér✐❡❧ ♣❤②s✐♦❧♦❣✐q✉❡ ❡st ❞❡ ❧✬♦r❞r❡ ❞❡
✶✺ dyn.cm2 ❬✶✼✷❪✳ ▲❡s ❝❡❧❧✉❧❡s s♦♥t très s❡♥s✐❜❧❡s ❛✉① ❢♦r❝❡s ❞❡ ❝✐s❛✐❧❧❡♠❡♥t ❤②✲
❞r♦❞②♥❛♠✐q✉❡s ❡①t❡r♥❡s✳ ❉❡s ❢♦r❝❡s ❞❡ ✵✳✹ à ✵✳✽ dyn.cm2 s✉✣s❡♥t à ♠♦❞✐✜❡r
s✐❣♥✐✜❝❛t✐✈❡♠❡♥t ❧❡ ♥✐✈❡❛✉ ❞✬❡①♣r❡ss✐♦♥ ❞❡ ❝❡rt❛✐♥s ❣è♥❡s ❬✽✱ ✶✷✶❪✳ ❯♥❡ ❢♦r❝❡
❞❡ ✶ dyn.cm2 s✉✣t à ✐♥❞✉✐r❡ ❧❛ ❞é♣♦❧②♠ér✐s❛t✐♦♥ ❞❡s ✜❧❛♠❡♥ts ❞✬❛❝t✐♥❡ ❞❡
❝❡❧❧✉❧❡s ❞❡ r❡✐♥ ❬✼❪✳ ❙♦✉s ✉♥ ✢✉① ❡①❡rç❛♥t ❞❡s ❢♦r❝❡s ❛❧❧❛♥t ❞❡ ✵✳✺ à ✷ dyn.cm2

❧❡s tr♦♣❤♦❜❧❛st❡s ♠✐❣r❡♥t ❞❛♥s ❧❛ ❞✐r❡❝t✐♦♥ ♦♣♣♦sé❡ ❛✉ ✢✉① ❡t s♦✉s ✉♥ ✢✉①
❡①❡rç❛♥t ❞❡s ❢♦r❝❡s ❛❧❧❛♥t ❞❡ ✹ à ✻ dyn.cm2✱ ✐❧s ♠✐❣r❡♥t ❞❛♥s ❧❛ ❞✐r❡❝t✐♦♥
❞✉ ✢✉① ❬✻✼❪✳ ❉❡s ❢♦r❝❡s ❞❡ ✷✳✺ à ✶✵ dyn.cm2 ❥♦✉❡♥t ✉♥ rô❧❡ ❝r✐t✐q✉❡ ❞❛♥s ❧❛
ré❣✉❧❛t✐♦♥ ❞❡ ❧❛ ❞✐✛ér❡♥t✐❛t✐♦♥ ❞❡s ❝❡❧❧✉❧❡s s♦✉❝❤❡s ♠és❡♥❝❤②♠❛t❡✉s❡s ❬✽✶❪✳
◗✉❛♥❞ ❞❡s ❝❡❧❧✉❧❡s ❡♥❞♦t❤é❧✐❛❧❡s ❞❡ ❧✬❛rtèr❡ ♦♠❜✐❧✐❝❛❧❡ s♦♥t ❡①♣♦sé❡s à ❞❡s
✢✉① ❧❛♠✐♥❛✐r❡s ❡①❡rç❛♥t ❞❡s ❢♦r❝❡s ❤②❞r♦❞②♥❛♠✐q✉❡s ❞❡ ✶✺ dyn.cm2✱ t♦✉s
❧❡s ❝✐❧s ♣r✐♠❛✐r❡s s❡ ❞és❛ss❡♠❜❧❡♥t ❬✶✼✷❪✳ ❯♥❡ ❢♦r❝❡ ❞❡ ✸✵ dyn.cm2 s✉r ❞❡s
❝❡❧❧✉❧❡s ❆✺✹✾ ✐♥❞✉✐t ✉♥❡ ré♦r❣❛♥✐s❛t✐♦♥ str✉❝t✉r❛❧❡ ❞❡s rés❡❛✉① ❞❡ ✜❧❛♠❡♥ts
✐♥t❡r♠é❞✐❛✐r❡s ❬✶✺✶❪✳

▲✬❡♥tr❡♣r✐s❡ ■❇■❉■ ✭❡t ❞✬❛✉tr❡s ❡♥tr❡♣r✐s❡s✮ ♣r♦❞✉✐s❡♥t ❞❡s ❝✐r❝✉✐ts ♠✐❝r♦✲
✢✉✐❞✐q✉❡s ❞é❞✐és à ❧✬ét✉❞❡ ❞❡ ❧✬✐♥✢✉❡♥❝❡ ❞❡s ❢♦r❝❡s ❤②❞r♦❞②♥❛♠✐q✉❡s s✉r ❧❡s
❝❡❧❧✉❧❡s ❛❞❤ér❡♥t❡s✳ ◆♦✉s ♣♦✉rr✐♦♥s ✉t✐❧✐s❡r ❧❡ ♣❤é♥♦♠è♥❡ ❞❡ ❣r❛❞✐❡♥t ❞❡ ✢✉①
q✉✐ s❡ ♣r♦❞✉✐t ❞❛♥s ❧❡s ♣r❡♠✐èr❡s ❡t ❧❡s ❞❡r♥✐èr❡s ❝❤❛♠❜r❡s ❞✬✉♥❡ ❧✐❣♥❡ ❡t
❛♠♣❧✐✜❡r ❝❡ ♣❤é♥♦♠è♥❡ ❡♥ ❛❞❛♣t❛♥t ❧❛ ❣é♦♠étr✐❡ ♣♦✉r ❛✈♦✐r t♦✉t❡ ❧❛ ❣❛♠♠❡
❞✬✐♥t❡♥s✐té ❞❡ ✢✉① ❤②❞r♦❞②♥❛♠✐q✉❡ ❞❡ ❝❤❛♠❜r❡ à ❝❤❛♠❜r❡✳ ❆✐♥s✐✱ ♥♦✉s ♣♦✉r✲
r✐♦♥s ✐s♦❧❡r ❞❡s ❝❡❧❧✉❧❡s ❛❞❤ér❡♥t❡s ❞❛♥s ❧❡s ❝❤❛♠❜r❡s✱ st♦♣♣❡r ❧❡ ✢✉① ❧❡ t❡♠♣s
❞❡ ❧✬❛❞❤és✐♦♥ ❞❡s ❝❡❧❧✉❧❡s✱ s✉r ❞❡s ♠✐❝r♦♣❛tt❡r♥s ✜❜r♦♥❡❝t✐♥❡ é✈❡♥t✉❡❧❧❡♠❡♥t✱
♣✉✐s r❡❧❛♥❝❡r ❧❡ ✢✉① ♣♦✉r ét✉❞✐❡r t♦✉t❡ ❧❛ ❣❛♠♠❡ ❞❡s ❢♦r❝❡s ❞❡ ❝✐s❛✐❧❧❡♠❡♥t
❤②❞r♦❞②♥❛♠✐q✉❡s s✉r ❧❡s ❝❡❧❧✉❧❡s ✭❋✐❣✉r❡ ✼✮✳
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❋✐❣✉r❡ ✸✳✼ ✕ ❊♥ ❤❛✉t ✿ é❝♦✉❧❡♠❡♥t ❞❡ ❜✐❧❧❡s ❞❛♥s ❧❡s ✻ ♣r❡♠✐èr❡s ❝❤❛♠❜r❡s ❞✬✉♥❡

❧✐❣♥❡ ✭✈♦✐r ❋✐❣✉r❡ ✷✳✸✸✮✳ ❊♥ ❜❛s ✿ ❤✐st♦❣r❛♠♠❡ ❞❡s ✈✐t❡ss❡s ♠❡s✉ré❡s ❞❛♥s ❧❡s ✻ ♣r❡♠✐èr❡s

❝❤❛♠❜r❡s ❞✬✉♥❡ ❧✐❣♥❡✳ ❈♦✉r❜❡ r♦✉❣❡ ❡♥ ♣♦✐♥t✐❧❧és ✿ ✧✜t✧ ❞✉ ❣r❛❞✐❡♥t ❞❡ ✢✉① ❞✬✉♥❡ ❝❤❛♠❜r❡

à ❧✬❛✉tr❡✳ ❈♦✉r❜❡ r♦✉❣❡ ♣❧❡✐♥❡ ✿ ❣r❛❞✐❡♥t ❞❡ ✢✉① ❞✬✉♥❡ ❝❤❛♠❜r❡ à ❧✬❛✉tr❡ ✭❤②♣♦t❤ét✐q✉❡✮

❛♣rès ♠♦❞✐✜❝❛t✐♦♥ ❛❞❛♣té❡ ❞❡ ❧❛ ❣é♦♠étr✐❡ ❞❡ ❧❛ ❧✐❣♥❡ ❞❡ ❝❤❛♠❜r❡s✳
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❧♦❣② ✿ q✉❛♥t✐t❛t✐✈❡ ❜✐♦s❝✐❡♥❝❡s ❢r♦♠ ♥❛♥♦ t♦ ♠❛❝r♦ ✷✱ ✺✲✻ ✭❏✉♥❡ ✷✵✶✵✮✱
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❬✶✷❪ ❆♥❡♥❡✲◆③❡❧✉✱ ❈✳ ●✳✱ P❡❤✱ ❑✳ ❨✳✱ ❋r❛✐s③✉❞❡❡♥✱ ❆✳✱ ❑✉❛♥✱ ❨✳ ❍✳✱
◆❣✱ ❙✳ ❍✳✱ ❚♦❤✱ ❨✳ ❈✳✱ ▲❡♦✱ ❍✳ ▲✳✱ ❛♥❞ ❨✉✱ ❍✳ ❙❝❛❧❛❜❧❡ ❛❧✐❣♥♠❡♥t
♦❢ t❤r❡❡✲❞✐♠❡♥s✐♦♥❛❧ ❝❡❧❧✉❧❛r ❝♦♥str✉❝ts ✐♥ ❛ ♠✐❝r♦✢✉✐❞✐❝ ❝❤✐♣✳ ▲❛❜ ♦♥
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▲❛❜ ♦♥ ❛ ❝❤✐♣ ✾✱ ✶✽ ✭❙❡♣t✳ ✷✵✵✾✮✱ ✷✼✵✼✕✶✹✳

❬✶✹❪ ❆③✐♦✉♥❡✱ ❆✳✱ ❙t♦r❝❤✱ ▼✳✱ ❇♦r♥❡♥s✱ ▼✳✱ ❚❤ér②✱ ▼✳✱ ❛♥❞ P✐❡❧✱
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❛♥❞ ◗✉❛❦❡✱ ❙✳ ❘✳ ▲♦♥❣✲t❡r♠ ♠♦♥✐t♦r✐♥❣ ♦❢ ❜❛❝t❡r✐❛ ✉♥❞❡r❣♦✐♥❣
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❙✳ ❙t✉❞✐❡s ♦♥ s✉r❢❛❝❡ ✇❡tt❛❜✐❧✐t② ♦❢ ♣♦❧②✭❞✐♠❡t❤②❧✮ s✐❧♦①❛♥❡ ✭P❉▼❙✮
❛♥❞ ❣❧❛ss ✉♥❞❡r ♦①②❣❡♥✲♣❧❛s♠❛ tr❡❛t♠❡♥t ❛♥❞ ❝♦rr❡❧❛t✐♦♥ ✇✐t❤ ❜♦♥❞
str❡♥❣t❤✳ ❏♦✉r♥❛❧ ♦❢ ▼✐❝r♦❡❧❡❝tr♦♠❡❝❤❛♥✐❝❛❧ ❙②st❡♠s ✶✹✱ ✸ ✭❏✉♥❡ ✷✵✵✺✮✱
✺✾✵✕✺✾✼✳

❬✷✷❪ ❇❧❛❣♦✈✐❝✱ ❑✳✱ ❑✐♠✱ ▲✳ ❨✳✱ ❛♥❞ ❱♦❧❞♠❛♥✱ ❏✳ ▼✐❝r♦✢✉✐❞✐❝ ♣❡r❢✉s✐♦♥
❢♦r r❡❣✉❧❛t✐♥❣ ❞✐✛✉s✐❜❧❡ s✐❣♥❛❧✐♥❣ ✐♥ st❡♠ ❝❡❧❧s✳ P❧♦❙ ♦♥❡ ✻✱ ✽ ✭❏❛♥✳
✷✵✶✶✮✱ ❡✷✷✽✾✷✳
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♣❤✐❧✐❝ s✉r❢❛❝❡s ♦❢ P❉▼❙ ❜② ♣❧❛s♠❛ ❛♥❞ ❝❤❡♠✐❝❛❧ tr❡❛t♠❡♥ts✳ ▼✐❝r♦❡✲
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❬✷✺❪ ❇♦♦♥❡✱ ❚✳ ❉✳✱ ❋❛♥✱ ❩✳ ❍✳✱ ❍♦♦♣❡r✱ ❍✳ ❍✳✱ ❘✐❝❝♦✱ ❆✳ ❏✳✱ ❚❛♥✱
❍✳✱ ❛♥❞ ❲✐❧❧✐❛♠s✱ ❙✳ ❏✳ P❡❡r r❡✈✐❡✇❡❞ ✿ ♣❧❛st✐❝ ❛❞✈❛♥❝❡s ♠✐❝r♦✢✉✐❞✐❝
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❬✷✻❪ ❇r❡✐ts♣r❡❝❤❡r✱ ❉✳✱ ❑✐❡s❡✇❡tt❡r✱ ❆✳ ❑✳✱ ▲✐♥❦♥❡r✱ ❏✳✱ ❱✐♥③❡♥③✱
▼✳✱ ❙tr❛❞❛❧✱ ❚✳ ❊✳ ❇✳✱ ❙♠❛❧❧✱ ❏✳ ❱✳✱ ❈✉rt❤✱ ❯✳✱ ❉✐❝❦✐♥s♦♥✱

❘✳ ❇✳✱ ❛♥❞ ❋❛✐①✱ ❏✳ ▼♦❧❡❝✉❧❛r ♠❡❝❤❛♥✐s♠ ♦❢ ❊♥❛✴❱❆❙P✲♠❡❞✐❛t❡❞
❛❝t✐♥✲✜❧❛♠❡♥t ❡❧♦♥❣❛t✐♦♥✳ ❚❤❡ ❊▼❇❖ ❥♦✉r♥❛❧ ✸✵✱ ✸ ✭❋❡❜✳ ✷✵✶✶✮✱ ✹✺✻✕
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✜❜❡rs ❛s ❢♦r❝❡✲❣❡♥❡r❛t✐♥❣ ♠❡❝❤❛♥♦tr❛♥s❞✉❝❡rs✳ ❚❤❡ ❏♦✉r♥❛❧ ♦❢ ❝❡❧❧ ❜✐♦✲
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s✉r❡❞ ✇✐t❤ ♦♣t✐❝❛❧❧② ♠♦❞✐✜❡❞ ❡❧❛st✐❝ s✉❜str❛t❛✳ ◆❛t✉r❡ ✸✽✺✱ ✻✻✶✺ ✭❏❛♥✳
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❛♥❞ ❇♦r✐s②✱ ●✳ ●✳ ❉❡♥❞r✐t✐❝ ♦r❣❛♥✐③❛t✐♦♥ ♦❢ ❛❝t✐♥ ❝♦♠❡t t❛✐❧s✳ ❈✉r✲
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♦❢ ♠✐❝r♦❞❡✈✐❝❡s ❢♦r ❧♦♥❣✲t❡r♠ ❧✐✈❡ ❝❡❧❧ ✐♠❛❣✐♥❣✳ ❏♦✉r♥❛❧ ♦❢ ▼✐❝r♦♠❡✲
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❬✸✸❪ ❈❤❡s❛r♦♥❡✱ ▼✳ ❛✳✱ ❉✉P❛❣❡✱ ❆✳ ●✳✱ ❛♥❞ ●♦♦❞❡✱ ❇✳ ▲✳ ❯♥❧❡❛s❤✐♥❣
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♠❛t❝❤✐♥❣ ❛ss❡♠❜❧② ❢❛❝t♦rs ✇✐t❤ ❝❡❧❧✉❧❛r str✉❝t✉r❡s✳ ◆❛t✉r❡ ❝❡❧❧ ❜✐♦❧♦❣②
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❚✳ ❙♣❛t✐♦t❡♠♣♦r❛❧❧② ❝♦♥tr♦❧❧❡❞ ❞❡❧✐✈❡r② ♦❢ s♦❧✉❜❧❡ ❢❛❝t♦rs ❢♦r st❡♠ ❝❡❧❧
❞✐✛❡r❡♥t✐❛t✐♦♥✳ ▲❛❜ ♦♥ ❛ ❝❤✐♣ ✶✷✱ ✷✶ ✭◆♦✈✳ ✷✵✶✷✮✱ ✹✺✵✽✕✶✺✳

❬✼✼❪ ❑❡❡♥❛♥✱ ❚✳ ▼✳✱ ❋r❡✈❡rt✱ ❈✳ ❲✳✱ ❲✉✱ ❆✳✱ ❲♦♥❣✱ ❱✳✱ ❛♥❞ ❋♦❧❝❤✱

❆✳ ❆ ♥❡✇ ♠❡t❤♦❞ ❢♦r st✉❞②✐♥❣ ❣r❛❞✐❡♥t✲✐♥❞✉❝❡❞ ♥❡✉tr♦♣❤✐❧ ❞❡s❡♥s✐✲
t✐③❛t✐♦♥ ❜❛s❡❞ ♦♥ ❛♥ ♦♣❡♥ ♠✐❝r♦✢✉✐❞✐❝ ❝❤❛♠❜❡r✳ ▲❛❜ ♦♥ ❛ ❝❤✐♣ ✶✵✱ ✶
✭❏❛♥✳ ✷✵✶✵✮✱ ✶✶✻✕✷✷✳

❬✼✽❪ ❑❡②♠❡r✱ ❏✳ ❊✳✱ ●❛❧❛❥❞❛✱ P✳✱ ▼✉❧❞♦♦♥✱ ❈✳✱ P❛r❦✱ ❙✳✱ ❛♥❞ ❆✉s✲
t✐♥✱ ❘✳ ❍✳ ❇❛❝t❡r✐❛❧ ♠❡t❛♣♦♣✉❧❛t✐♦♥s ✐♥ ♥❛♥♦❢❛❜r✐❝❛t❡❞ ❧❛♥❞s❝❛♣❡s✳
Pr♦❝❡❡❞✐♥❣s ♦❢ t❤❡ ◆❛t✐♦♥❛❧ ❆❝❛❞❡♠② ♦❢ ❙❝✐❡♥❝❡s ♦❢ t❤❡ ❯♥✐t❡❞ ❙t❛t❡s
♦❢ ❆♠❡r✐❝❛ ✶✵✸✱ ✹✻ ✭◆♦✈✳ ✷✵✵✻✮✱ ✶✼✷✾✵✕✺✳

❬✼✾❪ ❑❤❛❞❡♠❤♦ss❡✐♥✐✱ ❆✳✱ ❨❡❤✱ ❏✳✱ ❏♦♥✱ ❙✳✱ ❊♥❣✱ ●✳✱ ❙✉❤✱ ❑✳ ❨✳✱
❇✉r❞✐❝❦✱ ❏✳ ❛✳✱ ❛♥❞ ▲❛♥❣❡r✱ ❘✳ ▼♦❧❞❡❞ ♣♦❧②❡t❤②❧❡♥❡ ❣❧②❝♦❧ ♠✐✲
❝r♦str✉❝t✉r❡s ❢♦r ❝❛♣t✉r✐♥❣ ❝❡❧❧s ✇✐t❤✐♥ ♠✐❝r♦✢✉✐❞✐❝ ❝❤❛♥♥❡❧s✳ ▲❛❜ ♦♥
❛ ❝❤✐♣ ✹✱ ✺ ✭❖❝t✳ ✷✵✵✹✮✱ ✹✷✺✕✸✵✳
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❬✽✵❪ ❑❤♦✉r②✱ ▼✳✱ ❇r❛♥s❦②✱ ❆✳✱ ❑♦r✐♥✱ ◆✳✱ ❑♦♥❛❦✱ ▲✳ ❈✳✱ ❊♥✐❦♦✲
❧♦♣♦✈✱ ●✳✱ ❚③❝❤♦r✐✱ ■✳✱ ❛♥❞ ▲❡✈❡♥❜❡r❣✱ ❙✳ ❆ ♠✐❝r♦✢✉✐❞✐❝ tr❛♣s
s②st❡♠ s✉♣♣♦rt✐♥❣ ♣r♦❧♦♥❣❡❞ ❝✉❧t✉r❡ ♦❢ ❤✉♠❛♥ ❡♠❜r②♦♥✐❝ st❡♠ ❝❡❧❧s
❛❣❣r❡❣❛t❡s✳ ❇✐♦♠❡❞✐❝❛❧ ♠✐❝r♦❞❡✈✐❝❡s ✶✷✱ ✻ ✭❉❡❝✳ ✷✵✶✵✮✱ ✶✵✵✶✕✽✳

❬✽✶❪ ❑✐♠✱ ❉✳ ❍✳✱ ❍❡♦✱ ❙✳✲❏✳✱ ❑✐♠✱ ❙✳✲❍✳✱ ❙❤✐♥✱ ❏✳ ❲✳✱ P❛r❦✱ ❙✳ ❍✳✱

❛♥❞ ❙❤✐♥✱ ❏✳✲❲✳ ❙❤❡❛r str❡ss ♠❛❣♥✐t✉❞❡ ✐s ❝r✐t✐❝❛❧ ✐♥ r❡❣✉❧❛t✐♥❣ t❤❡
❞✐✛❡r❡♥t✐❛t✐♦♥ ♦❢ ♠❡s❡♥❝❤②♠❛❧ st❡♠ ❝❡❧❧s ❡✈❡♥ ✇✐t❤ ❡♥❞♦t❤❡❧✐❛❧ ❣r♦✇t❤
♠❡❞✐✉♠✳ ❇✐♦t❡❝❤♥♦❧♦❣② ❧❡tt❡rs ✸✸✱ ✶✷ ✭✷✵✶✶✮✱ ✷✸✺✶✕✷✸✺✾✳

❬✽✷❪ ❑✐♠✱ ❏✳✱ ❍❡❣❞❡✱ ▼✳✱ ❑✐♠✱ ❙✳ ❍✳✱ ❲♦♦❞✱ ❚✳ ❑✳✱ ❛♥❞ ❏❛②❛r❛♠❛♥✱

❆✳ ❆ ♠✐❝r♦✢✉✐❞✐❝ ❞❡✈✐❝❡ ❢♦r ❤✐❣❤ t❤r♦✉❣❤♣✉t ❜❛❝t❡r✐❛❧ ❜✐♦✜❧♠ st✉❞✐❡s✳
▲❛❜ ♦♥ ❛ ❝❤✐♣ ✶✷✱ ✻ ✭▼❛r✳ ✷✵✶✷✮✱ ✶✶✺✼✕✻✸✳

❬✽✸❪ ❑✐♥❣✱ ❑✳ ❘✳✱ ❲❛♥❣✱ ❙✳✱ ■r✐♠✐❛✱ ❉✳✱ ❏❛②❛r❛♠❛♥✱ ❆✳✱ ❚♦♥❡r✱ ▼✳✱
❛♥❞ ❨❛r♠✉s❤✱ ▼✳ ▲✳ ❆ ❤✐❣❤✲t❤r♦✉❣❤♣✉t ♠✐❝r♦✢✉✐❞✐❝ r❡❛❧✲t✐♠❡ ❣❡♥❡
❡①♣r❡ss✐♦♥ ❧✐✈✐♥❣ ❝❡❧❧ ❛rr❛②✳ ▲❛❜ ♦♥ ❛ ❝❤✐♣ ✼✱ ✶ ✭❏❛♥✳ ✷✵✵✼✮✱ ✼✼✕✽✺✳

❬✽✹❪ ❑✐♥❣✱ ❑✳ ❘✳✱ ❲❛♥❣✱ ❙✳✱ ❏❛②❛r❛♠❛♥✱ ❆✳✱ ❨❛r♠✉s❤✱ ▼✳ ▲✳✱ ❛♥❞
❚♦♥❡r✱ ▼✳ ▼✐❝r♦✢✉✐❞✐❝ ✢♦✇✲❡♥❝♦❞❡❞ s✇✐t❝❤✐♥❣ ❢♦r ♣❛r❛❧❧❡❧ ❝♦♥tr♦❧ ♦❢
❞②♥❛♠✐❝ ❝❡❧❧✉❧❛r ♠✐❝r♦❡♥✈✐r♦♥♠❡♥ts✳ ▲❛❜ ♦♥ ❛ ❝❤✐♣ ✽✱ ✶ ✭❏❛♥✳ ✷✵✵✽✮✱
✶✵✼✕✶✻✳

❬✽✺❪ ❑♦❜❡❧✱ ❙✳ ❛✳✱ ❇✉rr✐✱ ❖✳✱ ●r✐❢❢❛✱ ❆✳✱ ●✐r♦tr❛✱ ▼✳✱ ▲✉t♦❧❢✱
▼✳ P✳✱ ❛♥❞ ❙❡✐t③✱ ❆✳ ❆✉t♦♠❛t❡❞ ❛♥❛❧②s✐s ♦❢ s✐♥❣❧❡ st❡♠ ❝❡❧❧s ✐♥
♠✐❝r♦✢✉✐❞✐❝ tr❛♣s✳ ▲❛❜ ♦♥ ❛ ❝❤✐♣ ✶✷✱ ✶✻ ✭❆✉❣✳ ✷✵✶✷✮✱ ✷✽✹✸✕✾✳

❬✽✻❪ ❑♦❤❧❡r✱ ❙✳✱ ❛♥❞ ❇❛✉s❝❤✱ ❆✳ ❘✳ ❈♦♥tr❛❝t✐♦♥ ♠❡❝❤❛♥✐s♠s ✐♥ ❝♦♠✲
♣♦s✐t❡ ❛❝t✐✈❡ ❛❝t✐♥ ♥❡t✇♦r❦s✳ P❧♦❙ ♦♥❡ ✼✱ ✼ ✭❏❛♥✳ ✷✵✶✷✮✱ ❡✸✾✽✻✾✳

❬✽✼❪ ❑♦❧♥✐❦✱ ▼✳✱ ❚s✐♠r✐♥❣✱ ▲✳ ❙✳✱ ❛♥❞ ❍❛st②✱ ❏✳ ❱❛❝✉✉♠✲❛ss✐st❡❞ ❝❡❧❧
❧♦❛❞✐♥❣ ❡♥❛❜❧❡s s❤❡❛r✲❢r❡❡ ♠❛♠♠❛❧✐❛♥ ♠✐❝r♦✢✉✐❞✐❝ ❝✉❧t✉r❡✳ ▲❛❜ ♦♥ ❛
❝❤✐♣ ✶✷✱ ✷✷ ✭◆♦✈✳ ✷✵✶✷✮✱ ✹✼✸✷✕✼✳

❬✽✽❪ ❑♦r♥✱ ❊✳ ❉✳✱ ❈❛r❧✐❡r✱ ▼✳✲❋✳✱ ❛♥❞ P❛♥t❛❧♦♥✐✱ ❉✳ ❆❝t✐♥ ♣♦❧②♠❡✲
r✐③❛t✐♦♥ ❛♥❞ ❛t♣ ❤②❞r♦❧②s✐s✳ ❙❝✐❡♥❝❡ ✷✸✽✱ ✹✽✷✼ ✭✶✾✽✼✮✱ ✻✸✽✕✻✹✹✳

❬✽✾❪ ❑öst❡r✱ ❙✳✱ ❙t❡✐♥❤❛✉s❡r✱ ❉✳✱ ❛♥❞ P❢♦❤❧✱ ❚✳ ❇r♦✇♥✐❛♥ ♠♦t✐♦♥
♦❢ ❛❝t✐♥ ✜❧❛♠❡♥ts ✐♥ ❝♦♥✜♥✐♥❣ ♠✐❝r♦❝❤❛♥♥❡❧s✳ ❏♦✉r♥❛❧ ♦❢ P❤②s✐❝s ✿
❈♦♥❞❡♥s❡❞ ▼❛tt❡r ✶✼✱ ✹✾ ✭❉❡❝✳ ✷✵✵✺✮✱ ❙✹✵✾✶✕❙✹✶✵✹✳

❬✾✵❪ ▲❛❝❛②♦✱ ❈✳ ■✳✱ P✐♥❝✉s✱ ❩✳✱ ❱❛♥❉✉✐❥♥✱ ▼✳ ▼✳✱ ❲✐❧s♦♥✱ ❈✳ ❆✳✱

❋❧❡t❝❤❡r✱ ❉✳ ❆✳✱ ●❡rt❧❡r✱ ❋✳ ❇✳✱ ▼♦❣✐❧♥❡r✱ ❆✳✱ ❛♥❞ ❚❤❡r✐♦t✱

❏✳ ❛✳ ❊♠❡r❣❡♥❝❡ ♦❢ ❧❛r❣❡✲s❝❛❧❡ ❝❡❧❧ ♠♦r♣❤♦❧♦❣② ❛♥❞ ♠♦✈❡♠❡♥t ❢r♦♠
❧♦❝❛❧ ❛❝t✐♥ ✜❧❛♠❡♥t ❣r♦✇t❤ ❞②♥❛♠✐❝s✳ P▲♦❙ ❜✐♦❧♦❣② ✺✱ ✾ ✭❙❡♣t✳ ✷✵✵✼✮✱
❡✷✸✸✳

❬✾✶❪ ▲❛♣♦rt❡✱ ❉✳✱ ❖❥❦✐❝✱ ◆✳✱ ❱❛✈②❧♦♥✐s✱ ❉✳✱ ❛♥❞ ❲✉✱ ❏✳✲◗✳ α✲❆❝t✐♥✐♥
❛♥❞ ✜♠❜r✐♥ ❝♦♦♣❡r❛t❡ ✇✐t❤ ♠②♦s✐♥ ■■ t♦ ♦r❣❛♥✐③❡ ❛❝t♦♠②♦s✐♥ ❜✉♥❞❧❡s
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❞✉r✐♥❣ ❝♦♥tr❛❝t✐❧❡✲r✐♥❣ ❛ss❡♠❜❧②✳ ▼♦❧❡❝✉❧❛r ❜✐♦❧♦❣② ♦❢ t❤❡ ❝❡❧❧ ✷✸✱ ✶✻
✭❆✉❣✳ ✷✵✶✷✮✱ ✸✵✾✹✕✶✶✵✳

❬✾✷❪ ▲❛✇r❡♥③✱ ❆✳✱ ◆❛s♦♥✱ ❋✳✱ ❛♥❞ ❈♦♦♣❡r✲❲❤✐t❡✱ ❏✳ ❏✳ ●❡♦♠❡tr✐❝❛❧
❡✛❡❝ts ✐♥ ♠✐❝r♦✢✉✐❞✐❝✲❜❛s❡❞ ♠✐❝r♦❛rr❛②s ❢♦r r❛♣✐❞✱ ❡✣❝✐❡♥t s✐♥❣❧❡✲❝❡❧❧
❝❛♣t✉r❡ ♦❢ ♠❛♠♠❛❧✐❛♥ st❡♠ ❝❡❧❧s ❛♥❞ ♣❧❛♥t ❝❡❧❧s✳ ❇✐♦♠✐❝r♦✢✉✐❞✐❝s ✻✱ ✷
✭❏✉♥❡ ✷✵✶✷✮✱ ✷✹✶✶✷✕✷✹✶✶✷✶✼✳

❬✾✸❪ ▲❡❝❛✉❧t✱ ❱✳✱ ❱❛♥✐♥s❜❡r❣❤❡✱ ▼✳✱ ❙❡❦✉❧♦✈✐❝✱ ❙✳✱ ❑♥❛♣♣✱ ❉✳ ❏✳
❍✳ ❋✳✱ ❲♦❤r❡r✱ ❙✳✱ ❇♦✇❞❡♥✱ ❲✳✱ ❱✐❡❧✱ ❋✳✱ ▼❝▲❛✉❣❤❧✐♥✱ ❚✳✱

❏❛r❛♥❞❡❤❡✐✱ ❆✳✱ ▼✐❧❧❡r✱ ▼✳ ▼✳✱ ❋❛❧❝♦♥♥❡t✱ ❉✳✱ ❲❤✐t❡✱ ❆✳ ❑✳✱
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✸❉ ♠✐❝r♦✢✉✐❞✐❝ ❝❡❧❧ ❝✉❧t✉r❡ s②st❡♠✳ ❇✐♦♠❛t❡r✐❛❧s ✷✾✱ ✷✷ ✭❆✉❣✳ ✷✵✵✽✮✱
✸✷✸✼✕✹✹✳

❬✶✷✻❪ P❛❧✉❝❤✱ ❊✳✱ ✈❛♥ ❞❡r ●✉❝❤t✱ ❏✳✱ ❏♦❛♥♥②✱ ❏✳✲❋✳✱ ❛♥❞ ❙②❦❡s✱ ❈✳

❉❡❢♦r♠❛t✐♦♥s ✐♥ ❛❝t✐♥ ❝♦♠❡ts ❢r♦♠ r♦❝❦❡t✐♥❣ ❜❡❛❞s✳ ❇✐♦♣❤②s✐❝❛❧ ❥♦✉r♥❛❧
✾✶✱ ✽ ✭❖❝t✳ ✷✵✵✻✮✱ ✸✶✶✸✕✷✷✳

❬✶✷✼❪ P❛r❦✱ ❏✳✱ ❇❡rt❤✐❛✉♠❡✱ ❋✳✱ ❚♦♥❡r✱ ▼✳✱ ❨❛r♠✉s❤✱ ▼✳ ▲✳✱ ❛♥❞
❚✐❧❧❡s✱ ❆✳ ❲✳ ▼✐❝r♦❢❛❜r✐❝❛t❡❞ ❣r♦♦✈❡❞ s✉❜str❛t❡s ❛s ♣❧❛t❢♦r♠s ❢♦r
❜✐♦❛rt✐✜❝✐❛❧ ❧✐✈❡r r❡❛❝t♦rs✳ ❇✐♦t❡❝❤♥♦❧♦❣② ❛♥❞ ❜✐♦❡♥❣✐♥❡❡r✐♥❣ ✾✵✱ ✺ ✭❏✉♥❡
✷✵✵✺✮✱ ✻✸✷✕✹✹✳

❬✶✷✽❪ P❛s✐❝✱ ▲✳✱ ❑♦t♦✈❛✱ ❚✳✱ ❛♥❞ ❙❝❤❛❢❡r✱ ❉✳ ❛✳ ❊♥❛✴❱❆❙P ♣r♦t❡✐♥s
❝❛♣t✉r❡ ❛❝t✐♥ ✜❧❛♠❡♥t ❜❛r❜❡❞ ❡♥❞s✳ ❚❤❡ ❏♦✉r♥❛❧ ♦❢ ❜✐♦❧♦❣✐❝❛❧ ❝❤❡♠✐str②
✷✽✸✱ ✶✺ ✭❆♣r✳ ✷✵✵✽✮✱ ✾✽✶✹✕✾✳

❬✶✷✾❪ P❡❧❧❡❣r✐♥✱ ❙✳✱ ❛♥❞ ▼❡❧❧♦r✱ ❍✳ ❆❝t✐♥ str❡ss ✜❜r❡s✳ ❏♦✉r♥❛❧ ♦❢ ❝❡❧❧
s❝✐❡♥❝❡ ✶✷✵✱ Pt ✷✵ ✭❖❝t✳ ✷✵✵✼✮✱ ✸✹✾✶✕✾✳

❬✶✸✵❪ P♦❧❧❛r❞✱ ❚✳ ❉✳ ❘❛t❡ ❝♦♥st❛♥ts ❢♦r t❤❡ r❡❛❝t✐♦♥s ♦❢ ❆❚P✲ ❛♥❞ ❆❉P✲
❛❝t✐♥ ✇✐t❤ t❤❡ ❡♥❞s ♦❢ ❛❝t✐♥ ✜❧❛♠❡♥ts✳ ❚❤❡ ❏♦✉r♥❛❧ ♦❢ ❝❡❧❧ ❜✐♦❧♦❣② ✶✵✸✱
✻ Pt ✷ ✭❉❡❝✳ ✶✾✽✻✮✱ ✷✼✹✼✕✺✹✳

❬✶✸✶❪ P♦❧❧❛r❞✱ ❚✳ ❉✳ ▼❡❝❤❛♥✐❝s ♦❢ ❝②t♦❦✐♥❡s✐s ✐♥ ❡✉❦❛r②♦t❡s✳ ❈✉rr❡♥t
♦♣✐♥✐♦♥ ✐♥ ❝❡❧❧ ❜✐♦❧♦❣② ✷✷✱ ✶ ✭❋❡❜✳ ✷✵✶✵✮✱ ✺✵✕✻✳

❬✶✸✷❪ P♦❧❧❛r❞✱ ❚✳ ❉✳✱ ❇❧❛♥❝❤♦✐♥✱ ▲✳✱ ❛♥❞ ▼✉❧❧✐♥s✱ ❘✳ ❉✳ ▼ ♠ ❝ ❛ ❢
❞ ♥ ❝✳

❬✶✸✸❪ P♦❧❧❛r❞✱ ❚✳ ❉✳✱ ❛♥❞ ❈♦♦♣❡r✱ ❏✳ ❆✳ ❆❝t✐♥ ❛♥❞ ❛❝t✐♥✲❜✐♥❞✐♥❣ ♣r♦✲
t❡✐♥s✳ ❛ ❝r✐t✐❝❛❧ ❡✈❛❧✉❛t✐♦♥ ♦❢ ♠❡❝❤❛♥✐s♠s ❛♥❞ ❢✉♥❝t✐♦♥s✳ ❆♥♥✉❛❧ r❡✈✐❡✇
♦❢ ❜✐♦❝❤❡♠✐str② ✺✺✱ ✶ ✭✶✾✽✻✮✱ ✾✽✼✕✶✵✸✺✳
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❬✶✸✹❪ P♦❧❧❛r❞✱ ❚✳ ❉✳✱ ❛♥❞ ❲✉✱ ❏✳✲◗✳ ❯♥❞❡rst❛♥❞✐♥❣ ❝②t♦❦✐♥❡s✐s ✿ ❧❡ss♦♥s
❢r♦♠ ✜ss✐♦♥ ②❡❛st✳ ◆❛t✉r❡ r❡✈✐❡✇s✳ ▼♦❧❡❝✉❧❛r ❝❡❧❧ ❜✐♦❧♦❣② ✶✶✱ ✷ ✭❋❡❜✳
✷✵✶✵✮✱ ✶✹✾✕✺✺✳

❬✶✸✺❪ P♦♥t❛♥✐✱ ▲✳✲▲✳✱ ✈❛♥ ❞❡r ●✉❝❤t✱ ❏✳✱ ❙❛❧❜r❡✉①✱ ●✳✱ ❍❡✉✈✐♥❣❤✱

❏✳✱ ❏♦❛♥♥②✱ ❏✳✲❋✳✱ ❛♥❞ ❙②❦❡s✱ ❈✳ ❘❡❝♦♥st✐t✉t✐♦♥ ♦❢ ❛♥ ❛❝t✐♥ ❝♦rt❡①
✐♥s✐❞❡ ❛ ❧✐♣♦s♦♠❡✳ ❇✐♦♣❤②s✐❝❛❧ ❥♦✉r♥❛❧ ✾✻✱ ✶ ✭❏❛♥✳ ✷✵✵✾✮✱ ✶✾✷✕✽✳

❬✶✸✻❪ P♦rtr❛♥✱ ❉✳✱ ●❛✐❧❧❛r❞✱ ❏✳✱ ❱❛♥t❛r❞✱ ▼✳✱ ❛♥❞ ❚❤❡r②✱ ▼✳ ◗✉❛♥✲
t✐✜❝❛t✐♦♥ ♦❢ ▼❆P ❛♥❞ ♠♦❧❡❝✉❧❛r ♠♦t♦r ❛❝t✐✈✐t✐❡s ♦♥ ❣❡♦♠❡tr✐❝❛❧❧②
❝♦♥tr♦❧❧❡❞ ♠✐❝r♦t✉❜✉❧❡ ♥❡t✇♦r❦s✳ ❈②t♦s❦❡❧❡t♦♥ ✭❍♦❜♦❦❡♥✱ ◆✳❏✳✮ ✼✵✱ ✶
✭❏❛♥✳ ✷✵✶✸✮✱ ✶✷✕✷✸✳

❬✶✸✼❪ ❘❡②♠❛♥♥✱ ❆✳✲❈✳✱ ❇♦✉❥❡♠❛❛✲P❛t❡rs❦✐✱ ❘✳✱ ▼❛rt✐❡❧✱ ❏✳✲▲✳✱ ●✉é✲
r✐♥✱ ❈✳✱ ❈❛♦✱ ❲✳✱ ❈❤✐♥✱ ❍✳ ❋✳✱ ❉❡ ▲❛ ❈r✉③✱ ❊✳ ▼✳✱ ❚❤ér②✱ ▼✳✱

❛♥❞ ❇❧❛♥❝❤♦✐♥✱ ▲✳ ❆❝t✐♥ ♥❡t✇♦r❦ ❛r❝❤✐t❡❝t✉r❡ ❝❛♥ ❞❡t❡r♠✐♥❡ ♠②♦✲
s✐♥ ♠♦t♦r ❛❝t✐✈✐t②✳ ❙❝✐❡♥❝❡ ✭◆❡✇ ❨♦r❦✱ ◆✳❨✳✮ ✸✸✻✱ ✻✵✽✻ ✭❏✉♥❡ ✷✵✶✷✮✱
✶✸✶✵✕✹✳

❬✶✸✽❪ ❘❡②♠❛♥♥✱ ❆✳✲❝✳✱ ▼❛rt✐❡❧✱ ❏✳✲▲✳✱ ❈❛♠❜✐❡r✱ ❚✳✱ ❇❧❛♥❝❤♦✐♥✱ ▲✳✱
❇♦✉❥❡♠❛❛✲P❛t❡rs❦✐✱ ❘✳✱ ❛♥❞ ❚❤ér②✱ ▼✳ ◆✉❝❧❡❛t✐♦♥ ❣❡♦♠❡tr② ❣♦✲
✈❡r♥s ♦r❞❡r❡❞ ❛❝t✐♥ ♥❡t✇♦r❦s str✉❝t✉r❡s✳ ◆❛t✉r❡ ♠❛t❡r✐❛❧s ✾✱ ✶✵ ✭❙❡♣t✳
✷✵✶✵✮✱ ✽✷✼✕✽✸✷✳

❬✶✸✾❪ ❘❡②♠❛♥♥✱ ❆✳✲❈✳✱ ❙✉❛r❡③✱ ❈✳✱ ●✉ér✐♥✱ ❈✳✱ ▼❛rt✐❡❧✱ ❏✳✲▲✳✱ ❙t❛✐✲
❣❡r✱ ❈✳ ❏✳✱ ❇❧❛♥❝❤♦✐♥✱ ▲✳✱ ❛♥❞ ❇♦✉❥❡♠❛❛✲P❛t❡rs❦✐✱ ❘✳ ❚✉r✲
♥♦✈❡r ♦❢ ❜r❛♥❝❤❡❞ ❛❝t✐♥ ✜❧❛♠❡♥t ♥❡t✇♦r❦s ❜② st♦❝❤❛st✐❝ ❢r❛❣♠❡♥t❛t✐♦♥
✇✐t❤ ❆❉❋✴❝♦✜❧✐♥✳ ▼♦❧❡❝✉❧❛r ❜✐♦❧♦❣② ♦❢ t❤❡ ❝❡❧❧ ✷✷✱ ✶✹ ✭❏✉❧② ✷✵✶✶✮✱
✷✺✹✶✕✺✵✳

❬✶✹✵❪ ❘♦❜✐♥s♦♥✱ ❘✳ ❈✳✱ ❚✉r❜❡❞s❦②✱ ❑✳✱ ❑❛✐s❡r✱ ❉✳ ❛✳✱ ▼❛r❝❤❛♥❞✱
❏✳ ❇✳✱ ❍✐❣❣s✱ ❍✳ ◆✳✱ ❈❤♦❡✱ ❙✳✱ ❛♥❞ P♦❧❧❛r❞✱ ❚✳ ❉✳ ❈r②st❛❧ str✉❝✲
t✉r❡ ♦❢ ❆r♣✷✴✸ ❝♦♠♣❧❡①✳ ❙❝✐❡♥❝❡ ✭◆❡✇ ❨♦r❦✱ ◆✳❨✳✮ ✷✾✹✱ ✺✺✹✼ ✭◆♦✈✳
✷✵✵✶✮✱ ✶✻✼✾✕✽✹✳

❬✶✹✶❪ ❘♦♠❡r♦✱ ❙✳✱ ▲❡ ❈❧❛✐♥❝❤❡✱ ❈✳✱ ❉✐❞r②✱ ❉✳✱ ❊❣✐❧❡✱ ❈✳✱ P❛♥t❛❧♦♥✐✱
❉✳✱ ❛♥❞ ❈❛r❧✐❡r✱ ▼✳✲❋✳ ❋♦r♠✐♥ ✐s ❛ ♣r♦❝❡ss✐✈❡ ♠♦t♦r t❤❛t r❡q✉✐r❡s
♣r♦✜❧✐♥ t♦ ❛❝❝❡❧❡r❛t❡ ❛❝t✐♥ ❛ss❡♠❜❧② ❛♥❞ ❛ss♦❝✐❛t❡❞ ❆❚P ❤②❞r♦❧②s✐s✳
❈❡❧❧ ✶✶✾✱ ✸ ✭❖❝t✳ ✷✵✵✹✮✱ ✹✶✾✕✷✾✳

❬✶✹✷❪ ❘♦♥❞❡❧❡③✱ ❨✳✱ ❚r❡ss❡t✱ ●✳✱ ❚❛❜❛t❛✱ ❑✳ ❱✳✱ ❆r❛t❛✱ ❍✳✱ ❋✉❥✐t❛✱
❍✳✱ ❚❛❦❡✉❝❤✐✱ ❙✳✱ ❛♥❞ ◆♦❥✐✱ ❍✳ ▼✐❝r♦❢❛❜r✐❝❛t❡❞ ❛rr❛②s ♦❢ ❢❡♠t♦❧✐t❡r
❝❤❛♠❜❡rs ❛❧❧♦✇ s✐♥❣❧❡ ♠♦❧❡❝✉❧❡ ❡♥③②♠♦❧♦❣②✳ ◆❛t✉r❡ ❜✐♦t❡❝❤♥♦❧♦❣② ✷✸✱
✸ ✭▼❛r✳ ✷✵✵✺✮✱ ✸✻✶✕✺✳

❬✶✹✸❪ ❘♦tt♥❡r✱ ❑✳✱ ❇❡❤r❡♥❞t✱ ❇✳✱ ❙♠❛❧❧✱ ❏✳ ❱✳✱ ❛♥❞ ❲❡❤❧❛♥❞✱ ❏✳

❱❛s♣ ❞②♥❛♠✐❝s ❞✉r✐♥❣ ❧❛♠❡❧❧✐♣♦❞✐❛ ♣r♦tr✉s✐♦♥✳ ◆❛t✉r❡ ❈❡❧❧ ❇✐♦❧♦❣② ✶✱
✺ ✭✶✾✾✾✮✱ ✸✷✶✕✸✷✷✳
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❬✶✹✹❪ ❘♦✇❛t✱ ❆✳ ❈✳✱ ❇✐r❞✱ ❏✳ ❈✳✱ ❆❣r❡st✐✱ ❏✳ ❏✳✱ ❘❛♥❞♦✱ ❖✳ ❏✳✱ ❛♥❞
❲❡✐t③✱ ❉✳ ❛✳ ❚r❛❝❦✐♥❣ ❧✐♥❡❛❣❡s ♦❢ s✐♥❣❧❡ ❝❡❧❧s ✐♥ ❧✐♥❡s ✉s✐♥❣ ❛ ♠✐❝r♦✲
✢✉✐❞✐❝ ❞❡✈✐❝❡✳ Pr♦❝❡❡❞✐♥❣s ♦❢ t❤❡ ◆❛t✐♦♥❛❧ ❆❝❛❞❡♠② ♦❢ ❙❝✐❡♥❝❡s ♦❢ t❤❡
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Nucleation geometry governs ordered actin

networks structures

Anne-Cécile Reymann1, Jean-Louis Martiel1,2, Théo Cambier1, Laurent Blanchoin1,

Rajaa Boujemaa-Paterski1* and Manuel Théry1*

Actin filaments constitute one of the main components of
cell cytoskeleton. Assembled into bundles in filopodia or in
stress fibres, they play a pivotal role in eukaryotes during cell
morphogenesis, adhesion and motility. The bundle emergence
has been extensively related to specific actin regulators1–3

in vivo4–7. Such dynamic modulation was also highlighted
by biochemical reconstitution of the actin-network assembly,
in bulk solution or with biomimetic devices8–18. However,
the question of how geometrical boundaries, such as those
encountered in cells, affect the dynamic formation of highly
ordered actin structures remains poorly studied14,19. Here
we demonstrate that the nucleation geometry in itself can
be the principal determinant of actin-network architecture.
We developed a micropatterning method that enables the
spatial control of actin nucleation sites for in vitro assays.
Shape, orientation and distance between nucleation regions
control filament orientation and length, filament–filament
interactions and filopodium-like bundle formation. Modelling
of filament growth and interactions demonstrates that basic
mechanical and probabilistic laws govern actin assembly in
higher-order structures.

In cells, actin nucleation occurs at various locations at the plasma
membrane, and bundles of parallel actin filaments are initiated
at focal adhesion sites1 or result from the rearrangement of the
dynamic branched actin network of the lamellipodium6. Here, we
modulate the positioning of nucleation sites at scales corresponding
to cellular dimensions. As a first step and to precisely regulate
the position of actin nucleation sites in vitro, we used a recently
developed ultraviolet-based micropatterning approach20 to create
a template for the localization of the nucleation promoting factor
pWA (Fig. 1a). pWA comprises the C-terminal domains from the
WASP/Scar proteins, a ubiquitous family of proteins that initiate
actin polymerization on a pre-existing actin filament in the presence
of the Arp2/3 complex and an actin monomer21–23. A small volume
of solutionmade of aminimal set of purified proteins ensuring actin
polymerization8,10 was placed between the pWA-coated micropat-
terned slide and a glass support. Functionalized micropatterns
specifically initiate actin filament nucleation on their surface and
promote two-dimensional growth of actin filaments (Fig. 1b).
Real-time visualization of actin-filament nucleation and growth
highlighted the autocatalytic process of network formation (see
Supplementary Fig. S1). These networks consist of filaments grow-
ing from the pWA-coated regions, with their fast-growing, barbed
end oriented outwards (Fig. 1c and Supplementary Fig. S2 and
Videos S1–S3). In agreement with actin-filament growth on glass
rods15, as the nucleationwaves propagate, dense and interconnected

1Institut de Recherches en Technologies et Sciences pour le Vivant, iRTSV, Laboratoire de Physiologie Cellulaire et Végétale, CNRS/CEA/INRA/UJF,

Grenoble, 38054, France, 2Laboratoire Techniques de l’Ingénierie Médicale et de la Complexité, CNRS/UJF, Pavillon Taillefer Faculté de Médecine,

La Tronche, 38706, France. *e-mail: rajaa.paterski@cea.fr; manuel.thery@cea.fr.

networks are formed on the micropattern (Supplementary Fig. S1).
Collectively, actin filaments emanating from this dense meshwork
self-organize normally to the micropattern edge, except within the
narrow region close to the bar end (Fig. 1c,d). Although densely
organized into a parallel network, these filaments can be further
gathered into larger bundles by the addition of cross-linking factors;
we therefore refer to themas filaments rather than bundles.We term
as bundles the structures unaffected by the subsequent addition
of cross-linkers (see Supplementary Fig. S6a and Video S5). We
validated that filament growth on the micropattern was sensitive to
known biochemical parameters: filament length increased with the
concentration of G-actin, and reduced with increasing concentra-
tions of Arp2/3 or capping protein. In addition, these filaments are
bundled byα-actinin or fascin (see Supplementary Figs S1 and S6).

We took advantage of the geometrical control of actin growth
to investigate the interaction between two sets of actin filaments
growing toward each other. We therefore analysed actin growth
from individual, concentric or eccentric circles. Twenty- to
thirty-micrometre-long actin filaments grew radially inwards and
outwards (Fig. 2a). Surprisingly, the networks generated by three
concentric circles spaced 15 µm apart did not simply superimpose
and the centripetal arrangement of parallel bundles disappeared.
Instead, the interactions between inward- and outward-growing
filaments formed short and thin antiparallel bundles between
adjacent circles. Interestingly, actin-filament elongation seemed to
be blocked by the presence of the dense actin network formed
on the adjacent circles. To verify this, we quantified the local
actin-network density by averaging several images taken separately
on identical micropatterns (Fig. 2b). In addition, to understand
how actin-filament growth could lead to these actin density profiles,
we carried out numerical simulations, where actin filaments were
nucleated with a constant linear density along the circle (see
Supplementary Fig. S3 and Equations). Filaments grew normally
out of the circle and their length was determined by the biochemical
conditions. Actin filaments were then allowed or not to cross
adjacent nucleation regions (see Supplementary Fig. S3), and
theoretical density maps were derived from the local density of
simulated actin filaments (Fig. 2b). Numerical simulations showed
that, on concentric circles, filaments did not cross the dense
network region lying on their path. Conversely, when the distance
between separate nucleation regions was reduced, as in the case of
eccentric circles, the density within the inner circle was no longer
isotropic. Numerical simulations confirmed that extra filaments
enter this innermost region to locally increase fluorescence intensity
(Fig. 2b). This demonstrates that short, and thus stiff, filaments
can grow through the dense network whereas longer and more
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Figure 1 |Geometrical control of actin nucleation and growth. a, Surface-micropatterning method. b, Epifluorescence-microscopy images of actin

filaments specifically nucleated on the pWA-coated micropattern, and of spontaneous filament polymerization in the solution in the absence of

pWA-coating—no actin filament is recruited to the uncoated micropattern. c, Actin-filament nucleation and growth on a pWA-coated micropattern.

d, The fluorescence image is filtered and the angle between the actin filament and the bar micropattern major axis manually measured with respect to their

position (x) along the bar. The error bars (rightmost panel) represent the standard deviation calculated for 65 angles measured at each position (x).

Filaments normal to the pattern edges are coloured green, and filaments of the transition region red. Scale bars indicate 10 µm. See also Supplementary

Videos S1–S3.

flexible filaments become entangled and blocked by an adjacent
actin network. Consequently, physical constraints in addition to
biochemical cues regulate actin-filament length.

To further explore the role of geometrical parameters on
actin-filament interactions and their resulting network structure,
we forced contacts between filaments at various angles. When
nucleated from two short bars, filaments first grew perpendicularly

to the bars, then interacted and zipped to form a filopodium-like
parallel bundle (Fig. 3a, see Supplementary Fig. S4 and Video S4),
reminiscent of that present in vivo6. This interaction forced the
filaments to bend, so bundle formation depended on filaments’
ability to change their growing direction. We tested this parameter
by varying the angle between the two short bars (Fig. 3b)
and quantified the formation of parallel bundles (Fig. 3c). For
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Figure 2 | Filament length controls their ability to cross dense actin networks. a, Fluorescent-microscopy images of actin structures formed on nucleation

circles. Inward-growing filaments were brought together by the circle curvature and generated parallel bundles. b, Actin-network density maps calculated

by overlaying and averaging several images (first column) and from numerical simulations of actin-filament growth (third and fourth columns). The

averaged structure was colour-coded (see also Supplementary Fig. S3) and nucleation regions are represented in red. We measured the fluorescence ratio

of line scans along the innermost circle and the external side of the outermost circle (as a reference) as in the inset image (second column, coloured

dashed circles). The second column shows the comparison between the ratios of the experimental density maps (dots) and the ratios of the numerical

simulations (lines) where actin filaments can or cannot cross the dense actin network. Scale bars indicate 10 µm.

nucleation bar angles close to 22◦, filaments are associated into short
and thin antiparallel bundles. Parallel bundles only started to form
above a critical angle between 22◦ and 45◦, and averaged image
analysis confirmed the existence of an optimal angle to promote the
coalescence of numerous filaments into a parallel bundle (Fig. 3d).

As we had demonstrated that the length and rigidity of
filaments modulate their interaction with actin-filament networks,
we investigated whether or not a variation in the distance at a
given angle between two nucleation regions would affect bundle
formation. For this purpose we designed eight-branched radial
arrays where the rays were moved in and out from the origin. As
expected, filaments grew outward from each ray and formed parallel
bundles on the bisecting line between adjacent rays (Fig. 4a,b, and
see Supplementary Fig. S4). When rays were sufficiently distant,

short parallel bundles formed precisely along the bisecting line and
maintained this orientation. As the distance between rays decreased,
bundles were longer, mis-positioned and curved (Fig. 4b,c). In all
cases, the transition between the assembly of antiparallel bundles in
the proximal part of the rays and the assembly of parallel bundles
in their distal part occurred at a fairly variable position (Fig. 4d,e).
Consequently, the distance between nucleation sites, in the range
tested, was not critical to the generation of the final structure.
The position of the transition from antiparallel to parallel bundles
could be modelled as the result of intrinsic filament properties and
collective assembly (Fig. 4f). If filaments assembled exclusively into
antiparallel bundles in the proximal part of the network, filaments
that contact one another would have a probability p to assemble
into parallel bundles. This intrinsic probability p depends only on
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filament orientation and therefore on their position along the ray
(Fig. 1d and see Supplementary Fig. S5). If filaments formed a
parallel bundle in the proximal network, the encountering filaments
are forced to bend and contribute to this parallel bundle. Therefore
the probabilityQ to form a parallel bundle is given by

Q(y+1)= p(y)(1−Q(y))+Q(y)

which gives

Q(y)= 1−

y−1�

k=0

(1−p(k)) (1)

where y is a discrete variable characterizing the position along
the bisecting axis (see Supplementary Equations). The transition
positions obtained from the probability function Q precisely

matched experimental data (Fig. 4g). As a transition point generates
a parallel bundle made of all distal filaments, we calculated the
bundle size and fluorescent intensity associated with each transition
point (see Supplementary Equations). Our model accurately
accounted for both the increase of fluorescence due to filament
assembly into the bundle and the reduction of fluorescence due
to various filament lengths within the bundle (Fig. 4h). These
geometrically mediated bundles still occur in presence of two
distinct actin cross-linkers in a concentration-dependent manner
(see Supplementary Fig. S6 and Video S5). This confirms that
bundle emergence is tightly controlled by mechanical properties of
the actin filament24.

Our reconstitution of the filopodium-like bundles relies on the
spontaneous formation of a precursor structure formed by the col-
lapse and the further coalescence of actin filaments emanating from
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the dense actin network, to which adjacent elongating filaments
will systematically converge (see Supplementary Video S4). Inter-
estingly, this propagative coalescence of actin filaments initiated by
a precursor, such as the �-precursors corresponding to the splayed
filopodial roots observed in vivo6, accounts for the emergence of
the parallel bundles from the dense surrounding network in cells.
Moreover, this propagative process explains the presence of short
actin filaments within bundles25, consistent with the high barbed-
end capping activity present at the leading edge of lamellipodia26.

Our innovative methodology has demonstrated that, indepen-
dently of the mixture of actin-binding proteins, nucleation geom-
etry plays a key role in the determination of the actin-filament
network architecture. Respective positioning of adjacent nucleation
zones results in the entanglement of actin filaments into networks
and the control of their length. Actin-filament orientation deter-
mines their ability to interact with neighbours and to form bundles.
Fundamentally, basic mechanical and probabilistic laws govern the
spatial arrangements of antiparallel and filopodium-like parallel
filaments in response to defined geometrical boundary conditions.
By extension to living cells, this work emphasizes the importance of
the spatial and temporal organization of the nucleation areas, giving
rise to specific actin-network architectures and hence controlling
the location of force production. Although the spatio-temporal
regulation of actin growth is known to influence cell shape27,28,
our work has revealed, in quantitative terms, that reciprocally
physical boundaries, within or around the cell, control actin cy-
toskeleton architectures.

Methods
Micropatterning. Glass coverslips were oxidized with oxygen plasma (10 s,
30W, Harrick Plasma, Ithaca, NY) and incubated with 0.1mgml−1 of
polylysine-l-g -polyethyleneglycol (JenKem Technology, TX) in HEPES
10mM at pH 7.4 for 1 h. Pegylated coverslips were placed on a chromium
synthetic-quartz photomask (Toppan Photomasks, Corbeil, France) using a
home-made vacuum holder. The chromium layer of the photomask contained
3-µm-wide transparent micropatterns. The mask-covered coverslips were then
exposed to deep ultraviolet light (l< 200 nm, UVO Cleaner, Jelight Company,
Irvine, CA) for 5min and coated with a solution of the nucleation promoting factor
pWA at 0.5 µM for 15min.

Actin polymerization. Protein mixtures were diluted in freshly prepared
fluorescence buffer containing 10mM imidazole-HCl (pH 7.8), 50mM KCl, 1mM
MgCl2, 100mM dithiothreitol, 3mgml−1 glucose, 20 µgml−1 catalase, 100mgml−1

glucose oxidase and 0.5% methylcellulose to induce actin polymerization. Actin
polymerization was induced in a solution containing 2 µM actin monomers (7%
labelled with Alexa568) and 6 µMprofilin, and 30 nMArp2/3 complex.

Image acquisition. Images were taken using an upright BX61Olympusmicroscope
equipped with a ×40 dry objective (UPLFLN, NA= 0.75), an XY motorized stage
(Marzhauser, Germany) and a CoolSnapHQ2 camera (Roper Scientific, Germany).
The microscope and devices were driven by MetaMorph (Molecular Devices,
Downington, PA).

Image treatment. All images were taken using the same light intensity and
exposure time. However, before being overlaid and averaged, image grey scales
were adjusted to have the same minimum and maximum grey values. The images
shown were filtered using the ‘unsharp mask’ and the ‘Gaussian blur’ filters from
Image J software to highlight filaments from the background.
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news & views

a low-ield (~10 mT) magnetoelectric 
efect at room temperature. Speciically, 
they demonstrate that in this compound 
a magnetic ield induces an electrical 
polarization. Furthermore, the direction of 
the induced polarization can be switched 
through a magnetoelectric annealing 
procedure, an efect suggesting an unusual 
non-volatile, low-power memory device.

Note that these materials are not 
ferroelectric and therefore are not 
multiferroic. Nor do they display a 
magnetoelectric efect in the usual sense. 
A multiferroic phase, however, does play 
a key role in the observed magnetic-ield-
induced polarization. he authors suspect 
that the paraelectric-magnetic room 
temperature phase is close in energy to a 
state in which ferroelectricity is induced by 
a magnetic spin spiral structure, which is 
common in multiferroic hexaferrites. In the 
present case, a small magnetic ield could 
drive the system into this multiferroic state, 
producing a magnetoelectric response. his 
large magnetoelectric response is therefore 
better thought of from the perspective of 
phase competition.

his material is not the irst hexaferrite 
to display such an efect. For example, 
in 2005 one of the authors was able to 
apply a large magnetic ield (~1 T) to 
the Y hexaferrite Ba0.5Sr1.5Zn2Fe12O22 

(ref. 7). Unfortunately, owing to 
electrical leakage a magnetoelectric 
efect could only be measured below 
130 K in Ba0.5Sr1.5Zn2Fe12O22 — it was 

not suiciently insulating. Next, Ishiwata 
and co-workers8 chemically tuned the 
magnetic structure of this Y hexaferrite 
and discovered that the strength of the 
magnetic ield required to drive the system 
into the multiferroic phase was two orders 
of magnitude less in Ba2Mg2Fe12O22, 
for which beautiful neutron studies 
conirmed the phase competition scenario 
suggested to explain the magnetoelectric 
response of these Y and Z hexaferrites9. 
By further exploring the rich structural 
chemical space of the hexaferrites, 
the present work has discovered an 
outstanding material with the desirable 
combination of small magnetic ield and 
high-temperature operation.

Still, several fundamental and 
technological challenges exist in the ield 
of magnetoelectrics and multiferroics. 
One potential drawback of the present 
work is that the value of the induced 
polarization may be several orders of 
magnitude smaller than that required for 
applications. Furthermore, when it comes 
to technological applications, electric 
ields are far easier to route in devices than 
magnetic ields, and being able to use a 
voltage, rather than a current, to locally 
control magnetism will revolutionize the 
ield of low-power magneto-electronic 
devices. One promising route has been the 
use of multiferroics in an exchange-bias 
device10,11. Single-phase multiferroics, in 
which an electric ield can deterministically 
switch the magnetization by 180°, have 

yet to be experimentally demonstrated. 
hat this still holds true ater an intense 
search within the last decade is a statement 
about the fundamental issues that still 
confront us. 

A dozen years ater the resurgence of 
interest and fervent international activity 
in multiferroics, key challenges remain: to 
create a multiferroic with a strong coupling 
and with sizable moments regardless of 
temperature, and strategies to realize these 
efects at room temperature. Kitagawa and 
colleagues have shown that persistence is 
not futile. ❐
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A
ctin is a highly abundant, globular 
protein which assembles into 
dynamic, 8-nm diameter ilaments 

(F-actin) that are nucleated and organized 
into distinct structures in diferent parts 
of the cell (Fig. 1). hese diferent F-actin 
structures orchestrate a vast range of 
cellular functions, including cell shape 
determination, cell motility, cell adhesion 
and cell diferentiation1. It has long been 
assumed that to organize actin ilaments 
into these cytoskeletal architectures, the 
cell requires speciic auxiliary proteins, 

in particular crosslinking and bundling 
proteins. In support of this, it is observed 
that crosslinking and bundling proteins 
in vitro readily organize actin ilaments 
into elastic orthogonal networks and 
parallel bundles depending on the local 
concentration of the proteins and their 
intrinsic molecular architecture. Moreover, 
the depletion of such proteins induces 
considerable disorganization of the actin 
cytoskeleton and cell shape changes.

Using a micropatterning method, 
Reymann et al.2 report in Nature Materials 

that the spatial organization of F-actin 
nucleating factors can organize actin 
ilaments into arrays very similar to those 
observed in live cells and reconstituted 
biomimetic systems3. Importantly, 
they show that the presence of high 
concentrations of crosslinking and 
bundling proteins does not overwhelm 
this F-actin ordering, suggesting that this 
process is a dominant regulator of F-actin 
organization and function in cells. 

hese exciting results add to a rapidly 
lengthening list of cellular phenomena 

PROTEIN FILAMENTS

Bundles from boundaries
Using a micropatterning technique, the architecture of actin networks is revealed to be inluenced by the spatial 

organization of actin ilament nucleation. Considering the geometric boundaries within live cells, implications in the 

realm of actin-induced cell functions are vast.

Denis Wirtz and Shyam B. Khatau
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where physics complements chemistry for 
eicient biological function4. he study 
by Reymann et al. suggests that cell shape 
may spatially organize actin ilaments 
and therefore regulate actin’s ubiquitous 
involvement in cellular functions (Fig. 2). 
Moreover, because it is well established 
that actin organization regulates cell 
shape, these indings imply a bidirectional 
regulatory loop between cell shape and 
actin functions.

Central to F-actin’s ability to self-
organize into arrays is that it is a semi-
lexible polymer — its intrinsic bending 
rigidity is such that its persistence length 
(17 μm) is similar to its total contour 
length (5–15 μm)5. If actin ilaments 
were highly lexible, they would simply 
form amorphous disorganized polymer 
networks6. Reymann et al. show that 
changes in the length of actin ilaments — 
and hence, the ratio between contour 
and persistence length — have marked 
efects on the spatial organization of 
actin ilaments. 

In live cells, actin structures are in 
close contact with cell membranes and 
organelles that may spatially organize 
the nucleation of F-actin (Fig. 1). At 
the curved cell’s leading edge, actin 
polymerizes into growing dendritic 
networks that generate large forces that 
push the plasma membrane and, in turn, 
mediate cell motility7. In the conining 
space a few micrometres away from 
the leading edge, actin ilaments form 
orthogonal networks of overlapping 
ilaments intertwined with contractile 
bundles that are loosely compact. At 
the dorsal surface of the cell, in close 
contact with the interphase nucleus, actin 
ilaments organize into highly compact, 
contractile, parallel bundles that form 
the perinuclear actin cap. he actin cap is 
tightly connected to the nuclear lamina, 
which regulates the shape of the nucleus 
in healthy cells and is missing in some 
human diseased cells8. In the expanded 
cytoplasmic region, actin ilaments are 
crosslinked into approximately orthogonal 
networks that are highly elastic, but not 
contractile. At the relatively lat basal 
surface of the cell, actin ilaments form 
discrete, contractile stress ibres containing 
the motor protein myosin II. One of the 
possible consequences of Reymann and 
co-workers’ results is that the local shape 
of cell membranes could afect F-actin 
organization. Indeed, the disassembly of 
any of these structures has a signiicant 
efect on cellular and nuclear shape. 
Moreover, because nucleating factors 
are localized at the cell leading edge and 
at focal adhesions that terminate stress 

ibres, these new indings suggest that 
the diversity of actin structures found in 
cells could be induced by diferences in 
local spatial organizations of nucleating 
factors and types of coninement by the cell 
membrane and the nucleus.

he interplay between conventional 
biochemical ilament crosslinking by 
proteins and physical bundling by spatial 
organization of nucleating factors deserves 
further investigation9. Conventional 
ilament crosslinking can largely be 
explained by the submolecular architecture 
of the crosslinking proteins and their 
overall concentration. For example, the 
F-actin crosslinking proteins ilamin 
and α-actinin, which are enriched in the 
cytoplasm and near the leading edge, 
contain two actin-binding sites of low 

F-actin ainity and long molecular arms 
that organize F-actin into orthogonal 
networks and loose bundles, at low 
and high concentrations, respectively. 
he generation of a wide range of actin 
networks by spatial organization of 
nucleation suggests that actin ilaments 
can readily organize into a vast menagerie 
of complex architectures that resemble 
structures observed in vivo through edge 
and coninement efects alone.

A critical role of F-actin and 
crosslinking and bundling proteins is 
to provide mechanical strength to the 
cell. Diferent actin structures in vitro 
and in vivo containing diferent proteins 
display diferent microrheological 
properties. For example, computational 
modelling and reconstituted actin networks 

Arp 2/3

α-actinin

Fascin

Filamin

Myosin II

Actin ilament

Conventional stress ibre

Actin cap stress ibre

Leading edge – lamella

a

b c d

ef

Leading edge – ilopodia

Actin cap stress ibre Conventional stress ibre

Several micrometres 
from leading edge Cytoplasm

Figure 1 | Actin ilaments are organized into highly diverse complex assemblies in diferent regions of the 

cell. These diferent structures are conventionally believed to be induced by speciic F-actin crosslinking 

and bundling proteins. At the leading edge (a) ilopodial protrusions are supported by parallel actin 

bundles containing the F-actin bundling protein fascin, whereas in the lamella (b) F-actin forms dendritic 

ilament networks containing the F-actin nucleating factor Arp2/3. c, A few micrometres from the leading 

edge, actin forms orthogonal networks of overlapping ilaments intertwined with contractile bundles 

containing crosslinking proteins α-actinin and ilamin, and motor protein/bundling protein myosin II. d, In 

the cytoplasm, actin ilaments are crosslinked into roughly orthogonal networks that are elastic, but not 

contractile because they are devoid of myosin II. e, At the basal surface of the cell, actin ilaments form 

discrete, contractile stress ibres containing the motor protein myosin II. f, At the apical surface of the cell 

on top of the nucleus, actin ilaments organize into highly compact, contractile, parallel bundles that form 

the perinuclear actin cap.
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A
s humans, we interact with our 
immediate environment through 
our senses — sight, sound, smell, 

taste and touch. Emulation of the senses 
by electronic means has long been a 
grand challenge of artiicial intelligence 
and is pivotal in the development of 
accessible and natural interfaces between 
man and machine. Sight and sound 
are the simplest technologically, and 
the past decades have seen signiicant 
developments in image acquisition and 
processing technologies, in addition to 
voice synthesis and recognition. From an 
electronic standpoint, smell and taste are 
one and the same, but despite signiicant 
advances in electronic nose1 and chemical 
sensor2 technologies, the sensitivity and 
discrimination levels of these engineered 
systems fall short of the performance of 
their human counterparts.

Touch also remains stubbornly diicult 
to mimic. he diiculty is not simply to 

identify transduction mechanisms that 
can detect mechanical resistance or static 
mass loads; touch emulation necessitates 
the development of high spatial-resolution, 
pressure-sensitive artiicial skins capable 
of discriminating between local stimuli 
on a textured surface. For example, by 
applying a pressure of 10 kPa over a 1 cm2 
contact area, the human touch can typically 
detect local roughness variations with a 
spatial resolution of 50 μm. Coupled with 
the fact that the sotest touch corresponds 
to a mass-loading sensitivity of better 
than 0.1 g per mm2 (or about 1 kPa), 
this highlights the very real challenge of 
developing touch technology that can 
compete with the performance in humans.

As now reported in Nature Materials, 
separate research groups have addressed 
this problem in two distinct ways3,4. 
Both employ an active matrix array of 
transducers using lexible materials. 
Flexibility is desirable because it enables 

the fabrication of transducer arrays 
that can conform to curved surfaces, 
which is essential if these engineered 
materials are to serve as artiicial skins 
for prosthetic devices or in applications 
where a high degree of spatial resolution 
is required. Where the groups difer is 
in their approach to the transduction 
mechanism and the types of substrate 
used. Ali Javey and co-workers3 used Ge/
Si-nanowire-array ield-efect transistors 
(FETs) laminated on a lexible polyimide 
substrate with a pressure-sensitive rubber 
layer that acts as a tunable resistor in series 
with the nanowire FET (Fig. 1). On the 
other hand, Zhenan Bao and collaborators4 
microstructured polydimethylsiloxane 
(PDMS) ilms to produce pressure-sensitive 
capacitor arrays that are integrated into 
the gate dielectrics of an organic FET 
array (Fig. 2). Both report pressure sensors 
with response times of less than 100 ms 
and a dynamic range of 0.5–20 kPa or 

indicate that the combination of compact 
bundles embedded into crosslinked 
orthogonal networks forms signiicantly 
stifer structures than structures (with the 
same number of ilaments) containing only 
bundles or only orthogonally crosslinked 
ilaments. Even actin ilament structures 
that have identical organizations may 
still react diferently under mechanical 
stress or strain. Without the stabilizing 
efect of speciic bundling proteins, 
actin bundles formed by the spatial 
organization of nucleating factors may 
allow for interilament sliding within the 
bundle and, therefore, may display little 
resistance to shear forces. In contrast, 
fascin-containing F-actin structures 
in ilopodial bundles bend little under 
force by preventing interilament 
sliding10. Similarly, low concentrations of 
crosslinking proteins do not afect actin 
ilament network organization, but by 
preventing ilament sliding, crosslinking 
can greatly enhance network stifness 
at low levels of shear, whereas past a 
threshold sliding stress, will mediate rapid 
decrease of network elasticity11. It will be 

important to establish the relationship 
between structure and function in the 
various micropattern-induced actin 
structures reported by Reymann et al., 
using microrheology techniques, and 

to test whether they display diferent 
micromechanical properties in the 
absence and presence of crosslinking and 
bundling proteins. ❐
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FLEXIBLE ELECTRONICS

Within touch of artificial skin
Flexible arrays of transducers can now be fabricated with pressure sensitivity and response times approaching 

those of natural human skin.

John J. Boland

Figure 2 | A luorescence image showing that 

actin ilaments can organize into a ilopodial-like 

compact bundle by the spatial organization of 

nucleating factors2. Scale bar, 10 μm.
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Design of a 2D no-flow chamber to monitor
hematopoietic stem cells†

Théo Cambier,a Thibault Honegger,b Valérie Vanneaux,c Jean Berthier,d

David Peyrade,b Laurent Blanchoin,a Jerome Largheroc and Manuel Théry*ac

Hematopoietic stem cells (HSCs) are the most commonly used cell type in cell-based therapy. However,

the investigation of their behavior in vitro has been limited by the difficulty of monitoring these

non-adherent cells under classical culture conditions. Indeed, fluid flow moves cells away from the video-

recording position and prevents single cell tracking over long periods of time. Here we describe a large

array of 2D no-flow chambers allowing the monitoring of single HSCs for several days. The chamber

design has been optimized to facilitate manufacturing and routine use. The chip contains a single inlet and

800 chambers. The chamber medium can be renewed by diffusion within a few minutes. This allowed

us to stain live human HSCs with fluorescent primary antibodies in order to reveal their stage in the

hematopoiesis differentiation pathway. Thus we were able to correlate human HSCs' growth rate,

polarization and migration to their differentiation stage.

Introduction

Blood, milk, lymph, urine, sweat and mucus are some of

the body fluids that run through our organs and tissues.

Fluid flow is intimately coupled with cell function and organ

physiology. Cells produce, sense and respond to fluid flow in

various ways. Fluid flow generates shear stress on adherent

cells, such as epithelial or endothelial cells, which tend to

align their shape and polarity with respect to the flow.1 Shear

stress also regulates cell size,2 cell proliferation and differenti-

ation3 and thus tissue patterning4 and morphogenesis.5 In

contrast, most cells of the lymphoid and myeloid lineages are

less adhesive and thus much less resistant to high fluid-flow-

induced shear stress. They are transported along the blood

flow and home in to flow-protected regions in adjacent

tissues. Shear stress modulates leukocyte adhesion, architec-

ture and migration properties.6 This sensitivity to fluid flow is

a matter of concern under classical cell culture conditions

where temperature-induced convection permanently displaces

cells. These movements prevent long-term monitoring of their

behavior by video microscopy. In addition, they are also likely

to have consequences on hematopoietic stem cell (HSC)

differentiation since shear stress and mechanical forces in

general are major regulators of the stem cells' fate.7–9 Analysis

and control of the HSC's fate is of paramount importance

since HSCs are currently the most commonly used cell type

for stem cell-based therapy.10,11 HSCs have been used

clinically since 1959 and their use is now established as a

standard therapeutic modality for a variety of malignant and

non-malignant diseases.12 Our incapacity to protect HSCs

from fluid flow and monitor single cell behavior as they are

submitted to biochemical signals is a serious matter of

concern. While numerous microfluidic devices have been

designed to control the flow speed and shear stress applied

on adherent cells,13 much less attempts have been made to

completely stop the flow in order to monitor and analyze

HSCs in their unbiased state.

Multilayered chips with fluidic valves have been used to

start/stop the flow and isolate reaction chambers.14 HSCs

have also been protected from fluid flow in the bottom of

deep microwells. Multilayered chips were used to start/stop

the flow above the wells, load the HSCs and test the influence

of several combinations of soluble factors in parallel.15 Multi-

layered chips have also been used to supply cells with soluble

factors through a porous membrane protecting the cells from

convection flow.16 The same concept was applied to single-

layer chips in which the supply channels were connected to a

reaction chamber via several thin channels in which the flow
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was very low.17 Simpler devices made of a single layer of

channels of equal height were also tested. As an alternative

to thin channels, alignments of pillars were used to separate

the supply channels from the reaction channel and limit

the flow between them.18,19 In some other devices, the

flow was prevented by using dead-end channels as reaction

chambers.20,21 All of these devices have pros and cons. To be

usable on a routine basis in biology, the device has to be easy

and fast to manufacture. It also has to be robust and should

allow the visualization of numerous chambers in parallel.

Here we describe a 2D chip with a single inlet and 800 no-flow

chambers per square centimeter.

Materials and methods
No-flow chamber manufacturing

The thick positive resist AZ9260 (AZ Electronic Materials) was

spin-coated on a 4 inch silicon wafer at 750 rpm for 60 s to

obtain a 20 micron thick layer. It was pre-baked on a hot

plate for 1 min at 60 °C and then for 4 min at 110 °C. It was

exposed to UV through a photomask (Toppan) bearing the

features of interest for 50 s (35 mW mm−2 at 405 nm and

16 mW mm−2 at 365 nm) on a mask aligner (MJB4, SUSS

MicroTec), developed in AZ400K (1 : 4 dilution in water)

(AZ Electronic Materials) for 60 s and washed with deionized

water. The developed resist was finally dried in air.

Polydimethylsiloxane (PDMS) (Sylgard 184 kit, Dow Corning)

was mixed with the curing agent (10 : 1 ratio), degassed, poured

onto the mold and cured for 10 minutes at 100 °C on a hot plate.

The PDMS layer was then peeled off and stored away from the

dust. The PDMS chip and a standard glass slide (76 mm ×

26 mm borosilicate) were oxidized in an oxygen plasma cleaner

for 10 s at 100 W (Femto, Diener Electronic) and brought into

contact to ensure bonding and prevent fluidic leakage. Prior to

bonding, the PDMS chip was punched using a hole puncher

(Ted Pella) with an outer diameter smaller than 1/16'.

Medium was injected into the single device inlet with a

pipette. Then, without appling additional external pressure,

medium filled in the whole microfluidic circuitry.

HSC isolation and culture

Human umbilical cord blood samples were collected from

normal full-term deliveries after maternal informed consent

according to approved institutional guidelines (Assistance

Publique – Hôpitaux de Paris, Paris, France). CD34+ cells

were isolated using the direct CD34 Progenitor Cell Isolation

Kit (Miltenyi Biotec, Paris, France) and cryopreserved in SVF

(Hyclone)/10% DMSO (B Braun). After thawing, cells were

resuspended in the culture medium HPO1 (Macopharma,

France) supplemented with growth factors 100 ng μL−1 SCF,

10 ng μL−1 G-CSF, 20 ng μL−1 TPO, and 100 ng μL−1 FLT3I

(PeproTech) just before being injected into the microfluidic

device at a density of 106 cells mL−1.

CD34+ cells were stained by addition of PE-CD33,

APC-CD34 and FITC-CD38 monoclonal antibodies (Becton

Dickinson).

Image acquisition

Images were taken using an ECLIPSE Ti (Nikon) equipped

with a confocal scanner unit (CSU-X1, Yokogawa), a 4-wavelength

LED excitation device (CoolLED pE-2 collimator, Life Sciences

and Analytical), and a CoolSNAP HQ2 camera (Photometrics).

The microscope was controlled using MetaMorph software

(Molecular Devices).

When it contained cells, the chip was maintained on the

microscope on a heating stage and humidified chamber at

37 °C supplied with 5% CO2 for pH buffering (Live Cell Instrument).

COMSOL simulations

Simulations of the fluid flow were performed by the finite

element method using COMSOL Multiphysics (COMSOL).

Each design was modeled in a 2D plane. A planar laminar

flow was setup under the same input and output boundary

flow conditions. A time-lapse diffusion model was monitored

until full replacement of media in the chambers and asym-

metric connecting microchannels.

Results
No-flow chamber design

We refer here to a no-flow chamber as a confined space in

which fluid flow is absent or comparable to thermal agitation

(Fig. 1A). Our aim was to design such a chamber in 2D with a

minimum number of inlets/outlets to facilitate chamber

manufacturing and use. We defined few key criteria for the

design of the chamber. The no-flow chamber should contain

one or several side channels for the supply of new solutes.

Pressures should be balanced in order to restrict fluid flow

to these side channels (Fig. 1B). The size of the openings

between the side channels and the chamber should protect

the chamber from fluid entry. However, these openings

should allow solute diffusion from the side channels to

the chamber. Finally, the chamber size should allow fluid

renewal by diffusion within a few minutes (Fig. 1C).

Compartmentalized microenvironments protected from

fluid flow by linear arrays of micropillars have been designed

to confine multicellular clusters of adherent cells.18 The

underlying concept is brilliant and has proved to be quite

efficient to confine these cell groups.19 Numerical simula-

tions revealed that in such a device a residual flow would

persist and affect loosely adherent cells such as HSCs

(Fig. S1A†). Physical barriers perpendicular to this residual

flow in the chambers should reduce it (Fig. S1B†). Reducing

the number of openings between the side channels and the

main chamber should also reduce internal flow. Eventually,

square chambers with two side openings, as shown in

Fig. 1A, appeared optimal (Fig. S1D†).

A single opening should even be more efficient than two

openings to protect the chamber from fluid entry. Dead-end

chambers with a single opening have been proven to be

efficient in confining cells.20–22 However, they require the use

of vacuum and porous materials to remove the trapped air

bubbles in the chambers and suck the cells inside.
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Fig. 1 No-flow chamber design. (A) Design principle showing the central chamber and the side channels allowing medium supply. (B) Illustration

of the pressure balance condition required for protecting the central chamber from the flow in the side channels (shown as white arrows).

(C) Illustration of medium renewal based on solute diffusion through chamber openings. (D) Array of no-flow chambers supplied with symmetric

side channels. (E) Illustration of no-flow chamber filling from symmetric side channels. The liquid is shown in green, the air is in white. Air is

trapped in the chamber. (F) Array of no-flow chambers supplied with asymmetric side channels. (G) Illustration of no-flow chamber filling from

asymmetric side channels. The liquid is shown in green, the air is in white. The delay between the liquid progressions in the two channels prevents

air trapping in the chamber. (H) Video recording of chamber filling with water containing Alexa-488 fluorophore as a marker (shown in green). Blue

lines highlight the channel shapes. Time is in seconds. (I) Picture of the PDMS chip. (J) Zoomed picture of the PDMS chip.

Lab on a Chip Paper



80 | Lab Chip, 2015, 15, 77–85 This journal is © The Royal Society of Chemistry 2015

Actually, trapped air bubbles constitute the most critical

problem in no-flow devices, since they tend to form particu-

larly in regions of interest where the flow is reduced. Intuitive

symmetric designs, in which no-flow chambers are flanked

with two side channels (Fig. 1D), induce the trapping of air

bubbles in most chambers. Indeed, the synchrony of fluid

filling in the two symmetric side channels immediately

balances the pressure between the two openings and stops

liquid flow in the central chamber, leading to air bubble trap-

ping, as illustrated in the sequence described in Fig. 1E. We

designed asymmetric supply channels to circumvent this

problem (Fig. 1F). With asymmetric supply channels, fluid

arrival close to the upper opening can be delayed so that the

fluid fills the chamber from the bottom opening (Fig. 1G).

The most straightforward way to ensure that the delay corre-

sponds exactly to the time it takes to fill a chamber is to add

one chamber as a delay line to the upper supply channel

(Fig. 1F). In the time sequence shown in Fig. 1H, fluorescently

labeled proteins were used to show the filling of no-flow

chambers with the asymmetric supply design (Movie S1†).

Almost no bubbles were trapped with these asymmetric side

channels. We also found that rounded chambers, rather than

square chambers with right angles, improved chamber filling

without trapping air bubbles (Fig. S2†).

The dimensions of the optimal chamber design are shown

in Fig. S3A.† Importantly, our design offers the possibility to

align chambers in series and to load many of those lines in

parallel with a single inlet. We could thus design a 1 cm2

chip with a single inlet distributing the fluid to 800 chambers

(Fig. 1I, J and S3B†).

No-flow chamber test

The fluid flow in no-flow chambers was first estimated with

numerical simulations. Fluid flow was present in the first

three and the last three chambers of the line because of

Fig. 2 Flow measurement in the no-flow chambers. (A) One-micron polystyrene beads were used as fiducial markers to reveal fluid flow. Images

were taken with 200 ms exposure time (see Movie S2†) to record bead trajectories. The displayed image is the overlay of 10 images taken with a

500 ms time interval in order to reveal the field lines. The beads do not enter the no-flow chambers. (B) Bead motion movies were recorded at

various positions in the chip, at the entry (left), in the middle (center) and at the exit (right) of the microchannels, and used to record bead veloci-

ties in the chambers. (C) Bead velocities were measured in all chambers along the microchannels for two inlet fluid velocities: 150 μm s−1 (left) and

1500 μm s−1 (right). Data showed that flow was null in the 30 central chambers.
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the asymmetric supply but was almost absent from the 30

chambers in between (Fig. S4A, B†). In those chambers, the

simulated flow in the supply channels barely entered the

chambers (Fig. S4C†). This was further confirmed experimentally

by looking at the motion of the fluorescent beads (Fig. 2A,

Movie S2†). Long exposure during image acquisition revealed

local bead displacements. Time-lapse acquisitions of such

images revealed bead trajectories. Beads appeared almost

immobile in the no-flow chambers, whereas they were rapidly

transported in the supply channels (Fig. 2A). Measurements

of bead displacement within chambers depending on

their position along the supply channels confirmed that the

30 chambers at the center displayed no fluid flow even

when the flow in the supply channel reached 1500 μm s−1

(Fig. 2B, C).

The possibility of renewing the medium in no-flow

chambers was tested by switching the inlet from green to red

fluorophores (Fig. 3A, Movie S3†). Since the new fluid could

not flow through the chambers, the renewal was entirely

supported by diffusion. We measured the green and the red

fluorescence signals in the chamber (position A in Fig. 3B)

and in the supply side channels (position B). The chamber

content appeared completely renewed 7 minutes after the

fluid switch. Larger chambers would have allowed larger

observation fields but would have made this renewal time

much longer.

HSC loading and monitoring

In order to test the design of the chamber which was opti-

mized for fluid filling, flow blocking and medium renewal,

we introduced living cells in the no-flow chambers. As a first

test, we used the Jurkat cell line, which are easy-to-use non-

adherent human T lymphocytes. They could survive and pro-

liferate in the no-flow chambers for several days. We then

switched to human HSCs. Cells were collected from human

umbilical cord blood, sorted based on the expression of

CD34 (ref. 23) and immediately frozen in liquid nitrogen. CD34

is a cell surface glycoprotein from the family of sialomucins

that is commonly used as a marker of stemness during

hematopoiesis.24

HSCs were thawed, resuspended in the growth medium

and loaded in no-flow chambers during initial chip filling.

Cell density was adapted to obtain 1 to 10 cells per chamber

(Fig. 4A). The cell culture medium in side channels was rene-

wed every 6 hours. Cell growth and movements were moni-

tored by phase contrast microscopy over several days using

multiposition time-lapse acquisitions (Fig. 4B, Movie S4†). It

appeared that HSC growth rates were highly variable: some

cells divided up to six times in three days, whereas others

remained quiescent. To gain further insights into the link

between this variability and cell profile diversity, we took

advantage of the key feature of our new device which is to

Fig. 3 Medium renewal. (A) The chip was filled with 1 μM Alexa-488 (green fluorescence emission) in water. The inlet was then switched to

1 μM Alexa-568 (red fluorescence emission) in water. Green and red fluorescence in the chambers were video-recorded. Time is indicated

in min:s. (B) Green and red fluorescence emission signals were measured in the no-flow chamber (position A) and in the side channel

(position B). Intensity values were normalized to the initial and final values for green and red, respectively. Dashed lines show the fluores-

cence in the side channel. Full lines show the fluorescence in the no-flow chambers. It took about 7 minutes after inlet switch to renew

completely the medium in the chambers.
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change the cell culture medium without detaching non-

adherent cells and introduced fluorescently labeled anti-

bodies at the end of the acquisition (Fig. 4C). These antibodies

targeted various surface receptors known to reveal the cell

differentiation state. CD38 and CD34 were used as markers

of non-differentiated cells,24 whereas CD33 was used as a

marker of early engagement in the myeloid lineage.25

Three days after cell collection and loading in the no-flow

chambers, most cells had started to express CD33, few cells

were CD38 positive and only 60% were still expressing the

stemness marker CD34. Thus the entire population appeared

quite heterogeneous (Fig. 4D). Several hypotheses could

account for this diversity. It could be the consequence of

asymmetric HSC divisions, leading to daughter cells with dis-

tinct protein expression profiles. It could also be due to

differences in the proliferation rates of distinct sub-

populations. Clues could be obtained by tracking individual

cells and reconstituting cell lineage trees (Fig. 4E). Although

some asymmetric divisions were observed (cell #5 in Fig. 4E

for example), leading to daughter cells with distinct expres-

sion profiles, they were quite rare and most of the clones

displayed identical surface markers. This favored the differen-

tial growth rate hypothesis. To further test it, we counted the

number of division the cells went through for all combina-

tions of surface markers. Cells that were still expressing CD38

after three days did not divide or divided only once. Cells

expressing CD34 went up to two rounds of division. In con-

trast, cells expressing CD33 had divided two to four times

(Fig. 4F). These data accounted for the massive presence of

CD33 cells after three days and suggested that population

Fig. 4 HSC growth in no-flow chambers. (A) Observation of HSCs (arrows) under transmitted light after no-flow chamber filling. (B) Video

recording of HSCs in a no-flow chamber under transmitted light. Time is in hours. Scale bar is 50 μm. (C) Live HSC staining with fluorescent primary

antibodies against CD38 (green), CD34 (blue) and CD33 (red) at the end of the video recording. Antibodies were added to the culture medium in the

side channels. Scale bar is 50 μm. (D) Quantification of the proportion of cells expressing the various makers after 3 days of culture in no-flow

chambers. Color code is shown at the bottom. N = 257 cells, n = 17 chambers. (E) Example of a lineage tree obtained after visual tracking of HSCs in

the no-flow chambers. Bottom line shows cell staining at the end of the movie. Color code is shown at the bottom. (F) Quantification of the surface

receptor expression profiles depending on the number of cell division during three days of observation. N = 257 cells, n = 17 chambers.
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heterogeneity was mainly due to differences in cell prolifera-

tion capacities.

Cell monitoring revealed that most HSCs acquired

elongated and polarized leukocyte-like shapes soon after

being loaded in the chip.26,27 These cells developed dynamic

membrane protrusions at their leading edge and displayed

slow amoeboid-like migration throughout the no-flow cham-

ber (Movie S4†). In contrast, static cells remained round.

Here we also took advantage of the possibility of associating

cell monitoring with fluorescence immunostaining to reveal

the protein expression profiles of static and migrating cells.

Three days after cell loading, the profiles of the static cells

were heterogeneous: 60% were CD33+ and 30% were CD33+/

CD34+ (Fig. 5A). Strikingly, 95% of migrating cells were

CD33+/CD34+ (Fig. 5A). Thus the co-expression of CD34 and

CD33 did not seem to be specific to but characteristic of all

moving cells. To further understand the relationship between

the CD33/CD34 co-expression and the acquisition of cell

motility, we looked at receptor localization at the cell surface.

In static cells, we could observe several patches of CD33,

whereas in moving cells CD33 receptors were clustered at the

cell rear in the uropod (Fig. 5B). These observations were fur-

ther quantified by the measurement of the cell shape factor

and surface marker distribution. Migrating cells appeared

much more elongated than static cells (Fig. 5C). Surface

marker polarization was quantified by measuring the posi-

tion of the center of mass of the fluorescence signal with

respect to the cell center. CD34 appeared evenly distributed

in both static cells and migrating cells, whereas CD33 was

strongly polarized toward the rear of migrating cells (Fig. 5C).

Backward polarization of CD33 in the uropod appeared as a

specific signature of migrating CD34+ HSCs.

Discussion

Here we described the design and use of a new no-flow cham-

ber. Sophisticated microfluidic 3D chambers with several

layers of channels and valves were used to screen multiple

compounds on a chip.15 The goal here was simply to protect

the biological sample from fluid flow in a large array of

chambers. The chamber shape and chip circuitry have been

designed for routine use in biology. The aim was to minimize

the manufacturing difficulties and to make the chip robust

and easy-to-use. The outcome of our work is a single-layer 2D

chip with a single inlet and 800 chambers per cm2 (the

complete chip is shown in Fig. S3†). The circuitry has been

optimized to allow the fluid loading without formation of air

bubbles. Since vacuum is not required to eliminate air bub-

bles, the chip can be produced in plastic or glass as an alter-

native to PDMS. Finally, the chamber shape and size allow

Fig. 5 HSC polarization. (A) Quantification of the surface receptor expression profiles in static and migrating cells. N = 257 cells, n = 17 chambers.

(B) Images showing the spatial distribution of CD34 (blue) and CD33 (red) at the surface of static and migrating HSCs after three days of culture in

no flow-chambers. (C) Measurement of cell aspect ratios (top line) and localization of surface markers (bottom line) in static and migrating HSCs.

The cell aspect ratio was measured by fitting the cell shape with an ellipse and quantifying the ratio of the short and long axes. Migrating

cells appeared more elongated. Surface marker localization was quantified by measuring the coordinate of the center of mass of the

fluorescence signal along the long cell axis (xcm) and normalizing it to the length of this axis. CD33 appeared systematically polarized in the rear

of migrating HSCs.
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rapid medium exchange by diffusion. This last feature is par-

ticularly useful since it is almost impossible to change the

fluid on top of flow-sensitive biological samples under classi-

cal experimental conditions.

No-flow chambers are suited for biological systems that

are sensitive to or could be damaged by fluid flow. For exam-

ple, several biochemical assays are based on the detection of

a specific protein or DNA strand in a sample due to its inter-

action with a surface-bound probe. These assays can be

limited by the affinity between the probe and the ligand, par-

ticularly during the washing steps. Reducing fluid shear

stress in no-flow chambers could improve the sensitivity of

these assays. Another example relates to the cell types, such

as endothelial or epithelial cells, which can be oriented in

space or physiologically modified by fluid shear stress.13 No

flow chambers could be used to prevent such stress and get

rid of this bias. Here we took advantage of the absence of

flow to monitor HSCs, which are loosely adherent cells and

therefore often displaced by fluid convection under classical

cell culture conditions.

As HSCs were used to validate the suitability of no-flow

chambers for monitoring their behavior, we made two inter-

esting observations that may have important implications in

our understanding of stem cell physiology. First, the early

rise in population heterogeneity seemed to involve mainly

the differences in the proliferation rates of various cell types.

Second, HSC migration appeared to be coupled with cell

shape polarization and rear clustering of CD33 receptors.

These two observations fully validated the relevance of the

no-flow chambers for the study of HSC physiology and

opened new questions that remained to be investigated.

Human primary HSCs were initially purified from

umbilical cord blood samples by immunosorting based on

the expression of CD34 according to the classical method that

is commonly used in therapy protocols. The yield is known to

be quite high and the initial proportion of CD34+ cells is

around 90%. How this proportion decreased to 60% in three

days is still not fully explained. CD34−/CD33+ cells proliferate

quite fast and tend to predominate in the entire popula-

tion. CD34+/CD33+ proliferated slightly slower and CD34+/

CD33− divided rarely. This suggests that the expression of

CD33 and the loss of expression of CD34 tend to be corre-

lated with the increased proliferation capacities. CD33+ cells

are engaged in the myeloid lineage and somehow impair

the regeneration capacities of bone marrow transplant. Fur-

ther investigations are required to identify the mechanism

underlying the early appearance of this marker and the loss

of CD34 in order to prevent them and maintain the regen-

eration capacities of the transplant. The occurrence of

asymmetric divisions in the very early stages of the cell

culture is an attractive hypothesis that could account for

the evolution we observed.

HSCs have been shown to display sometimes a polarized

organization of cell surface receptors.28,29 Several receptors,

such as ICAMs, mucins, CD44 and integrins, were shown to

cluster in the cholesterol-rich membrane of the uropod at the

cell rear.28,30 Our study showed that CD33 should be added

to this list. More importantly, the long-term HSC monitoring

that was enabled by the absence of flow in the chambers

revealed the tight coupling between this polarization and cell

migration. This suggests that the early mechanisms involved

in the initiation of cell migration are probably coupled

with receptor clustering and cell polarization. Further studies

are required to investigate the original symmetry break in

HSCs. The association with cell migration suggests that

the interplay between cell adhesion and contractility could be

a key element in this event.31 No-flow chambers offer the

best-suited experimental conditions to study these basic and

fundamental questions and improve our understanding of

HSC biology.
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to the lenght of rectangle (5) by an entry (4) centered on the chamber side that is parallel to rectangle (5).

Each entry (2) and (4) have a square shape. The two entry sides that are perpendicular to
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Résumé 

Le cytosquelette d’actine régule la forme de la cellule au cours du temps. Pour le 

comprendre, il faut étudier les mécanismes moléculaires qui le constituent. In vivo, 

ces mécanismes sont masqués par la complexité du vivant. Si nous parvenons à 

reproduire pièce par pièce le cytosquelette d’actine in vitro et si nous pouvons le 

contrôler, aussi bien dans l’espace et dans le temps, alors nous pourrons élucider les 

secrets de son fonctionnement. Cette thèse montre que nous avons maintenant 

développé la technologie qui nous permet de le faire pour certaines architectures du 

cytosquelette d’actine. 

Nous avons développé de nouvelles méthodes de « micropatterning » pour contrôler 

la nucléation des monomères d’actine dans l’espace en deux dimensions. Ceci nous a 

amenés à la reconstitution et au guidage de réseaux de filaments d’actine parallèles à 

polarité identique et à la reconstitution de l’anneau de cytocinèse.  

J’ai crée une puce microfluidique innovante pour contrôler la composition 

biochimique des systèmes d’actine reconstitués au cours du temps. Ceci nous a permis  

de contrôler la cinétique de polymérisation du filament d’actine individuel libre, et de 

contrôler la séquence d’intervention des protéines sur les réseaux de filaments 

d’actine parallèles à polarité identique. 

Enfin, nous avons utilisé cette même puce microfluidique pour étudier la 

différentiation des cellules souches hématopoïétiques. 

 

 

 

 

 

 

 

Abstract 

Actin cytoskeleton regulate cell shape over time. To understand that, we have to study 

molecular mechanisms that constitute actin cytoskeleton. In vivo,  those mechanisms 

are hidden by cellular complexity. If we achieve to reproduce piece by piece actin 

cytoskeleton in vitro and if we can control it in space and time, then we are able to 

elucidate the secrets of it operate. This thesis show that we have developed the 

technology that allow us to do it for a few actin cytoskeleton architectures.  

We have developed new micro-patterning methods to control actin monomers 

nucleation into two-dimensional space. This led us to the reconstitution and guidance 

of parallel actin filament networks with same polarity and allowed us to reconstitute 

actin contractil ring.    

I created  an innovating microfluidic chip to control biochemical composition of 

reconstituted actin systems over time. This allowed us to control kinetics of free 

individual actin filament polymerisation and to control the intervention sequence of  

proteins on parallel actin filament networks. 

Finaly, we used the microfluidic chip to study hematopoïetic stem cells 

differentiation. 
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