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Cellular compartments
Cell compartments separate chemically distinct 
environments

Many cell compartments 
have membranes



10 µm

Par2Par6

Cellular compartments
Cell compartments separate chemically distinct 
environments

Some compartments do
not possess membranes

from Banani, Lee, Hyman, Rosen, Nat. Rev. Mol. Biol. (2017)
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P bodies (yellow) 
P granules (green) 

Stress granules (purple) 
Source: Christine Vande Velde  

PML bodies (red) 
  Source: Thomas G Hofmann  Source: Wikipedia

Membraneless compartments 

  Source: C. Brangwynne



 P granules
P granules (germ granules) contain many different RNA 
binding proteins and RNA
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P granule segregation
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Brangwynne et. al, Science 324 (2009)

found in the cytoplasm of 
germ cell precursors

non-membrane bound assemblies
of proteins and RNA

implicated in specification of
germ cells

Strome et al, Science 317 (2007)

segregated during asymmetric 
cell division
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GFP:PGL1
Brangwynne, Jülicher, Hyman et. al, Science 324 (2009)

P granule segregation



P granule assembly gradient

disassembly assembly

GFP:PGL1

Anterior Posterior

Brangwynne, Jülicher, Hyman et. al, Science 324 (2009)



P granules are liquid drops

Par2Par6

P-granule flow
and fusion

Brangwynne et. al, Science 324 (2009)



 mixing

 demixing

phase separation regulated by temperature or composition

Liquid-liquid phase separation 



Liquid-liquid phase separation 

 mixing

 demixing

phase separation regulated by temperature or composition
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Phase transition in a cell
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PGL-1::GFP

temperature
increase

Anatol Frisch, Christoph Weber,  Andres Diaz



PGL-1::GFP

temperature
decrease
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Phase transition in a cell

Anatol Frisch, Christoph Weber,  Andres Diaz



Phase diagram

Anatol Frisch, Christoph Weber,  Andres Diaz, Tony Hyman
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Active processes: T fluctuations

Anatol Frisch, Christoph Weber,  Andres Diaz, Tony Hyman
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Dynamic temperature profile

thermal diffusivity

specific heatheat produced by active processes
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Active processes: T fluctuations
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<latexit sha1_base64="LzNzaS2R6HF+F4Q30olIedyDkxk=">AAAB73icbVBNS8NAEJ34WetX1aOXxSJ4KokoeizqwWOFfkEbyma7aZduNnF3IpTQP+HFgyJe/Tve/Ddu2xy09cHA470ZZuYFiRQGXffbWVldW9/YLGwVt3d29/ZLB4dNE6ea8QaLZazbATVcCsUbKFDydqI5jQLJW8Hoduq3nrg2IlZ1HCfcj+hAiVAwilZqd++4RErqvVLZrbgzkGXi5aQMOWq90le3H7M04gqZpMZ0PDdBP6MaBZN8UuymhieUjeiAdyxVNOLGz2b3TsipVfokjLUthWSm/p7IaGTMOApsZ0RxaBa9qfif10kxvPYzoZIUuWLzRWEqCcZk+jzpC80ZyrEllGlhbyVsSDVlaCMq2hC8xZeXSfO84l1W3IeLcvUmj6MAx3ACZ+DBFVThHmrQAAYSnuEV3pxH58V5dz7mrStOPnMEf+B8/gBgR4+I</latexit>

�T
<latexit sha1_base64="gkR0F2O6peUUsxNDRp/B7hv/wX8=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0nEoseiF48V7Qe0oWy2m3bpZhN2J0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6xEnC/YgOlQgFo2ilB+y7/XLFrbpzkFXi5aQCORr98ldvELM04gqZpMZ0PTdBP6MaBZN8WuqlhieUjemQdy1VNOLGz+anTsmZVQYkjLUthWSu/p7IaGTMJApsZ0RxZJa9mfif100xvPYzoZIUuWKLRWEqCcZk9jcZCM0ZyokllGlhbyVsRDVlaNMp2RC85ZdXSeui6tWq7v1lpX6Tx1GEEziFc/DgCupwBw1oAoMhPMMrvDnSeXHenY9Fa8HJZ47hD5zPHwVmjZ8=</latexit>

t0

<latexit sha1_base64="BR64zcdvDa5JU7iTykl840H7TGA=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0nEoseiF48V7Qe0oWy2m3bpZhN2J0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6xEnC/YgOlQgFo2ilB+x7/XLFrbpzkFXi5aQCORr98ldvELM04gqZpMZ0PTdBP6MaBZN8WuqlhieUjemQdy1VNOLGz+anTsmZVQYkjLUthWSu/p7IaGTMJApsZ0RxZJa9mfif100xvPYzoZIUuWKLRWEqCcZk9jcZCM0ZyokllGlhbyVsRDVlaNMp2RC85ZdXSeui6tWq7v1lpX6Tx1GEEziFc/DgCupwBw1oAoMhPMMrvDnSeXHenY9Fa8HJZ47hD5zPHwbqjaA=</latexit>

t1
<latexit sha1_base64="DI/SJuS6dPItz1dbeYS2/ELYpJ0=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKoseiF48V7Qe0oWy2m3bpZhN2J0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6xEnC/YgOlQgFo2ilB+zX+uWKW3XnIKvEy0kFcjT65a/eIGZpxBUySY3pem6CfkY1Cib5tNRLDU8oG9Mh71qqaMSNn81PnZIzqwxIGGtbCslc/T2R0ciYSRTYzojiyCx7M/E/r5tieO1nQiUpcsUWi8JUEozJ7G8yEJozlBNLKNPC3krYiGrK0KZTsiF4yy+vklat6l1W3fuLSv0mj6MIJ3AK5+DBFdThDhrQBAZDeIZXeHOk8+K8Ox+L1oKTzxzDHzifPwhujaE=</latexit>

t2

heat source



Active processes: T fluctuations

Anatol Frisch, Christoph Weber,  Andres Diaz, Tony Hyman

<latexit sha1_base64="SQH0F3OG6+xPBEMl3j0AwO6Q01w=">AAACHnicbVBNS8NAEN34WetX1aOXxSIIQknEoheh6MWjgtVCE8Nku2kWN5tldyOU0F/ixb/ixYMigif9N25qD9r6YODx3gwz8yLJmTau++XMzM7NLyxWlqrLK6tr67WNzWud5YrQNsl4pjoRaMqZoG3DDKcdqSikEac30d1Z6d/cU6VZJq7MQNIghb5gMSNgrBTWmr4EZRjw0OArfIJ94DIB7AuIONweWG0f+7ECUlwOC18lGSahHIa1uttwR8DTxBuTOhrjIqx9+L2M5CkVhnDQuuu50gRFuZpwOqz6uaYSyB30addSASnVQTF6b4h3rdLDcaZsCYNH6u+JAlKtB2lkO1MwiZ70SvE/r5ub+DgomJC5oYL8LIpzjk2Gy6xwjylKDB9YAkQxeysmCdgwjE20akPwJl+eJtcHDa/ZcC8P663TcRwVtI120B7y0BFqoXN0gdqIoAf0hF7Qq/PoPDtvzvtP64wzntlCf+B8fgMqp6FJ</latexit>

@tT = ↵r2T +
Q

⇢cp

Dynamic temperature profile

thermal diffusivity

specific heatheat produced by active processes
<latexit sha1_base64="IIAmx4//SHEETooFgjYXRNQZUYw=">AAACAXicbVDLSgMxFM3UV62vUTeCm2ARXNUZq+iy6MZlC/YBnWnJpJk2NMmMSUYoQ934K25cKOLWv3Dn35i2s9DWAxcO59zLvfcEMaNKO863lVtaXlldy68XNja3tnfs3b2GihKJSR1HLJKtACnCqCB1TTUjrVgSxANGmsHwZuI3H4hUNBJ3ehQTn6O+oCHFSBupax/UPEU5uYeu0ynD1JMcNk95pzzu2kWn5EwBF4mbkSLIUO3aX14vwgknQmOGlGq7Tqz9FElNMSPjgpcoEiM8RH3SNlQgTpSfTj8Yw2Oj9GAYSVNCw6n6eyJFXKkRD0wnR3qg5r2J+J/XTnR45adUxIkmAs8WhQmDOoKTOGCPSoI1GxmCsKTmVogHSCKsTWgFE4I7//IiaZyV3IuSUzsvVq6zOPLgEByBE+CCS1ABt6AK6gCDR/AMXsGb9WS9WO/Wx6w1Z2Uz++APrM8fODiVdA==</latexit>

Q ' 103W/m3
<latexit sha1_base64="22avihLJp0OYZEfNU2StrUwijj8=">AAACEHicbVC7TsMwFHXKq5RXgJHFokKwEJKqqIwVLIxFog+pSSvHcVoLOwm2g1RF/QQWfoWFAYRYGdn4G9w2A7Qc6UpH59yre+/xE0alsu1vo7C0vLK6VlwvbWxube+Yu3stGacCkyaOWSw6PpKE0Yg0FVWMdBJBEPcZaft3VxO//UCEpHF0q0YJ8TgaRDSkGCkt9c1jF7FkiKArKSf30LGq0MVBrKBj97LT2hhmvFc5k+O+WbYtewq4SJyclEGORt/8coMYp5xECjMkZdexE+VlSCiKGRmX3FSSBOE7NCBdTSPEifSy6UNjeKSVAIax0BUpOFV/T2SISznivu7kSA3lvDcR//O6qQovvIxGSapIhGeLwpRBFcNJOjCggmDFRpogLKi+FeIhEggrnWFJh+DMv7xIWhXLObfsm2q5fpnHUQQH4BCcAAfUQB1cgwZoAgwewTN4BW/Gk/FivBsfs9aCkc/sgz8wPn8Ag36a/Q==</latexit>

↵ ' 1.4 · 10�7m2/s

a single ATP hydrolysis event dissipating 
<latexit sha1_base64="aetb4TNj/jKT9B5stvkGo8TEa1I=">AAAB9XicbVBNTwIxEJ3FL8Qv1KOXRmLiiewajR4JXjxiwgIJrKRbutDQdjdtV0M2/A8vHjTGq//Fm//GAntQ8CWTvLw3k5l5YcKZNq777RTW1jc2t4rbpZ3dvf2D8uFRS8epItQnMY9VJ8Saciapb5jhtJMoikXIaTsc38789iNVmsWyaSYJDQQeShYxgo2VHjwXZT0l0LhfR81pv1xxq+4caJV4OalAjka//NUbxCQVVBrCsdZdz01MkGFlGOF0WuqlmiaYjPGQdi2VWFAdZPOrp+jMKgMUxcqWNGiu/p7IsNB6IkLbKbAZ6WVvJv7ndVMT3QQZk0lqqCSLRVHKkYnRLAI0YIoSwyeWYKKYvRWREVaYGBtUyYbgLb+8SloXVe+q6t5fVmr1PI4inMApnIMH11CDO2iADwQUPMMrvDlPzovz7nwsWgtOPnMMf+B8/gC8ApFe</latexit>

10kBT

time                    distance                   temperature  

produces a temperature perturbation 

<latexit sha1_base64="vu+3MAm8DIGau8KfwGIG1RS8arw=">AAAB8XicbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0TJoYxnBxGByhL3NJFmyu3fs7gnhyL+wsVDE1n9j579xk1yhiQ8GHu/NMDMvSgQ31ve/vcLK6tr6RnGztLW9s7tX3j9omjjVDBssFrFuRdSg4AoblluBrUQjlZHAh2h0M/UfnlAbHqt7O04wlHSgeJ8zap30GJCsoyVRctItV/yqPwNZJkFOKpCj3i1/dXoxSyUqywQ1ph34iQ0zqi1nAielTmowoWxEB9h2VFGJJsxmF0/IiVN6pB9rV8qSmfp7IqPSmLGMXKekdmgWvan4n9dObf8qzLhKUouKzRf1U0FsTKbvkx7XyKwYO0KZ5u5WwoZUU2ZdSCUXQrD48jJpnlWDi6p/d16pXedxFOEIjuEUAriEGtxCHRrAQMEzvMKbZ7wX7937mLcWvHzmEP7A+/wB2KKQYQ==</latexit>

1nm
<latexit sha1_base64="TC/w92006CCKEOm47V62fIOR2q8=">AAAB83icbVBNSwMxEJ2tX7V+VT16CRbBU8mKoseiF48V7Ad0l5JNs21oNhuSrFCW/g0vHhTx6p/x5r8xbfegrQ8GHu/NMDMvUoIbi/G3V1pb39jcKm9Xdnb39g+qh0dtk2aashZNRaq7ETFMcMlallvBukozkkSCdaLx3czvPDFteCof7USxMCFDyWNOiXVS4GOM8kAnSJlpv1rDdTwHWiV+QWpQoNmvfgWDlGYJk5YKYkzPx8qGOdGWU8GmlSAzTBE6JkPWc1SShJkwn988RWdOGaA41a6kRXP190ROEmMmSeQ6E2JHZtmbif95vczGN2HOpcosk3SxKM4EsimaBYAGXDNqxcQRQjV3tyI6IppQ62KquBD85ZdXSfui7l/V8cNlrXFbxFGGEziFc/DhGhpwD01oAQUFz/AKb17mvXjv3seiteQVM8fwB97nD8Q7kN0=</latexit>

100ps <latexit sha1_base64="Zs6HL10JQ2MDFRcjdYZ6k0Y34cg=">AAAB8HicbVDLSgMxFL2pr1pfVZdugkVwVWZ8oMuiG8FNBfuQdiiZNNOGJpkhyQhl6Fe4caGIWz/HnX9j2s5CqwcuHM65l3vvCRPBjfW8L1RYWl5ZXSuulzY2t7Z3yrt7TROnmrIGjUWs2yExTHDFGpZbwdqJZkSGgrXC0fXUbz0ybXis7u04YYEkA8UjTol10sMpzrpa4ttJr1zxqt4M+C/xc1KBHPVe+bPbj2kqmbJUEGM6vpfYICPacirYpNRNDUsIHZEB6ziqiGQmyGYHT/CRU/o4irUrZfFM/TmREWnMWIauUxI7NIveVPzP66Q2ugwyrpLUMkXni6JUYBvj6fe4zzWjVowdIVRzdyumQ6IJtS6jkgvBX3z5L2meVP3zqnd3Vqld5XEU4QAO4Rh8uIAa3EAdGkBBwhO8wCvS6Bm9ofd5awHlM/vwC+jjG9lSj8k=</latexit>

3K
<latexit sha1_base64="1Qs6rThMie2JsEQfA9ZyyYbAnRA=">AAAB8nicbVBNSwMxEJ2tX7V+VT16CRbBU9kVRY9FLx4r2A9ol5JN0zY0yS7JrFCW/gwvHhTx6q/x5r8xbfegrQ8Cj/dmJjMvSqSw6PvfXmFtfWNzq7hd2tnd2z8oHx41bZwaxhsslrFpR9RyKTRvoEDJ24nhVEWSt6Lx3cxvPXFjRawfcZLwUNGhFgPBKDqpE/gk6xpFtJ32yhW/6s9BVkmQkwrkqPfKX91+zFLFNTJJrXXDEgwzalAwyaelbmp5QtmYDnnHUU0Vt2E2X3lKzpzSJ4PYuKeRzNXfHRlV1k5U5CoVxZFd9mbif14nxcFNmAmdpMg1W3w0SCXBmMzuJ31hOEM5cYQyI9yuhI2ooQxdSiUXQrB88ippXlSDq6r/cFmp3eZxFOEETuEcAriGGtxDHRrAIIZneIU3D70X7937WJQWvLznGP7A+/wBUWaQoQ==</latexit>

10ns
<latexit sha1_base64="Y/3KizBnD1YQzF8HgPGoggf5XHQ=">AAAB8nicbVBNSwMxEJ2tX7V+VT16CRbBU9kVRY9FLx4r2A9ol5JN0zY0yS7JrFCW/gwvHhTx6q/x5r8xbfegrQ8Cj/dmJjMvSqSw6PvfXmFtfWNzq7hd2tnd2z8oHx41bZwaxhsslrFpR9RyKTRvoEDJ24nhVEWSt6Lx3cxvPXFjRawfcZLwUNGhFgPBKDqpE/gk6xpFtJr2yhW/6s9BVkmQkwrkqPfKX91+zFLFNTJJrXXDEgwzalAwyaelbmp5QtmYDnnHUU0Vt2E2X3lKzpzSJ4PYuKeRzNXfHRlV1k5U5CoVxZFd9mbif14nxcFNmAmdpMg1W3w0SCXBmMzuJ31hOEM5cYQyI9yuhI2ooQxdSiUXQrB88ippXlSDq6r/cFmp3eZxFOEETuEcAriGGtxDHRrAIIZneIU3D70X7937WJQWvLznGP7A+/wBSEiQmw==</latexit>

10nm
<latexit sha1_base64="JnoQC2Pq8GvOdaQRHQmg+KoTU58=">AAAB8XicbVDLSgMxFL2pr1pfVZdugkVwVWZ8oMuiG8FNBfvAdiiZNNOGJpkhyQhl6F+4caGIW//GnX9j2s5CqwcuHM65l3vvCRPBjfW8L1RYWl5ZXSuulzY2t7Z3yrt7TROnmrIGjUWs2yExTHDFGpZbwdqJZkSGgrXC0fXUbz0ybXis7u04YYEkA8UjTol10sMpzrpaYnk76ZUrXtWbAf8lfk4qkKPeK392+zFNJVOWCmJMx/cSG2REW04Fm5S6qWEJoSMyYB1HFZHMBNns4gk+ckofR7F2pSyeqT8nMiKNGcvQdUpih2bRm4r/eZ3URpdBxlWSWqbofFGUCmxjPH0f97lm1IqxI4Rq7m7FdEg0odaFVHIh+Isv/yXNk6p/XvXuziq1qzyOIhzAIRyDDxdQgxuoQwMoKHiCF3hFBj2jN/Q+by2gfGYffgF9fAOmjJBA</latexit>

3mK
<latexit sha1_base64="TuU6XtElNGs85KUc8A63RMkIV/g=">AAAB9HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPRi8cK9gOaUDbbTbt0dxN3N4US+ju8eFDEqz/Gm//GTZuDtj4YeLw3w8y8MOFMG9f9dkpr6xubW+Xtys7u3v5B9fCoreNUEdoiMY9VN8SaciZpyzDDaTdRFIuQ0044vsv9zoQqzWL5aKYJDQQeShYxgo2VAg9lvhLIFynSs3615tbdOdAq8QpSgwLNfvXLH8QkFVQawrHWPc9NTJBhZRjhdFbxU00TTMZ4SHuWSiyoDrL50TN0ZpUBimJlSxo0V39PZFhoPRWh7RTYjPSyl4v/eb3URDdBxmSSGirJYlGUcmRilCeABkxRYvjUEkwUs7ciMsIKE2NzqtgQvOWXV0n7ou5d1d2Hy1rjtoijDCdwCufgwTU04B6a0AICT/AMr/DmTJwX5935WLSWnGLmGP7A+fwBxz6RdQ==</latexit>

1µs
<latexit sha1_base64="HpQJUG3VVy23I4FylXskKWz+z2o=">AAAB83icbVBNSwMxEJ2tX7V+VT16CRbBU8mKoseiF48V7Ad0l5JNs21okl2SrFCW/g0vHhTx6p/x5r8xbfegrQ8GHu/NMDMvSgU3FuNvr7S2vrG5Vd6u7Ozu7R9UD4/aJsk0ZS2aiER3I2KY4Iq1LLeCdVPNiIwE60Tju5nfeWLa8EQ92knKQkmGisecEuukwMcY5YGWSMlpv1rDdTwHWiV+QWpQoNmvfgWDhGaSKUsFMabn49SGOdGWU8GmlSAzLCV0TIas56gikpkwn988RWdOGaA40a6URXP190ROpDETGblOSezILHsz8T+vl9n4Jsy5SjPLFF0sijOBbIJmAaAB14xaMXGEUM3drYiOiCbUupgqLgR/+eVV0r6o+1d1/HBZa9wWcZThBE7hHHy4hgbcQxNaQCGFZ3iFNy/zXrx372PRWvKKmWP4A+/zB7gRkNU=</latexit>

100nm
<latexit sha1_base64="1WcrqSWq5P5hogTntXUsyHVyH/U=">AAAB9HicbVDLSgNBEOyNrxhfUY9eBoPgKez6QI9BL4KXCOYB2SXMTmaTITOz68xsICz5Di8eFPHqx3jzb5wke9DEgoaiqpvurjDhTBvX/XYKK6tr6xvFzdLW9s7uXnn/oKnjVBHaIDGPVTvEmnImacMww2k7URSLkNNWOLyd+q0RVZrF8tGMExoI3JcsYgQbKwXnKPOVQL5I0f2kW664VXcGtEy8nFQgR71b/vJ7MUkFlYZwrHXHcxMTZFgZRjidlPxU0wSTIe7TjqUSC6qDbHb0BJ1YpYeiWNmSBs3U3xMZFlqPRWg7BTYDvehNxf+8Tmqi6yBjMkkNlWS+KEo5MjGaJoB6TFFi+NgSTBSztyIywAoTY3Mq2RC8xZeXSfOs6l1W3YeLSu0mj6MIR3AMp+DBFdTgDurQAAJP8Ayv8OaMnBfn3fmYtxacfOYQ/sD5/AGNlpFP</latexit>

3µK

volume elements of               size
beyond             timescales

<latexit sha1_base64="TuU6XtElNGs85KUc8A63RMkIV/g=">AAAB9HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPRi8cK9gOaUDbbTbt0dxN3N4US+ju8eFDEqz/Gm//GTZuDtj4YeLw3w8y8MOFMG9f9dkpr6xubW+Xtys7u3v5B9fCoreNUEdoiMY9VN8SaciZpyzDDaTdRFIuQ0044vsv9zoQqzWL5aKYJDQQeShYxgo2VAg9lvhLIFynSs3615tbdOdAq8QpSgwLNfvXLH8QkFVQawrHWPc9NTJBhZRjhdFbxU00TTMZ4SHuWSiyoDrL50TN0ZpUBimJlSxo0V39PZFhoPRWh7RTYjPSyl4v/eb3URDdBxmSSGirJYlGUcmRilCeABkxRYvjUEkwUs7ciMsIKE2NzqtgQvOWXV0n7ou5d1d2Hy1rjtoijDCdwCufgwTU04B6a0AICT/AMr/DmTJwX5935WLSWnGLmGP7A+fwBxz6RdQ==</latexit>

1µs

<latexit sha1_base64="HpQJUG3VVy23I4FylXskKWz+z2o=">AAAB83icbVBNSwMxEJ2tX7V+VT16CRbBU8mKoseiF48V7Ad0l5JNs21okl2SrFCW/g0vHhTx6p/x5r8xbfegrQ8GHu/NMDMvSgU3FuNvr7S2vrG5Vd6u7Ozu7R9UD4/aJsk0ZS2aiER3I2KY4Iq1LLeCdVPNiIwE60Tju5nfeWLa8EQ92knKQkmGisecEuukwMcY5YGWSMlpv1rDdTwHWiV+QWpQoNmvfgWDhGaSKUsFMabn49SGOdGWU8GmlSAzLCV0TIas56gikpkwn988RWdOGaA40a6URXP190ROpDETGblOSezILHsz8T+vl9n4Jsy5SjPLFF0sijOBbIJmAaAB14xaMXGEUM3drYiOiCbUupgqLgR/+eVV0r6o+1d1/HBZa9wWcZThBE7hHHy4hgbcQxNaQCGFZ3iFNy/zXrx372PRWvKKmWP4A+/zB7gRkNU=</latexit>

100nm

are at 
local thermodynamic equilibrium  

heat source



Thermodynamics of phase 
coexistence

f

�Bdropsolution

Free energy density

Concentration jump at droplet interface

(out) (in)

B-rich

A-rich

P in = P out +
2�

Rµin
A = µout

A

µin
B = µout

B

�out
B �in

B

(in)

(out)

Concentration �B
<latexit sha1_base64="xKGrflzVec/3cZ6/YL5LymwBhsc=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRbBU9lVQY+lXjxWsB/QLiWbZtvYbBKSrFCW/gcvHhTx6v/x5r8xbfegrQ8GHu/NMDMvUpwZ6/vfXmFtfWNzq7hd2tnd2z8oHx61jEw1oU0iudSdCBvKmaBNyyynHaUpTiJO29H4dua3n6g2TIoHO1E0TPBQsJgRbJ3U6qkR69f75Ypf9edAqyTISQVyNPrlr95AkjShwhKOjekGvrJhhrVlhNNpqZcaqjAZ4yHtOipwQk2Yza+dojOnDFAstSth0Vz9PZHhxJhJErnOBNuRWfZm4n9eN7XxTZgxoVJLBVksilOOrESz19GAaUosnziCiWbuVkRGWGNiXUAlF0Kw/PIqaV1Ug8tqcH9VqdXzOIpwAqdwDgFcQw3uoAFNIPAIz/AKb570Xrx372PRWvDymWP4A+/zB1YGjvc=</latexit>

entropy

interaction energies

mixing
demixing

F = U � TS

<latexit sha1_base64="qfkoEmfRaLhfc1FW1JPpM3+Bvso=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRbBi2VXCnoRioJ4rNhtC+1SsmnaxmaTJckKZel/8OJBEa/+H2/+G9N2D9r6YODx3gwz88KYM21c99vJrayurW/kNwtb2zu7e8X9g4aWiSLUJ5JL1QqxppwJ6htmOG3FiuIo5LQZjm6mfvOJKs2kqJtxTIMIDwTrM4KNlRq3V/5Z/aFbLLlldwa0TLyMlCBDrVv86vQkSSIqDOFY67bnxiZIsTKMcDopdBJNY0xGeEDblgocUR2ks2sn6MQqPdSXypYwaKb+nkhxpPU4Cm1nhM1QL3pT8T+vnZj+ZZAyESeGCjJf1E84MhJNX0c9pigxfGwJJorZWxEZYoWJsQEVbAje4svLpHFe9irlyn2lVL3O4sjDERzDKXhwAVW4gxr4QOARnuEV3hzpvDjvzse8NedkM4fwB87nD3gDjmk=</latexit>
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In vitro protein condensation

Louise Jawerth

purified P granule protein PGL-3 in a physiological buffer



In vitro droplet ripening

PGL-3 droplets fuse and grow
Shambaditya Saha
Louise Jawerth

5 µm

0 s

0.2 s

0.6 s

3.5 s



Ostwald ripening

Ostwald ripening: two equal drops are unstable

smaller drop shrinks

larger drop grows

Laplace pressure

P1 > P2

P1

P2

�P =
2�

R
D. Zwicker

Droplet ripening 

@t� = r · (�rµ)

µ(1)
B > µ(2)

B



Droplet fusion: hydrodynamics

Laplace pressure flow velocity

surface tension �
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mean curvature of droplet surface H
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H ' 1

R �P

pressure gradients

viscosity ⌘



Laplace pressure �P =
2�

R
flow velocity ⌘�v = rP

Rabea Seyboldt

Droplet fusion: hydrodynamics



Droplet fusion: hydrodynamics
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P granules are liquid drops

10 µm

Par2Par6

Brangwynne et. al, Science 324 (2009)

viscosity

surface tension

⌘

�

⌘/� ' 2s/µm

⌘ ' 1000 ⌘H2O

P-granule flow
and fusion

� ' 10�6N/m



P granule assembly gradient

Brangwynne et. al, Science 324 (2009)

disassembly assembly

GFP:PGL1

Anterior Posterior



Cell polarity

PAR-6 / PAR-2

10 µm

A P
Cortical asymmetry

Cytoplasmic gradients

P granule segregation

Mex5

PGL1



Protein gradient drives
granule segregation

10 µm

Par2Par6

Concentration gradient 
of Mex 5 protein 

Chui-Fan Lee, Brangwynne, Gharakhani, Hyman, Jülicher PRL (2013)
Brangwynne et. al, Science 324 (2009)

two-phase
region

one-phase
region

A P

Saha et al Cell (2016)



Position dependent phase separation

Chui-Fan Lee, Brangwynne, Gharakhani, Hyman, Jülicher PRL (2013)

PGL-3 density �

Mex 5 density  

solvent density
✓

�+  + ✓ = 1

Mex 5 density
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RNA binding competition
Mex-5 
binds RNA

Mex-5 binding to RNA reduces
free RNA concentration

Mex-5 does not bind to PGL-3

PGL-3 droplet formation 
inhibited

Saha, Weber, Adame,…Jawerth, Eckmann, Jülicher, Hyman Cell (2016)



Position dependent phase separation

Chui-Fan Lee, Brangwynne, Gharakhani, Hyman, Jülicher PRL (2013)

PGL-3 density �

Mex 5 density  

solvent density ✓
�+  + ✓ = 1

Mex 5 density

PGL-3 density



Stochastic droplet
dynamics

Weber, Chiu-Fan Lee, Jülicher, NJP 19 (2017)

Effective droplet model

Chui-Fan Lee, Brangwynne, Gharakhani, 
Hyman, Jülicher PRL (2013)



Concentration buffering
total average concentration �̄
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mRNA protein

Stochastic protein production
and degradation
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production/degradation 
noise in cell

cell to cell variability of 
production rate

noise strength
variance

mean

concentration fluctuations

Poisson noise
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J. Paulsson, Nature (2004)
M. Elowitz et al, Science (2002)
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droplet

Noise buffering by
phase separation

mRNA protein

cell to cell variability of 
production rate

phase separation noise

Klosin, Oltsch, Harmon, Honigmann, Jülicher, Hyman, Zechner, Science (2020)
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droplet

Noise buffering by
phase separation

mRNA protein

faster protein turnover

Klosin, Oltsch, Harmon, Honigmann, Jülicher, Hyman, Zechner, Science (2020)
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cell to cell variability of 
production rate



Noise buffering in Experiments

Klosin, Oltsch, Harmon, Honigmann, Jülicher, Hyman, Zechner, Science (2020)
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noise in total intensity

noise in dilute phase



Noise buffering in Experiments

Klosin, Oltsch, Harmon, Honigmann, Jülicher, Hyman, Zechner, Science (2020)
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noise in total intensity

noise in dilute phase

droplets dissolve during
mitosis: noise increases



Nucleoli (green) Cajal bodies (green) 

P bodies (yellow) 
P granules (green) 

Stress granules (purple) 
Source: Christine Vande Velde  

PML bodies (red) 
  Source: Thomas G Hofmann  Source: Wikipedia

Condensates as chemical 
reaction centers 

  Source: C. Brangwynne



Chemical reactions in droplets
1.) droplets provide reaction centers

2.) droplets material is turned over by reactions

E+S P 

P 

S 
localise reactions
concentrate reactants

accelerate reactions

active droplets

novel droplet behaviors



Zwicker, Hyman, Jülicher, Phys. Rev. E 92 (2015)

reaction-diffusion in the bulk f
2�

R

�Bdropsolution

Free energy

reaction-driven droplet growth

(out) (in)

@t�A = DAr2�A � r

@t�B = DBr2�B + r

r = �Akf � �Bkb

droplets dissolve!

µn = kBT ln�n + wn

closed system: detailed balance

kf
kb

= exp

✓
wA � wB

kBT

◆

A ↵ B
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passive reactions

Droplet turnover: detailed balance



Chemically active droplets

Zwicker, Hyman, Jülicher, Phys. Rev. E 92 (2015)

reaction-diffusion in the bulk

µn = kBT ln�n + wn

chemical energy (fuel)

A ! B
kf

C C 0

�µC

kf
kb

6= exp

✓
wA � wB

kBT

◆

reaction-driven droplet growth

@t�A = DAr2�A � r

@t�B = DBr2�B + r

r = �Akf � �Bkb

open system: detailed balance broken

active chemical reactions

droplets maintained !



Steady state of active droplets
Reaction flux, no detailed
balance

droplet

chemical energyB ! A

A ! B

A

B

active droplet

Zwicker, Hyman, Jülicher, Phys. Rev. E (2015)

dR

dt

R̄ '


3DBkf
(kf + kb)kb

�1/3
r = �Akf � �Bkb

suppression of Ostwald
ripening: many droplets of
fixed size



Zwicker, Hyman, Jülicher, Phys. Rev. E (2015)

Dynamics of active droplets
Droplet ripening 
(no chemical reactions)

Chemically active droplets
(supression of Ostwald ripening)

Cahn Hilliard equation

@t� = r · (�rµ) @t� = r · (�rµ) + s(�)



Par2Par6

RNA-protein assemblies
organize chemistry in space 

stress granules
P granules
nucleoli ...

P-granules

Brangwynne et al PNAS (2011)

nucleolus

different types of RNP granules in many different cells



Droplets in early life?

Alexander Oparin
The origin of life (1924)

coacervates: 

colloidal droplets formed by aggregation 
of marcomolecules in a liquid phase

1894-1980



Active droplets as simple models 
for protocells

nutrient

droplet
chemical fuel

or light

Confined chemical reactions

wastedroplet

B ! A A

B

A ! B



Division of active droplets

droplet

B ! A A

B chemical energy

A ! B

chemically driven shape instability leads to droplet division

0 6 12 18 19.2 20 24

C

Zwicker, Seyboldt, Hyman, Jülicher, Nature Physics (2017)



Division of active droplets

Cahn-Hillard equation with chemical reactions and energy input

@t� = r · (�rµ) + s(�)Rabea Seyboldt



Division of active droplets

external super-
saturation

reaction rate

A ! B

B ! A
droplets 
dissolve

droplets divide

droplet

B ! A A

B

chemical energy

A ! B

Zwicker, Seyboldt, Hyman, Jülicher, Nature Physics (2017)



Division of active droplets

chemical energy

A ! B

droplet

B ! A A

B

Rabea Seyboldt, David Zwicker

external super-
saturation B ! A

droplet
radius

division

0 0.05 0.1 0.15 0.2
0

2

4

6

8

10

shape unstabledisassembly

growth

critical radius



Growth-division cycles

@t� = r · (�rµ) + s(�) Rabea Seyboldt



Simple model for protocells
Chemically active droplets:

energy input

far from equilibrium

simple “metabolism”
division and growth

no membrane 
no genetics

nutrient

droplet wastedroplet

B ! A A

B

A ! B



PGL3 – 40mM KCl

Hardening of protein condensates

can become more solid like when older

Protein condensates that are liquid-like after formation

Louise Jawerth



Protein condensates that behave liquid-like after formation

1h after preparation 46h after preparation

PGL3

Fluorescence recovery

Diffusion of immersed beads

can become more solid like when older

Louise Jawerth

Hardening of protein condensates



Pulling on condensates:
material properties

measurement of force and
deformation

viscosity

surface tension �

⌘

elastic moduli E
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rheology G⇤ = G0 +G00
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frequency dependent moduli

Jawerth et al. PRL 121 (2018)

Jawerth et al. Science (2020)



Jawerth et al. PRL 121 (2018)

measurement of force and
deformation

surface tension �

Surface tension from
active micro-rheology

� ' 5 µN/m
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(air-water surface tension
for comparison)
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� = 70mN/m

Jawerth et al. Science (2020)



�(t) = �̃ei!t
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u(t) = ũei!t
<latexit sha1_base64="YfOxZcVOzVJz1tiCG6BBELhkmyU=">AAACB3icbVDJSgNBEO2JW4xb1KMgjUGIlzATBb0IQS8eI5gFMmPo6VSSJj0L3TVCGHLz4q948aCIV3/Bm39jZzlo4oOCx3tVVNXzYyk02va3lVlaXlldy67nNja3tnfyu3t1HSWKQ41HMlJNn2mQIoQaCpTQjBWwwJfQ8AfXY7/xAEqLKLzDYQxewHqh6ArO0Ejt/GFCi3hCL6mLQnaAJhTuU+FGAfQYxVE7X7BL9gR0kTgzUiAzVNv5L7cT8SSAELlkWrccO0YvZQoFlzDKuYmGmPEB60HL0JAFoL108seIHhulQ7uRMhUinai/J1IWaD0MfNMZMOzreW8s/ue1EuxeeKkI4wQh5NNF3URSjOg4FNoRCjjKoSGMK2FupbzPFONoosuZEJz5lxdJvVxyTkvl27NC5WoWR5YckCNSJA45JxVyQ6qkRjh5JM/klbxZT9aL9W59TFsz1mxmn/yB9fkDrjOX8g==</latexit>

deformation

stress

�̃ = G⇤(!)ũ
<latexit sha1_base64="xUz/49wDWGBW25tUvqzECzN7KD0=">AAACDHicbVDLSgMxFM34rPVVdekmWITqosxUQTdC0YUuK9gHdMaSydy2ocnMkGSEMvQD3Pgrblwo4tYPcOffmLaz0NYDgcM553Jzjx9zprRtf1sLi0vLK6u5tfz6xubWdmFnt6GiRFKo04hHsuUTBZyFUNdMc2jFEojwOTT9wdXYbz6AVCwK7/QwBk+QXsi6jBJtpE6h6GrGA8CuYj1B8MX1/XHJjQT0yBHOrMSk7LI9AZ4nTkaKKEOtU/hyg4gmAkJNOVGq7dix9lIiNaMcRnk3URATOiA9aBsaEgHKSyfHjPChUQLcjaR5ocYT9fdESoRSQ+GbpCC6r2a9sfif105099xLWRgnGkI6XdRNONYRHjeDAyaBaj40hFDJzF8x7RNJqDb95U0JzuzJ86RRKTsn5crtabF6mdWRQ/voAJWQg85QFd2gGqojih7RM3pFb9aT9WK9Wx/T6IKVzeyhP7A+fwCXUJoN</latexit>

material response

storage modulus: in phase

loss modulus: phase shifted
(elastic)

(dissipation)

Time periodic forcing

Jawerth et al. PRL 121 (2018)

Jawerth et al. Science (2020)



Maxwell model

solid-like

liquid
-like

! [Hz]
<latexit sha1_base64="JuLoXv+Bs1YR3n1NhEWPE6k0gQU=">AAAB/XicbVDLSsNAFJ34rPUVHzs3g0VwVZIqKLgpuumygn1AE8pkOmmHziPMTIQ2FH/FjQtF3Pof7vwbp20W2nrgwuGce7n3nihhVBvP+3ZWVtfWNzYLW8Xtnd29fffgsKllqjBpYMmkakdIE0YFaRhqGGkniiAeMdKKhndTv/VIlKZSPJhRQkKO+oLGFCNjpa57HEhO+ggGN7CTBYrD2ngSdt2SV/ZmgMvEz0kJ5Kh33a+gJ3HKiTCYIa07vpeYMEPKUMzIpBikmiQID1GfdCwViBMdZrPrJ/DMKj0YS2VLGDhTf09kiGs94pHt5MgM9KI3Ff/zOqmJr8OMiiQ1ROD5ojhl0Eg4jQL2qCLYsJElCCtqb4V4gBTCxgZWtCH4iy8vk2al7F+UK/eXpeptHkcBnIBTcA58cAWqoAbqoAEwGINn8ArenCfnxXl3PuatK04+cwT+wPn8AVUTlIA=</latexit>

�̃ = G⇤(!)ũ
<latexit sha1_base64="xUz/49wDWGBW25tUvqzECzN7KD0=">AAACDHicbVDLSgMxFM34rPVVdekmWITqosxUQTdC0YUuK9gHdMaSydy2ocnMkGSEMvQD3Pgrblwo4tYPcOffmLaz0NYDgcM553Jzjx9zprRtf1sLi0vLK6u5tfz6xubWdmFnt6GiRFKo04hHsuUTBZyFUNdMc2jFEojwOTT9wdXYbz6AVCwK7/QwBk+QXsi6jBJtpE6h6GrGA8CuYj1B8MX1/XHJjQT0yBHOrMSk7LI9AZ4nTkaKKEOtU/hyg4gmAkJNOVGq7dix9lIiNaMcRnk3URATOiA9aBsaEgHKSyfHjPChUQLcjaR5ocYT9fdESoRSQ+GbpCC6r2a9sfif105099xLWRgnGkI6XdRNONYRHjeDAyaBaj40hFDJzF8x7RNJqDb95U0JzuzJ86RRKTsn5crtabF6mdWRQ/voAJWQg85QFd2gGqojih7RM3pFb9aT9WK9Wx/T6IKVzeyhP7A+fwCXUJoN</latexit>

Ageing of protein condensates

! [Hz]
<latexit sha1_base64="JuLoXv+Bs1YR3n1NhEWPE6k0gQU=">AAAB/XicbVDLSsNAFJ34rPUVHzs3g0VwVZIqKLgpuumygn1AE8pkOmmHziPMTIQ2FH/FjQtF3Pof7vwbp20W2nrgwuGce7n3nihhVBvP+3ZWVtfWNzYLW8Xtnd29fffgsKllqjBpYMmkakdIE0YFaRhqGGkniiAeMdKKhndTv/VIlKZSPJhRQkKO+oLGFCNjpa57HEhO+ggGN7CTBYrD2ngSdt2SV/ZmgMvEz0kJ5Kh33a+gJ3HKiTCYIa07vpeYMEPKUMzIpBikmiQID1GfdCwViBMdZrPrJ/DMKj0YS2VLGDhTf09kiGs94pHt5MgM9KI3Ff/zOqmJr8OMiiQ1ROD5ojhl0Eg4jQL2qCLYsJElCCtqb4V4gBTCxgZWtCH4iy8vk2al7F+UK/eXpeptHkcBnIBTcA58cAWqoAbqoAEwGINn8ArenCfnxXl3PuatK04+cwT+wPn8AVUTlIA=</latexit>

(46h)(1min)

Louise Jawerth

stress amplitude
(force per area)

deformation
amplitudecomplex 

modulus

solid-like

liquid
-like

G⇤ =
i!⌧cE

1 + i!⌧c
<latexit sha1_base64="EhhuWn9ny9mEKK/CpFT22YFj7hg=">AAACFnicbVDLSsNAFJ3UV62vqEs3g0UQxZJUQTdCUUSXFewDmhgm00k7dJIJMxOhhHyFG3/FjQtF3Io7/8Zpm4WtHrhwOOde7r3HjxmVyrK+jcLc/MLiUnG5tLK6tr5hbm41JU8EJg3MGRdtH0nCaEQaiipG2rEgKPQZafmDy5HfeiBCUh7dqWFM3BD1IhpQjJSWPPPo+v7g3AkEwil1eEh6CDoKJR6GV1lqH05rmWeWrYo1BvxL7JyUQY66Z345XY6TkEQKMyRlx7Zi5aZIKIoZyUpOIkmM8AD1SEfTCIVEuun4rQzuaaULAy50RQqO1d8TKQqlHIa+7gyR6stZbyT+53USFZy5KY3iRJEITxYFCYOKw1FGsEsFwYoNNUFYUH0rxH2kM1I6yZIOwZ59+S9pViv2caV6e1KuXeRxFMEO2AX7wAanoAZuQB00AAaP4Bm8gjfjyXgx3o2PSWvByGe2wRSMzx9CEZ7S</latexit>



stress amplitude
(force per area)

deformation
amplitude

Maxwell model
complex 
modulus

solid-like

liquid
-like

! [Hz]
<latexit sha1_base64="JuLoXv+Bs1YR3n1NhEWPE6k0gQU=">AAAB/XicbVDLSsNAFJ34rPUVHzs3g0VwVZIqKLgpuumygn1AE8pkOmmHziPMTIQ2FH/FjQtF3Pof7vwbp20W2nrgwuGce7n3nihhVBvP+3ZWVtfWNzYLW8Xtnd29fffgsKllqjBpYMmkakdIE0YFaRhqGGkniiAeMdKKhndTv/VIlKZSPJhRQkKO+oLGFCNjpa57HEhO+ggGN7CTBYrD2ngSdt2SV/ZmgMvEz0kJ5Kh33a+gJ3HKiTCYIa07vpeYMEPKUMzIpBikmiQID1GfdCwViBMdZrPrJ/DMKj0YS2VLGDhTf09kiGs94pHt5MgM9KI3Ff/zOqmJr8OMiiQ1ROD5ojhl0Eg4jQL2qCLYsJElCCtqb4V4gBTCxgZWtCH4iy8vk2al7F+UK/eXpeptHkcBnIBTcA58cAWqoAbqoAEwGINn8ArenCfnxXl3PuatK04+cwT+wPn8AVUTlIA=</latexit>

�̃ = G⇤(!)ũ
<latexit sha1_base64="xUz/49wDWGBW25tUvqzECzN7KD0=">AAACDHicbVDLSgMxFM34rPVVdekmWITqosxUQTdC0YUuK9gHdMaSydy2ocnMkGSEMvQD3Pgrblwo4tYPcOffmLaz0NYDgcM553Jzjx9zprRtf1sLi0vLK6u5tfz6xubWdmFnt6GiRFKo04hHsuUTBZyFUNdMc2jFEojwOTT9wdXYbz6AVCwK7/QwBk+QXsi6jBJtpE6h6GrGA8CuYj1B8MX1/XHJjQT0yBHOrMSk7LI9AZ4nTkaKKEOtU/hyg4gmAkJNOVGq7dix9lIiNaMcRnk3URATOiA9aBsaEgHKSyfHjPChUQLcjaR5ocYT9fdESoRSQ+GbpCC6r2a9sfif105099xLWRgnGkI6XdRNONYRHjeDAyaBaj40hFDJzF8x7RNJqDb95U0JzuzJ86RRKTsn5crtabF6mdWRQ/voAJWQg85QFd2gGqojih7RM3pFb9aT9WK9Wx/T6IKVzeyhP7A+fwCXUJoN</latexit>

Ageing of protein condensates

! [Hz]
<latexit sha1_base64="JuLoXv+Bs1YR3n1NhEWPE6k0gQU=">AAAB/XicbVDLSsNAFJ34rPUVHzs3g0VwVZIqKLgpuumygn1AE8pkOmmHziPMTIQ2FH/FjQtF3Pof7vwbp20W2nrgwuGce7n3nihhVBvP+3ZWVtfWNzYLW8Xtnd29fffgsKllqjBpYMmkakdIE0YFaRhqGGkniiAeMdKKhndTv/VIlKZSPJhRQkKO+oLGFCNjpa57HEhO+ggGN7CTBYrD2ngSdt2SV/ZmgMvEz0kJ5Kh33a+gJ3HKiTCYIa07vpeYMEPKUMzIpBikmiQID1GfdCwViBMdZrPrJ/DMKj0YS2VLGDhTf09kiGs94pHt5MgM9KI3Ff/zOqmJr8OMiiQ1ROD5ojhl0Eg4jQL2qCLYsJElCCtqb4V4gBTCxgZWtCH4iy8vk2al7F+UK/eXpeptHkcBnIBTcA58cAWqoAbqoAEwGINn8ArenCfnxXl3PuatK04+cwT+wPn8AVUTlIA=</latexit>

Louise Jawerth

⌧c = 0.05 s
<latexit sha1_base64="Ub4QCMGU+HTTZj9Cc8bYaWI4wow=">AAAB/nicbVBNS8NAEN3Ur1q/ouLJy2IRPJWkKgoiFL14rGA/oAlhs922S3eTsDsRSij4V7x4UMSrv8Ob/8Ztm4O2Phh4vDfDzLwwEVyD43xbhaXlldW14nppY3Nre8fe3WvqOFWUNWgsYtUOiWaCR6wBHARrJ4oRGQrWCoe3E7/1yJTmcfQAo4T5kvQj3uOUgJEC+8ADkgb02qk4594VzjwlsR4HdtkIU+BF4uakjHLUA/vL68Y0lSwCKojWHddJwM+IAk4FG5e8VLOE0CHps46hEZFM+9n0/DE+NkoX92JlKgI8VX9PZERqPZKh6ZQEBnrem4j/eZ0Uepd+xqMkBRbR2aJeKjDEeJIF7nLFKIiRIYQqbm7FdEAUoWASK5kQ3PmXF0mzWnFPK9X7s3LtJo+jiA7RETpBLrpANXSH6qiBKMrQM3pFb9aT9WK9Wx+z1oKVz+yjP7A+fwBF3JRm</latexit>

⌧c = 0.4 s
<latexit sha1_base64="81Jv4QvLw2RluSvv1xKXnLToCi4=">AAAB/XicbVDLSsNAFJ3UV62v+Ni5GSyCq5DUgoIIRTcuK9hWaEKYTCft0JlJmJkINRR/xY0LRdz6H+78G6dtFtp64MLhnHu5954oZVRp1/22SkvLK6tr5fXKxubW9o69u9dWSSYxaeGEJfI+QoowKkhLU83IfSoJ4hEjnWh4PfE7D0Qqmog7PUpJwFFf0JhipI0U2ge+RlmIL12n7l/A3JccqnFoV13HnQIuEq8gVVCgGdpffi/BGSdCY4aU6npuqoMcSU0xI+OKnymSIjxEfdI1VCBOVJBPrx/DY6P0YJxIU0LDqfp7IkdcqRGPTCdHeqDmvYn4n9fNdHwe5FSkmSYCzxbFGYM6gZMoYI9KgjUbGYKwpOZWiAdIIqxNYBUTgjf/8iJp1xzv1Knd1quNqyKOMjgER+AEeOAMNMANaIIWwOARPINX8GY9WS/Wu/Uxay1Zxcw++APr8wfRQ5Qr</latexit>

solid-like

liquid
-like

(46h)(1min)

G⇤ =
i!⌧cE

1 + i!⌧c
<latexit sha1_base64="EhhuWn9ny9mEKK/CpFT22YFj7hg=">AAACFnicbVDLSsNAFJ3UV62vqEs3g0UQxZJUQTdCUUSXFewDmhgm00k7dJIJMxOhhHyFG3/FjQtF3Io7/8Zpm4WtHrhwOOde7r3HjxmVyrK+jcLc/MLiUnG5tLK6tr5hbm41JU8EJg3MGRdtH0nCaEQaiipG2rEgKPQZafmDy5HfeiBCUh7dqWFM3BD1IhpQjJSWPPPo+v7g3AkEwil1eEh6CDoKJR6GV1lqH05rmWeWrYo1BvxL7JyUQY66Z345XY6TkEQKMyRlx7Zi5aZIKIoZyUpOIkmM8AD1SEfTCIVEuun4rQzuaaULAy50RQqO1d8TKQqlHIa+7gyR6stZbyT+53USFZy5KY3iRJEITxYFCYOKw1FGsEsFwYoNNUFYUH0rxH2kM1I6yZIOwZ59+S9pViv2caV6e1KuXeRxFMEO2AX7wAanoAZuQB00AAaP4Bm8gjfjyXgx3o2PSWvByGe2wRSMzx9CEZ7S</latexit>



stress amplitude
(force per area)

deformation
amplitude

Maxwell model
complex 
modulus

solid-like

liquid
-like

! [Hz]
<latexit sha1_base64="JuLoXv+Bs1YR3n1NhEWPE6k0gQU=">AAAB/XicbVDLSsNAFJ34rPUVHzs3g0VwVZIqKLgpuumygn1AE8pkOmmHziPMTIQ2FH/FjQtF3Pof7vwbp20W2nrgwuGce7n3nihhVBvP+3ZWVtfWNzYLW8Xtnd29fffgsKllqjBpYMmkakdIE0YFaRhqGGkniiAeMdKKhndTv/VIlKZSPJhRQkKO+oLGFCNjpa57HEhO+ggGN7CTBYrD2ngSdt2SV/ZmgMvEz0kJ5Kh33a+gJ3HKiTCYIa07vpeYMEPKUMzIpBikmiQID1GfdCwViBMdZrPrJ/DMKj0YS2VLGDhTf09kiGs94pHt5MgM9KI3Ff/zOqmJr8OMiiQ1ROD5ojhl0Eg4jQL2qCLYsJElCCtqb4V4gBTCxgZWtCH4iy8vk2al7F+UK/eXpeptHkcBnIBTcA58cAWqoAbqoAEwGINn8ArenCfnxXl3PuatK04+cwT+wPn8AVUTlIA=</latexit>

�̃ = G⇤(!)ũ
<latexit sha1_base64="xUz/49wDWGBW25tUvqzECzN7KD0=">AAACDHicbVDLSgMxFM34rPVVdekmWITqosxUQTdC0YUuK9gHdMaSydy2ocnMkGSEMvQD3Pgrblwo4tYPcOffmLaz0NYDgcM553Jzjx9zprRtf1sLi0vLK6u5tfz6xubWdmFnt6GiRFKo04hHsuUTBZyFUNdMc2jFEojwOTT9wdXYbz6AVCwK7/QwBk+QXsi6jBJtpE6h6GrGA8CuYj1B8MX1/XHJjQT0yBHOrMSk7LI9AZ4nTkaKKEOtU/hyg4gmAkJNOVGq7dix9lIiNaMcRnk3URATOiA9aBsaEgHKSyfHjPChUQLcjaR5ocYT9fdESoRSQ+GbpCC6r2a9sfif105099xLWRgnGkI6XdRNONYRHjeDAyaBaj40hFDJzF8x7RNJqDb95U0JzuzJ86RRKTsn5crtabF6mdWRQ/voAJWQg85QFd2gGqojih7RM3pFb9aT9WK9Wx/T6IKVzeyhP7A+fwCXUJoN</latexit>

Ageing of protein condensates

! [Hz]
<latexit sha1_base64="JuLoXv+Bs1YR3n1NhEWPE6k0gQU=">AAAB/XicbVDLSsNAFJ34rPUVHzs3g0VwVZIqKLgpuumygn1AE8pkOmmHziPMTIQ2FH/FjQtF3Pof7vwbp20W2nrgwuGce7n3nihhVBvP+3ZWVtfWNzYLW8Xtnd29fffgsKllqjBpYMmkakdIE0YFaRhqGGkniiAeMdKKhndTv/VIlKZSPJhRQkKO+oLGFCNjpa57HEhO+ggGN7CTBYrD2ngSdt2SV/ZmgMvEz0kJ5Kh33a+gJ3HKiTCYIa07vpeYMEPKUMzIpBikmiQID1GfdCwViBMdZrPrJ/DMKj0YS2VLGDhTf09kiGs94pHt5MgM9KI3Ff/zOqmJr8OMiiQ1ROD5ojhl0Eg4jQL2qCLYsJElCCtqb4V4gBTCxgZWtCH4iy8vk2al7F+UK/eXpeptHkcBnIBTcA58cAWqoAbqoAEwGINn8ArenCfnxXl3PuatK04+cwT+wPn8AVUTlIA=</latexit>

Louise Jawerth

⌧c = 0.05 s
<latexit sha1_base64="Ub4QCMGU+HTTZj9Cc8bYaWI4wow=">AAAB/nicbVBNS8NAEN3Ur1q/ouLJy2IRPJWkKgoiFL14rGA/oAlhs922S3eTsDsRSij4V7x4UMSrv8Ob/8Ztm4O2Phh4vDfDzLwwEVyD43xbhaXlldW14nppY3Nre8fe3WvqOFWUNWgsYtUOiWaCR6wBHARrJ4oRGQrWCoe3E7/1yJTmcfQAo4T5kvQj3uOUgJEC+8ADkgb02qk4594VzjwlsR4HdtkIU+BF4uakjHLUA/vL68Y0lSwCKojWHddJwM+IAk4FG5e8VLOE0CHps46hEZFM+9n0/DE+NkoX92JlKgI8VX9PZERqPZKh6ZQEBnrem4j/eZ0Uepd+xqMkBRbR2aJeKjDEeJIF7nLFKIiRIYQqbm7FdEAUoWASK5kQ3PmXF0mzWnFPK9X7s3LtJo+jiA7RETpBLrpANXSH6qiBKMrQM3pFb9aT9WK9Wx+z1oKVz+yjP7A+fwBF3JRm</latexit>

⌧c = 0.4 s
<latexit sha1_base64="81Jv4QvLw2RluSvv1xKXnLToCi4=">AAAB/XicbVDLSsNAFJ3UV62v+Ni5GSyCq5DUgoIIRTcuK9hWaEKYTCft0JlJmJkINRR/xY0LRdz6H+78G6dtFtp64MLhnHu5954oZVRp1/22SkvLK6tr5fXKxubW9o69u9dWSSYxaeGEJfI+QoowKkhLU83IfSoJ4hEjnWh4PfE7D0Qqmog7PUpJwFFf0JhipI0U2ge+RlmIL12n7l/A3JccqnFoV13HnQIuEq8gVVCgGdpffi/BGSdCY4aU6npuqoMcSU0xI+OKnymSIjxEfdI1VCBOVJBPrx/DY6P0YJxIU0LDqfp7IkdcqRGPTCdHeqDmvYn4n9fNdHwe5FSkmSYCzxbFGYM6gZMoYI9KgjUbGYKwpOZWiAdIIqxNYBUTgjf/8iJp1xzv1Knd1quNqyKOMjgER+AEeOAMNMANaIIWwOARPINX8GY9WS/Wu/Uxay1Zxcw++APr8wfRQ5Qr</latexit>

solid-like

liquid
-like

(46h)(1min)

G⇤ =
i!⌧cE

1 + i!⌧c
<latexit sha1_base64="EhhuWn9ny9mEKK/CpFT22YFj7hg=">AAACFnicbVDLSsNAFJ3UV62vqEs3g0UQxZJUQTdCUUSXFewDmhgm00k7dJIJMxOhhHyFG3/FjQtF3Io7/8Zpm4WtHrhwOOde7r3HjxmVyrK+jcLc/MLiUnG5tLK6tr5hbm41JU8EJg3MGRdtH0nCaEQaiipG2rEgKPQZafmDy5HfeiBCUh7dqWFM3BD1IhpQjJSWPPPo+v7g3AkEwil1eEh6CDoKJR6GV1lqH05rmWeWrYo1BvxL7JyUQY66Z345XY6TkEQKMyRlx7Zi5aZIKIoZyUpOIkmM8AD1SEfTCIVEuun4rQzuaaULAy50RQqO1d8TKQqlHIa+7gyR6stZbyT+53USFZy5KY3iRJEITxYFCYOKw1FGsEsFwYoNNUFYUH0rxH2kM1I6yZIOwZ59+S9pViv2caV6e1KuXeRxFMEO2AX7wAanoAZuQB00AAaP4Bm8gjfjyXgx3o2PSWvByGe2wRSMzx9CEZ7S</latexit>

E ' 20Pa
<latexit sha1_base64="YEQd5AGbQ7DsQkjmFIDtzox7Yas=">AAAB/HicbVBNS8NAEN34WetXtEcvi0XwVJIq6LEogscK9gOaUDbbSbt0N4m7GyGE+le8eFDEqz/Em//GbZuDtj4YeLw3w8y8IOFMacf5tlZW19Y3Nktb5e2d3b19++CwreJUUmjRmMeyGxAFnEXQ0kxz6CYSiAg4dILx9dTvPIJULI7udZaAL8gwYiGjRBupb1duPMUEPOC6g3NPCtwkk75ddWrODHiZuAWpogLNvv3lDWKaCog05USpnusk2s+J1IxymJS9VEFC6JgMoWdoRAQoP58dP8EnRhngMJamIo1n6u+JnAilMhGYTkH0SC16U/E/r5fq8NLPWZSkGiI6XxSmHOsYT5PAAyaBap4ZQqhk5lZMR0QSqk1eZROCu/jyMmnXa+5ZrX53Xm1cFXGU0BE6RqfIRReogW5RE7UQRRl6Rq/ozXqyXqx362PeumIVMxX0B9bnDy/1k9M=</latexit>



Increasing relaxation time:
glassy dynamics

Maxwell relaxation time for increasing ageRescaled frequency dependent moduli

G0
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Glassy Maxwell fluid: Maxwell glass

crosslink lifetime 
increases with age

crosslink density 
roughly unchanged

increasing viscosity with age



Gel formation versus ageing glass

sharp transition from
fluid to solid

Gelation

elastic modulus increases

permanent cross-links
added

Maxwell glass

cross link life
time increases

remains soft

viscosity increases
gradually
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Glassy dynamics: disorder of 
molecular interactions

intrinsically disordered protein domains

supramolecular chemistry 
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large number of possible 
molecular configurations 

polymer physics 

complex energy landscapes 
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Conclusions
Phase separation in the cell cytoplasm

distinct chemical compartments in the cell
spatial organization of chemistry

Fluctuations: Buffering of concentration fluctuations

P-granules: segregation by position
dependent supersaturation

energy input
B ! A

A ! B

A

protocell? active droplets grow and divide

complex soft materials



Acknowledgements
Max Planck Institute for the
Physics of Complex Systems, Dresden

Max Planck Institute of Molecular
Cell Biology and Genetics, Dresden

Rabea Seyboldt
Tyler Harmon
Christoph Weber
Lars Hubatsch
Sandeep Choubay

Omar Adame
Jonathan Bauermann
Jonas Neipel
Stefano Bo
Louise Jawerth

Shambaditya Saha
Andres Diaz
Anatol Fritsch
Florian Oltsch
Adam Klosin

Tony Hyman
Jan Brugues
Moritz Kreysing
Christoph Zechner
Stephan Grill
Jose Morin

Elisabeth Friedrich-Fischer




