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Question 1: Optical Tweezers calibration
Solution:
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Question 9: Gel Electrophoresis
Solution:
Three hopefully correct and readable scans.







Dr. Ulrich F. Keyser - ufk20 (at) cam.ac.uk

Question 7: Polymers in Confinement
Solution:
(i) The electrostatic potential in the channel is V (x) = −Ex so we can easily write down the
energy for the molecule when entering the channel is

∆U(x) = −ρE
∫ x

0
xdx = −1

2
ρEx2

i believe that we do not have to mention that U(x = 0) = 0 as a boundary condition. This is of
course a major simplification as there will be a finite electric field outside of the channel due to
the access resistance.

(ii) First explain the sign: the DNA has to be straight inside the channel so fewer configurations
are available so entropy is lower in this state with ∆S < 0.
Dependence on x: entropy is an extensive quantity and therefore proportional to the length L
of the strand. Since the DNA in the cavity has a fixed configuration (i.e. no entropy), we have
S = S(L)(1 − x/L so obviously ∆S ∝ −x. Well in principle this explains also the sign. I
believe it is good to split this into two discussions - but do as you see fit.
Remark: In the event that there are questions about entropy as extensive quantity for WLC
polymers ... The number of possible configurations will be

ZN = (No. of configs/link1)(No. of configs/link2)...(No. of configs/linkN) = (const)N

So we get for the entropy

S = kB ln(ZN) = NkB ln(const)⇔ S ∝ N

(iii) Now we can write down ∆G as was asked in the question as

∆G = −1

2
ρEx2 + γTx

A sketch will look like the plot shown below. Of course the position of the barrier will depend
on all parameters as expected from the question. Calculate the stationary points of ∆G:

d∆G

dx
= −ρExc = γT = 0

xc =
γT

ρE

This is expected since at higher fields the ’barrier’/maximum gets closer and closer to the chan-
nel entrance - and smaller of course. No we can get the height:

∆G∗ = ∆G(xc) =
γ2T 2

2ρE

(iv) As T is increased the entropic energy cost for reaching the transition state increases while
the electrostatic energy remains unchanged. In other words, the entropic chain gets stiffer with
increasing temperature resisting the pulling force.
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Question 12: Nanopores
This is the solution for (i) and (iii), (ii) is just putting in numbers, (iv) is described in
Smeets et al. Nano Letters 2006 http://www.bss.phy.cam.ac.uk/ ufk20/teaching/pdf/smeets.pdf:
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Question 9: Polymer translocation
This solution is described in Storm et al. Nano Letters 2005
http://www.bss.phy.cam.ac.uk/ ufk20/teaching/pdf/storm.pdf. The second part is added
just for information.
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Question 10: Nanopores II
Solution:
(i) resistive-pulse sensing: label-free detection, detection of molecule by current change through
nanopore, detection limit given by diameter, length of nanopore sensor

(ii) calculate resistance for one half of the nanopre and multiply by 2. Parametrization of edge:
d(z) = a+ z b−a

l
and thus calculate resistance R

R = 2ρ
∫ l

0

1

πd(z)2
dx

after some algebra you should get

R = 2
ρl

π

1

ab
since we only look for the resistance from 0 to 2lwe do not have to mention the access resistance
here.

(iii) Calculate the current density j = I/A = U/(RA) you should get two j for 0 to l and l to
2l yielding

j1 =
Uab

2π(a+ z(b− a)/l)2ρl

and
j2 =

Uab

2π(b+ (z − l)(a− b)/l)2ρl

and the electric field is just E(z) = j/ρ for the two cases. Sketch E(Z) with basically meeting
at the center and symmetrically increasing towards both ends. The corresponding ionic current
sketch should show to peaks in the current.

The time of flight is simply calculated by∫ t2

t1
dt =

1

µ

∫ 2l

0

1

E(z)
dz

with the electric fields from above one gets for the first half 0 to l

t =
l

µ3(b− a)
(b3 − a3)

and for the second part l to 2l obviously the same and thus

∆t =
2πl

µ(a− b)
(a3 − b3)

as expected.
Finally for L << l pore-molecule interaction should increase time of flight as well as the

entropic barrier for entering the exit constriction. For L >> l correlation between entrance and
exit possible, time of flight is dominated by stiffness of molecule, i.e. no relaxation in cavity
before 2nd translocation.

Experimental data can be found in paper from Pedone et al. Nano Letters 11 (4) 15611567
(2011).
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Question 11: Thermodynamics of the ATP synthase molecular motor
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Revision Question: Linearized Poisson-Boltzmann Equation
Solution:










