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BCDE<-FG-7F0B<0B>-

H! .0BIFJK7B.F0- H!
H/H! DC7!LIFK0J- H!
H/M! C.3-FG-BN<-9FI!- O!

M! 9CB<I-BIC0>*FIB- P!
M/H! 7<EEKEF><-G.DI<>- P!
N\P\P! %")H-"H)$! [!
N\P\N! C/"$)S'&b)$!&."$)/-"&(.! c!
M/M! Q<C>B-7<EE>- HR!
N\N\P! )$%G(.%$!"(!(%9("&-!%#(-a! PO!
N\N\N! /dH/G()&.%! PP!

S! <T*<I.3<0BCE- HS!
S/H! <0U.IF03<0BCE->7C00.0L-<E<7BIF0-3.7IF>7F*Q- HS!
S/M! 3CB<I.CE>-C0J->C3*E<-*I<*CICB.F0- HV!
Q\N\P! -$,,H,(%$!'&b)$%! PV!
Q\N\N! J$/%"!-$,,%! P[!

W! J<U<EF*3<0B-FG-0<9-3<BNFJ>-GFI-!"#$!%&-<><3->BKJ.<>- HX!
W/H! BN<-!"#$!%&->C3*E<->BCL<- HX!
T\P\P! (I$)I&$C! PU!
T\P\N! ./.(9/.&GH,/"()! NN!
T\P\Q! /,H9&.&H9!'&e"H)$! NN!
T\P\T! -(GG$)!-J,&.*$)! NQ!
T\P\f! /'9!%$.%()! NT!
W/M! !"#$!%&-7F0BIFEE<J-9<BB.0L-FG-.0J.U.JKCE-7<EEKEF><-G.DI<>- MO!
W/S! >.0LE<-Q<C>B-7<EE>Y->B.GG0<>>-C0J-I<>*F0><-BF-F>3FB.7->NF7!- MV!
T\Q\P! $eG$)&9$."! NV!
T\Q\N! */"/!/./,J%&%! Nc!

O! !"#$!%&-7F0BIFEE<J-9<BB.0L-FG-.0J.U.JKCE-7<EEKEF><-G.DI<>- SH!
O/H! >K33CIQ-FG-I<>KEB>- SH!
O/M! 7F33<0B-F0-BN<-I<>*<7B.U<-IFE<>-FG-7<EE-9CEE-C0J-EK3<0- SS!
O/S! <UCEKCB.F0-FG-BN<-3<BNFJ- SW!
f\Q\P! G)/-"&-/,!/%G$-"%!('!"#$!&.!%&"H!$%$9!$eG$)&9$."! QT!
f\Q\N! %/9G,$!#/.*,&.+!/.*!G)$G/)/"&(.! Qf!
f\Q\Q! /GG,&-/b&,&"J!"(!-$,,H,(%$!'&b)$%!/.*!("#$)!9/"$)&/,%! Qf!

V! >.0LE<-Q<C>B-7<EE>Y->B.GG0<>>-C0J-I<>*F0><-BF-F>3FB.7->NF7!- SX!
V/H! >K33CIQ-FG-I<>KEB>- SX!
V/M! <UCEKCB.F0-FG-BN<-3<BNFJ- WR!
V\N\P! /GG,&-/b&,&"J!"(!C/"$)!")/.%G()"!/-"&I&"J!('!J$/%"! TP!
V\N\N! '()-$!9$/%H)$9$."! TN!

P! 7F07EK>.F0>-C0J-GKBKI<-FKBEFF!- WO!

C7!0F9E<JL<3<0B>- WP!
I<G<I<07<>- --WX-
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Figure 1. Schematic illustration of the problem of imaging a specimen with condensed water 
on its surface. The water is relatively opaque to the electrons in the incident electron beam 
and may therefore obscure the underlying structure of the specimen. Thus, the point of 
observation is not the same as the point of interaction between water and specimen. 
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1.2 Aim of the work 
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2 WATER TRANSPORT 
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2.1 Cellulose fibres 
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2.1.1 Structure 
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Figure 2. Schematic drawing of the cell wall layers. S1, S2 and S3 are the three lamellae of 
the secondary wall. P is the primary wall and ML the middle lamella. W is the so called warty 
layer lining the lumen. From (Côté, 1967), reprinted by permission of the University of 
Washington Press. 
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2.1.2 Water-fibre interaction 
/?!0^42D<60A! <6! ?0:7<36!N\P\PM! 7;0! :022>23?0! 8<K@0!;D?!5D<62B! 7E3!A35D<6?!k! 7;0!
:022!ED22!D6A!7;0!:067@D2!:D1<7BM!3@!2>506\!b37;!<670@D:7!?7@36L2B!E<7;!ED70@M!K>7!
7;@3>L;! A<880@067! 50:;D6<?5?\! ";<?! ?0:7<36! 4@31<A0?! D! K@<08! 310@1<0E! 38! 7;0!
<670@D:7<36!K07E006!ED70@!D6A!A<880@067!4D@7?!38!7;0!:022>23?0!8<K@0\!
!
";0!:022!ED22!<?!D!;BL@3?:34<:!5D70@<D2M!<\0\!<7!;D?!D6!D88<6<7B!83@!ED70@M!A>0!73!7;0!
;BA@3^B2!L@3>4?!4@0?067!36!7;0!:022>23?0!D?!E022!D?!;05<:022>23?0!5320:>20?\!/?!D!
:36?0=>06:0M! 7;0! 8<K@0! E<22! DK?3@K! 53<?7>@0! 8@35! 7;0! D<@! D6A! 7;0! 53<?7>@0!
:367067!E<22!:350!73!0=><2<K@<>5!E<7;!7;0!061<@365067!D::3@A<6L!73!7;0!@02D7<10!
;>5<A<7B!D6A!70540@D7>@0!38!7;0!D<@ (Bergman, et al., 2010)\!";0!:022!ED22!<?!D2?3!D!



U!

43@3>?! ?7@>:7>@0! D7! 7;0! 6D63507@0! 20102M! D6A! 7;0! 13<A! 132>50! <6! 7;0! :022! ED22!
<6:@0D?0?! A@D5D7<:D22B! A>@<6L! a@D87! 4>24<6L! D?! 7;0! E33A! <?! A02<L6<8<0A! 73!
?04D@D70!7;0!8<K@0?\!#06:0M!4>24!8<K@0?!;D10!D!5>:;!;<L;0@!43@3?<7B!7;D6!6D7<10!
8<K@0? (Andreasson, Forsström, & Wågberg, 2003)\!";0!43@0!132>50!<6!7;0!:022!ED22!
;D?! D! 2D@L0! <682>06:0! 36! 7;0! ?E022<6L! 4@340@7<0?! D?! 7;0! 8<K@0!E;06! 0^43?0A! 73!
ED70@!(Östlund, Köhnke, Nordstierna, & Nydén, 2009)\!!
!
'>@7;0@53@0M! 7;0! 2>506! <?! 0??067<D2! 83@! 7;0! ED70@! 7@D6?43@7! 4@340@7<0?! 38! 7;0!
8<K@0!(Sjöström, 1993)\!C;06!7;0!8<K@0!<?!0^43?0A!73!2<=><A!ED70@M!:D4<22D@B!83@:0?!
A@DE!ED70@!>4!7;0!2>506!A>0!73!D!:35K<6D7<36!38!7;0!ED70@S:022>23?0!<670@D:7<36!
D6A!7;0!ED70@SD<@!?>@8D:0!706?<36 (Bergman, et al., 2010)\!
!
CD70@!<6!7;0!:022>23?0!8<K@0!;D?!K006!:2D??<8<0A!<6!A<880@067!EDB?!<6!7;0!2<70@D7>@0\!
/! :355362B! >?0A! A0?:@<47<36M! D27;3>L;! ?350E;D7! ?<542<8<0AM! <?! hK3>6Ai! D6A!
h8@00i! ED70@\! ";0! ED70@! <6! 7;0! :022! ED22! <?! K3>6AM! ;02A! KB! <670@5320:>2D@!
D77@D:7<10!83@:0?M!E;<20!7;0!ED70@!<6!7;0!2>506!<?!:36?<A0@0A!8@00M!<\0\!637!K3>6A!
<6!D6B!EDB!0^:047!KB!:D4<22D@B!83@:0?\!";0!?3S:D220A!2%3+5#(/&'+/&%,"#-,%"&!Y'%GZ!<?!
7;0!53<?7>@0!:367067!D7!E;<:;!7;0!8<K@0!ED22!<?!?D7>@D70A!E<7;!ED70@!K>7!63!ED70@!
0^<?7?! <6!7;0!2>506\!";<?! <?!L060@D22B!D@3>6A!QOE7g (Bergman, et al., 2010)M!K>7!
:D6!1D@B!K07E006!NOE7g!D6A!fOE7g!A0406A<6L!36!7@00!?40:<0? (Rowell, 2012)\!
b023E! 7;0! '%GM! 7;0! 53<?7>@0! :367067! A0406A?! 36! 7;0! @02D7<10! ;>5<A<7B! D6A!
70540@D7>@0!38! 7;0!?>@@3>6A<6L!D<@\!";0!53<?7>@0!:367067!38! 7;0!:022>23?0! 8<K@0!
:D6!362B!0^:00A!7;0!'%G!<8!7;0!8<K@0!<?!0^43?0A!73!2<=><A!ED70@\!/22!ED70@!DK?3@K0A!
K0B36A! 7;0! '%G! <?! h8@00!ED70@i! :367D<60A! <6! 7;0! 2>506M! 637! K3>6A! <6! D6B!EDB!
0^:047!KB!:D4<22D@B!83@:0?\!&6!E33AM!53@0310@M!A<506?<36D2!:;D6L0?!E<7;!@0?40:7!
73! 53<?7>@0! :367067M! ?>:;! D?! ?E022<6L! 3@! ?;@<6_<6LM! 362B! 3::>@! K023E! 7;0! '%G 
(Bergman, et al., 2010) (Rowell, 2012)\!
!
C;06!D!8<K@0!DK?3@K?!2<=><A!ED70@M! <7?!53<?7>@0!:367067!:D6!<6:@0D?0!D7!D!8D?70@!
@D70!7;D6!43??<K20!KB!ED70@!1D43>@!?3@47<36M!D6A!7;0!@D70!38!DK?3@47<36!<?!;<L;0?7!
<6! 7;0! 236L<7>A<6D2! A<@0:7<36M! <\0\! <6! 7;0! A<@0:7<36! 38! 7;0! 2>506\! ";0! @D70! D2?3!
A0406A?! 36! ;3E! =><:_2B! 7;0! D<@! <6! 7;0! 2>506! :D6! 0?:D40! D6A! K0! @042D:0A! KB!
ED70@\!";0!8<K@0!:D6!DK?3@K!2<=><A!ED70@!>67<2! <7?!5D^<5>5!53<?7>@0!:367067!<?!
@0D:;0A\!";0!5D^<5>5!53<?7>@0!:367067!:D6!K0!310@!NOOE7g! (Bergman, et al., 
2010)\!!
!
/637;0@! <543@7D67! D?40:7! 38! 7;0! ED70@S8<K@0! <670@D:7<36! <?! 7;0! 4@3:0??! :D220A!
7,+"%2%*/&%,"\! &7! @080@?! 73! :;D6L0?! <6! 7;0! 4@340@7<0?! D6A! ?7@>:7>@0! 38! :022>23?0!
8<K@0?!<6!E33A!4>24?!3@!4D40@!>436!A@B<6L!3@!@0531D2!38!ED70@\!";0!43@0!132>50!
<6! 7;0!:022!ED22!:322D4?0?!D6A! 7;0!432B50@!?7@>:7>@0!?7<8806?\!";0?0!:;D6L0?!D@0!
A0?:@<K0A!D?! <@@010@?<K20!3@!4D@7<D22B! @010@?<K20 (Fernandes Diniz, Gil, & Castro, 
2004)M!D6A!7;0B!D@0!5D6<80?70A!<6!?010@D2!A<880@067!5D:@3?:34<:!4@340@7<0?!38!7;0!
4>24! 3@! 4D40@\! '3@! 0^D5420M! 7;0!ED70@! >47D_0! D6A! ?E022<6L! >436! @0E077<6L! <?!
A<5<6<?;0AM!D6A!4D40@!4@3A>:7?!?>880@!D!23??!<6!706?<20!?7@06L7;\!#3@6<8<:D7<36!<?!
7;>?! D6! D@0D! 38! <670@0?7! 4D@7<:>2D@2B! <6! 7;0! 4>24! D6A! 4D40@! <6A>?7@B (Östlund, 
Köhnke, Nordstierna, & Nydén, 2009)M! D6A! 5>:;! @0?0D@:;! <?! A01370A! 73!
>6A0@?7D6A<6L! 7;0! >6A0@2B<6L! 50:;D6<?5?! <6! 3@A0@! 73! K0! DK20! 73! :367@32! 7;0!
4;06350636\!";0!?>Kj0:7!<?!?7<22!>6A0@!A0KD70M!D6A!?350!7;03@<0?!7;D7!;D10!K006!
4>7! 83@ED@A! A0?:@<K0! 7;0! 0880:7! D?! D6! <6:@0D?0! <6! 7;0! A0L@00! 38! :@3??2<6_<6L!



PO!

E<7;<6! 7;0! 8<K@0! ED22! A>0! 73! <670@8<K@<22D@! ;BA@3L06! K36A<6L! 3@M! D270@6D7<102BM!
2D:7360!K@<AL0!83@5D7<36 (Fernandes Diniz, Gil, & Castro, 2004)\!";0!;3@6<8<:D7<36!
<6:@0D?0?!E<7;!7;0!6>5K0@!38!:B:20?!38!A@B<6L!D6A!@0E077<6L\! &6!DAA<7<36M!D! 23E!
2<L6<6! D6A! ;05<:022>23?0! :367067! ;D?! K006! ?;3E6! 73! D542<8B! 7;0! 0880:7?! 38!
;3@6<8<:D7<36 (Laivins & Scallan, 1993)\!
!

2.2 Yeast cells 
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2.2.1 Response to osmotic shock 
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2.2.2 Aquaporins 
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Figure 4. The saturated vapour pressure curve for water. Reprinted from (Donald, He, Royall, 
Sferrazza, Stelmashenko, & Thiel, 2000) with permission. 
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The microscope used throughout our experimental work was an FEI Quanta 200 FEG 
ESEM (FEI Company, Hillsboro, OR, USA). Additional equipment consisted of a 
Peltier cooling stage capable of operating in a temperature range of -25°C to 55°C, as 
well as the in situ sample stage developed in this work and its electronic control 
equipment. For details concerning imaging parameters and environmental conditions, 
see sections 4.2 and 4.3.1. 
 

3.2 Materials and sample preparation 
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3.2.1 Cellulose fibres 
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3.2.2 Yeast cells 
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Figure 5. The Al wire used as a substrate for the cells is shown protruding from the Cu 
cylinder. Insets to the right show the setup from different angles: the top inset is a side view 
from an oblique angle and the bottom inset is a top view. 
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4 DEVELOPMENT OF NEW METHODS FOR IN SITU ESEM 
STUDIES 
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4.1 The in situ sample stage 

4.1.1 Overview 
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Figure 6. Photos of the in situ sample stage in its two different configurations: (a) for 
controlled wetting, and (b) for AFM measurements. The main parts are numbered according 
to the list in this section. 
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Figure 7. The Peltier cooling stage of the FEI Quanta 200 FEG ESEM, with the cooled area 
highlighted. 
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Figure 8. Schematic illustration of the setup used for in situ controlled wetting of individual 
cellulose fibres in the ESEM. 
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Figure 9. Schematic illustration of the setup used for measuring the osmotic response of 
single yeast cells in the ESEM. 
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Figure 10. The nanomanipulator with its main parts: the piezoelectric tube, the sapphire ball 
and the movable tip holder. 
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4.1.2 Nanomanipulator 
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4.1.3 Aluminium fixture 
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Figure 11. CAD drawing of the Al fixture, viewed from the top (a) and from the bottom (b). 
The shape is designed to fit over the Peltier cooling stage shown in Figure 7, and the central 
opening provides access to the Peltier cooled area of the cooling stage. 
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4.1.4 Copper cylinder 
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Figure 12. The temperature as a function of distance to the wall of the Cu cylinder. The 
cylinder was kept at 1°C, and the discrepancy in the temperature at contact may be explained 
by the small contact area between the cylinder and the measuring device. 
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4.1.5 AFM sensor 
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4.2 In situ controlled wetting of individual cellulose fibres 
The experimental setup for in situ controlled wetting is shown in '<L>@0!V(a) 
above. The idea behind this method is to monitor the interaction of the 
specimen with liquid water by simultaneous imaging and manipulation. 
Structural changes typically take place as the material goes from dry to wet 
and, depending on the nature of the specimen, swelling and transport of water 
may occur. 
 
'<L>@0! c schematically shows the principle of the experiment, where the 
nanomanipulator is used to bring a fibre in contact with a water droplet formed 
on the vertical wall of the Cu cylinder. Here, the setup is viewed from the side 
for clarity, but the electron beam used for imaging is incident from above and 
thus creates an image where the specimen and the water droplet are viewed 
from above.  
!
The method used for in situ controlled wetting of individual cellulose fibres 
can be described as follows. Before the experiment could begin, a few 
preparation steps were required. The Cu cylinder was cooled to 1°C and a few 
minutes were allowed for thermal equilibration. During this time, the tip holder 
with a single cellulose fibre was mounted and a coarse alignment with respect 
to the Cu cylinder was performed. By moving the housing of the 
nanomanipulator, the tip of the fibre was positioned about 1 mm from the edge 
of the Cu cylinder. This was a suitable distance considering the range of 
movement of the nanomanipulator and the relative humidity of the sample at 
the start of the experiment, which was estimated to approximately 30% based 
on the temperature data presented in '<L>@0!PN.  
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Next, the microscope chamber was pumped to operating pressures using a 
built-in protocol that gradually exchanges air for water vapour without purging 
the microscope chamber (Dufek & Hayles, 2003). The starting water vapour 
pressure was set to 3.75 torr. For 1°C condensation occurs at a pressure of 4.93 
torr. An acceleration voltage of 5 kV was used for imaging, as our previous 
observations had shown no signs of beam damage to the yeast cells at this 
voltage. The working distance was 5-6 mm. Water droplets were formed on the 
cold Cu cylinder by increasing the pressure to slightly above the condensation 
point. When the droplets had grown to a suitable size, the pressure was lowered 
to the condensation point to stabilise the droplets.  
 
The specimen was brought into contact with a suitably located water droplet 
using the inertial sliding coarse movement of the nanomanipulator. Focusing 
on the edge of the droplet, alignment in the direction of the electron beam was 
performed by adjusting the height of the specimen until it came into focus. The 
wetting process was then recorded in the form of a movie using a frame rate of 
5 images/second.  
 

4.3 Single yeast cells’ stiffness and response to osmotic shock 
!
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4.3.1 Experiment 
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Figure 13. Schematic representation of the experiment on a yeast cell in ESEM.  
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Figure 14. Example of a force-displacement curve obtained on a yeast cell at 66% relative 
humidity in the ESEM. 

4.3.2 Data analysis 
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5 IN SITU CONTROLLED WETTING OF INDIVIDUAL 
CELLULOSE FIBRES 
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5.1 Summary of results 
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Figure 15. (a) ESEM image of an individual (mercerised) cellulose fibre. The tip was cut 
using scissors to expose the lumen. (b)-(d) ESEM images of a cellulose fibre approaching and 
making contact with a water droplet on the vertical wall of the Cu cylinder. The point of 
contact, highlighted by a box in (c), is shown at a higher magnification in (d). 
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The in situ controlled wetting experiments were carried out according to the 
procedure outlined in section 4.2. '<L>@0!PfYKZSYAZ!shows an example where a 
cellulose fibre makes contact with a water droplet on the vertical wall of the Cu 
cylinder, and the point of contact between the fibre and the droplet can be 
clearly seen. Swelling of the fibre was generally observed as an increase in 
thickness and a smoothening of surface topography. Much of the swelling was 
observed to take place during approach toward the cylinder, prior to contact 
with the liquid water.!
 
The series of images displayed in '<L>@0!PV shows how an entire water droplet 
shrinks and disappears as it is put in contact with an individual cellulose fibre 
for an extended period of time. The images are selected frames from a movie 
that shows how the fibre swells before reverting back to its original shape. 
Arrows in the images of '<L>@0!PV highlight this change in shape. The results 
indicate that the water droplet was absorbed and transported away from the 
surface of the Cu cylinder by the fibre. Several supporting arguments for this 
interpretation are presented in paper I. Moreover, the duration of the absorption 
process was about 15 s and the droplet volume was estimated to approximately 
0.02 nL. 
 

!
Figure 16. ESEM images from a movie showing how an individual cellulose fibre absorbs 
and transports a water droplet away from the surface of the Cu cylinder. During the process, 
the fibre shape changes as highlighted by arrows. It swells and then reverts back to its original 
shape. 
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The experiment was repeated with several individual fibres, exhibiting a 
variation in absorptive capacity with respect to the time of absorption for 
different sized droplets as well as the number of droplets that could be 
absorbed in series before saturation was reached. Again, the mixed origin of 
the fibres in the batch from which the samples were taken is believed to be the 
reason for this variation, as it may affect factors relevant to the absorptive 
capacity such as e.g. length, width, tortuosity and size/accessibility of lumen. 
 

5.2 Comment on the respective roles of cell wall and lumen 
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5.3 Evaluation of the method 
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5.3.1 Practical aspects of the in situ ESEM experiment 
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The size of the water droplet used as a reservoir for wetting of the fibre could 
be :367@3220A! 73! D6! 0^7067! 7;@3>L;! 7;0! :;3<:0! 38! A@34207M! K>7! D2?3! 7;@3>L;! 7;0!
ED70@!1D43>@!4@0??>@0\!The pressure can be used to induce a general growth or 
shrinkage of the droplets at any time. However, at the later stages of approach 
when the specimen is close to the Cu cylinder, caution should be taken with 
regard to such adjustments in order to keep the moisture content of the 
specimen stable. It is advisable to take a few images of the specimen before 
and after formation of the water droplets, to be able to spot any differences in 
the appearance due to the change in relative humidity. 
!
The wetting process was captured by movie recording and images. Movies 
were recorded at a frame rate of 2-5 s-1. The frame rate is limited by the 
scanning speed of the electron beam, which is in turn limited by the minimum 
acceptable signal-to-noise ratio. In other words, there is a trade off between 
temporal resolution and signal-to-noise ratio. For the particular processes 
observed in connection to the wetting of the individual cellulose fibres, the 
temporal resolution at the frame rates used was sufficient. 
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5.3.2 Sample handling and preparation 
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5.3.3 Applicability to cellulose fibres and other materials 
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Figure 17. Adaptation of the method for in situ controlled wetting to the study of water 
transport through thin suspended films. Three different sample orientations are schematically 
displayed in (a), (b) and (c). The pink-coloured parts represent the water. The application to 
thin polymer films is being explored in on-going work.   
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Lastly, a comment on the applicability of the developed in situ ESEM 
technique to other materials. The geometry of the setup in '<L>@0!c is suitable 
for the case of a fibre and certainly for several other types of specimens as 
well. However, there is some flexibility with respect to the geometry of the 
specimen-water interaction allowing different solutions depending on the type 
of sample and the purpose of the experiment. Consider for instance a 
suspended thin film, where the transport of water through the film is of interest. 
Several alternative geometries can be employed to investigate the transport 
properties of the film in different ways, as shown in '<L>@0!P[. The film can be 
arranged vertically as in (a) to make contact with a water droplet sitting on the 
edge of the Cu cylinder while imaging the water transport through the film 
cross section from above. In another scenario in (b), the film can be arranged 
horizontally and be lowered toward a water droplet situated on the top surface 
of the cylinder with its bottom flat surface making contact. This way, the 
penetration of water through the opposite surface of the film can be imaged. 
Yet another arrangement can be imagined, where the film is horizontal and 
again makes contact with a water droplet on the edge of the cylinder, as in (c). 
This enables the observation of lateral water transport through the film. 
Similarly, the geometry should be considered for each new material and type of 
investigation, to explore possible solutions for the particular problem at hand. 
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6 SINGLE YEAST CELLS’ STIFFNESS AND RESPONSE TO 
OSMOTIC SHOCK 
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6.1 Summary of results 
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Figure 18. ESEM image of a yeast cell in contact with the AFM tip at 66% relative humidity. 
The cell has a bud (daughter cell) that can be seen next to it in the image, and a few other 
cells are also visible behind these two. 
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Figure 19. The expansion of two yeast cells A and B as a function of time, and the water 
vapour pressure as a function of time. The pressure is increased from 3.5 to 4.8 torr at about 
87 s, corresponding to a change in relative humidity from 66% to 90%. 
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6.2 Evaluation of the method 
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6.2.1 Applicability to water transport activity of yeast 
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