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What can a nano tech-
nique such as atomic force 
microscopy (AFM), more 

commonly associated with sur-
face science labs, do for such an 
overtly macro and everyday mate-
rial as food? The answer lies in the 
relationship between the struc-
ture of food and its function. Many 
of the desirable properties of the 
food that we enjoy rely upon nano- 
or micro-scale phenomena. In 
addition, the importance of struc-
ture on the nutritional impact of 
food is beginning to be under-
stood both in terms of delivering 
nutrients to the body (Lesmes 
and McClements, 2009), and also 
in terms of its potential to exert 
protective effects against chronic 
diseases (Gunning et al., 2009). In 
this article, we will illustrate these 
areas using two examples of the 
AFM work being carried out at the 
Institute for Food Research (IFR), 
Norwich, UK,  using the MFP-3D 
AFM instrument from Asylum 
Research, Santa Barbara, Calif.

How AFM Imaging Works
AFM is an excellent technique for 
imaging single molecules depos-
ited onto flat substrates such as 
mica. But when it comes to plant 
tissue, things become more com-
plex. Tissue samples are typically 
rough and multi-component in 
nature, both of which present 
challenges for AFM—the former 
because the appropriate AFM 
probes only operate properly in a 
limited window of sample height 
(< 3µm), and the latter because 
AFM principally records topogra-
phy, and thus cannot usually 
distinguish compositional differ-
ences unless the tips or samples 
are functionalized/modified to 
introduce contrast. 

In addition, AFM is a surface 
technique, so if you wish to exam-
ine internal structure, crafty new 
methods must be developed. 
Traditionally, microscopists have 
used embedding, sectioning, and 
staining to reveal high-resolution 
images of internal structure. 

AFM senses topography and 
textural differences, such as hard-
ness, in generating an image. 
Consequently, textural changes 
need to be modified to introduce 
contrast. This can be illustrated 
through approaches to obtain 
high-resolution images of the 
internal structure of starch 
granules.

Image Contrast in Starch Granules
For isolated starches, the gran-
ules can be encased in a resin and 
sectioned using a microtome. 
The result is a very f lat specimen 
surface. It is very important to 
use a non-penetrating resin 
because penetration of the resin 
into the granule produces arti-
facts and inhibits the subsequent 
development of contrast in the 
granule (Ridout et al., 2004). To 
overcome this problem, we have 
developed an embedding method 
using a high-viscosity, non-pene-
trating epoxy resin for isolated 
starch granules. This allows the 

By obtaining information on the structure of plant materials, AFM offers insights 
into their chemical composition and functional properties, and can help unlock  
the secrets of their bioactive benefits. 
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granules to be sectioned and 
the interior of the starch gran-
ule imaged directly by AFM 
(Ridout et al., 2004).

For dry seeds such as 
legumes or cereals, it is possi-
ble to make use of the natural 
embedding of the starch 
within the seed (Parker et al., 
2008). This has allowed us to 
study starch granules directly 
in their native environment 

with no staining or extraction 
steps. In the method developed 
by Mary Parker at IFR, the 
seed is cut open with a fine 
saw. The cut seeds are then 
glued to squares of mica, 
which are attached to the face 
of an aluminum scanning elec-
tron microscope stub using 
double-sided tape. The stub is 
inserted into the chuck of an 
ultramicrotome and the cut 

face planed away using a glass 
knife to produce a surface f lat 
enough to allow imaging by 
AFM (Figure 1). The mica can 
be cleaved to produce a sample 
for imaging in the AFM.

As can be seen in Figure 2, 
the microtome produces a f lat 
surface which lacks contrast. 
Gross features such as cell wall 
or starch granules can be iden-
tified because they respond 

Figure 2. AFM images of the cut surface of dry seeds reveal gross features such as starch granules and cell walls (right).

Figure 1. Polishing cut seeds with the 
glass knife of a microtome to produce a 
flat specimen surface for imaging by 
AFM.
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differently to the cutting 
and polishing, particularly 
at boundaries, but detailed 
ultrastructure cannot be 
seen. 

It is possible to generate 
contrast within the exposed 
interior of the starch gran-
ules by hydrating the 
sample. This can be 

Figure 3. After hydration, ‘growth-ring’ ultrastructure becomes visible in the starch granules.

Figure 4. At even higher magnification, the growth rings exhibit further substructure known as ‘blocklets.’ Topography images (a,c) and phase 
images (b,d).

achieved by exposing the 
cut surface to steam. 
Water is preferentially 
absorbed in the amorphous 
regions within the gran-
ules, which then expand 
and soften. The molecular 
mobility in the amorphous 
regions enhances ordering 
of the crystalline regions 
within the granule. AFM 
image contrast is generated 
through the expansion of 
the amorphous regions and 
the difference in hardness 
between the crystalline 
and amorphous regions.

Figure 3 shows an AFM 
image of a starch granule 
following hydration. What 
was once featureless now 
yields a wealth of topo-
graphical detail. The image 
reveals a banded (growth 
ring) structure within the 
starch granules, reminis-
cent of the growth rings 
seen on a tree stump. 

At higher magnifi-
cation, there is another 
level of substructure; 
the rings are themselves 
composed of globular fea-
tures of relatively uniform 
size and shape, known as 
“blocklets” (Figure 4). 
The blocklets are packets 
of hard crystal lamellae, 
which are contained within 
the softer amorphous 
matrix. The images con-
firm the proposed blocklet 
model (Gallant et al., 
1997) for starch structure 
and dispel the accepted 
belief that granules con-
tain alternating amorphous 
and crystalline growth 
rings. Furthermore, 
the images reveal that 
alternative bands are het-
erogeneous containing 
patches (dark in Figure 
4) that show little or no 
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swelling on hydration. It 
is the presence of these 
patches that allows the eye 
to see alternating bands. 

Phase images are gener-
ally more sensitive to 
differences in the mechani-
cal properties of a sample, 
and the complementary 
phase images (Figure 4b, 
d) reveal that the dark 
patches also contain block-
lets—the crystalline/
amorphous ratio within the 
patches seems to be higher 
leading to reduced soften-
ing and swelling of these 
regions. 

The generation of con-
trast means that AFM can 
be used to map the mate-
rial properties of the 
granule ultrastructure at 
high resolution with mini-
mal sample processing. 
Two polysaccharides can 
be extracted from starch 
granules: amylose and 
amylopectin. Amylose is an 
essentially linear molecule, 

which is believed to be 
present in the amorphous 
regions of the granule. 
Amylopectin is a higher 
molecular weight, heavily 
branched molecule. The 
branches form stacks of 
crystalline lamellae con-
tained within the 
blocklets. Hence, the com-
bination of topographical 
and mechanical-based map-
ping allows the assignment 
of chemical composition 
within the granule. 

The method reveals 
that new and interesting 
high-resolution images can 
be generated in complex 
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Figure 5. AFM topography image of mixed phospholipid (DPPC)-bile salt films. (a) The bright domains are caused by close packing of the aliphatic 
tails of DPPC into a close-packed ‘solid phase’ which stands taller than the surrounding background loosely-packed ‘liquid phase’. As more bile 
salt is added (b) the size of the solid-phase domains decreases. (Images obtained by Boon-Seang Chu.)

plant materials through 
understanding and manipu-
lating the contrast in the 
images. For starch, the 
methodology offers the 
prospect of using AFM as 
one of a number of micro-
scopic techniques for 
probing changes in chemical 
and physical structure of 
starch during plant develop-

ment and growth, and as a 
result of natural and 
induced mutations in 
biosynthesis. 

Studying Fat Digestion
The Western world is facing 
an obesity crisis (Shi and 
Burn, 2004) with around 
32% of the United States 
population now being classi-
fied as clinically obese, 
according to the National 
Institutes of Health.  
Although the solution to 
this problem clearly will not 
be simple nor singular, one 
avenue worthy of investiga-
tion is to try to develop a 

more fundamental under-
standing of the dietary 
uptake of fats. Within this 
context, the exploration of 
ways of reducing the rate of 
lipolysis of dietary fats is 
gaining increasing interest, 
since it is believed that 
retardation of lipolysis 
induces the so-called “ileal 
break” response in humans, 

triggering feelings of satiety 
which reduce the urge to eat 
excessively (Golding and 
Wooster, 2010; Sagalowicz 
and Leser, 2010; Singh et 
al., 2010).

The interfacial prop-
erties of oil droplets in 
emulsions can determine 
their physical interactions, 
and there is growing evi-
dence that the composition 
of the oil-water interface 
also affects biological func-
tion in terms of fat digestion 
and absorption through 
lipolysis (Macierzanka et 
al., 2009; Maldonado-
Valderrama et al., 2010). A 

For starch, the methodology offers the prospect of using AFM as one of a number of microscopic techniques 
for probing changes in chemical and physical structure of starch during plant development and growth ...  
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large proportion of dietary 
fats become emulsified 
during gastrointestinal-
tract passage by biological 
surfactants such as phospho-
lipids and bile salts present 
in the body (Golding and 
Wooster, 2010).

Fat digestion is an inher-
ently interfacial process, 
dependent on the adsorption 
of lipolytic enzymes onto 
the surface of emulsified fat 
droplets. The best way to 
study such interfaces with 
AFM is to create them in 
the controlled environment 
of a Langmuir trough and 

then transfer them onto 
supporting surfaces such as 
mica (Mackie et al., 1999; 
Lucero et al., 2008). Using 
this methodology, we have 
investigated the interfacial 
interactions of plant-derived 
galactolipids, which have 
been shown to slow fat 
digestion (Chu et al., 2009), 
with mixed phospholipid-
bile salt monolayers to try 
to shed light on their bioac-
tivity (Chu et al., 2010).

Bile salts are a series of 
biosurfactants secreted by 
the body during digestion. 
These salts are believed to 
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Figure 7. Comparative AFM images of lipase-colipase penetration into a mixed DPPC phospholipid-bile salt film (a) and mixed DGDG galactolipid-
bile salt film (b). (Images obtained by Boon-Seang Chu.)

facilitate lipolysis of fats by 
creating favorable charge 
interactions at the oil-
water interface, allowing 
the lipase cofactor “coli-
pase” to gain a foothold 
(Donner et al., 1976). 
Figure 5 illustrates that the 
addition of bile salts to a 
previously close-packed 
phospholipid monolayer 
disrupts the molecular 
packing. At the surface 
concentration chosen for 
the experiment, the phos-
pholipid film exhibits a 
mixture of “solid phase” 
domains (where the phos-
pholipid molecules are 
immobile due to their tight 
packing) within a more 
loosely packed “liquid 
phase” continuum. The 
AFM images are sensitive 
to the packing of the phos-
pholipid molecules because 
the angle of the aliphatic 
tails determines the topog-
raphy of the transferred 
film—the close-packed 
(solid phase) regions in the 
phospholipid film are taller 
and thus brighter than the 
surrounding loosely 
packed (liquid phase) 
regions (Figure 5a). The 
coexistence of solid and 
liquid phase regions 
allowed the visualization of 
changes induced by the 
introduction of bile salts to 
the phospholipid film. 
Figure 5b illustrates that 
the addition of bile salts to 
such a film causes a pro-
gressive reduction in the 
size of the solid-phase 
regions.

When the enzyme com-
plex of lipase and colipase 
is added (via the aqueous 
sub-phase in the Langmuir 
trough) to a preformed 
phospholipid-bile salt 
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Figure 6. (a) AFM topography image of lipase-colipase penetration into a mixed phospholipid-bile salt film. (b) Electronic zoom of the lower left region 
showing the clustering of the enzymes at domain boundaries. (Images obtained by Boon-Seang Chu.)
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interface, it is clear from the 
AFM images (Figure 6) that 
the solid phase regions are 
not penetrated by the 
enzyme complex, whereas 
the liquid phase regions are 
penetrated. Also noteworthy 
is the clustering of the 
enzyme around the rims of 
the solid phase regions, 
where the line tension will 
be lowest (Figure 6b).

Looking just at a liquid 
phase region of the phospho-
lipid-bile salt film, it can be 
seen that the enzyme com-
plex forms close-packed 
arrays (Figure 7a) if the sub-
phase concentration is high 
enough (Chu et al., 2010). 
By repeating the experiment 
with a galactolipid in place 
of the phospholipid, we 
gained insight into how they 
slow down lipolysis. The 
galactolipid in question, 
digalactosyldiacylglycerol 
(DGDG), has a bulky disac-
charide headgroup and 
cannot form the solid phases 
seen in the phospholipid 
films, yet it stands up much 
better to penetration by the 
enzyme complex. Figure 7b 
shows an AFM image of a 
mixed galactolipid-bile salt 
monolayer which, when 
compared with Figure 7a, 
exhibits a much lower level 
of penetration by the lipase 
complex despite the pres-
ence of lipase-attracting bile 
salts.

The AFM data suggest 
that, in addition to the favor-
able charge that the bile salts 
impart to the interface, the 
enzyme complex also 
requires space at the inter-
face in order to insert itself. 
In a pure tightly packed 
phospholipid film, such as 
would be found in physiolog-
ical situations, this is 

facilitated by the bile salts’ 
ability to fluidize the mole-
cules—this has a smaller 
effect with a galactolipid 
film. We hypothesize that 
this is because, in the latter 
case, it is the bulky disaccha-
ride headgroup which acts to 
hinder the enzyme’s access 
so that fluidization of the 
lipid tails by the bile salts 
becomes less important. By 
revealing the subtle molecu-
lar details of the system, the 
AFM data show firstly how 
bile salts aid lipolysis in 
phospholipid-stabilized 
emulsions, and secondly help 
to explain how the introduc-
tion of a galactolipid can 
disrupt the lipolytic 
enzyme/bile salt synergy. FT
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