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Abstract

The effects of different drying methods on the cellular structure of carrots were examined.
Carrots were dried by vacuum drying, freeze drying and oven drying in combination with mi-
crowave pre-drying. Dried and fresh untreated samples were analysed by light microscopy and
environmental scanning electron microscopy (ESEM). The cellular structure of vacuum dried as
well as microwave pre-dried samples was found to be very different from that of fresh samples.
Most, if not all, of the original microstructure was lost during drying with these techniques, though
traces of original structure were preserved on external surfaces. Most of the original microstruc-
ture was preserved in the freeze dried carrot. ESEM was also used to observe the behaviour of the
dried samples in an atmosphere of increasing humidity and showed that dried tissues did not regain
their original cellular structure though some turgidity was regained by the freeze dried samples.
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1. Introduction 
 
Drying is an effective technique that is commonly used to preserve food but its 
full potential has not yet been realised as there are many limitations, especially in 
terms of product quality (Fellows, 2000).  Changes occur to material that is being 
dried and these vary depending on the method of drying as well the conditions of 
drying (Fellows; Krokida et al, 1998). Some changes may be desirable, such as 
the “puffing” effect during microwave drying (Erle, 2005). However, more often 
than not the irreversible changes that occur result in poor quality products.  
Shrinkage, as well as changes to the sensory characteristics and nutritive value of 
the material, is among the problems that are encountered (Baysal et al, 2003).  
Conventional drying methods, such as air drying and vacuum drying, are more 
damaging to material than freeze-drying or novel methods such as microwave 
drying (Lin et al, 1998). 
 All drying techniques destroy or change the native structure with little 
hope of it being fully regained.  Drying causes cells to rupture and dislocate 
which usually results in a dense, collapsed structure with varying porosity.  
Products with higher porosity have a higher rehydration value and moisture 
diffusivity also increases with porosity (Marabi and Saguy, 2004). The degree of 
rehydration of dried products, as well as many of the changes in quality arising 
from drying, can be related to the amount of cellular and structural damage or 
change that occurs.  However, an ability to absorb water doesn’t mean that the 
water will penetrate and occupy the same location as in the native material as 
irreversible changes have occurred to proteins, polysaccharides, membranes and 
organelles (Rahman and Perera, 1999). 
 Carrots are of nutritional interest as their β-carotene content is the highest 
among the different types of foods which are consumed by humans (Lin et al). 
Studies have linked consumption of β-carotene rich vegetables with a reduction in 
the occurrence of breast cancer (Markowski et al, 2006, Prakash et al, 2004). 
Carrots are also high in other components, such as vitamin B complex and contain 
organic acids and mineral compounds and the cell walls constitute a good source 
of dietary fibre.  As carrots are a seasonal but versatile crop drying is an attractive 
means of preservation, especially for “instant” foodstuffs such as soups.  
However, after water is added to rehydrate, the original organoleptic qualities of 
the pieces are not restored and frequently the pieces lack taste and have a rubbery 
texture.   
 In the current study the microstructure of fresh carrot and carrots which 
had been vacuum dried, freeze dried, and air dried following microwave pre-
treatment, was observed to improve our understanding of the effect of drying on 
morphology.  Light (LM) and environmental scanning electron microscopy 
(ESEM) were used.  This latter technique avoids the need for special sample 
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preparation procedures usually required for SEM.  Behaviour during exposure to 
moisture was observed in real time using ESEM. 
 
2. Materials and methods  
 
2.1 Microscopy of fresh carrot 
 
Thin sections (1-3 cells thick) were hand-cut using a razor blade and stained with 
toluidine blue (0.05%w/v in 20mM sodium benzoate buffer, pH 4.4) (Feder and 
O’Brien, 1968) and compared with unstained controls in buffer.  The location and 
the orientation of the section in the carrot were recorded (Figure 1).  Sections 
were observed using a Leica DMLS microscope (Leica Microscopy and Scientific 
Instruments Group, Heerbrugg, Switzerland) fitted with a Leica DC 300F digital 
camera (Leica Microscopy Digital Imaging, Cambridge, UK). 
 
 

Figure 1:  Sampling of carrot for radial and longitudinal sections 

 
 
 
 
 
 
 
 
 
 
 
 
 
 Samples for ESEM were obtained by breaking a carrot in half and cutting 
thin (1mm) samples from the cortex region and the interface between the cortex 
and the pericycle.  The tissue was trimmed and placed in the sample holder with 
the fracture face uppermost and then observed using an FEI Quanta 200 FEG-
SEM (FEI Ltd, Eindhoven, Netherlands).  The imaging gas used was water 
vapour and chamber pressure and sample temperature were controlled to maintain 
humidity at > 85% in the sample chamber to avoid desiccation. 
 
2.2  Drying of carrot 
 
Carrot cubes (8mm3) cut from the pericycle and cortex were dried by  
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1) placing in a vacuum oven (Heraeus vacutherm VT 6035) at 70°C, 1x10-2 

mbar, for 5 hours;  
2) first freezing in liquid nitrogen and then freeze drying (Virtis, 

Freezemobile, model 35ES) for 24 hours at -50°C and 41x10-3 Torr;  
3) first microwaving (Panasonic NN-S786WA) for 3 minutes on medium 

power then oven drying at 70°C in a standard laboratory drying oven for 6 
hours.   

 Once dried, samples were stored in a desiccator.  The moisture content of 
fresh and dried carrot samples was determined by drying for 24 hours at 70°C at 
1x10-2 mbar.  Moisture content was determined by change in weight compared 
with the original fresh cubes. 
 
2.3 Microscopy of dried carrot 
 
Thin sections (30, 20 and 10 µm) were cut using a microtome (Microm, HM330) 
and observed using the methods described in section 2.1.  For ESEM, dried cubes 
were notched and then fractured, and the fracture face observed.  The ESEM 
chamber pressure and sample temperature were controlled in order to maintain a 
low humidity in the chamber and maintain the dehydrated state of the tissue.  The 
external surface of the dried cubes was also observed under the same conditions. 
 
2.4  In situ observation of exposure to moisture 
 
To expose the dried carrot to moisture, the samples were held at 2°C using a 
Peltier cooled stage and the chamber pressure increased to 6.00Torr resulting in 
100% relative humidity in the sample chamber. 
 
3. Results 
 
3.1  Microstructure of fresh carrot 
 
The epidermis and cortex was predominantly parenchyma tissue with some 
collenchyma underlying the epidermal layers and more apparent in the 
longitudinal section (Figure 2a, b).  Parenchyma cells underlying the epidermis 
were small, 20-30µm in width compared with those the cortex that were at least 
40µm in width.  A band of small cells between the cortex and pericycle regions 
was possibly cambial (Figure 2c).  Figure 2(d) shows a single xylem tracheary 
element surrounded by parenchyma cells.  From the fracture behaviour it is 
apparent that xylem tracheary elements are stronger than parenchyma as the 
fracture face has protruding or intruding xylem (Figure 2e, f).  The strength is 
attributed to the presence of the lignified secondary cell wall of the xylem 
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compared with the primary unlignified cell walls of the parenchyma cells (Figure 
2d, e, f).   
 
 

Figure 2: Microstructure of fresh carrot;  (a) LM image of toluidine blue- stained 
longitudinal thin section of cortex (b) ESEM image of fracture face of cortex (c) 
Cambial cells (d) Xylem tracheary element (e) Fracture face of pericycle showing 
xylem protruding from fracture face (f) Fracture face of cortex showing radial 
arrangement  of cells around xylem.  All ESEM images taken at 2°C and 6 Torr using 
water vapour as the imaging gas.
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3.2  Drying behaviour 
 
Vacuum-dried cubes exhibited non-uniform shrinkage of approximately 10-20% 
(Figure 3a).  Freeze dried carrots shrank very little but had visible surface cracks 
and loss of colour (Figure 3b).  Microwave pre-drying caused minimal shrinkage 
but the final oven drying stage for those samples caused non-uniform shrinkage of 
approximately 50% (Figure 3c).  The moisture content of fresh and dried carrot is 
shown in Table 1, this indicates that approximately 90% of the weight of fresh 
carrot was due to water.  
 
 

(a) (b) (c) 
Figure 3:  Dried carrot cubes prepared by (a) vacuum drying, (b) freeze drying and (c) 
microwave predrying and oven drying.  Size of fresh cube was 8mm3.  
Divisions on scale=1mm. 

 
Table 1:  Moisture content of fresh and dried carrots 

 Fresh 
(kg H2O/kg wet 

material) 

Dried 
(kg H2O/kg dry 

material) 
Fresh carrot 0.89 8.5 
Vacuum dried carrot 0.0097 0.082 
Freeze dried carrot 0.0057 0.048 
Microwave pre-dried, 
oven dried carrot 

0.012 0.10 
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3.3  Microstructure of dried carrot 
 
Most of the original microstructure of carrot was lost after vacuum drying 
forming a collapsed mass (Figure 4a, b). A few recognisable structures were 
observed on the exterior surface (Figure 4c, d) probably due to the faster removal 
of water from the external surface compared with the inner areas where the slower 
removal of water lead to more cell damage and compaction. 
 

(a) 

(c) 

(b) 

(d) 

Figure 4:  Microstructure of vacuum dried carrot;  (a) LM image, only xylem tissue is 
recognisable (b) ESEM image of fracture face showing bulk material comprising 
collapsed tissue (c) ESEM image of external surface of dried cube showing traces of 
original structure (d) higher magnification of area of (c).  ESEM images taken at 2°C 
and 3.5 Torr.  
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 Freeze dried carrot retained its cellular structure (Figure 5a) and the cell 
size was comparable to that of fresh carrot (Figure 2).  Large fractures were 
present throughout the cube (Figure 5b) and the material was brittle.  The internal 
bulk of the sample comprised cells with walls that were relatively smooth (Figure 
5c) possibly due to deposition of intracellular contents masking the wrinkling 
resulting from the effects of desiccation seen on the external surface (Figure 5d) 
where the contents of the cells would have been lost when the cubes were cut.  
The xylem elements remained intact and relatively unchanged by drying.  Xylem 
tracheary elements lack cell contents at maturity as their function is water 
conduction. 
 

(a)

(c)

(b)

(d)

Figure 5:  Microstructure of freeze dried carrot; (a) LM image of cortex tissue (b) 
Large fractures ran throughout the tissue (c) Internal tissue retained much of the 
microstructure of fresh tissue (d) External surface with fractured cells showing 
wrinkled cell walls.  ESEM images taken at 2°C and 3.5 Torr. 
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 Microwave pre-drying followed by oven drying resulted in a compacted 
mass of tissue with a few intercellular spaces (Figure 6a) similar to that of the 
vacuum dried sample.  The external surfaces of these carrot cubes were more like 
the freeze dried counterparts, retaining some obvious cellular microstructure 
(Figure 6b).  The implication is that water is removed relatively rapidly from the 
external surfaces due to the microwave pre-drying step.  
 

Figure 6:  Microstructure of microwave pre-dried carrot; (a) LM image of cortex  
(b) External surface imaged by ESEM showing greater cellular detail. 

(a) (b) 

 
3.4  Exposure to moisture 
 
No change was observed in the microstructure of the external or the internal 
fractured tissue of the vacuum dried or microwave pre-dried carrot after holding 
at 100% humidity for 30 minutes (Figure 7) and imaging continuously. 
 The same conditions (100% humidity for 30 minutes) resulted in 
observable change in the freeze dried tissue, including a loss of cell wall 
wrinkling through adsorption of water onto the exposed surfaces.  Some torn cell 
walls were further ruptured as the tissue swelled (Figure 8a, b).  Intact cells 
appeared more turgid after 30 minutes (Figure 8c,d). 
 Beam damage during ESEM observation is a very real source of artefact.  
Beam damage in conventional SEM results from inelastic scattering events which, 
amongst other things, cause heating of the sample and thermal damage (Goldstein 
et al, 1992).  In addition, the gas used as part of the imaging system in 
environmental SEM can also be source of damage as positive ions are created 
during imaging and these too can affect the sample (Kitching and Donald, 1998).  
Even the water present in a hydrated specimen can be the source of damage 
during imaging through the creation of hydroxyl free radicals as a result of 
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electron bombardment (Royall et al, 2001).  The extent of beam damage is related 
to a number of parameters including accelerating voltage of the electron beam, 
spot size of the electron beam, dwell time and chamber pressure.  Beam damage 
was minimised during the current rehydration experiments by limiting dwell time 
and minimising accelerating voltage.  It was possible to recognise beam damage 
as this caused bubbling and blistering on the sample surface, as such all 
observations were made avoiding this phenomenon. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 7:  External surface of vacuum dried sample after exposure to 
100% humidity for 30 minutes.  ESEM conditions were  2°C and 6 Torr. 
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(a) 

(c) 

(b) 

(d) 

Figure 8:  Real time observation of freeze dried carrot exposed to 100% humidity for 
30 minutes in an environmental SEM; (a)  Small tear in dehydrated tissue (arrow) (b) 
Tear has grown after 30 minutes exposure as surrounding tissue has swollen (arrow) 

(c) Dehydrated tissue showing presence of xylem (d) Same area as (c) showing 
swelling of cell walls and intact cells.  ESEM conditions were 2°C and 6 Torr. 

 
4.  Conclusions 

 
The changes that occur to the microstructure of carrots vary depending on the 
method of drying.  Vacuum drying caused the greatest change to the 
microstructure of the carrot tissue with total collapse of parenchyma and 
collenchyma tissue.  Oven drying with microwave drying as a pre-drying step 
caused similar levels of collapse to vacuum drying.  Freeze drying was the best 
method among the three for maintaining a microstructure most similar to fresh 
carrot. 
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 The microstructure of external surfaces and internal bulk tissue of dried 
carrot cubes differed significantly and this was most obvious in vacuum and 
microwave pre-dried samples.  As a consumer would first experience the external 
structure of any dried sample this variation in texture is important and warrants 
further investigation of sensory attributes. 
 Exposure to moisture of freeze dried samples resulted in observable 
changes in microstructure through a combination of tissue “swelling” 
mechanisms, most apparently adsorption of water onto cell surfaces.  During 
dehydration the cell contents and sugars coat these surfaces and are available to 
adsorb water during in a humid atmosphere.  The retention of an “open” 
microstructure during freeze drying, where cell walls are not collapsed and 
adhered together, provides more of this type of surface.  As such the rehydration 
of freeze dried material proceeds more efficiently than that of material dried by 
other mechanisms.  This is in line with the findings of other authors who have 
reported increased rate and extent of rehydration of freeze dried material when 
compared to material dried by techniques that preserve a less intact microstructure 
(Jambrak et al, 2007). 
 Care should be taken when interpreting data obtained using ESEM.  
Changes may occur to the tissue due to the stress that the material is under while 
being observed with the electron beam. 
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