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Abstract 

Cotton fibres develop over four stages: initiation, elongation, secondary-wall thickening, and 

maturation. They develop a significant crystalline structure during the secondary wall 

thickening stage of development. Cotton fibres were harvested from 17 days to 60 days after 

flowering (dpa). Transmission Electron Microscopy (TEM), Interferometry, Attenuated Total 

Reflectance Fourier-transform Infrared (ATR-FTIR) spectroscopy, immunofluorescence 

labelling, and fluorescence spectroscopy were used to characterise the cotton fibres in 

different stages. It was found that, secondary wall thickening and micronaire remain fairly 

constant from 17 to 24 dpa, after that time significant change occurs until maturity. Maturity 

ratio increases as the fibres develop. Birefringence increases rapidly from 17 dpa to 26 dpa, 

then levels off up to 60 dpa. It is evident by comparing the Lateral Order Index (LOI) and 
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results from the binding of a crystalline-cellulose binding probe (CBM3a) that there is a 

significant increase in the degree of cellulose crystallinity from 17 dpa to 26 dpa. Hydrogen 

Bond Intensity (HBI) increased to 24 dpa and decreased from 24 to 40 dpa indicating 

significant changes in inter-molecular hydrogen bonds. From 40 to 60 dpa an increase of HBI 

was observed. It is concluded that during the maturation stage of cotton fibre development, 

water loss from lumen allows the cellulose chains to come closer together and to form 

intermolecular hydrogen-bonds. TEM, Interferometry, ATR-FTIR spectroscopy, and 

immunofluorescence labelling combined with fluorescence spectroscopy, were demonstrated 

to be useful techniques in quantifying physical changes in cotton fibres during development, 

offering advantages over traditional analytical techniques. 

 

Keywords: cotton fibres; maturity; birefringence; ATR-FTIR; crystallinity. 

 

1. Introduction 

Cotton is the purest form of cellulose found in nature and cotton fibres have considerable 

economic significance. Therefore a fundamental understanding of cotton fibre structure and 

properties is important. Studies on the development of cotton fibre have concentrated on 

biochemical and cell structures from genetic and environmental perspectives [1].  

Cotton fibres develop over four stages: (i) initiation; (ii) elongation; (iii) secondary-wall 

thickening; and (iv) maturation. Fibre initiation begins during flowering and fibres arise from 

the epidermal cells on the ovule surface [2,3]; the days after flowering are referred to as days 

post anthesis (dpa). Fibre elongation begins on the day of flowering by spherical expansion 

above the ovular surface and continues with primary cell wall deposition for 20 to 25 days 
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until reaching final fibre lengths of 22 to 35 mm. Secondary cell wall synthesis begins around 

15 to 22 dpa and continues for 30 to 40 days. Fibre maturation is evident by a twisted ribbon-

like structure beginning 45 to 60 dpa [2,4]. While cells are growing, cellulose is synthesised 

by the condensation of glucose molecules at enzyme complexes, each of which generates 36 

cellulose molecules; these lie in the same direction and crystallise into long microfibrils [5]. 

In studies of the crystalline structures of developing cotton fibres, Paralikar [6] showed that 

the crystalline structure at 5 dpa belonged to cellulose I; Tuichiev et al. [7] suggested that 

immature cotton fibres up to 10 days after flowering showed crystalline structure cellulose 

III, while the cellulose I was shown only for mature fibres; Chanzy et al. [8] noted that 

cellulose of the primary wall of cotton at 15 dpa possesses the crystalline structure of 

cellulose IV; Hsieh et al. [4,9] and Hu and Hsieh [1,10] demonstrated that crystallinity 

increases with fibre development; Hsieh et al. [4] showed that the most significant increase in 

crystallinity occurs between 20 and 35 dpa, equivalent to the first two weeks of secondary 

cell wall synthesis or the fourth and fifth weeks of entire fibre development. It is reported that 

no change in crystallinity is contributed by development beyond 35 dpa [4].  

There is a loss of water and the fibres dehydrate when the cotton boll starts to open and fibres 

become flattened and twisted. After dehydration, the cross-section of cotton fibres is kidney-

shaped, however the shape is near circular in fully developed, thick-walled, mature fibres and 

curled in thin-walled, immature fibres [11,12]. Fibre maturity is probably the most 

misunderstood and least well-defined term in textile industry [13,14]; the term, fibre 

maturity, is used to describe the degree of development of the fibre wall [14,15]. The degree 

of cell wall thickening (し) is calculated from the measured parameters of the cross-sectional 

area and the perimeter of the cell wall. Although determining し is theoretically the most 

accurate approach of measuring fibre maturity, measurements are affected by significant 

experimental error because of fibre preparation and the limited number of fibres that can be 
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practically measured [15]. Some studies on measuring the development of cotton cell-wall 

thickening have been reported using different techniques: cross-section image analysis 

[14,16,17]; scanning probe microscopy (SPM) [11]; scanning electron microscopy (SEM) 

[18]; X-ray fluorescence spectroscopy (XRF) [19]; Fourier-transform infrared spectroscopy 

(FT-IR) [20]; and Goldthwait’s method using a combination of two dyes, C.I. Direct Red 81 

and C.I. Direct Green 26 [21].  

Long et al. [15] measured the maturity of developing Pima (Gossypium barbadense) and 

Upland (Gossypium hirsutum) cotton fibres using an automated polarized light microscopy 

technique (SiroMat instrument). They pointed out that the fibre maturity increased as fibres 

developed – Upland fibres have higher average maturity, but Pima fibres matured quicker 

than Upland fibres. Wartelle et al. [19] studied cotton fibre maturity by X-ray fluorescence 

spectroscopy and Advanced Fibre Information System (AFIS) – they pointed out that these 

two techniques used together provide a more direct, quantitative measure of cotton maturity 

than other methods in use.  

Abidi et al. [22] studied structural changes of developing cotton fibres using FT-IR; 

differences in structural evolution was reported for two cotton cultivars (Gossypium hirsutum 

L. cv. TX19 and TX55) where transition between primary and secondary cell wall occurred 

between 17 and 18 dpa for TX19 cultivar fibres, and between 21 and 24 dpa for fibres from 

TX55 cultivar. The same authors supported these findings by thermogravimetric analysis 

[23], and changes in sugar composition and cellulose content using HPLC [24]. Seagull et al. 

[25] showed significant increases in fibre diameter during the first 30 days of fibre 

development for 4 genotypes from two species (Gossypium hirsutum and Gossypium 

barbadense); all genotypes started secondary wall synthesis by 20 dpa, as indicated by 

significant increases in wall birefringence. 
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Ceylan et al. [26] studied moisture sorption in developing cotton fibres (Gossypium hirsutum) 

by dynamic vapour sorption. Two distinct stages of developing cotton fibres were reported: 

At the first stage from 21 to 25 dpa elongation of the fibres occurs and at the second stage 

above 25 dpa the secondary cell wall becomes dominant over the primary cell wall; during 

the first stage moisture sorption is very high in comparison to the second stage. Young fibres 

showed preference for polylayer water adsorption, probably due to the hygroscopic nature of 

the fibre components, and due to the fairly large total surface area of immature fibres. During 

the second stage cellulose content increases with the dpa and the maximum absorbance 

capacity is lower in comparison to the first stage. 

Herein, the aim of this work is to analyze whether the application of novel analytical 

techniques such as interference polarized-light microscopy and immunofluorescence analysis 

using carbohydrate-binding modules (CBM), enables a better understanding of the structural 

properties of and crystallinity changes in developing cotton fibres. It has been previously 

reported that CBMs can be used to study the cell wall composition of cellulose [27, 28], and 

in our previous research we have demonstrated that CBMs can be successfully employed to 

monitor changes in crystallinity in cotton treated with different concentrations of sodium 

hydroxide [29]. In this work, CBMs were used to study crystallinity changes of developing 

cotton fibres and results were compared to both structural changes monitored using 

interferometric methods and also crystallinity changes measured by Attenuated Total 

Reflectance Fourier-transform Infrared (ATR-FTIR) spectroscopy. 
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2. Experimental Section 

2.1. Materials 

Plants from a conventional FiberMax cotton (Gossypium hirsutum) variety were grown in 5 L 

pots containing a Perlite soil mixture, in a greenhouse with 16 hours of artificial sunlight per 

day and maintained between 25°C and 30°C. Flowers were tagged as soon as they appeared, 

and harvested at the relevant dpa or days after flowering. Fibres from bolls at different 

developmental stages including green bolls that were 17, 20, 22, 24, 26, 35, 40, 45, 50, and 

55 dpa and one boll that was matured and opened on the plant at 60 dpa were included. Bolls 

from 12 different plants were studied for all assays. Green and mature bolls were opened and 

the fibres were separated from the seeds by hand within 1 hour of harvesting. Fibres in young 

fruit were packed tightly together and bound by a mucilaginous matrix when dried out. To 

break down this matrix and to help to individualize fibres, fibres were rinsed in 70% ethanol 

for approximately 10 min, then left in air to dry. Carbohydrate-binding modules CBM3a and 

CBM17 used in this study were supplied by Prof. Harry Gilbert, Newcastle University (UK); 

CBM3a binds to a crystalline cellulose [30] and CBM17 binds to a non-crystalline regions of 

cellulose [27,31]. All other chemicals were purchased from Sigma-Aldrich. 

 

2.2. Resin embedding and sectioning for transmission electron microscopy (TEM) 

Cotton samples were fixed with 2.5% glutaraldehyde in 0.1 M phosphate buffer for 2.5 h, 

followed by washing two times for 30 min with 0.1 M phosphate buffer. After washing, 

samples were fixed overnight with 1.0% osmium tetroxide; OsO4 was made up in the same 

buffer as the primary fixative. Samples were again washed two times for 30 min with 0.1 M 

phosphate buffer. After washing, samples were dehydrated using an ascending alcohol series 
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(20%, 40%, 60%, 80%, and two times 100%) for 30 min for each change. Samples were 

imbedded in 50/50% propylene oxide/Araldite (resin) overnight and then for several hours in 

75/25% Araldite/propylene oxide. Samples were transferred to embedding moulds with fresh 

Araldite. Polymerisation of the resin embedded fibre was completed overnight at 60°C. 

Sections were cut on a Reichert Jung Ultracut Microtome to a thickness of 0.5 µm. By using 

FEI Spirit G2 12 BioTWIN TEM running at 120kV, micrographs of cross-sections were 

obtained. 

 

2.3. Cross-sectional image analysis 

Image analysis software ‘Image-Pro Plus Version 4.0’ was used to assist calculation of cross-

sectional area. For each dpa, 5 cross-section images or more were analysed. Figure 1 shows 

an example of cotton fibre cross-section, from where the following parameters were 

calculated. Cross-sectional area of cotton wall (AW) is given by Equation 1: 

Aw = A1 – A2 (1) 

where A1 is the inside/core fibre area (lumen), and A2 is outside/total fibre area. 

The degree of cell wall thickening (し) is ratio of the cross-sectional area of the fibre wall (Aw) 

and the area of a circle with the same perimeter (P) (Equation 2); cotton fibre maturity ratio 

(M) is calculated by Equation 3; cotton fibre micronaire (Mic) represents a combined measure 

of cotton fineness and maturity, and is calculated by Equation 4, where T is wall thickness 

and P is fibre cross-sectional perimeter [32]: 

し = 4ヾ Aw/P2
 (2) 

M = し/0.577 (3) 
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2.4. Interferometry 

Interferometric methods are used to give information about structural properties of natural 

and synthetic fibres, regular and irregular fibres [33-37]. These techniques have been used to 

evaluate the refractive indices (nｩ and n||) and birefringence (〉n) of fibres [34,36,37]. The 

double refracting polarizing interference (Pluta) microscope [38] was used for determining 

the fibre birefringence in this study. The Pluta microscope can be used in two different 

modes; the subtractive and crossed position. When the microscope is set in a subtractive 

mode it measures the birefringence (double refraction) directly; when it is in a crossed 

position, the refractive indices in the case of light polarizing parallel and perpendicular to the 

fibre axis is measured. In this study, the microscope was adjusted to the subtractive mode. 

For accurate measurements the microscope was equipped with a CCD micro-camera, PC 

computer, and a digital monitor. Birefringence (〉n) of fibres was calculated using the 

Equation 5 [33]: 

〉n = 〉Fそ/bA (5) 

where 〉F is the measured enclosed area under the fringe shift, そ is the wavelength (550 nm) 

of light used, b is the inter-fringe spacing, and A is cross-sectional area of the fibre. Image-

Pro Plus was used to measure A with an image analysis tool that measures the image area and 

arrives at an absolute value using present calibration data; an average A of five samples or 

more was calculated using images taken by TEM. ∆F was measured from at least 20 
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microinterferograms. Illustrations demonstrating the application of Equation 5 on 

microinterferograms for a fibre with an irregular cross-section are given in [39]. 

Hermans’ orientation factor (f) is most commonly used to characterize the molecular 

orientation of polymers. Hermans derived this factor in 1946 and is a measure of the degree 

of molecular orientation [40], which relates optical birefringence (〉n) to segmental 

orientation factor (Equation 6): 

f = 〉n/〉n0 (6) 

where 〉n0 is the maximum (intrinsic) birefringence of fibres in the perfectly oriented state; 

because the value of 〉n0 for cotton is not available, 〉n0 = 0.055 [39] for cellulose fibres was 

used in this study. Samples from the fruit younger than 17 dpa were not suitable for the 

analysis because fibres from these samples were still bound together. 

An automated Pluta interference microscope was used for capturing and recording the 

microinterferograms (the fibre images) at different development times (17-60 dpa). Applied 

subtractive position of microscope gave the non-duplicated images for the direct 

measurement of the cotton fibre’s birefringence (〉n). An area method [35] for determining 

the fibre birefringence was used due to the irregularity of cotton fibres. For precise 

measurements, a Fourier-transform method with a software program prepared by Sokkar et 

al. [37], was used to convert the original microinterferograms (Figure 2) to extracted fringe 

contour line (sharp white fringes) on a dark background (Figure 3). For the analysis of the 

final contoured-line microinterferograms of cotton fibres, Image-Pro Plus software was used 

to calculate the inter-fringe spacing b and the area enclosed under the fringe shift F. Using 

Equation 5 and the non-duplicated contour line images (Figure 3), birefringence 〉n for cotton 

fibres during development was calculated; the accuracy of measuring birefringence using 

Pluta interference microscope is 0.001 [41]. From Figure 2 and 3 it is observed that the 
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change and deformity in the fringe shift inside the fibre become significantly different after 

24 dpa.  

 

2.5. Attenuated Total Reflectance Fourier-Transform Infrared (ATR-FTIR) Spectroscopy 

Samples were subjected to FTIR spectroscopy using a Perkin- Elmer Spectrum BX spotlight 

spectrophotometer with diamond ATR attachment. Scanning was conducted from 4000 to 

600 cm-1 with 64 repetitious scans averaged for each spectrum; resolution was 4 cm-1 and 

interval scanning was 2 cm-1. Prior to measurement, samples were conditioned in a standard 

atmosphere of 65 ± 2% relative humidity and 20 ± 2°C for 48 h, then held in a desiccator 

over P2O5 to maintain the same atmosphere as the FTIR measurement equipment was not 

located in the same place. Obtained spectra were normalized to the absorbance of the O–H in-

plain deformation band at 1336 cm-1 due to any obtained changes in this band among all 

examined samples. LOI (g1429/893) and HBI (g3336/1336) were calculated as proposed by 

O’Connor [42] and Nada [43], respectively. 

 

2.6. Immunofluorescence analysis using carbohydrate-binding modules (CBMs) 

Using a 500 µl tube, samples were incubated in 5% milk protein/phosphate-buffered saline 

(PBS) for 30 min and then rinsed off once with PBS. His-tagged CBMs were added, 10 µg 

ml-1 at 1 in 50 dilution and were incubated for at least 90 min at room temperature with 

shaking. After that, samples were washed three times with 5% PBS, 5 min per wash. A 

secondary antibody (anti-his, mouse) was added, diluted 1 in 1000 in 5% milk protein/PBS 

and incubated for at least 90 min. Samples were washed again three times with 5% PBS, 5 

min per wash. A tertiary antibody (FITC – anti-mouse) was added, diluted 1 in 50 in 5% milk 
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protein/PBS and incubated for at least 90 min in the dark. Samples were washed three times 

with PBS, 5 min per wash. At next stage, Calcofluor (a fluorescent dye that stains all 

cellulose irrespective of crystallinity) was added for 5 min, 5 µg ml-1 at a 1 in 10 dilution. 

Samples were mounted in Citifluor anti-fade to prevent fluorescence fading, prior to viewing. 

Immunofluorescence imaging was combined with differential interference contrast imaging 

using an Olympus BX61 microscope equipped with differential interference contrast optics 

and epifluorescence irradiation. Images achieved for samples stained with Calcofluor showed 

a blue colour wherever cellulose was present, irrespective of crystallinity. Images achieved 

for samples labelled with CBMs showed a green colour: for CBM3a this is observed 

wherever crystalline cellulose was present; for CBM17 this is observed wherever amorphous 

cellulose was present. It should be noted that CBMs bind to the surface of the cotton fibres 

and cannot permeate the cellulose crystallites. Quantitative fluorescence imaging was 

completed using Image J software. CBM fluorescence micrographs were run through the 

software and intensity measurements were taken on regions of the fibre using a standard 

ellipse shape template. Three intensity measurements were taken for each micrograph for 

each treatment, with each treatment done in triplicate. Values were normalised between 0 and 

1 through dividing the intensity values by the maximum value for each carbohydrate-binding 

module. 

 

3. Results and Discussion  

3.1. Fibre length measurements and cross-sectional image analysis 

The primary cell wall determines the length of the cotton fibre, while the secondary cell wall 

determines fibre strength [44]. The summary of fibre length measurements of developing 

cotton fibres is presented in Figure 4, wherein it is observed that a significant increase in fibre 
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length up to 24 dpa; this observation is in agreement with Schubert et al. [45] who reported a 

rapid increase in fibre length to 27 dpa, and Benedict et al. [46] who showed an increase in 

fibre length of cotton fibres until 25 dpa. It is noted that the degree and timing of the 

observed changes may be dependent upon growing conditions and the genetic composition of 

the line. 

Cross-sections of cotton fibres were analysed to calculate cotton maturity ratio, an important 

fibre quality property that is directly related to the amount of cellulose deposited during the 

secondary wall biosynthesis [2,20]. Figure 5 shows TEM cross-sections of cotton fibres 

during biosynthesis. Qualitatively, it is clear that cell-wall thickness increases with the time 

(dpa). Quantitatively, the average cross-sectional area of the cotton fibre wall (Aw) was 

calculated using Image-Pro Plus software. The relationship of wall area to time (days after 

flowering or dpa) is shown in Figure 6a, where it is observed that the cross-sectional area of 

the cotton fibres increases with fibre development, from approximately 40 µm2 at 17 dpa to 

150 µm2 at maturity. Secondary wall thickening remains fairly low from 17 to 24 dpa and 

then the fibres begin to thicken rapidly, which is in general agreement with Schubert et al. 

[45] who reported rapidly thickening at 19 dpa and Ceylan et al. [26] who observed 

dominance of the secondary cell wall over the primary cell wall only beyond 25 dpa. Goynes 

et al. [48] suggested that secondary wall development starts at 15 dpa. Our results also 

support an overlap between secondary cell wall formation and fibre elongation, which is in 

line with several papers that show a considerable overlap between these two phases 

[26,45,46]; other references [47,49] reported that secondary cell wall thickening does not 

start until the elongation phase is complete. These differences between reports might be due 

to the insensitivity of certain methods to measure small increases in fibre wall thickness 

during the early phases of secondary cell wall formation or to differences between cotton 

genotypes. As fibres do not all develop in the same way, uneven changes in the mean degree 
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of cell wall thickening are observed [15], as such, the process of sectioning cotton fibres and 

measuring the wall area is a process fraught with experimental error [50]. Micronaire is 

widely used test method as an indicator of cotton fibre fineness (linear density) and maturity 

[32,50]. High micronaire (>5.0) usually indicates coarse fibres, which do not spin 

successfully into fine-count yarns, whereas low micronaire (<3.5) suggests that fibre is 

immature and can cause neps and dye defects. Without knowledge of perimeter or fibre 

maturity, low micronaire of cotton fibres could result from immature fibre or genetically fine 

fibre (e.g. small perimeter) [51]. Figure 6b shows micronaire of cotton fibres during 

biosynthesis. It is observed that micronaire is constant from 17 dpa to 24 dpa and after that it 

increases significantly during development until maturity, from 0.5 at 24 dpa to 6.4 at 60 dpa. 

These results are in an agreement with results observed from Figure 6a; if the cell wall area 

increases during the growth, that means the fibre is thickening and according to Equation 4, 

the courser fibre, the higher micronaire (Mic  T). 

Maturity describes the degree of cell wall thickening relative to fibre perimeter, which is an 

important property that affects the textile performance of cotton fibres [15]. The mature fibre 

is an elongated epidermal cell of the cotton ovule with a thickened secondary wall that is 

mainly composed of cellulose (> 90%) [52]. A mature fibre is a fibre where the cell wall 

thickness is twice the diameter of the fibre cell lumen [13]. Whilst fibre maturity is easy to 

define, its measurement is more difficult, as the test methods are limited, primarily due to the 

time required to make measurements, hence, testing is impractical, and measured fibre 

parameters are not solely related to maturity (e.g. micronaire). Maturity can also be expressed 

as the wall area measured directly from the microscope images of cross-sectional area. The 

most satisfactory expression of maturity is the maturity ratio as described by Pierce and Lord 

[52] that measures maturity independently of differences in intrinsic fineness. Thus, the 

degree of thickening is defined as ratio of the wall area to the perimeter (see Equations 2 and 
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3). Other ratios of cross-sectional and longitudinal geometric measurements have also been 

used to express maturity, however the degree of thickening (し) remains the most used and 

preferred measure [50]. Figure 6c shows changes in maturity ratio of cotton fibres during 

their development, where is it observed that M increases as fibres develop. It has been 

previously reported by Long et al. [15] that maturity ratio increases with fibre development. 

 

3.2. Optical anisotropy (birefringence) of cotton fibres 

Interferometric techniques provide information of the structural properties of fibres, i.e. 

birefringence or optical anisotropy [36]. Birefringence is a measure of the overall molecular 

orientation in the fibre. Figure 7a shows birefringence of cotton fibres during development, 

where it is observed that birefringence increases notably from 17 dpa to 26 dpa (elongation 

phase) and then it levels off until the fibre become fully matured. Molecular orientation arises 

from parallelization of the molecular chain along the fibre axis in crystalline and amorphous 

regions of the fibre during elongation stage [53]. From Figure 7a, it is clearly seen that the 

molecular orientation/alignment occurs during the cotton elongation phase owing to the fibre 

stretching and after 26 dpa no more stretching is involved. It has been reported that the 

secondary wall thickening stage does not begin before the elongation stage is completed 

[3,47,49]. This is also with an agreement with results observed from Figure 6a, where 

thickening starts at 26 dpa, which suggests that elongation is completed by the 26 dpa, as 

seen in Figure 6a. The main operator that correlates the optical and structural properties of 

fibre is birefringence. Applying Equation 6 to experimentally obtained values of 

birefringence, and using the intrinsic birefringence as 0.055 [39] for cellulosic fibres, the 

orientation factor of developing cotton fibres is calculated (Table 1). It is observed that 

orientation factor also increases during development. Developing process reflects an increase 
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in the degree of anisotropy, which is an increase in chain orientation; therefore the orientation 

factor increases [54].  

For correlating the structure and property of cotton fibres; the relation between birefringence 

and maturity ratio has been suggested. Figure 7b illustrates the birefringence changes of 

cotton fibres during maturation, where a remarkable increase of birefringence is observed at 

the lower maturity ratio values a plateau is reached at a maturity ratio of 0.3. 

 

3.3. Attenuated Total Reflectance Fourier-Transform Infrared (ATR-FTIR) spectroscopy 

compared with quantitative immunofluorescence labelling with CBMs 

In previous research we have demonstrated that ATR-FTIR can be successfully employed to 

monitor changes in crystallinity of cellulosic fibres through crystallinity indices [55,56]. 

Immunofluorescence labelling techniques can be employed to provide visual representation 

of the presence of crystalline or amorphous cellulose, by designing probes attached to 

carbohydrate-binding modules (CBMs) which have molecular recognition for differences in 

crystallinity, and we have previously used this technique to quantify crystallinity changes in 

cellulose I [29] and cellulose II [56] in comparison with ATR-FTIR. CBMs, with distinct 

molecular recognition capacities, have been used to locate in situ the presence of crystalline 

and amorphous regions of cellulose in plant materials [57]. However, such biological 

techniques have never been used to quantify molecular changes in cotton fibres during 

development, yet they offer a new method of qualitative and quantitative measurement of 

changes to the structure of cellulose that occur during the development of cotton fibres. The 

advantages of this technique are that no changes in crystallinity of the fibre occur during 

sample preparation, there is potential for increased sensitivity, and the ability to detect 

crystallinity changes in individual fibres, rather than the bulk of the sample in other analytical 
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methods. In contrast to spectroscopy, CBMs only detect crystallinity changes at the surface of 

the fibres. 

Figures 8 and 9 show indirect immunofluorescence analysis of crystalline cellulose-directed 

CBM3a and amorphous cellulose-directed CBM17 binding to the surface of developing 

cotton fibres. Micrographs shown in Figures 8 and 9 only provide qualitative analysis and in 

order to provide quantitative analysis of these visualized changes in cellulose crystallinity 

image analysis was used to convert fluorescence signals for each treatment into relative 

values. 

O’Connor et al. [42] the IR absorption band at 1429 cm-1 as typical of crystalline regions in 

the polymer and the absorption band at 893 cm-1 typical of amorphous regions; the ratio of 

these two bands is referred to as the “lateral order index” (LOI). LOI can be used to interpret 

qualitative changes in cellulose crystallinity; generally, as LOI decreases crystallinity also 

decreases [42,58]. Figure 10 shows indirect immunofluorescence detection of CBM3a 

binding to the surface of developing cotton fibres in comparison to changes in LOI from 

ATR-FTIR analysis. It is evident that from the comparison of LOI and CBM3a results there 

is a significant increase in the degree of crystallinity from 17 to 26 dpa of cotton fibres for 

CBM3a and until 35 dpa for LOI. This is also in agreement with birefringence results (Figure 

7a). Hu and Hsieh [1] studied crystalline structure of developing cotton fibres using wide-

angle X-ray scattering (WAXS) diffraction and reported that the most significant increase in 

the degree of crystallinity is between 21 and 34 dpa. Hsieh et al. [4] reported that crystallinity 

occurs between 20 and 35 dpa, and development beyond that does not contribute to any 

changes in crystallinity. These observations suggest that these analysis techniques could be 

more sensitive in detecting crystallinity changes early in fibre development than previous 

studies. 
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Hydrogen Bond Intensity (HBI) can also be used to interpret qualitative changes in 

crystallinity in cellulose; HBI compares the ratio of absorption bands at 3336 cm-1 and 1336 

cm-1, which is closely related to the degree of intermolecular regularity (crystallinity) [59]. 

Even though an increase in HBI represents an increase in hydrogen-bonding between certain 

hydroxyl functions in cellulose, it is generally accepted that as crystallinity of the cellulose 

increases, HBI decreases [43]. Figure 11 shows changes in HBI of developing cotton fibres in 

comparison of the quantification of amorphous cellulose-directed CBM17 binding. From 

obtained results the same trend of HBI and CBM17 binding is observed. HBI increases up to 

24 dpa, which corresponds to the elongation stage of cotton fibre development. It is proposed 

that both intra- and inter-molecular hydrogen bonding occurs during this stage, which 

indicates that fibres contain more cellulose chains in a well ordered form leading to a higher 

HBI between neighbouring cellulose chains, resulting in higher crystallinity [60]. This is also 

in agreement with obtained results for birefringence (Figure 7a), where the most significant 

changes in crystallinity occur due to the drawing of the fibre. A decrease of HBI is observed 

from 24 to 40 dpa where it is proposed that no significant change in inter-molecular hydrogen 

bonds occurs, however change in intra-molecular orientation takes place. From 40 to 60 dpa, 

an increase in HBI is obtained, which may be explained in terms of moisture content. When 

water molecules bind to the hydroxyl groups in the amorphous region of the cotton fibre, 

hydrogen bonds are broken and the internal strain of the amorphous chain is relaxed, 

accordingly, molecular chains in the amorphous region rearrange to a more ordered structure 

[61], potentially resulting in an increase in HBI. CBMs only bind to the surface of the cotton 

fibres and cannot access fibre interiors, whereas the ATR-FTIR techniques are assaying 

throughout the fibres. It is of large interest that the binding of the crystalline cellulose-

directed CBMs are particularly sensitive to changes during development. These two cellulose 

recognition capabilities are therefore quite distinct and do not merely appear to recognise two 
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different cellulose structures; these binding profiles also indicate the capacity for a range of 

states of cellulose structures at cotton fibre surfaces. 

 

4. Conclusions 

Developing cotton fibres were examined from days 15 to 60 after flowering during 

development. A significant increase in fibre length is observed to 24 dpa, which suggests that 

fibre elongation stops at that time. Cross-sections of cotton fibres were analysed to calculate 

properties of fibres and cotton maturity. It was observed that the cross-sectional area of the 

cotton fibres increased with fibre development, from approximately 40 µm2 at 17 dpa to 150 

µm2 at maturity. Secondary wall thickening remained fairly low from 17 to 24 dpa and then 

the fibres began to thicken rapidly. Micronaire increased during development, it was constant 

from 17 dpa to 24 dpa, after which time significant change occurred until mature. These 

results are in an agreement with results observed from the wall area thickening – maturity 

ratio increased as fibres developed.  

Interferometry provides information of the opto-structural properties of fibres, i.e. 

birefringence (〉n) and orientation factor (f). An automated Pluta interference microscope was 

used for capturing and recording microinterferograms of cotton fibres. Birefringence and 

molecular orientation of cotton fibres increased significantly from 17 dpa to 26 dpa and then 

achieved plateau. Molecular orientation takes place during the cotton elongation phase due to 

the natural stretching up to 26 dpa, which is in agreement with results observed from wall 

area, where thickening started at 26 dpa, suggesting that elongation is completed by 26 dpa, 

as shown by birefringence.  
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ATR-FTIR and immunofluorescence labelling techniques were used to analyse changes in 

crystallinity of developing cotton fibres. It was evident from the lateral order index (LOI) and 

CBM3a results that there was a significant increase in the degree of crystallinity from 17 dpa 

to 26 dpa of cotton fibres, which is also in agreement with results obtained from 

birefringence. Hydrogen bond intensity (HBI) increased to 24 dpa, which corresponds to the 

elongation stage of cotton fibre development and fibre formation. This is also in agreement 

with obtained results from birefringence where the most significant changes in crystallinity 

occurred due to natural drawing of the fibre. A decrease in HBI was observed from 24 to 40 

dpa, where it is proposed that no significant change in intermolecular hydrogen bonds 

occurred. From 40 to 60 dpa an increase of HBI was obtained; as the presence of water 

molecules in amorphous regions allows molecular chains to rearrange to form a more ordered 

structure, corresponding to an increase in HBI. 

Immunofluorescence labelling techniques offer a new method of qualitative and quantitative 

measurement of changes of the cellulose structure that occur during the development of 

cotton fibre. The advantages of the technique are that no changes in crystallinity of the fibre 

are caused in the sample preparation, there is potential for increased sensitivity, and also the 

ability to detect crystallinity changes in individual fibres, which is not readily feasibility with 

IR and XRD techniques. In contrast to ATR FT-IR spectroscopy, CBMs only detect 

crystallinity changes at the surface of the fibres. 
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Figures and Tables 

 

 

 

Figure 1: An example of a cotton fibre cross-section analysis using Image-Pro Plus analysis 

of a TEM image.  
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Figure 2: Microinterferograms of cotton fibres with increasing dpa. Wavelength of そ = 550 

nm, taken by Pluta microscope. 
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Figure 3: Microinterferograms of cotton fibres with increasing dpa from Figure 2 with 

extracted fringe contour line on a dark background. 
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Figure 4: Length of developing conventional FiberMax cotton fibres with increasing dpa. 

Error bars are based on calculated standard deviation. 
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Figure 5: TEM transverse-sections of conventional FiberMax cotton fibres with increasing 

dpa during development. 
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Figure 6: Analysis of conventional FiberMax cotton fibre properties with increasing dpa 

during development: (a) cross-sectional area, (b) micronaire, and (c) maturity. Error bars are 

based on calculated standard deviation. 
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Figure 7: Birefringence (〉n) of conventional FiberMax cotton fibres: (a) with increasing 

development time (dpa); and (b) during maturation (M). Error bars are based on calculated 

standard deviation. 
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Figure 8: In situ fluorescence imaging of the binding of crystalline cellulose-directed 

CBM3a to developing conventional FiberMax cotton fibres, with increasing dpa. 
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Figure 9: In situ fluorescence imaging of the binding of amorphous cellulose-directed 

CBM17 to developing conventional FiberMax cotton fibres, with increasing dpa. 
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Figure 10: Analysis of binding of crystalline cellulose-directed CBM3a to developing 

conventional FiberMax cotton fibres in comparison with LOI (ATR-FTIR), with increasing 

dpa. Error bars are based on calculated standard deviation. 
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Figure 11: Analysis of binding of amorphous cellulose-directed CBM17 binding to 

developing conventional FiberMax cotton fibres in comparison with HBI (ATR-FTIR), with 

increasing dpa. Error bars are based on calculated standard deviation. 
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Table 1: Overall molecular orientation (f) of conventional FiberMax cotton fibres with 

increasing dpa. 

 

dpa f 

17 0.007 

20 0.024 

22 0.025 

24 0.022 

26 0.035 

35 0.022 

40 0.036 

45 0.055 

50 0.026 

55 0.036 

60 0.036 

 

 


