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A B S T R A C T   

Ageing of paper is a complex process of great relevance for application purposes because of its widespread use as 
support for information storage in books and documents, and as common low-cost and green packaging material, 
to name a few. A key factor in paper ageing is the oxidation of cellulose, a macromolecule of natural origin that 
constitutes the main chemical component of paper. Such a complex process results in changes in the cellulose 
polymeric chains in chemical and structural properties. The scope of this work is to explore the effects of 
oxidation of cellulose as one of the principal mechanisms of ageing of paper using a fluorescence-based approach. 
To this aim, fluorescence-lifetime imaging microscopy (FLIM) measurements on pure cellulose samples stained 
using Carbotrace 680 dye were performed, and data were analyzed by phasor approach. The comparison with 
results from conventional techniques allowed to map paper microstructure as a function of the sample oxidation 
degree correlating the fluorescence-lifetime changes to cellulose oxidation. A two-step oxidation kinetics that 
produced specific modification in paper organization was highlighted indicating that FLIM measurements using 
Carbotrace 680 dye may provide a simple tool to obtain information on the oxidation process also adding spatial 
information at sub-micrometric scale.   

1. Introduction 

Paper is one of the most important materials currently used for many 
applications, such as low-cost and green packaging for food, [1] elec
trical insulation in cables and power transformers, [2] decorative and 
smart component in buildings interior as wallpaper. [3] However, the 
likely most prominent role paper has played for human activities 
worldwide is as common support to make manuscripts, archival docu
ments, books, and artistic works. In fact, since the 2nd century AC, paper 
has affirmed its role from the historical and artistic point of view as 
information carrier, and support for many graphical arts. [4,5] 

Chemically, paper is a complex multi-component material of natural 
origin mainly constituted of cellulose. Cellulose is the most abundant 
natural biopolymer on the Earth with a yield of about 1.5 × 1012 tons per 
year, currently obtained from a wide range of sources, such as plants, 
algae, and bacteria. [6–8] It is a linear homopolymer of D-glucose linked 
through 1,4-β-glucosidic bond, naturally occurring as polymeric mi
crofibrils in a semi-crystalline state. [9,10] 

It is well assessed that properties of paper (e.g. straightness, dura
bility, color) are affected by the content of cellulose and its chemical 
integrity. [11] Cellulose may be subjected to many deterioration 
mechanisms due to chemical, physical, and biological factors as it is 
sensitive to temperature and light, as well as to the enzymatic activity of 
cellulolytic microorganisms that can colonize its surface. [12,13] 

Among the chemical degradative processes, oxidation and hydrolysis 
of cellulose chains are recognized as the main degradation patterns 
occurring in the paper under common conditions of storage. 

Oxidation mainly results in loss of paper strength and yellowing as a 
consequence of the formation of carbonyl groups and the formation of 
carbonyl conjugated double bonds, while hydrolysis induces cellulose 
chains depolymerization and breaking resulting in a more fragile ma
terial. [14,15] Cellulose oxidation and hydrolysis reactions are currently 
the subject of diverse studies because of the almost ubiquitous presence 
of water and oxygen in the atmosphere affecting shelf-life and applica
bility of cellulosic materials. [16,17] 

Such degradation processes are slow but induce relevant 
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modifications on the cellulose fibers over time that clearly represent a 
relevant issue, especially in the field of Cultural Heritage, since ancient 
paper-based items have to be preserved for long time to avoid 
deterioration. 

Several efforts have been made for a more detailed characterization 
of the intrinsic proprieties of cellulose, as well as, for a better compre
hension of its ageing mechanisms. [18–20] A typical approach to 
investigate the effects of ageing on paper and other cellulosic materials 
consists in inducing artificial accelerated ageing which is an efficient 
and useful methodological strategy for studying cellulose and paper 
degradation since natural ageing can take many years to several decades 
to produce statistically significant changes. [21] The ageing in paper 
samples is commonly induced through the use of chemical oxidizing 
agents under controlled experimental conditions. Salts of meta- 
periodate ion (IO4

− ) in aqueous solution are the most used compounds 
to oxidize paper, through the Malaprade reaction, as it reacts with cel
lulose to yield the oxidized derivative known as dialdehyde cellulose. 
[22] The oxidation reaction of cellulose with IO4

− is widely used as it is 
characterized by high selectivity. [23] In fact, the oxidation with meta- 
periodate causes a selective cleavage of the C2-C3 bond in the anhy
droglucose units of cellulose due to the oxidation of the related sec
ondary hydroxyls to a couple of aldehydic carbonyl groups. The high 
selectivity is due to the oxidation mechanism which requires vicinal 
hydroxyls, as such groups are located at the C2 and C3 positions. [24] 
Thus, the oxidation reaction proceeds via the formation of a cyclic 
diester of meta-periodate ion with vicinal hydroxyls, that subsequently 
undergoes an intramolecular redox process with C–C bond cleavage 
according to the concerted mechanism of the Malaprade reaction, with 
no significant side reactions nor further oxidation to carboxyl groups. 
[24,25] 

By the use of this strategy, the ageing of paper made of pure cellulose 
has been investigated by mainly quantifying the most relevant param
eters such as carbonyl content upon oxidation, paper acidification, 
decrease of the degree of polymerization, deterioration of the mechan
ical properties, and changes in crystallinity. These physicochemical 
modifications at the level of cellulose chains chemistry and structural 
arrangement determine a loss of mechanical strength, whiteness, and 
usability of paper at the macroscopic scale. [4,24,26–28] 

Even though the extensive ageing of cellulose is well-known to 
induce a net decrease of polymeric chain length, breaking of hydrogen 
bonds, and a lowering of crystallinity degree, the process which leads to 
such effects has been suggested not to be monotonic. Intriguingly, some 
studies about the oxidation of pure cellulose paper have found a two- 
step mechanism, involving principally the oxidation of the more 
exposed and accessible amorphous portions of cellulose in the first phase 
of the process, then the oxidative attack to the more packed crystalline 
regions. [24,29] In particular, a two-step process has been suggested by 
analyses typically applied for polymeric structures characterization, 
such as X-ray diffraction (XRD) and differential scanning calorimetry 
(DSC). [29] These techniques have shown changes in crystallinity and 
decomposition temperature for cotton cellulose upon oxidation, and 
allowed evidence that crystallinity slightly increased at the beginning of 
the process, then decreased as a function of the oxidation of time. 

The advantageous characteristics of fluorescence techniques, such as 
low molecular detection limits and high sensitivity to physicochemical 
changes in the fluorophore environment, have been exploited to study 
paper properties and oxidation, as well. For instance, fluorescence 
measurements have been applied to investigate the properties of paper 
and other more complex cellulose-based systems, such as composites 
with synthetic polymers, ancient artefacts, and biological structures. 
[30–33] Concerning the oxidation of paper, fluorescence has enabled 
obtaining data about the oxidation mechanism through the fluo
rolabelling free carbonyls of cellulose with carbazole carbonyl oxyamine 
dye. [24,34,35] The selective fluorolabelling of carbonyl groups in the 
highly ordered crystalline regions of cellulose has also confirmed two 
distinct phases for the oxidation process by meta-periodate ion. [24] Yet, 

this effective approach is based on a chemical reaction carried out 
through a protocol for the carbonyl functions to be fluorolabelled, fol
lowed by sample purification. In addition, the main limit to evaluate the 
oxidation degree of cellulose by the detection of the carbonyl groups is 
represented by the intra- and inter-chain crosslinking reactions. In fact, 
only the free carbonyl groups can be detected, while a fraction of these 
groups can be masked as hemiacetals formed by reaction with adjacent 
cellulose hydroxyls, leading to an underestimate of the actual amount of 
oxidized functions. [36] 

In the present work, an advantageous strategy to monitor the cellu
lose oxidation in paper samples overcoming some limitations of the 
previously reported approaches is presented. By exploiting the proper
ties of Carbotrace 680 fluorescent dye, and using fluorescence lifetime 
imaging microscopy (FLIM) combined with a phasor approach, the 
modifications induced by oxidation of cellulose fibers in paper were 
mapped at the sub-micrometric scale. 

Carbotrace 680 is a recently developed fluorescent short length 
anionic oligothiophene, that selectively binds glucans. [37] It is char
acterized by a central heterocyclic benzodithiazole motif, and an 
intrinsic donor–acceptor–donor electronic structure, that makes it a 
fluorescent dye with improved spectral properties compared to previ
ously reported oligothiophenes, due to the possibility of intramolecular 
charge transfer transitions. This dye has been shown to present different 
spectral properties when bound to different stereoisomers allowing, for 
example, to discriminate between starch and cellulose in potato tissue 
using confocal fluorescence microscopy. [37] 

The effects of oxidation induced by the Malaprade reaction on cel
lulose paper samples were first analyzed by means of well-affirmed 
techniques for cellulosic materials characterization, such as pH mea
surements, X-ray diffraction (XRD) and attenuated total reflectance 
Fourier transform infrared spectroscopy (ATR-FTIR). The paper samples 
were then characterized by fluorescence confocal microscopy through 
steady-state and time-resolved fluorescence intensity measurements 
after staining with Carbotrace 680. The FLIM-based approach is 
demonstrated to represent a powerful tool for studying the paper 
properties upon oxidation. Indeed, FLIM offers a way to exploit fluo
rescence lifetime measurements as a parameter to investigate the 
chemical and structural state of cellulose in paper. [38–41] Also, FLIM 
allows the possibility to map fluorescence lifetime at the micro- and 
nanometric scale to obtain images, [42–47] which encode information 
about the spatial distribution of the dye in the stained paper, along with 
information about the environment the dye experiences as bound to the 
paper fibers. [48] FLIM data were analyzed by means of a phasor 
approach, which consists of a model-free method that enables to easily 
visualize fluorescence lifetime distribution of the observed image at 
pixel resolution. [41,49] The phasor approach to fluorescence lifetime 
imaging has emerged as a widely adopted technique for dissecting 
intricate fluorescence signals. The phasor representation of complex 
fluorescence decays offers a compelling advantage, providing a graph
ical depiction of entire sample decays allowing a straightforward visu
alization and interpretation of data. Notably, the phasor approach 
transforms complex fluorescence decays without resorting to fitting 
models, ensuring that it retains the same information content as the 
original data. The resultant phasor plot is distinctive to a specific system, 
exhibiting high reproducibility and serving as a robust means to assess 
the presence of molecular interactions. Recent advancements have 
enabled the quantification of multiple components from phasor plots in 
fluorescence lifetime imaging microscopy. This capability surpasses the 
current limitations of data fitting methods, particularly in the context of 
biomolecular systems, where such comprehensive quantification was 
not previously achievable. [50–52] Then, the analysis and comparison 
of the obtained data from the kinetic studies of the paper oxidation re
veals a two-steps mechanism, suggesting that the Malaprade reaction 
firstly involves the cellulose amorphous phase, then the more packed 
crystalline regions. 

Therefore, the phasor-FLIM analysis of paper oxidation by staining 
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with Carbotrace 680 enabled an advantageous and effective in-depth 
investigation of the effects of accelerated ageing on pure cellulose 
paper, with a detailed view of the kinetics steps characteristic of the 
cellulose oxidation process. The method represents a valuable tool to 
investigate the ageing mechanism of cellulose microstructures with the 
possibility to extend the approach to other degradative mechanisms, as 
well as to the ageing of other more complex cellulose-based systems. 

2. Experimental section 

2.1. Paper oxidation and pH measurements 

The pure cellulose paper samples used for the experiments were 
Whatman no. 1 lab filters. This type of paper is obtained from cotton 
linters and is constituted of pure cellulose. [53] For the oxidation pro
cess through the Malaprade reaction, a paper filter of ~0.5 g was soaked 
in 50 mL of 15 mM potassium meta-periodate (KIO4, 99.8 %, Sigma 
Aldrich) aqueous solution at different times. Then, the paper filter was 
thoroughly rinsed with deionized water and let spontaneously dry 
overnight. All the steps were carried out at room temperature in the 
dark. For each oxidized sample, non-destructive surface pH measure
ments were carried out using a Hanna Instruments pH 211 pH meter 
equipped with a flat electrode according to the T 529 om-04 TAPPI 
method. 

2.2. Carbonyl content determination 

The carbonyl content was measured through the colorimetric TTC 
(triphenyl tetrazolium chloride) assay. [26,54] The TTC assay is based 
on the redox reaction between the free carbonyl groups of the oxidized 
cellulose in paper with 2,3,5-triphenyltetrazolium chloride (TTC, 98.0 
%, Sigma Aldrich) in an alkaline medium. Briefly, 30 mg of paper cut 
into small pieces were put in a 10 mL glass tube, then 0.5 mL of KOH 0.2 
M and 0.5 mL of TTC 0.2%w/v aqueous solutions were added. The re
action was carried out in a water bath at 70 ◦C for 10 min in the dark. 
After cooling in an ice bath, 0.2 mL of aqueous HCl 1 M were added to 
block the reaction. The red precipitate, that is triphenylformazane 
yielded by the TTC reduction, was solubilized with ethanol to a final 
volume of 10 mL, and its concentration was evaluated by UV–Vis ab
sorption spectroscopy by a UV–Vis-NIR V-770 Jasco spectrophotometer. 
Spectra were recorded in a 1.00 cm quartz cuvette in the range 200–800 
nm, with a bandwidth of 2.0 nm, and a scan speed of 200 nm/min. The 
absorbance values at λ = 485 nm enabled to calculate the carbonyl 
content by the use of a calibration curve obtained with a standard 
aqueous solution of glucose. [54] 

2.3. Crystallinity measurements 

The crystallinity of paper samples at different oxidation degrees was 
measured by XRD and ATR-FTIR measurements. The XRD patterns were 
collected through a Bruker ecoD8 ADVANCE (Bruker, Billerica, MA, 
USA) spectrometer working in the θ-2θ geometry equipped with a Cobalt 
tube (Co; λ = 1.79 Å) and a LYNEXEYE (1D mode) detector operating at 
40 kV and 25 mA. XRD patterns were recorded in the 5.0◦–70.0◦ (2θ) 
range with a 1 mm window, an increment of 0.0198◦, and time per step 
of 1.00 s. The XRD data were analyzed by Match! 3 software. 

ATR-FTIR spectra were collected by using an FTIR Bruker Vertex 
Advanced Research Fourier Transform Infrared spectrometer (Bruker, 
Billerica, MA, USA) equipped with a Platinum ATR and a diamond 
crystal, in the 70–4000 cm− 1 range, spectral resolution of 2 cm− 1 and 
200 scans. FTIR spectra were analyzed by using OPUS (7.5) software. 

2.4. Fluorescence confocal microscopy and FLIM measurements 

Paper was stained by soaking the sample (5 mg) in 100 μL of 4 μg/mL 
Carbotrace 680 (Ebba Biotech, Sweden) aqueous solution for 2 h. The 

paper samples were kept wet for the fluorescence analyses. Steady-state 
and time-resolved fluorescence intensity measurements were both car
ried out by using a Leica TSC SP5 confocal laser scanning microscope, 
with a 63×, 1.4 NA oil objective (Leica Microsystems, Wetzlar, Ger
many). Fluorescence spectral imaging was performed acquiring 512 ×
512-pixels images using λexc = 550 nm in the range 580–780 nm with a 
20 nm bandwidth. 

FLIM measurements were collected in the time domain using the 
Leica TCS SP5 inverted microscope coupled with a PicoHarp 300 TCSPC 
Module (PicoQuant, Berlin, Germany). 256 × 256 pixels FLIM mea
surements were obtained by setting the fluorescence acquisition range 
580–780 nm and λexc = 550 nm from a white light laser with a repetition 
rate of 80 MHz (Leica Microsystem). 

2.5. FLIM phasor plot analysis and interpretation 

FLIM data were analyzed by using the phasor approach. [52] This is a 
Fourier domain technique that allows the transformation of the signal 
from each pixel of the image to a single point, namely phasor, on a polar 
plot commonly called “universal circle”. In this representation, all 
possible single-exponential decays measured at each pixel of the image 
are transformed to points lying on a semicircle, with radius 1/2, going 
from point (0,0), corresponding to an infinite lifetime, to point (1,0), 
corresponding to lifetime of 0. Complex decays typically lie within the 
universal circle. Each pixel in the FLIM image corresponds to a single 
pixel in the phasor plot, then by using colored cursors it is possible to 
select pixels in the phasor plot so that the corresponding pixels in the 
measurement appear colored accordingly generating the so-called life
time maps. [41] For more complex exponential decays, the phasors 
appear inside the universal circle. In the case of a double exponential 
decay, since phasors follow the rules of vector algebra, measured life
times are located along a straight line joining the phasors of the two 
main lifetime components and it is possible to geometrically resolve the 
fractions of single decay components by the lever rule. [41,52] By 
calculating the fraction of each lifetime single component, that is pro
portional to the distance of the phasor from the other pure component, it 
is possible to obtain lifetime fraction maps. 

In this work, FLIM data were processed using SimFCS4 software 
(Laboratory for Fluorescence Dynamics, University of California, Irvine, 
CA, available at www.lfd.uci.edu), and fraction maps were obtained 
using a double exponential model. The dye Alexa Fluor 594 in aqueous 
solution, characterized by a single exponential decay and a lifetime of 
3.9 ns, was used for calibration. 

3. Results and discussion 

Cellulose oxidation process is fundamental in determining the 
macroscopic properties of paper. Monitoring physical and chemical 
parameters, such as pH, carbonyl content and crystallinity is crucial to 
define the ageing degree of paper. In the following the effects of the 
ageing on the main physicochemical features of pure cellulose paper 
were determined during oxidation by means of well-affirmed techniques 
for paper analysis, as well as by phasor-FLIM measurements on Carbo
trace 680 stained samples. 

3.1. Acidity measurements 

Cellulose paper was oxidized by incubating samples in 15 mM KIO4 
at different time intervals. The pH of each sample was measured at 
specific time points by a non-destructive protocol using a flat electrode 
after removing the oxidizing agent by washing with Milli-Q water. In 
Fig. 1, the pH of the different samples oxidized for specific time intervals 
is reported up to 1440 min (24 h). As can be seen, starting from a pH 
value nearly neutral a decrease of pH is measured as a function of the 
treatment time. The higher measured pH value, before treatment (t = 0), 
is compatible with the one expected for a pure cellulose sample such as 
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Whatman no.1, and the lowering of pH can be ascribed to increasing 
oxidation. [55] The decrease of pH from pH = 6.3 ± 0.1 to pH = 5.3 ±
0.1 is observed, and a stable value is reached in about 600 min. The 
oxidation process of paper is known to lower its pH, and this measure
ment is routinely used as a marker of cellulose oxidation [55,56] so that 
the lowering of pH is taken into account as an indication that the Mal
aprade reaction was successfully applied to the samples. 

3.2. Carbonyl content 

The ageing of cellulose in paper samples determines an increase in 
the carbonyl content as a result of the oxidation of hydroxyl groups. 
Therefore, monitoring the carbonyl content as a function of the oxida
tion time is a common way to confirm the oxidation of cellulose and 
follow the extent of such a chemical modification over time. [54] The 
Malaprade reaction is widely used to induce accelerated ageing of paper 
as it is effective in inducing the formation of carbonyl groups upon 
specific homolytic scission of the 2C–3C bond at the anhydroglucose 

units on the cellulose chains. [24,25] To determine the carbonyl content, 
which is indicative of the degree of oxidation of cellulose, the TTC assay 
is commonly applied. The TTC assay is a redox colorimetric method 
which consists in the oxidation of free carbonyl groups of the cellulose 
structure, and the concomitant reduction of the 2,3,5-triphenyltetrazo
lium chloride salt to 1,3,5-triphenyl-tetrazolium formazan (triphe
nylformazan). The typical red color of triphenylformazane is detected by 
UV–Vis absorption spectroscopy at λ = 485 nm for the carbonyl content 
estimation. [54] Fig. 2 reports the results of the TTC assay carried out for 
cellulose paper samples at different oxidation times up to 1440 min (24 
h). 

In Fig. 2A, the UV–Vis absorption spectra of triphenylformazan in 
alcoholic solution obtained treating oxidized paper samples at different 
extents of oxidation are reported, showing the typical absorption 
maximum at λ = 485 nm along with a secondary component at λ = 528 
nm. Upon the oxidation process, the carbonyl content is expected to 
increase, as demonstrated by the raising of the intensity of triphe
nylformazan absorption spectra as a function of oxidation time. In order 
to quantify the amount of free carbonyl groups, the absorbance value at 
λ = 485 nm was evaluated for the calculation by using a calibration 
curve obtained from glucose standard solutions. In Fig. 2B, the carbonyl 
fraction is reported as a function of the oxidation time. As can be seen, a 
monotonic growth of carbonyl fraction which reaches a plateau after 
900 min of incubation occurs. 

3.3. Crystallinity analyses 

Crystallinity of cellulose is a fundamental characteristic to determine 
and control because of the effects this property determines the uti
lisation of paper, as well as to monitor its conservation state. In fact, it is 
well-known that the crystallinity degree of cellulose lowers over time as 
a consequence of the paper ageing mechanisms. Many approaches have 
been developed to calculate the crystallinity index parameter of cellu
lose in paper samples from quantitative measurements, typically based 
on X-ray diffraction (XRD), and Fourier transform infrared spectroscopy 
(FTIR) techniques. [27,57] 

Here, both XRD and ATR-FTIR techniques were applied to monitor 
the crystallinity changes in paper samples upon the oxidation process 
induced by the Malaprade reaction, and the results are reported in Fig. 3. 
In Fig. 3A, the values of the Crystallinity Index (CI) from XRD mea
surements for oxidized paper samples up to 1440 min (24 h) are re
ported as a function of the reaction time. 

Fig. 1. pH values of pure cellulose paper samples incubated in 15 mM KIO4 for 
different time intervals. Measured pH decay is ascribed to increased oxidation 
level of the samples. 

Fig. 2. TTC assay for samples of cellulose paper oxidized at different time points up to 1440 min (24 h): A) UV–Vis absorption spectra in the range 390–650 nm of the 
triphenylformazan in alcoholic solution yielded by the redox reaction with free carbonyl groups present in the oxidized cellulose of paper (each spectrum was 
acquired at absorbance less than 1, then multiplied by the dilution factor), and B) quantification of the amount of carbonyl groups (μmol of carbonyl groups per gram 
of paper) at different oxidation times. 
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By the use of the XRD pattern, it is possible to measure the CI by 
using the Segal method. [28,58] The Segal method permits calculation 
of CI from the XRD diffractograms of cellulose samples as the ratio of the 
height of the peak 200 (I200) and the height of the minimum (IAM) be
tween the peaks 200 and the 110 (Fig. S1). The CI is widely used to 
interpret changes in cellulose structure after physicochemical treat
ments and gives a quantitative estimation of sample crystallinity which 
results to be 83.5 % for Whatman paper samples before treatment, in 
agreement with commonly reported values calculated by XRD mea
surements. [27,59] 

As shown, at the initial stages of the oxidizing treatment, an increase 
of CI to 84.6 % was observed at 30 min, followed by a progressive 
decrease of the crystallinity over time reaching CI of 82.4 % at 1440 min, 
which is lower than the initial value for the untreated paper. The 
observed trend can be explained as a consequence of a two-step kinetic 
mechanism of paper oxidation in accordance with previously reported 
results, which is usually related to the semi-crystalline nature of cellu
lose. [24,29] 

The oxidation process is supposed to firstly affect the amorphous 
phase of cellulose, constituted of less dense and more exposed poly
saccharide chains. This step is also associated with a breaking and 
depolymerization of the cellulose polymeric chains, which degrade the 
amorphous regions at the beginning of the process, by leading to the 

initial apparent increase of crystallinity. As the oxidation of the amor
phous regions proceeds, the oxidation of the crystalline portion of cel
lulose starts to occur as well, and the CI can decrease over time. 

To gain more information about changes in paper crystallinity upon 
oxidation, samples were investigated also by means of ATR-FTIR spec
troscopy. By the use of ATR-FTIR spectroscopy, it was possible to follow 
modifications in the packing of cellulose chains in more detail by eval
uating the ratio between the intensity of characteristic peaks, associated 
with specific chemical groups. Such chemical groups are typically 
involved in inter- and intramolecular weak bonds in cellulose crystalline 
structures, so that changes in their intensity can be associated with 
structural rearrangement of the polymeric chains. Then, these mea
surements lead to a more detailed view of the oxidation effects on the 
polymer chain assembly, which affects the overall cellulose crystallinity. 
In particular, in Fig. 3B the lateral order index (LOI), the total crystallinity 
index (TCI), and the hydrogen-bond intensity (HBI) are reported. These 
parameters have been widely applied to cellulose structural studies. 
[60–62] The LOI is related to the weak bonds the C6 forms in the 
structure of different types of cellulose polymorphs, and is calculated as 
the ratio of the intensity of bands 1429 cm− 1/893 cm− 1, as the signal at 
1429 cm− 1, attributed to -CH2- symmetric bending or scissoring motion, 
is known to be very sensitive to changes of conformation, while the band 
at 893 cm− 1 attributed to the β-(1,4) glyosidic bond vibrations is almost 
unaffected by allomorphic transformations or loss of crystallinity. [60] 
Calculations of TCI were performed from the ratio of the absorption 
bands at 1370 cm− 1/2900 cm− 1. TCI is an experimental parameter ob
tained by the ratio of a band sensitive to crystallinity changes, such as 
1370 cm− 1 assigned to the -CH- bending, and the band at 2900 cm− 1 

related to the -CH- stretching. [63] In both cases, the use of a ratio of 
bands intensity, instead of monitoring a single band, provides a kind of 
internal standard to compensate for the uncertainty sources of variations 
due to sample inhomogeneities, crystallites distribution, and extent of 
scattered light from one sample to another. [64] In addition, the HBI 
parameter was also calculated as the ratio 3332 cm− 1/1336 cm− 1, which 
corresponds to the -OH stretching and the -CH- rocking, respectively. 
The HBI parameter is closely related to the crystalline structure of cel
lulose and the degree of intermolecular regularity, as well as to the 
amount of bound water. The HBI value is lower for more packed crys
talline structures as a consequence of less accessibility of the cellulose 
chains to the water molecules for interaction. [57,65] 

The values of LOI, TCI, and HBI parameters were determined for the 
untreated paper and the paper oxidized at different reaction times. LOI 
and TCI values increase up to 60 min, then decrease to the initial value 
with no relevant modifications over time afterward. Their higher values 
in the first part of the kinetics can be related to the growth of the crys
talline component, or equivalently to a partial loss of the amorphous 
component, of the sample upon oxidation. In the second step LOI and 
TCI lower back to their initial values as a consequence of the oxidation of 
the crystalline phase, due to the breaking of the weak bonds in which the 
-CH2- and the -CH- are involved. In addition, the HBI trend is relevant 
too, since it can be useful to correlate the cellulose structure to the 
accessibility of the polymeric chains to the interaction with water 
molecules. [57,65] Also, for the HBI parameter the typical mirror effect is 
observed respect to LOI and TCI, insofar as where TCI and LOI exhibit a 
maximum, the HBI shows a minimum. [61] Then, the here reported 
initial HBI decrease up to 60 min can be related to a higher crystallinity, 
or again to a partial loss of the amorphous component which is typically 
more hydrated, as the lower degree of structure is associated with a 
higher accessibility to water molecules. 

Comparing the data from XRD and ATR-FTIR analyses, the crystal
linity parameters from ATR-FTIR change accordingly to the CI in the 
first part of the paper oxidation kinetics. Then, XRD detects a decrease in 
crystallinity that is not detected by ATR-FTIR, by which constant values 
for LOI, TCI and, HBI are observed in the second step of the oxidation 
process. This difference can be explained as XRD measures an overall 
change in crystallinity of the paper sample, meanwhile, by the 

Fig. 3. Crystallinity analysis of pure cellulose paper upon oxidation at different 
time points up to 1440 min (24 h): A) Crystallinity Index (CI) calculated by the 
Segal method [28] from the height of the XRD diffraction peak, and B) values of 
the crystallinity parameters LOI, TCI, and HBI, calculated from the intensity of 
proper ATR-FTIR absorption bands as follows: LOI = 1429 cm− 1/893 cm− 1 

(red), TCI = 1370 cm− 1/2900 cm− 1 (black), and HBI = 3332 cm− 1/1336 
cm− 1 (blue). 
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calculation of the crystallinity parameters from ATR-FTIR, the effects of 
the oxidation process on specific interactions in the cellulose structure 
are investigated. In both cases, a complete overview of the kinetics of the 
paper oxidation evidences that the process is characterized by two 
different steps, clearly distinguishable by these structural analyses. 
These results represent a further confirmation of the two-step mecha
nism of oxidation for cellulose in paper samples during the Malaprade 
reaction. The aforementioned mechanism by which the amorphous parts 
of the cellulose structure are firstly involved in the oxidation and 
depolymerization process can explain the observed results. 

3.4. Steady-state fluorescence and phasor-FLIM analysis of paper 
oxidation 

To gain further information about the effects of accelerated ageing, 
pure cellulose paper samples were fluorolabelled with Carbotrace 680 
dye before and after the oxidation reaction, and analyzed by fluores
cence confocal microscopy through steady-state and time-resolved 
fluorescence intensity measurements. The use of Carbotrace 680 as 
staining agent represents an advantageous aspect in the herein reported 
method, since the fluorolabelling can be easily carried out by simple dye 
physisorption on the paper fibers in an aqueous environment. No further 
purification protocol is required after labelling as the unbound dye does 
not emit in water. [37] This property is also observed for other envi
ronmentally sensitive dyes used to label biomolecular structures, 
[66,67] and represents a useful feature in staining protocols. 

In Fig. 4A-B confocal images are shown and cellulose fibers, typical 
of paper, are clearly visible at the microscale in both untreated paper 
and sample oxidized for 1440 min. Some morphological differences can 
be observed within the spatial resolution between the two samples, 
being the oxidized one more brittle with fibers’ damages and breaks. 

In Fig. 4C the normalized fluorescence spectra measured under 
excitation at λexc = 550 nm are shown (measured as average fluores
cence intensity from whole the image). Due to the complexity of the 
sample in terms of fibers density and homogeneity, the spectra were 
normalized for the fluorescence intensity, and analyzed in terms of band 
position and shape. In particular, the spectrum of Carbotrace 680 bound 
to the untreated paper shows a maximum position at 655 nm, which is 
blue-shifted with respect to 635 nm in the oxidized sample. Also, in the 

fluorescence spectrum from the oxidized sample, a narrowing of the 
fluorescence band was observed as well, with respect to the untreated 
paper possibly indicating a more rigid environment in the dye 
surroundings. 

This hypothesis can be rationalized by taking into account that the 
oxidation reaction on cellulose polymeric chains is known to occur at the 
hydroxyl groups on C2-C3 positions of the anhydroglucose units, and 
leads to the conversion of such hydroxyl groups into aldehyde carbonyls, 
as herein confirmed by the TTC assay in Fig. 2. The resulting dialdehyde 
structure is less polar than the untreated cellulose structure. 

These measurements suggest that Carbotrace 680 fluorescence is 
sensitive to paper changes induced by oxidation, and may be useful as a 
marker for paper oxidation processes. 

Paper samples stained with Carbotrace 680 were also studied by 
using the FLIM technique. The fluorescence lifetime images obtained by 
the FLIM analysis of the paper samples, along with the corresponding 
lifetime decays and distributions were acquired (Fig. S3). Then, the data 
obtained were analyzed by means of the phasor approach. This approach 
is advantageous as it enabled to analyze the FLIM data and rationalize 
the observed changes in fluorescence lifetime upon paper oxidation 
through a standard model-free method, thus avoiding the complex 
fitting process and user-dependent mathematical procedures. [50] 

Firstly, the untreated pure cellulose paper was compared with the 
paper oxidized for 1440 min (24 h), and the results are reported in Fig. 5. 
Representative fluorescence intensity images for the two samples are 
reported in Fig. 5A-B. The corresponding phasor plot is shown in Fig. 5C. 
Briefly, the model-free phasor approach converts the signal from each 
pixel of a FLIM image to a point on a semi-circular polar plot called the 
universal circle. The position of the phasors on the universal circle is 
related to the lifetime of the fluorescence signal, and single-exponential 
decays lie on the semi-circle while multiple-exponential decays place 
within the semi-circle. In the case of paper before and after the oxida
tion, stained with Carbotrace 680, the phasor plot shows two well- 
separated clouds of pixels corresponding to distinguishable lifetime 
distributions. Also, fluorescence lifetime distributions are found to lie 
inside the universal circle indicating that measured lifetimes are char
acterized by non-single exponential decays. [41] Interestingly, the 
measurements of Carbotrace 680 lifetime are clearly distinguishable for 
oxidized and untreated paper. This result suggests the possibility of 

Fig. 4. 1024 × 1024 fluorescence confocal microscopy images of A) before and B) after 1440 min incubation in 15 mM aqueous KIO4 (scale bars 100 μm); C) 
Fluorescence spectra of Carbotrace 680 bound on the paper fibers before (black) and after 1440 min of oxidation (red) obtained by using λexc = 550 nm, acquisition 
the range 580–780 nm and normalized at the intensity maximum. 
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using Carbotrace 680 dye combined with the FLIM technique as an 
alternative strategy to distinguish untreated and oxidized pure cellulose 
paper by lifetime measurements. 

In addition, phasor-FLIM measurements are of simple and quite fast 
acquisition and provide spatial information together with spectral 
properties of the dye at pixel resolution, which can be translated into 
information on changes at the molecular level occurring in the sample. 
Indeed, the phasor-FLIM method enables to easily obtain lifetime maps. 
By selecting the lifetime distributions on the phasor plot using two 
colored cursors (red and green in Fig. 5C) the corresponding pixels in the 
image appear colored with the same color code on the phasor maps in 
Fig. 5D-E. Such images show the spatial distribution of the lifetimes in 
the paper samples revealing some heterogeneities of the fluorescence 
lifetime between the inner and the external parts of the paper fiber. 

To obtain more information about the paper fibers oxidation, the 
oxidation kinetics was investigated in more detail. In the following 
paper oxidation kinetics was studied from the beginning of the reaction 

till to the last analyzed oxidation time of 1440 min (24 h). The results 
shown in Fig. 6 report the phasor analysis of FLIM measurements on 
Carbotrace 680 stained cellulose paper oxidized for 0, 30, 60, and 1440 
min. In Fig. 6A, representative fluorescence intensity images and the 
corresponding phasor plots are shown for each time point, and their 
superimposition is reported in Fig. 6B. The cloud-like distributions of 
lifetime for each oxidation time can be easily distinguished on the 
phasor plot. For samples at the initial stages of the treatment (30 and 60 
min) larger lifetime distributions are found, this being likely due to the 
heterogeneity of the environment sensed by the dye. The most critical 
changes are clearly observed at the beginning of the process. After 30 
min of paper oxidation, the phasor position shifts towards shorter life
times. Then, for more oxidized samples, the phasor shifts back to longer 
lifetimes. Interestingly, paper samples oxidized at different times up to 
1440 min (24 h) exhibit clearly different signals in terms of fluorescence 
lifetime. 

The oxidation treatment induces the reduction of Carbotrace 680 

Fig. 5. Phasor analysis of 256 × 256 pixels FLIM measurements on untreated and paper oxidized for 1440 min (24 h). Fluorescence intensity images of A) untreated 
and B) oxidized paper stained with Carbotrace 680 (intensity scale from blue to red); C) phasor plot obtained from measurements in A and B; D-E) phasor color maps, 
where each pixel is colored according to the corresponding cursors in the phasor plot (red and green, for untreated and oxidized paper, respectively). The choice of 
the size and the position of the circles is arbitrary, and it is used to highlight properties of the lifetime distributions. Scale bars are 100 μm. 

Fig. 6. Phasor analysis of paper oxidation kinetics: A) Fluorescence intensity images of paper at oxidation times 0, 30, 60 and 1440 min (scale bar 100 μm) along 
with corresponding phasor plots (red and green cursors are centered on the initial and final state lifetime distribution as an eye-guide to highlight phasor changes 
during the oxidation process), and B) phasor plot of the complete kinetics as a function of the oxidation time the arrows indicate time direction (step 0 from 1 to 30 
min, step 2 from 60 min to the end of the process). 
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lifetime within 30 min of treatment, indicating that when the paper is 
soaked in the KIO4 solution the paper fibers change their structures. 
Such critical modification, which may arise from modifications in the 
rate of non-radiative decay processes, may stem from the compaction of 
the dye environment, formation of new interactions with the fibers and 
so on, observed simultaneously with the growth of crystallinity indexes 
estimated from XRD and ATR-FTIR measurements (Fig. 3). In the later 
stages, further modifications occur that are reflected by the increase of 
lifetime towards a new stable value which is different from the one for 
the untreated paper. In the last stages, paper fibers undergo partial loss 
of crystalline structure also at the more packed crystallites moieties, 
resulting in a longer Carbotrace 680 lifetime. This kind of changes in 
fluorescence lifetime in dependence on the structural rearrangements of 
the environment was also observed for other widely used fluorescent 
dyes. [41,68] 

Therefore, the phasor-FLIM approach demonstrated to be a suitable 
method for the investigation of the paper oxidation process also for the 
analysis of the changes occurring at the beginning of cellulose oxidation. 
The analysis of pure cellulose paper oxidation by measurements of 
Carbotrace 680 lifetime revealed for the dye lifetime a trend analogous 
to the herein reported crystallinity parameters calculated from XRD and 
ATR-FTIR data (Fig. 3). A non-linear process in the first hour of paper 
oxidation was confirmed by the phasor-FLIM analysis. These results 
contribute to support the idea that pure cellulose paper undergoes a two- 
step mechanism of oxidation during the Malaprade reaction: in the first 
step amorphous portions of the cellulose fibers are oxidized and likely 
depolymerized through the oxidation reaction, then in the second step 
the more packed crystalline moieties start to be chemically modified, as 
well. 

Moreover, the microscopy-based approach of FLIM provides addi
tional information about the spatial distribution of the dye lifetime on 
the paper fibers. In this case, this represents a relevant point in order to 
image at the microscale the oxidation degree of the different parts of the 
paper fibers during the ageing process. In Fig. 7, a semi-quantitative 
analysis of the paper fibers oxidation kinetics at 30, 60, and 1440 min 
is reported. As shown in the phasor plot in Fig. 7A, the observed lifetime 
changes lie on a straight line allowing the use of a double exponential 
decay for an empirical description of the observed changes in two main 
components identified by the green (pure fast component of 0.10 ns) and 
the red cursor (pure slow component 2.94 ns) in the phasor plot. This 
procedure is only aimed at producing a lifetime map at pixel resolution 
where the faster lifetime component is assigned to the lower level of 

molecular modifications, here attributed to cellulose oxidation, and the 
slower component to the higher level. Then, a quantitative analysis of 
lifetime data can be carried out by drawing a straight line where the 
lifetime distributions lie to connect the two lifetimes’ components. This 
FLIM analysis is based on the decomposition of the phasor plot data 
using these two principal lifetime components identified via the inter
section of the straight line with the universal circle, passing through the 
lifetime distribution cloud. [41] In Fig. 7B-C, the images used for this 
analysis are shown in false colors according to the fraction of each 
lifetime component. The scale goes from blue (lower lifetime) to red 
(longer lifetime). This color scale, which represents the differences in 
terms of Carbotrace 680 fluorescence lifetime on the cellulose fibers, can 
be related to the oxidation degree of the different parts of the paper 
substrates. For each sample, it is possible to catch changes in the lifetime 
fraction maps from the different portions of the cellulose fibers. In fact, 
the phasor-FLIM analysis enabled to clearly visualize a faster change in 
terms of lifetime for the outer portions of the fibers, that are depicted in 
yellow and reddish (longer lifetimes) already after 30 min of oxidation, 
while the inner part of the fibers is still blue (shorter lifetimes). As the 
oxidation process continues on, the detected lifetime increases in the 
whole fibers up to an almost homogeneous long lifetime at 1440 min 
(red pixels). Then, it is possible to assume that the color scale of the 
sample can be considered a map of the oxidation degree for the different 
portions of the paper fibers, allowing a clearly spatial visualization of 
the oxidation process at the microscale. 

Therefore, a global view of the microscopy-based analysis of paper 
fibers oxidation highlighted that after the oxidation process is started, it 
is possible to visualize in the lifetime fraction maps that molecular 
modifications due to the oxidizing agent firstly occur at the exterior 
portions of the cellulose fibers which are likely the more exposed to the 
solvent, while the fiber interior undergo modification at later stages, 
highlighting the spatial heterogeneity of the process at the microscale. 

4. Conclusions 

In the present work, the oxidation of paper constituted of pure cel
lulose was investigated in detail by means of the FLIM–phasor approach. 
The herein reported FLIM-phasor approach represents a model-free and 
advantageous method to follow the paper oxidation process. To set the 
FLIM-phasor approach, the dye Carbotrace 680 was selected as a suit
able fluorescent reporter of the modifications occurring at the cellulose 
fibers upon accelerated ageing induced by the Malaprade reaction. 

Fig. 7. Component analysis of the phasors from paper oxidation kinetics at 30, 60 and 1440 min: A) phasor plot showing the pure fast component (green cursor) and 
the pure slower component (red cursor) and the change of the Carbotrace 680 lifetime during the oxidation process; B-C) Lifetime fraction maps of 256 × 256 pixel 
FLIM images of paper fibers (scale bars are 100 μm and 20 μm in B and C, respectively) obtained from the phasor plot in A. Fluorescence lifetime is represented in a 
color scale from blue (pure fast component of 0.10 ns) to red (pure slow component at 2.94 ns). 
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Carbotrace 680 is a recently reported small molecule chosen for its high 
selectivity in binding polysaccharides structures and the absence of 
fluorescence as free molecule in water. The staining of paper with Car
botrace 680 is advantageous as carried out by a simple physisorption 
protocol in an aqueous environment, with no need of further purifica
tion protocol as the unbound dye is nonfluorescent in water. Also, 
labelling paper cellulose with Carbotrace 680 avoids the need to use the 
carbonyl groups as oxidation maskers, overcoming limitations due to the 
partial masking of carbonyls as hemiacetals through crosslinking 
mechanisms. Using the FLIM-phasor approach, spectral properties of 
Carbotrace 680 were found to show critical differences, both in terms of 
fluorescence band shape and position as well as in lifetime, in depen
dence on the oxidation degree of the stained paper. These data suggest 
that Carbotrace 680 can be applied as a suitable reporter for paper 
ageing, as its fluorescence properties can be related to modifications of 
the cellulose fibers at the molecular level. 

The results obtained for the first time by the herein reported method 
were compared with data from typically applied techniques, such as TTC 
assay, XRD, and ATR-FTIR. The comparative analysis of kinetic data 
from the applied investigation techniques confirmed a two-step mech
anism of oxidation for pure cellulose samples. This observation was 
already reported in literature, and explained as a consequence of the 
semi-crystalline nature of cellulose. Indeed, the amorphous portion of 
the cellulose is firstly involved in the oxidation process, then in the 
second part of the kinetics the more packed crystallites were oxidized, as 
well. 

In addition, the use of a microscopy-based technique such as FLIM, 
showed relevant potentiality to investigate paper ageing, since it 
enabled obtaining spatial information about the paper fibers oxidation. 
Interestingly, the paper fibers undergo oxidation in a non-uniform way, 
with the outer portions of the fiber oxidized at the beginning of the 
process, followed by a complete oxidation of the fiber also in the inner 
part within 24 h. 

In conclusion, the reported phasor-FLIM method is evaluable as an 
effective and easy to apply strategy to monitor oxidation reactions on 
cellulose and cellulose-based materials. This represents an interesting 
point in many research fields, ranging from the analyses of ancient paper 
artefacts to the monitoring and control of oxidation reactions for cel
lulose modification towards the design of innovative materials. 
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[23] S. Coseri, G. Biliuta, L.F. Zemljič, J.S. Srndovic, P.T. Larsson, S. Strnad, T. Kreže, 
A. Naderi, T. Lindström, One-shot carboxylation of microcrystalline cellulose in the 
presence of nitroxyl radicals and sodium periodate, RSC Adv. 5 (2015) 
85889–85897, https://doi.org/10.1039/C5RA16183E. 

[24] A. Potthast, M. Kostic, S. Schiehser, P. Kosma, T. Rosenau, Studies on oxidative 
modifications of cellulose in the periodate system: molecular weight distribution 
and carbonyl group profiles, Holzforschung 61 (2007) 662–667, https://doi.org/ 
10.1515/HF.2007.099. 

[25] A.S. Perlin, Glycol-cleavage oxidation, Adv. Carbohydr. Chem. Biochem. 60 (2006) 
183–250, https://doi.org/10.1016/S0065-2318(06)60005-X. 
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