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Abstract

Deuterated bacterial nanocellulose (dBNC) combines the biocompatibility and versatility of cellulose with 

the distinctive properties of deuterium, thereby facilitating the development of functional materials and 

their potential future applications in neutron science. We applied a scalable film-to-film biosynthesis 

protocol that reduces costs and time while achieving controlled deuterium incorporation into the 

biosynthesis of bacterial nanocellulose (BNC) using Komagataeibacter xylinus, adapted to D₂O and 

deuterated glycerol. Spectroscopic analyses (FTIR, Raman, NIR, SR-µFTIR) confirmed the presence and 

homogeneous distribution of O–D and C–D bonds in the membrane. At the same time, physical properties, 

such as crystallinity and surface charge, remained comparable to those of native BNC. Neutron irradiation 

experiments demonstrated that dBNC films interact with fast neutrons, producing recoil deuterons, which 

supports their potential as biofriendly materials of interest for neutron science. This study paves the way 

for future use of dBNC as a promising material in neutron-based technologies and confirms the 

applicability of the optimized approach for its production and characterization.

Introduction
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The pursuit of biocompatible materials is gaining momentum across various disciplines, with 

cellulose emerging as a particularly prominent material due to its natural abundance and properties, 

including biocompatibility, biodegradability, and the ability to be readily functionalized via its numerous 

hydroxyl groups.1 This biopolymer is being extensively investigated for applications in biomedicine, 

electronics, materials science, and food science.2–6 Furthermore, its deuterated variants are also being 

examined, enlarging the applications of this material.7–11 Initially, deuterated cellulose was used in 

fundamental research to elucidate cellulose structure and its interactions with other molecules. Following 

this strategy, deuterated cellulose has been used to gain insight into its interactions with biomolecules 

and solvents, thereby improving its use as a drug delivery system. More recently, it has been proposed as 

an anticounterfeiting material10 due to its different absorption properties in the infrared and near-infrared 

regions. 

Deuterated cellulose can be obtained through different chemical reactions, the main limitation of 

which is that only accessible hydrogens, those found in hydroxyl groups, are interchanged with 

deuterium.10,12 For that reason, more studies have focused on producing deuterated cellulose directly by 

culturing plants or microorganisms with deuterium-enriched nutrients, thereby incorporating deuterium 

as -CD, and -OD chemical bonds in the structure of cellulose. 9,13 Bacteria are more resistant to deuterium 

toxicity than plants and grow faster, which speeds the production of deuterated cellulose.14 It has been 

reported that the production of deuterated bacterial cellulose (dBNC) is primarily achieved using 

Komagataeibacter xylinus and Gluconacetobacter hansenii strains.7,14 Some studies have opted to replace 

all nutrients with their deuterated counterparts completely.9,14 Although this approach increases the 

deuterium concentration in the final pellicle, it also significantly increases production costs and duration. 

Alternatively, other studies have substituted H2O with D2O and employed a deuterated carbon source, 

such as deuterated glucose or glycerol.7,11,15 In all cases, bacteria are acclimated to deuterated media by 

gradually increasing the concentration of deuterated compounds. The bacteria cultivated at each stage 

are subsequently used to inoculate the next medium with a higher deuterium concentration, typically via 

a 1:5 dilution and 50 ml volumes.9 Deuterium atoms form bonds that exhibit different vibrational 

frequencies, stability, and reactivity from hydrogen bonds.16 Therefore, dBNC has been used to 

understand polymer structure, biosynthesis, and to visualize biomacromolecules' absorption.8,11,13,17

Additionally, the potential of deuterated polymers in areas such as active-layer materials for clean 

energy, future electronics, and neutron science is emerging.14,18–20 Among them, neutron moderators are 

materials used in neutron imaging or therapy that interact with neutrons, slowing fast neutrons (> 1 MeV) 

Page 2 of 19RSC Applied Polymers

R
S

C
A

pp
lie

d
P

ol
ym

er
s

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

8 
M

ay
 2

02
6.

 D
ow

nl
oa

de
d 

on
 5

/9
/2

02
6 

5:
46

:0
3 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online

DOI: 10.1039/D6LP00041J

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6lp00041j


and promoting recoil, while ideally avoiding capture.21 The slowed neutrons are used in various neutron-

based techniques, including neutron imaging, small-angle neutron scattering (SANS), and neutron 

diffractometry.22,23 Neutron moderator materials contain small atoms with a high scattering cross-section. 

Therefore, H2O is widely used as a moderator material because hydrogen has the smallest atomic size. 

Other moderators include heavy water (D2O), sodium, and graphite.24 These materials have limitations 

depending on the application, such as a high reduction signal due to material self-absorption and limited 

tunability. One of the optimization strategies is to substitute hydrogen atoms with deuterium, which has 

a lower thermal neutron capture section (5.5·10-4 b vs 0.33 b of hydrogen)25,26, which translates to a 600-

fold reduction in self-absorption.27–32 Consequently, deuterated bacterial cellulose could be produced 

with different degrees of deuteration and final shapes, providing design flexibility in comparison with 

current materials used as moderators. 25–27

In this study, we applied a protocol that minimizes the cost and time required to produce bacterial 

nanocellulose (BNC), named “film to film”.33 We evaluated whether it could be used to produce different 

degrees of deuterated bacterial nanocellulose (dBNC). Posteriorly, dBNC films were fully characterized, 

including the final and intermediate membranes, with special interest in techniques such as FT-IR, NIR, 

and Raman spectroscopy to quickly and non-destructively confirm the presence of deuterium. Finally, we 

evaluate the interaction of dBNC films with neutrons. Consequently, this paper aims to present and 

discuss experimental observations of deuterated cellulose, focusing on H/D effects and distribution, and 

to encourage further practical applications of deuterated polymers.

Results and discussion

Deuterium incorporation into BNC films during the adaptation process.

The cellulose produced by bacteria, known as bacterial nanocellulose, BNC, can be made by different 

bacterial strains and carbon sources (Figure 1.A).15,34,35 The production of BNC is hindered by the 

biosynthesis process, which can take time and incur reagent costs, especially for deuterated cellulose. 

Deuterated glycerol (d-gly) is usually preferred over deuterated glucose9,11,17 because its metabolism 

acidifies the media less, increasing cellulose yield, and it is cheaper than deuterated glucose.14,36 To avoid 

the toxic effects of deuterium on bacteria while producing deuterated bacterial nanocellulose, K. xylinus 

is gradually acclimated to deuterium by culturing the bacteria in media with low deuterium levels and 

transferring those adapted to a medium with a higher deuterium concentration. To reduce production 

time and costs, we used the “film-to-film” technique applied for BNC.33 This technique involves placing 
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freshly harvested BNC films rich in bacteria into fresh media, allowing the growth of a new membrane at 

the air-media interface (Figure 1.B).33 The production time depends on the bacteria concentration, the 

culture media volume, and the bacteria’s acclimatization. The film-to-film technique offers two main 

advantages: the presence of adapted bacteria already in the film formed at the interface and the lower 

media volumes required, resulting in faster production time. In our hands, we adapted the bacteria into 

2 ml of medium, and it took 7-10 days to harvest a new film from the culture surface. 

Figure 1. Synthesis of deuterated bacterial nanocellulose (dBNC). A) Different carbon sources can be used to 

produce dBNC. B) Deuteration process through the film-to-film protocol.

Using the film-to-film protocol, H2O was gradually replaced by deuterium oxide (D2O) in 25% 

increments until the medium reached 100% D2O. Films formed in this medium displayed the ν(O-D) at 

2480 cm-1, not present in natural BNC films (Figure 2.A-i, ii). The ν(O-H) at 3340 cm-1 was also observed in 

dBNC, indicating that OD bonds did not fully replace hydroxyl groups.11 To compare trends in deuterium 

incorporation across different growth conditions, we calculated the ratio between the maximum 

absorption (2480 cm-1) and OH (3340 cm-1) peaks to be interpreted as semi-quantitative indicators of 

relative deuterium incorporation levels. During the adaptation process, we observed that increasing D2O 

we augmented the ratio (OD/OH) from 0.11 ± 0.05 (25% D2O growth media) to 0.48 ± 0.08 when cultured 

with medium with 100% D2O (Table 1).

A B
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Table 1. Ratios between natural and deuterated bonds in BNC films at different stages of adaptation. Values 
represent mean ± SEM (standard error of the mean).

Once bacteria adapted to grow in D2O, we introduced deuterated glycerol (d-gly) into the media in 

two steps, increasing its concentration by 50%. In both steps, we observed the O-D bond at 2480 cm-1 and 

the carbon-deuterium (C-D) bond at 2110 cm-1 (Figure 2.A-iii), which confirmed the incorporation of 

deuterium in the film.11 The ratio CD/CH was 1.05 ± 0.70 in dBNC films grown in medium with 50% d-gly 

and 100% D2O, indicating that nearly every C-H bond has a corresponding C-D bond. When d-gly was the 

main carbon source in the media (100% d-gly + 100% D2O), the ratio CD/CH increased to 2.32 ± 0.7, 

showing a rise in C-D bonds compared with C-H bonds. The presence of C-H and O-H bonds in deuterated 

films is expected, since there are still compounds in the media (e.g., peptone, citric acid, yeast extract) 

that contain hydrogen. A full substitution of C-H and O-H bonds by their deuterium counterparts is 

possible when all reagents are deuterated, but the cost of production also increases steadily.9,14

Growth media
Ratios

25% D2O 50% D2O 75% D2O 100% D2O 100% D2O 50% d-gly 100% D2O 100% d-gly

OD/OH 
A2480 / A3340

0.11 ± 0.05 0.34 ± 0.05 0.29 ± 0.03 0.48 ± 0.08 0.65 ± 0.03 0.76 ± 0.10

CD/CH  
A2110 / A2895

____ ____ ____ ____ 1.05 ± 0.70 2.32 ± 0.7
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Figure 2. Chemical composition and crystallinity of dBNC films. A) FT-IR characterization of the films at different 
stages. i. Natural BNC film. ii. Films produced after adaptation to D2O: 25%,50%,75%, and 100% D2O. iii. Films 
produced after adaptation to d-gly: 100%D2O +50% d-gly and 100% D2O +100% d-gly. B) GADDS images from natural 
and deuterated BNC films and their integrated derived plot of intensity versus 2Ɵ. The crystallinity index from X-ray 
data (CRx) for each sample is represented in the graph. C) NIR spectra of natural and deuterated BNC. The crystallinity 
index from NIR measurements (CRNIR) for each sample is present in the graph. 

Physical properties of dBNC films

The incorporation of deuterium in BNC films could produce changes in cellulose’s crystallinity. 

Cellulose is a polycrystalline structure with crystalline and amorphous regions, which was reflected in the 

general area detector diffraction system (GADDS) image of both natural and deuterated BNC (Figure 2.B). 

The X-ray diffraction pattern of both natural and deuterated BNC (Figure 2.B) exhibits the characteristic 

peaks of cellulose at 2Ɵ=14.5°, 16.5°, and 22.7° corresponding with planes (1 0), (110), and (200).17 

According to the literature, we calculated the crystallinity index (CRX) by the Segal peak height 

method17,37,38 and found that BNC and dBNC have CRX values of 86% and 80%, respectively (Figure 2.B). 

Using near-infrared (NIR) spectroscopy, we also detected differences between BNC and dBNC spectra, 

especially in the 5500-7000 cm-1 region, where the O-H first overtone is present in cellulose.39 We 

calculated the crystallinity index (CRNIR) for BNC and dBNC following the method described by Inagaki, T. 
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et al39 by measuring the area under the peak curves of the amorphous region peaks at 6950 cm-1, and the 

crystalline regions at 6450 cm-1 and 6287 cm-1. BNC and dBNC have CRNIR values of 0.41 and 0.44, 

respectively (Figure 2.C). Although CRX and CRNIR are derived from different measurement principles and 

are therefore not directly comparable, a consistent correlation between them has been shown.39 Both 

methods indicate that the differences between BNC and dBNC fall within the error of the technique. In 

accordance with previous studies,17,39 these results indicate that BNC and dBNC present comparable levels 

of crystallinity within the resolution of the applied methods.

Films were blended to obtain fibers, and their surface charge was characterized by measuring the Z-

potential. Natural and deuterated BNC fibers exhibit moderate stability with similar z-potentials, -17 ± 0.7 

mV and -18 ± 0.4 mV, respectively. Therefore, deuterium incorporation did not affect the surface charge 

or the colloidal stability of these fibers.

Distribution of O-D and C-D chemical bonds. 

Raman Microspectroscopy and synchrotron radiation-based Fourier-transform infrared 

microspectroscopy (SR-µFTIR), two complementary techniques, were employed to assess the 

biodistribution of C-D and O-D chemical bonds within the samples. We used Raman spectroscopy to obtain 

a 25x25 point image, where each point corresponded to a single spectrum. The average spectrum is shown 

in Figure 3.A. The cellulose Raman spectrum is usually divided into three regions based on the chemical 

fingerprints of each region. Hydrogen bond (-OH) vibrations are found above 3000 cm-1;40 whereas carbon 

bonds are located between 1000-1600 cm-1, except for the -CH vibration that is found at 2900 cm-1.41,42 

The third region between 1600-2900 cm-1 is denominated the silent region due to the absence of 

absorption peaks in protonated cellulose. In this last region, two peaks appear due to the deuteration 

process: the O-D bond at 2500 cm-1 and the C-D bond between 2000-2400 cm-1.16,43

In our case, dBNC films presented one peak at ca 2100 cm-1, which we assigned to the C-D bond,43 

and another peak at ca 2470 cm-1, assigned to O-D.16 Unlike FTIR, Raman spectroscopy could detect a 

weak signal from C-D bonds in the dBNC produced with just 100% D2O in the media. To analyze the 

distribution of the deuterated peaks in the sample, we performed a statistical analysis to quantify the 

number of pixels for each absorption intensity at each peak, obtaining histograms of intensities for O-D 

and C-D bonds (Figure 3.B); and we mapped the C-D and O-D peaks in a 25x25 point film image (Figure 

3.C), observing a homogenous distribution of chemical bonds. The distribution of pixels for non-

deuterated films is around zero, as expected. The incorporation of C-D and O-D bonds into the film shifts 

the histogram to the right, indicating a greater presence of pixels with higher absorption intensity at each 

deuterated peak (Figure 3.B). The average intensity of pixels at 2473 cm-1 (O-D bond) increased to 60 cts 
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in films produced in 100% D2O media and to 150 cts in films produced in media with 100% D2O and 100% 

d-glycerol. The introduction of a deuterated carbon source increases the incorporation of O-D bonds, 

likely due to a more abundant deuterium environment. Reassuringly, the average intensity of the C-D 

bond increased by almost one order of magnitude when films were produced in media containing 100% 

d-gly, underscoring the importance of using a deuterated carbon source. 

Figure 3. Raman analysis of dBNC. A) Raman spectra of natural BNC (red), deuterated BNC produced in medium 
with 100% D2O (blue), and in medium with 100% D2O and 100% d-gly (purple). The relevant peaks from deuteration, 
C-D at 2148 cm-1 and O-D at 2473 cm-1, are highlighted in orange and purple squares. B) Number of pixels detected 
for each intensity for C-D bond (left) and O-D bond (right). The same color legend is maintained. C) Raman 
spectroscopy mapping of natural BNC, dBNC with 100% D2O, dBNC with 100% D2O + 100% d-gly. The same 
background and processing were kept for all images. The scale bar of the optical image is 50 μm and 20 μm for the 
Raman images. Color scale values range from black (low) to yellow (high). The dBNC intensity scale for 100% D2O 
and 100% d-gly differs from the other samples due to the high intensity observed. 

We complemented the previous spatial characterization of deuterated films by evaluating the spatial 

distribution of deuterated chemical bonds in deuterated fibers using SR-µFTIR analysis. The C-D and O-D 

peaks appeared at 2110 cm-1 and 2480 cm-1, respectively (Figure 4.A).11 The C-D intensity was low, 

preventing the acquisition of an image map. On the other hand, the O-D intensity peak enabled 

localization of O-D along dBNC fibers and complemented the previous Raman mapping. During sample 

preparation, a drop of dBNC fibers is placed on a CaF2 window and dried overnight under vacuum. At this 

step, fibers can deposit onto other fibers, increasing the amount of material analyzed. Therefore, single-

fiber resolution is not achieved with this technique, and a larger sample amount, a darker sample (Figure 

4.B), is correlated with a greater increase in O-D intensity in the map (red-orange region in Figure 4.C).

BNC dBNC with 100% D2O dBNC 100% D2O + 100% d-gly
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D 
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O-D 2473 cm-1C-D 2148 cm -1
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Figure 4. SR-µFTIR characterization of dBNC. A) Average spectra of dBNCf. Principal peaks are highlighted. B) Optical 
microscope image of dBNCf and C) integrated intensity of O-D stretching peak (2500-2460 cm-1) of the same area of 
BNCf imaged. 

Neutron radiation fingerprint of deuterated cellulose

Natural and dBNC membranes were irradiated at the Centro Nacional de Aceleradores (CNA) with 

neutrons up to 8 MeV of energy, for 45min and compared them to evaluate their interaction with 

neutrons. The 50 µm thick films were placed on top of a 3 × 3 mm silicon carbide (SiC) detector, with a 50 

µm epitaxial layer, as shown in the insight of Figure 5.A.44 The number of detected events is plotted in 

Figure 5.A as a function of energy for both BNC and dBNC, showing an increased number of detected 

counts in the range, compared to the bare detector. In the absence of a membrane, the detected signal 

arises from neutron interactions within the SiC active volume, primarily via elastic scattering with silicon 

and carbon nuclei. These interactions produce recoil Si and C ions; however, due to their relatively high 

mass, the energy transferred per collision is limited, resulting in a lower detected signal. When a 

membrane is placed on top of the detector, additional interaction channels are introduced through elastic 

scattering of neutrons with hydrogen or deuterium nuclei.

The difference between BNC and dBNC is a shoulder observed in the 1.85–2.15 MeV range, which is 

attributed to the deuterium contribution, indicating an even higher ionization yield than hydrogen. This 

data confirms the presence of deuterium in dBNC membranes and its interaction with neutrons. 

Considering the nature of both films and the neutron field, the experimental setup was simulated using 

the Particle and Heavy Ion Transport code System (PHITS) code, based on the Monte Carlo method.45 The 

overall behavior observed in the simulations is consistent with the experimental trends (Figure 5.A), 

confirming that above 2 MeV dBNC membranes interact with neutrons, producing a higher number of 

counts per incident neutron than BNC membranes, indicating a stronger contribution from recoil 
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deuterons than from recoil protons. This is consistent with the extended high-energy tail observed in 

spectra from the deuterated membrane.

The contribution of each particle to the total simulated spectrum of dBNC membrane is shown in 

Figure 5.B. Protons and deuterons are significantly lighter than silicon and carbon ions, which results in a 

more efficient energy transfer per collision. As expected from two-body elastic scattering kinematics, a 

larger fraction of the incident neutron energy can be transferred to these light nuclei. This process 

produces recoil protons and deuterons with relatively high kinetic energies, which in turn deposit more 

energy within the detector's active volume. In this configuration, the maximum energy transferred by 

neutrons to deuterons and protons is approximately 7.1 MeV and 8 MeV, respectively (Figure S.1). Their 

corresponding ranges in SiC are about 300 µm for protons and 150 µm for deuterons. This implies that 

both particles can traverse the entire active region of the detector. However, the linear energy transfer 

(LET) of deuterons is higher than that of protons (Figure S.1), resulting in a greater maximum energy 

deposition, as observed in Figure 5.B.

Figure 5. Neutron radiation characterization. A) Experimental spectra obtained in the neutron measurements and 
PHIT simulations for the dBNC (red), the natural BNC (black), and the bare detector (green). Markers represent 
experimental data; dotted lines indicate PHITS simulations. Inset: image of the SiC detector covered with a 50 µm-
thick dBNC membrane. B) Simulated contributions to the detected signal in dBNC membranes, arising from neutron 
elastic scattering: recoil Si (blue) and C ions (green) from the detector, and recoil protons (yellow) and deuterons 
(brown) from the dBNC membrane.

Conclusion

Cellulose deuteration offers significant potential to enhance material properties and broaden 

functional applications. However, traditional biosynthesis methods need refinement to boost efficiency 

and resource utilization. The film-to-film protocol introduced here effectively addresses these challenges 
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by reducing the volume of deuterated media and accelerating deuteration. This method not only 

streamlines production but also enables detailed monitoring of bacterial adaptation during intermediate 

stages, an aspect largely underexplored in previous studies. Comprehensive spectroscopic analyses 

confirmed the successful incorporation of O-D and C-D bonds, indicating a uniform distribution of 

deuterium within the cellulose matrix. The partial retention of O-H and C-H bonds reflects incomplete 

substitution in the culture media, potentially offering a tunable balance between deuterated and non-

deuterated components. Deuterium incorporation did not produce detectable changes in cellulose 

crystallinity within the resolution of the applied techniques. The preservation of crystallinity suggests that 

key structural features of native cellulose are retained. The manipulation of the deuterated films was 

qualitatively similar to that of the non-deuterated counterparts, indicating that the films seem to have 

similar mechanical properties.

The neutron experiments confirmed the presence of deuterium in the membranes and the 

different recoil behavior with fast neutrons. The interaction between deuterium and fast neutrons opens 

avenues for their use in neutron-based analytical techniques, such as neutron imaging, and suggests the 

potential of these films for low-absorption applications as neutron-interacting material. This capability 

not only underscores the functional innovation enabled by the optimized biosynthesis method but also 

provides a basis for assessing scalability, encouraging further exploration of the practical applications of 

deuterated polymers, with broader implications for materials science and neutron technology.

Experimental

Materials and strains

Komagataebacter xylinus NCIMB 5346 (K. xylinus) was purchased from the Spanish Type Culture 

Collection (CECT, Spain). 

Standard Hestrin-Schramn (HS) media: 20 g/l of dextrose, 5 g/l of peptone, 5 g/l of yeast extract (Conda 

Lab.), 6.8 g/l of sodium phosphate dodecahydrate, and 1.15 g/l of citric acid monohydrate (Merck) and 

MilliQ water. For the cleaning process, ethanol (Panreac) and 0.1 M NaOH (Merck) were used.

Deuterated compounds: D2O and d-glycerol UD8-99% (Eurositop).

Synthesis of deuterated BNC films

We followed the “Film-to-film” protocol.33 This consists of placing freshly harvested BNC films at 

the bottom of the recipient with HS media. We used 24-well plates containing 2 mL of standard HS 

medium or HS medium supplemented with deuterated compounds. Initially, we adapted K. xylinus to D2O 

by increasing the heavy water concentration by 25% at each step. BNC films rich in K. xylinus were placed 
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at the bottom of a 24-well plate containing 2 ml of HS media with 25% D2O. After 7-10 days, another film 

was formed in the air-liquid interface. Following the same procedure, the newly formed film was used to 

adapt bacteria to HS media with 50% D2O. This step was repeated until adaptation to HS media with 100% 

D2O was achieved. Once bacteria were adapted to heavy water, we adapted bacteria to the deuterated 

carbon source, D-glycerol (d-gly). We adapted in two steps, 50% d-gly and 100% d-gly. The media for each 

step were sterilized using a 0.22 µm (BRAND) filter and two 15-minute UV sterilization cycles. Bacterial 

cellulose films acquired the shape of wells in a 24-well plate, with a final area of approximately 1.93 cm2.

Bacterial debris from the films was removed using a previously established protocol33,46 to 

characterize the membranes further. BNC films were introduced into 1:1 ethanol:MilliQ water under 

stirring for 10 minutes, followed by 10 minutes in MilliQ water. Then, the films were subjected to two 

rounds of 20 minutes boiling in MilliQ water and two rounds of 20 minutes boiling in 0.1 M NaOH (Sigma). 

Finally, the films were transferred to MilliQ water baths to achieve a neutral pH (pH 6.5). Films were 

introduced in D2O and autoclaved at 121°C, 30 minutes. Films were placed between teflon surfaces, 

pressed with one kg weight, and dried at 60°C overnight (17h). dBNC fibers (dBNCf) were obtained by 

blending 1 mg dBNC films in 100 ml MilliQ water for 30 minutes with a commercial blender. Fibers were 

filtered from MilliQ water and redispersed into 5ml D2O, yielding a final concentration of 200 µg/ml.

FT-IR

BNC and dBNC films obtained after each adaptation step were dried overnight at 60°C and folded twice 

to enhance the signal from chemical bonds. Analysis was conducted using FTIR (JASCO FTIR 4700, Madrid, 

Spain) in transmission mode at a spectral resolution of 4 cm-1; 512 scans were averaged, and the 

measurement range was 400-4000 cm-1. The spectra were processed with Spectra Manager™ Suite 

software to reduce CO2 and H2O noise, perform baseline correction, and smooth the data. The spectrum 

shown is the average of three different scans. Ratios were calculated by converting transmittance values 

to absorbance, then dividing by the average absorbance for each chemical bond. 

NIR FTIR spectra were recorded on a Bruker Vertex 70 spectrometer equipped with a DLaTGS detector 

and a KBr beamsplitter. The spectral resolution was 4 cm-1, and 32 scans were averaged over a 

measurement range of 400-4000 cm-1. Baseline correction and smoothing were applied using Origin 

software. To estimate the crystallinity in each sample, we followed the equation proposed by Inagaki et 

al.39 The crystallinity index using NIR spectra (CNIR) was calculated as follows:

(1) 𝐶𝑅𝑁𝐼𝑅 =  
𝐴𝑏𝑒𝑓(𝐶𝐼) + 𝐴𝑏𝑒𝑓(𝐶𝐼𝐼)

𝐴𝑏𝑒𝑓(𝐶𝐼) + 𝐴𝑏𝑒𝑓(𝐶𝐼𝐼) + 𝐴𝑏𝑒𝑓(𝐴𝑚)
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Where Abef(CI) is the integral intensity of the OH band CI region (6429-6469 cm-1); Abef(CII) is the integral 

intensity of the OH band CII region (6267-6317 cm-1); and Abef(Am) is the integral intensity of the Am region 

(6949-7532 cm-1).

X-ray diffraction

The D8 Advance X-ray diffractometer (Bruker, Germany) with the two-dimensional (2D) Vantec-500 

detector (GADDS-General Detector Diffraction System) and a KFL CU 2K (λ(CuKα) = 1.541840 Å) tube, 

equipped with a two-dimensional (2D) Vantec-500 detector (GADDS-General Detector Diffraction System) 

and a KFL CU 2K (λ(CuKα) = 1.541840 Å) tube, was used for X-ray characterization of natural and 

deuterated membranes. The diffraction patterns were obtained with 40 kV, 40 mA, with a scanner 

amplitude of 15.00 (300-900 s) and a collimator of 0.5 mm. Crystallinity index (CRX) was calculated 

according to the method described by Segal et al.38 

(1)𝐶𝑅𝑋 =
𝐼200 ― 𝐼𝑎𝑚𝑜𝑟𝑝ℎ𝑜𝑢𝑠

𝐼200
·100

I200 represents the maximum intensity of the peak 2Ɵ=22.7˚, which corresponds to the (200) plane. 

Iamorphous represents the lowest intensity between the (200) plane and the (110) peak at 2Ɵ=14.5, which is 

the background, and it correlates with the amorphous region of cellulose.17,38

Raman Spectroscopy

Dried BNC and dBNC films were cut into four parts and mounted, with 3 µl MilliQ drop between each 

piece. These sandwiches were dried at 60°C for an additional 3 hours before evaluation. Raman 

spectroscopy was performed using Witec alpha300RA equipment, which features a solid-state laser at 

785 nm to minimize luminescence, a 300 g/mm grating, and a 40x objective. The chemical mapping was 

created using 25x25 spectra, with an exposure time of 500 ms per spectrum and a power of 25 mW. The 

data was corrected for cosmic rays and background. The images were produced by integrating the areas 

under the deuterium-related peaks, representing the intensities of the C-D bond at 2148 cm-1 and the O-

D bond at 2473 cm-1. Witec Project Five was used to analyze the data and perform the statistical analysis.

SR-µFTIR

One drop of 3 µL of 68 µg/mL dBNCf was deposited onto a CaF2 window and dried under vacuum at RT 

for 16h. Samples were kept under vacuum until the measurement day to avoid water absorption. A 

Hyperion 3000 microscope coupled to a Vertex 80 spectrometer (Brucker, Billerica, MA) equipped with a 

36x magnification objective was used for Synchrotron Radiation Fourier Transform Infrared 

microspectroscopy (SR-µFTIR) at the MIRAS beamline at ALBA Synchrotron (Cerdanyola del Vallés, 
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Barcelona, Spain). The spectra were collected in transmission mode using an MCT detector at 4 cm-1 

spectral resolution, 5x5 µm aperture dimensions. A focal plane array (FPA) sensor was used for imaging 

measurement using the internal source, co-adding 128 scans in the 900-4000 cm-1 range. Data was 

analyzed using OPUS 7.5 (Bruker), Unscrambler X 10.5, and MATLAB R2010b. The color scale ranges from 

the lowest intensity (blue) to the highest (pink).

Zeta potential

The zeta potential of fibers was analyzed using a Zetasizer ULTRA (Malvern Instruments, UK) after dilution 

in MilliQ water at a concentration of 68 µg/ml. Three measurements were performed, and the average Z 

potential was calculated. 

Neutron irradiation

The experiments were carried out at the HISPaNoS facility of the National Accelerator Center (CNA) in 

Seville.47 The membranes were evaluated through neutron irradiations using a silicon carbide (SiC) 

detector fabricated at the National Center for Microelectronics in Barcelona. This device is described in 

the references.44,48,49 Two irradiations, each with a duration of 45 minutes, were performed using a 

continuous fast neutron spectrum (up to 8 MeV), produced by the Be(d,n) nuclear reaction with 4 MeV 

deuteron beams.47 The detector was operated at a bias voltage of 200 V, resulting in an active thickness 

of 20 µm. During the first irradiation, the device was covered with a 50 µm-thick dBNC membrane, as 

shown in Figure 5.A. In the second irradiation, it was replaced with a non-deuterated membrane of similar 

characteristics. The detector response was simulated using the PHITS code, based on the Monte Carlo 

method.45

Abbreviations

BNC-bacterial nanocellulose

dBNC-deuterated BNC

d-gly – deuterated glycerol

FT-IR-Fourier Transform Infrared

SR-µFTIR-Synchrotron Radiation-based Fourier Transform Infrared Microspectroscopy.

HS- Hestrin-Schramn media

SiC-Silicon carbide

PHITS-Particle and Heavy Ion Transport code System

LET-Linear Energy Transfer LET

SEM-Standard error of the mean
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CRX-Cristallinity index from X-ray data

CRNIR-Cristallinity indez from NIR measurements

CNA-Centro Nacional de Aceleradores

b (unit)-barn

Data management 

All data supporting the findings of this study will be available in the CSIC digital repository. (digital.cisc).
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