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Abstract 
 
Understanding the fine details of self-assembly of building blocks into complex hierarchical 
structures represents a major challenge en route to the design and preparation of soft matter 
materials with specific properties. Enzymatically-synthesised cellodextrins are known to have 
limited water solubility beyond DP9, a point at which they self-assemble into particles 
resembling the anti-parallel cellulose II crystalline packing. We have prepared and 
characterized a series of site-selectively fluorinated cellodextrins of different degrees of 
fluorination and substitution patterns by chemoenzymatic synthesis. The structural 
characterization of these materials at different length scales, combining advanced NMR and 
microscopy methods, showed that multiply 6-fluorinated cellodextrin chains assembled into 
particles presenting morphological and crystallinity features that are unprecedented for 
cellulose-like materials. In contrast, the introduction of a single fluorine atom per cellodextrin 
chain had a minor impact on materials structure. Our work emphasizes the strength of 
combining chemoenzymatic synthesis, fluorinated building blocks and advanced NMR and 
microscopy methods for the thorough characterization of hierarchical structures, leading to the 
controlled design of new biomaterials with specific properties. 
 
 
 
 
 
 
 
 



 
Introduction 
 
Cellulose is an abundant natural biopolymer used extensively in industry as raw material for 
the production of paper, textile, food thickeners, explosives, etc.1,2 The contemporary use of 
cellulose is based on nanosized cellulose particles (nanocellulose), which is a promising class 
of renewable material due to its intrinsic characteristics and potential for broad advanced 
industrial applications.3–5 Hence, the design of nanocellulose-based soft-matter materials relies 
on the  formation of assembly-driven structures, and may prompt to changes in mechanical 
properties or bring additional functionality.6–10 
 
Production of cellulose nanocrystals and nanofibrillated cellulose, the main classes of 
nanocellulose, are both top-down methodologies, based on the isolation of nanocellulose from 
cellulosic biomass, which requires high energy consumption.5 Moreover, functionalization of 
nanocellulose to meet requirements for specific applications often requires harsh chemical 
conditions (i.e. strong acids and bases). As an alternative, significant progress has been made 
in the synthesis of nanocellulosic materials based on a bottom-up approach via enzymatic 
polymerization.11–13 This approach is highly flexible and is projected to enable the generation 
of tailor-made functionalized nanocellulosic materials, by opening up the possibility to direct 
the nanoarchitecture and properties of cellulose oligomers. 
 
Developing strategies to functionalize biocompatible materials giving rise to tuneable 
properties is becoming increasingly important to their integration into biomedical products. 
14,15,16 In this scenario, the site-selective introduction of probes into cellulose to report on local 
structure and to modulate material properties is of great importance. Fluorine is well-known 
for its unique physicochemical properties,17 which find widespread use in drugs18 and 
agrochemicals19 due to its remarkable impact on conformation, permeability, potency, 
metabolism, etc.20,21 In addition, the absence of fluorine in biological systems makes the 
introduction of 19F nuclei a powerful reporter of local structure and environment in complex 
systems.22–29 Nonetheless, its use remains underexplored with respect to biomaterials. 
 
Synthetic strategies for the regio- and stereoselective (deoxy)fluorination of monosaccharides 
have been successful.30–33 In contrast, the corresponding top-down derivatization of 
cellulose8,34 is complicated by solubility challenges, resulting in incomplete control of the sites 
and extent of fluorination.35 The bottom-up chemical synthesis of structurally defined 
cellodextrins, including 3-fluorinated compounds,32 has been achieved recently by automated 
glycan assembly.36 Enzymatic synthesis presents an alternative option to achieve the bottom-up 
preparation of functionalized oligo- and poly-saccharides37 in a regio- and stereo-controlled 
manner.38,39 For instance, glycoside phosphorylases (GPs)12,40–43 have recently received 
attention for the synthesis of amylose and cellulose-like materials. In particular, cellodextrin 
phosphorylase (CDP, EC 2.4.1.49) has emerged as a powerful tool for the synthesis of 
differently functionalized cellulose oligomers giving rise to a variety of nanostructures 
(sheets,11,44,45 rods,46 or ribbons47) depending on the nature of the substrate.11,48–52  
  
Herein, we have prepared enzymatically produced cellodextrins (EpCs) with different 
fluorination patterns. Monofluorinated EpCs (2F-, 3F- and 6F-EpC) were obtained by 
CDP-mediated oligomerisation of α-ᴅ-glucose1-phosphate (Glc-1P) as donor and 
deoxy-fluoro-cellobioses as acceptor substrates. Multiply 6-fluorinated EpC (multi-6F-EpC) 
was prepared from 6-deoxy-6-fluoro-α-D-glucose1-phosphate (6F-Glc-1P) and cellobiose as 
donor and acceptor substrates, respectively. 



 
The thorough structural characterization of these biomaterials has been performed by a 
combination electron microscopy, X-ray diffraction, Raman spectroscopy and advanced 
Nuclear Magnetic Resonance experiments. The presence of a single fluorine atom per 
cellodextrin chain did not exert a substantial impact on the morphology and crystalline 
structure of the material. In contrast, the presence of multiple 6-deoxy-6-fluoro-glucose units 
yielded an unprecedented crystalline allomorph never reported before for a cellulose-like 
material, thus constituting a new long-range ordering motif for it.  Our findings demonstrate 
how enzymatic catalysis from functionalized monosaccharide building blocks enables the 
generation of site-specific fluorinated cellulose oligomers with unique structural features, 
which may open up way for new a class of cellulose-like materials, and highlight the value of 
advanced NMR methods in detailing the molecular level characterization.  
 
Results and discussion 
 
Enzymatic synthesis of fluorinated cellodextrins 
 
Synthesis of 2-, 3- and 6-monofluorinated cellodextrins (2F-EpC, 4; 3F-EpC, 5; and 6F-EpC, 
6) 
 
CDP uses glucose as an acceptor substrate only poorly compared to cellobiose and longer 
cello-oligosaccharides,11,52 to produce cellodextrins containing deoxy-fluoro-glucose at the 
reducing terminus (compounds 4-6). We therefore initially used cellobiose phosphorylase 
(CBP) (PRO-GH94-004) to synthesize monofluorinated cellobiose analogues (1-3) (Figure 
1A) for use as acceptors for CDP (Figure 1B). CBP was incubated at 37 °C with 1:1 ratio of 
Glc-1P and deoxy-fluoro-glucose (2F-, 3F- or 6F-Glc) for 16 h, at which point TLC showed 
ca. 80% conversion into the disaccharides 1 and 3, and ca. 60% into 2. The different conversion 
efficiencies may be rationalized based on a study of Cellulomoinas uda cellobiose 
phosphorylase,53 in which kcat/Km values for 2F-Glc (2.4%), 3F-Glc (0.013%) and 6F-Glc 
(31%) acceptors are substantially lower than that of the parent Glc substrate, but all three 
compounds are indeed productive substrates. CBP was removed from reaction mixture by 
affinity chromatography (His6-tag nickel column purification) and the desired products were 
purified by gel filtration chromatography. The purification successfully removed residual 
deoxy-fluoro-glucose acceptors, but small amounts of cellobiose required removal by HPLC 
to obtain compounds 1-3 in high purity for characterization (†ESI Figures S1-S3). However, 
the monofluorinated cellodextrins 4-6 could be obtained in one-pot reactions from the 
respective sugar-1P and fluorinated glucoses.  
 
Once Glc-1P consumption was almost complete in the CBP reactions, more Glc-1P (4 eq.) was 
added together with CDP and the reactions were incubated at 37 °C shaking for 16 h. A white 
precipitate was formed and isolated by centrifugation, followed by resuspension and washing 
with MQ water to remove enzyme, salts and any soluble sugar. Further 4 eq. of Glc-1P were 
added to the supernatant, and CDP reaction was further incubated to produce more fluorinated 
EpCs. In this manner, monofluorinated cellodextrins were obtained with reasonable overall 
yield based on consumed fluoro-glucose [47% (Glc-b-1,4)n-2F-Glc (4), 30% 
(Glc-b-1,4)n-3F-Glc (5), 32% (Glc-b-1,4)n-6F-Glc (6)]. MALDI-TOF mass spectrometry 
analysis showed these materials to have an average DP ca. 9, while the unsubstituted 
cellodextrin (EpC, 8) produced under the same  reaction conditions averaged ca. DP 8 (†ESI 
Figure S7). Traces of longer monofluorinated cellodextrins were also observed . Solution-state 
19F NMR  analysis in 1 M NaOD (†ESI Figure S4) showed two singlets for each material, 



reflecting reducing terminal anomers, with peaks at -195.21 and -195.26 ppm (2F-EpC, 
4), -190.86 and -197.19 ppm (3F-EpC, 5) and -232.55 and -234.05 ppm (6F-EpC, 6). 
  

 
 

Figure 1. Enzymatic synthesis of fluorinated cellodextrins. (A) Cellobiose phosphorylase (CBP) 
catalysed reaction of α-D-glucose 1-phosphate (Glc-1P) and deoxy-fluoro-D-glucose (2F-Glc, 3F-Glc 
or 6F-Glc), followed by (B) cellodextrin phosphorylase (CDP) catalyzed oligomerization with Glc-1P 
and monofluorinated cellobioses, to afford enzymatically-produced fluorinated cellodextrins (2F-EpC, 
4; 3F-EpC, 5; and 6F-EpC, 6). (C) CDP-catalysed reaction of 6-deoxy-6-fluoro-α-D-glucose 
1-phosphate (6F-Glc-1P) or Glc-1P and cellobiose as acceptor, to produce multiply 6-fluorinated 
cellodextrin (multi-6F-EpC, 7) or the parent Enzymatically produced Cellodextrin (EpC, 8), 
respectively. 
 
Synthesis of multiply 6-fluorinated cellodextrin (multi-6F-EpC, 7) 
 
We also investigated CDP-mediated oligomerization using the chemically modified glucosyl 
donor 6F-Glc-1P (Figures S5-S6)33 and cellobiose as acceptor (Figure 1C) to achieve higher 
structural impact by placing multiple fluorine atoms along the cellodextrin (multiply 
6-fluorinated cellodextrin, multi-6F-EpC, 7). The initial tests using 6F-Glc as an acceptor to 
obtain a fully 6F-substitued cellodextrin proved very slow and inefficient. Alternatively, CBP 
was tested with 6F-Glc as an acceptor to generate a difluorinated cellobiose, which could be a 
better substrate for CDP. However, only trace amounts of the product were detected; prompting 
us to choose the natural acceptor cellobiose. CDP was incubated at 37 °C with a 6:1 ratio of 
6F-Glc-1P and cellobiose for 72 h. The resulting white precipitate was isolated by 
centrifugation, followed by re-suspension and washing with MilliQ water to give 7 with 64% 
yield. 19F solution-state NMR analysis of 7 dissolved in 1 M NaOD (†ESI Figure S4) showed 
one major singlet at -233.25 ppm, which may correspond to fluorine from the 6F-Glc internal 
repeating units, and three smaller singlets at -233.29, -233.31 and -233.35 ppm from 6F-Glc 
close to the reducing terminal and the non-reducing terminal unit. Analysis by MALDI-TOF 
mass spectrometry revealed that multi-6F-EpC 7 had a higher average DP (ca. 10) than the 
parent EpC (ca. DP 8) and that longer chains, up to DP 15, could also be observed in the 
multiple 6-fluorinated material (†ESI Figure S7). 
 
 
 



Morphological characterization  
 
Electron Microscopy (EM) and Atomic Force Microscopy (AFM) 
 
Transmission electron microscopy (TEM) was initially used to observe the morphological 
differences between EpC and fluorinated EpCs, which were prepared for analysis only by 
dilution of concentrated suspensions obtained after purification of precipitates formed during 
enzymatic synthesis. As expected, the TEM images of the monofluorinated 2F-EpC (4), 
3F-EpC (5) and 6F-EpC (6) (†ESI Figure S8) show a very similar morphology to EpC (8, 
Figure 2A, a). This crystalline sheet-like morphology is well-known for enzymatically 
synthesised cello-oligosaccharides,11,49 including derivatised cellulose, such as acrylated 
cellulose45 and cellulose conjugated with oligo(ethylene glycol).47 On the other hand, 
multi-6F-EpC (7) particles formed predominantly into significantly shorter platelets (< 100 nm 
length) (Figure 2B, a). These differences were further confirmed by AFM imaging using 
samples prepared by depositing diluted sample suspensions on freshly cleaved mica (Figure 
2A, b and c). Although a few long platelets are present in multi-6F-EpC (7), their fraction is 
smaller than in EpC (8). As reported in the literature,11,49 the thickness of EpC (8) platelets was 
found to be ~5 nm. Similar thickness was observed for long platelets of multi-6F-EpC (7, 
Figure 2B, c).  
 

 
Figure 2. TEM (a) and AFM (b -2 x 2 μm and c - 0.5 x 0.5 μm) images of enzymatically produced 
cellodextrin EpC (8, A) and multi-6F-EpC (7, B). Scale bars correspond to 100 nm. Scale bars on the 
right of b and c are height measurements. 
 
Long-range structural characterization by powder X-ray diffraction (PXRD) 
 
The PXRD patterns of the monofluorinated 2F-EpC (4), 3F-EpC (5) and 6F-EpC (6) are 
virtually indistinguishable from the diffraction pattern of EpC (8) (Figure 3). This result 
indicates that the monofunctionalized cellodextrin-like molecules arrange as cellulose type II 
allomorph, with three intense and sharp peaks at 2θ = 12°, 20° and 23° (d-spacing of 0.74, 0.44 
and 0.39 nm, respectively) representing (11"0), (110) and (020) planes.54,55 On the other hand, 
the experimental PXRD pattern reported for multi-6F-EpC (7) does not correspond to any 
allomorph previously described for cellulose (Figure 3). The pattern shows two well defined 
peaks at 2θ = 15° and 23° (d-spacing of 0.59 and 0.39 nm, respectively), as well as four 
different broad components at 2θ = 21°, 25°, 30° and 36° (d-spacing of 0.42, 0.36, 0.30 and 
0.25 nm, respectively).  



In order to verify possible similarities with previously reported cellulose structural 
organisations, we predicted and compared the PXRD spectra of multi-6F-EpC (7) to each 
known allomorph (†ESI Figure S9 and Table S1). Remarkably, the observed peak positions of 
multi-6F-EpC (7) are unique when compared to the diffraction patterns of the known 
allomorphs (Figure 3, †ESI Figure S9 and Table S1), hence demonstrating the formation of a 
new crystalline structure for this new cellulose-like material. 
 

 
Figure 3. Powder X-ray diffraction patterns of EpC (8, black), 2F-EpC (4, red), 3F-EpC (5, green), 
6F-EpC (6, orange) and multi-6F-EpC (7, blue). 
 
Molecular level characterization  
 
Raman spectroscopy 
Figure 4 shows typical Raman spectra of 2F-EpC (4), 3F-EpC (5), 6F-EpC (6), multi-6F-EpC 
(7) and EpC (8). The bands located at ca. 1462 (HOC and HCH stretching), 1265 (HCC and 
HCO stretching) and 576 cm-1 (heavy atom stretching) and the dominance of the band located 
at ca. 354 cm-1 over the band located at ca. 379 cm-1 (both heavy atom stretching) confirmed 
that EpC (8) arranges into a cellulose type II structure.56 4, 5 and 6 are very similar to 8, as 
expected for a single fluorine atom (at the reducing end) per oligosaccharide chain. The weak 
band located at 487 cm-1 for the monofluorinated EpCs is probably an amalgamation of the 480 
and 496 cm-1 bands as a result of the single fluorine present in each chain. 
In contrast, the multi-6F-EpC (7) spectrum is significantly different owing to the presence of 
multiple fluorine atoms. Multi-6-fluorination results in new Raman bands located at 480, 496 
and 924 cm-1. The first two bands correspond to the presence of CHxF, whilst the third relates 
to CH2F, confirming modification at the C6 position.57 Multi-6-fluorination also results in the 
shift of multiple bands, including 1462 to 1451 cm-1 and 1265 to 1268 cm-1, as well as the loss 
of others, such as the band located at 576 cm-1 (Table S2). Most significantly, the band 
associated with the glycosidic linkage located at 1097 cm-1 is shifted to 1088 cm-1. This 
provides some evidence that the crystal structure of the multi-6F-EpC material is neither 
cellulose type I nor type II.  



 
Figure 4. Normalised, deconvoluted Raman spectra for EpC (black), 2F-EpC (red), 3F-EpC (green), 
6F-EpC (orange) and multi-6F-EpC (blue). Dashed lines correspond to boundaries of bands associated 
with C-O-C stretching (C-O-C) and presence of fluorinated carbon groups (CH2F and CHxF). 
 
Solid-state Nuclear Magnetic Resonance (SSNMR) 
 
Direct polarization 19F NMR experiments (without 1H decoupling) were carried out at 60 kHz 
MAS rate for the 2F-EpC (4), 3F-EpC (5), 6F-EpC (6) and multi-6F-EpC (7) (Figure 5a). A 
single very broad and asymmetric peak was observed for the monofluorinated materials, 
centred at -190 (2F-EpC, 4), -197 (3F-EpC, 5) and -232 ppm (6F-EpC, 6), respectively, in good 
agreement with the solution 19F NMR data (†ESI Figure S4). 3F-EpC (5) and 6F-EpC (6) 
showed broad peaks, with line widths at half height of 11.9 and 9.4 kHz, respectively (Figure 
5c), while multi-6F-EpC (7) showed a sharper (3.8 kHz width at half height) Lorentzian-shaped 
peak (Figure 5c). 1H-decoupled 19F (19F{1H}) NMR spectra of 3F-EpC recorded at slower 
MAS rate showed an even broader 19F peak (†ESI Figure S10), indicating that (i) fast MAS is 
more efficient at decoupling that radiofrequency decoupling (fast MAS decouples both 19F-19F 
homonuclear dipolar coupling as well as heteronuclear 1H-19F coupling), and (ii) the large 19F 
line widths of 2F-EpC (4), 3F-EpC (5), 6F-EpC (6) and multi-6F-EpC (7) in the fast MAS 
spectra (Figure 5a) are mostly due to the large heterogeneity of 19F chemical environments. 
This can be easily understood considering that these materials assemble into particles with a 
specific crystalline packing (cellulose type II54 for 2F-EpC (4), 3F-EpC (5) and 6F-EpC (6), 
and a new organisation for muti-6F-EpC (7); Figures 5d and 6a), and the 19F nucleus is 
extremely sensitivity to chemical environment. Upon assembly of nanocellulose the 19F atoms 
of each cellulose chain can occupy any position within the nanofibril (surface, core, far from 
or nearby other fluorinated residues, etc), hence presenting non-equivalent environments 
within the packing of EpC (Figure 5c). Assuming that 19F-1H dipolar interactions are practically 
eliminated at fast MAS, the peak broadening reflects a multitude of orientations sampled by 
the C-F bonds.  
 



 
Figure 5. (a) Chemical structures of non-modified EpC (8), monofluorinated 2- (4), 3- (5) and 6F-EpC 
(6), and multi-6F-EpC (7). (b) 3D model of the crystalline packing of cellulose II allomorph based on 
the origin-center-origin (o-c-o) chains.55 The O3-O6 intra-chain (blue dashes) and O2-O2 and O6-O6 
inter-sheet (yellow dashes) hydrogen bonds are shown. It should be noted that the substitution of all -OH 
groups at C6 with fluorine atoms precludes the formation of O6-O6 inter-sheet hydrogen bonds during 
self-assembly. Note: the intra-chain hydrogen bonds are only shown for the center chain for simplicity.55 
(c) Direct detection 19F MAS NMR spectra of multi-6F-EpC (7, blue) and 2F- (4, red), 3F- (5, green) 
and 6F-EpC (6, orange) powders, acquired at 60 kHz MAS rate and 800 MHz 19F frequency (20 T 
magnetic field). (d)  1H-13C CP/MAS NMR spectra of EpC powder acquired at 10 kHz MAS rate 
(black), and 2F- (4, red), 3F- (5, green) and 6F-EpC (6, orange) 10 wt% dispersions acquired at 6 kHz 
MAS, and 100 MHz 13C frequency.  
 
To characterize the structural organization of 2F-EpC (4), 3F-EpC (5), 6F-EpC (6) and 
multi-6F-EpC (7) materials at the molecular level, 1H-13C CP/MAS experiments were carried 
out. Each type of cellulose allomorph presents a characteristic 13C NMR fingerprint.58,59 
Monofluorinated EpCs (4, 5 and 6) 10 wt% dispersions showed the characteristic cellulose II 
1H-13C CP fingerprint, typical of non-modified EpC (8) (Figure 5d). The only noticeable 
difference was the presence of a broad peak at ca. 61 ppm, which is characteristic of a 
surface/disordered population of C6 (sC6, Figure 5d).59,60 Hence, the peak at 63 ppm represents 
the interior/ordered domains of C6 (iC6, Figure 5d). The sC6 broad peak is typically observed 
in bacterial cellulose, which consists of cellulose particles containing both Ia and Ib crystalline 
domains and disordered regions.60 Indeed, surface/disordered and interior/ordered domains are 
typically found in nanocrystalline cellulose (CNC)59, bacterial cellulose (BC)60 and plant cell 



walls (PCWs)61. We note that the presence of a fluorine atom substituting the 3-hydroxyl group 
of glucose might affect the formation of the characteristic O3-O6 intra-chain hydrogen bond 
between adjacent glucose residues in cellulose II allomorph (Figure 5b). On the other hand, the 
formation of the O2-O2 and O6-O6 inter-sheet hydrogen bonds of cellulose II would be 
affected in 2F- and 6F-EpC, respectively (Figure 5b). Spectral deconvolution of the sC6 and 
iC6 peaks of 1H-13C CP/MAS NMR spectra enabled us to estimate the relative surface area 
(RSA) of the EpC particles constituting each material (†ESI Figure S11, Table S3). RSAs of 
about 16-23 % were obtained for the three monofluorinated EpCs, with 3F-EpC showing the 
highest value (23 %; †ESI Table S3). Similar values of surface area have been determined 
before for bacterial cellulose.60 
 
The 1H-13C CP/MAS NMR spectrum of multi-6F-EpC (7) showed a pattern of peaks that does 
not correspond to either cellulose I, II or III allomorphs (†ESI Table S4, S5). This is evidenced 
by the appearance of C1 (105.9 ppm) as a singlet peak in 7, which is a singlet in cellulose type 
Iα and IIII, and a doublet in cellulose type Iβ,  II and and IIIII (†ESI Table S4).62,63 Notably, 
multi-6F-EpC (7) presents some spectral features in common with cellulose IIII, i.e. C1 and 
non-fluorinated C6 peaks are singlets and appear at very similar chemical shifts (104.8 and 
62.1 ppm, respectively; †ESI, Table S5). However, the PXRD pattern of multi-6F-EpC (7, 
Figure 3) does not correspond to either cellulose IIII64 or IIIII63 allomorphs, or any other 
cellulose allomorphs reported so far (†ESI Table S1). Hence, 7 assembles into a crystalline 
organization which is unprecedented for a cellulose-type material. The formation of this novel 
structural motif is also supported by the new features observed in the Raman spectra, which do 
not correspond to either cellulose I or II (Figure 3, †ESI Table S4).  
 
The combination of fast MAS 1H-13C CP, low MAS 1H,19F-decoupled 19F-13C CP, 
water-polarization transfer (WPT) solid-state NMR and 13C, COSY and HSQC solution NMR 
experiments enabled the assignment of the 13C spectrum of multi-6F-EpC (7, Figure 6) to be 
made. 1H,19F-decoupled 19F-13C CP enabled the assignment of C6, C4 and C5 peaks of the 
fluorinated residues (Figure 6a). The highest intensity peak was assigned to C6 (83.8 ppm), as 
it is the carbon atom closest to 6F (1.3 Å). The peak at 73.1 ppm corresponds to C4 and C5 
sites, based on their proximity to fluorine (Figure 6a, †ESI Figure S12), while C2 and C3 are 
too far away to cross-polarize from fluorine effectively. 13C DEPT135, COSY and HSQC 
solution NMR experiments confirmed this assignment (†ESI Figure S13), with the methylene 
carbons of the fluorinated (C6) and non-fluorinated (C6*) glucose units appearing in antiphase 
with respect to the CH carbons (Figure 6a). Importantly, the 13C peaks at 81.9 and 73.1 ppm 
observed in the CP spectrum did not appear on the 13C DEPT135 nor 1H-13C HSQC solution 
NMR experiments carried out for a diluted dispersion of multi-6F-EpC (7). Hence, these peaks 
most likely correspond to the immobile interior carbons (iC6 and iC2,3,4,5, respectively) that 
are too broad to be detectable by solution NMR. The solution-NMR-observed C6 and C2,3,4,5 
peaks were therefore assigned to surface/disordered domains (sC6 and sC2,3,4,5, respectively). 
The assignment of sC6 and iC6 was further validated by water polarization transfer CP 
(WPT-CP) NMR experiments (Figure 6b).65 The peak intensity in WPT-CP experiments 
depends on the distance and relative mobility of bound water at the particle surface and the 
number of interacting water molecules at a particular site. Hence, peaks corresponding to 
surface domains will show faster WPT growth at short mixing times than interior domains, as 
we have recently observed for BC.60 At sufficiently long mixing times, WPT become 
homogeneous for both surface and interior domains due to the efficient spin diffusion. Figure 
6b shows the WPT factors for a 25 wt% dispersion of multi-6F-EpC (7) at 16 ms mixing time 
(under our experimental conditions, homogenization of surface-interior water polarization 
transfer is achieved around 200 ms). A much higher WPT factor was observed for the sC6 



(83.8 ppm) compared to the iC6 peak (81.8 ppm), confirming the assignment of sC6 and iC6 
peaks to surface and interior domains, respectively (Figure 6b). Also, sC2,3,4,5 showed higher 
WPT compared to iC2,3,4,5 (Figure 6b), in agreement with solution NMR data where the 
sC2,3,4,5 and iC2,3,4,5 peaks are visible and invisible, respectively (Figure 6a). Spectral 
deconvolution of sC6 and iC6 peaks indicated that multi-6F-EpC (7) presents a RSA of ~54 % 
(†ESI Figure S11, Table S3), very similar to the RSA values that we reported for 
nanocrystalline cellulose.66 
 

 
Figure 6. (a) 1H-13C CP (blue) and 1H,19F - decoupled 19F-13C CP NMR (purple) spectra of 
multi-6F-EpC (7) powder acquired at 60 and 15 kHz MAS spinning, respectively, and 212.5 MHz 13C 
frequency. The 13C DEPT135 spectrum of a 1 wt% dispersion of multi-6F-EpC (7) in D2O is shown for 
comparison (orange). * Low intensity peaks corresponding to the non-fluorinated glucose units of 7 at 
the reducing terminal of each cellodextrin chain. (b) Bar graph showing the water polarization transfer 
(WPT) factors, in percentage, determined for each carbon peak of multi-6F-EpC 25 wt% hydrogel using 
a mixing time of 16 ms. The higher WPT factor observed for sC6 and sC2,3,4,5 compared to iC6 and 
iC2,3,4,5 demonstrates the increased solvation of the former, hence being assigned to surface domains. 
 
Conclusions 
 
We have developed a bottom-up approach for the chemoenzymatic synthesis and 
characterization of novel mono and multiply 6-fluorinated cellodextrins from functionalized 
monosaccharide building blocks. Enzymatic catalysis has been employed for the rapid 
production of tailor-made fluorinated materials based on substrates with specific fluorination 
pattern. CBP and CDP proved to be robust enzymes for accepting fluorinated substrates 
(monofluorinated cellobioses and 6F-Glc-1P, respectively) in order to produce novel 
nanocellulosic materials. Comparison between the enzymatically produced cellodextrin (EpC) 
and its monofluorinated analogues (2F-, 3F- and 6F-EpC) clearly shows that the presence of a 
single fluorine atom in the reducing end glucose unit does not affect to a large extent the 
crystalline structure and morphology of these materials. In contrast, the presence of multiple 
6-fluorinated glucose units along the oligosaccharide chain (multi-6F-EpC) yielded a novel 
cellodextrin material of different morphology and crystallinity. Importantly, multi-6F-EpC 
shows a unique long-range ordering motif unprecedented for cellulose-based biomaterials, 
indicated by diffraction and spectroscopic methods. Advanced solid-state NMR methods 
enabled the detailed characterization of these novel materials, deciphering the water-exposed 
and interior chemical environments for different carbon sites. Our findings highlight 
considerable potential of chemoenzymatic synthesis for generating novel glycomaterials of 
controlled morphology and molecular structure via easy-to-prepare building blocks of specific 



substitution pattern. Our work opens promising avenues for the substitution of chemical 
methods for material preparation by environmentally friendly procedures. 
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1. Materials and methods  

 

1.1. General materials and methods 

Chemicals were commercially obtained as reagent grade and used without any purification. 

Deoxy-fluoro-D-glucoses (2F-, 3F- and 6F-Glc) and α-D-glucose 1-phosphate disodium salt 

hydrate (Glc-1P) were purchased from Toronto Research Chemicals (Canada) and 

Sigma-Aldrich (UK), respectively. Cellobiose phosphorylase (CBP) (PRO-GH94-004) was 

kindly provided by Prozomix Limited (UK) and Milli-Q (MQ) H2O was used to prepare all 

buffers. Thin-layer chromatography (TLC) was performed on pre-coated silica gel 60 F254 

plates (Merck) and compounds were visualized by UV irradiation (λ 254 nm) and/or by 

spraying TLC with staining solution (2% orcinol w/v in EtOH/H2O/H2SO4 15:1:2 v/v/v) 

followed by heating. Biotage SP4 flash chromatography system was used for purification of 

protected monosaccharides using normal phase (pre-packed SNAP cartridges) and the 

monofluorinated cellobiose analogues were purified by HPLC (Thermo Scientific Dionex 

Ultimate 3000) on a Luna OH column (5 µm HILIC 200 Å, 250 × 10 mm, Phenomenex) 

using 5 mM ammonium formate buffer (5%) and acetonitrile (95%) at 5 mL/min in isocratic 

elution over 25 min. Detection was performed by charged aerosol detector (CAD) with power 

function 1.00, data collection rate 10 Hz and nebulizer temperature 25 °C. Products were 

lyophilized using a Labconco FreeZone Benchtop freeze dryer. 1H, 13C, 31P and 19F NMR 

spectra were recorded on a Bruker Avance III 400 MHz and/or Bruker Avance Neo 600 MHz 

spectrometers at 298 K. Chemical shifts recorded in D2O are reported with respect to the 

solvent residual peak at 4.79 ppm in 1H NMR. High resolution mass spectra were acquired in 

a Synapt G2-Si mass spectrometer (Waters, UK) using electrospray ionisation (positive or 

negative mode). Optical rotations were measured at 20 °C using a Perkin-Elmer Model 341 

polarimeter. 

 

1.2. Expression and purification of cellodextrin phosphorylase (CDP) 

A recombinant plasmid (pET15b) containing the CDP gene from Ruminiclostridium 

thermocellum (YM4 strain) was transformed into E. coli BL21 (DE3) cells and grown as 

described previously.1 Briefly, 1 L of LB medium containing the transformant and carbenicillin 

(100 μg/mL) was incubated at 37 °C with shaking (200 rpm) until OD600 around 0.6. 

Heterologous protein expression was induced by adding isopropyl 

β-D-1-thiogalactopyranoside (IPTG) to a final concentration of 1 mM and incubating for 4 

hours at 30 °C with shaking (180 rpm). The cells were harvested by centrifugation (4,000 × g, 

20 min), re-suspended in lysis buffer (50 mM HEPES, pH 7.5, 100 mM NaCl, EDTA-free 

protease inhibitor cocktail tablet, 0.02 mg/mL DNaseI), lysed by cell disruption (30 Kpsi, 

constant flow) and the supernatant containing the recombinant proteins was separated from cell 

debris by centrifugation (20,000 × g, 30 min). Proteins were purified at 4 °C using an ÄKTA 

pure FPLC system (GE Healthcare). The supernatant was loaded to a 5 mL HisTrapTM HP 

column (GE healthcare) pre-equilibrated with buffer A (50 mM Tris-HCl, pH 8, 50 mM 

glycine, 5% glycerol, 500 mM NaCl, 20 mM imidazole). The column was washed with buffer 

A to remove unbound proteins followed by elution of bound proteins with buffer B (50 mM 

Tris-HCl, pH 8, 50 mM glycine, 5% glycerol, 500 mM NaCl, 500 mM imidazole). Further 

purification was carried out by gel filtration chromatography (Superdex S200 16/600 column, 

GE Healthcare) with 20 mM HEPES, pH 7.5, 150 mM NaCl, 1 mL/min. Fractions containing 

CDP were pooled and concentrated using Amicon Ultra-15 Centrifugal Filter (30,000 MW cut 

off) and the enzyme concentration (5.7 mg/mL) was determined by NanoDropTM 

spectrophotometer (Thermo Fisher Scientific, UK). The His-tag CDP was stored in aliquots 

at -80 °C until required. 



 

1.3. Chemical synthesis of 6-deoxy-6-fluoro-α-D-glucose 1-phosphate (6F-Glc-1P) 

 

 
Reagent and conditions: i) n-BuLi, (PhO)2POCl, THF, -78 °C to room temperature, overnight; ii) PtO2, 

H2(g), EtOH, room temperature, 24 h; iii) Et3N:H2O:MeOH (1:3:7, v/v/v), room temperature, 48 h.  

 

n-BuLi (2 mL of 1.6 M in hexane; 3.20 mmol; 1.2 eq.) was added dropwise to a solution of 

6-deoxy-6-fluoro-2,3,4-tri-O-acetyl-D-glucopyranose (822 mg; 2.67 mmol; 1 eq.) (synthesized 

from D-glucose in five steps)2,3 in anhydrous THF (40 mL) at -78 °C under N2 atmosphere and 

stirred for 15 min. Diphenyl chlorophosphate (664 µL; 3.20 mmol; 1.2 eq.) was added dropwise 

and the reaction mixture was allowed to warm to room temperature overnight. The reaction 

was quenched with NH4Cl saturated solution (30 mL) and partitioned with EtOAc (3 x 30 mL). 

The organic phase was washed with NaCl saturated solution (2 × 30 mL), dried over MgSO4, 

filtered, concentrated under vacuum and purified by flash chromatography [cartridge SNAP 

25g; solvent: Hexane/EtOAc; gradient: 0-20%, 20-20% and 20-30% (v/v); flow: 25 mL/min] 

to afford the product 6-deoxy-6-fluoro-2,3,4-tri-O-acetyl-α-D-glucopyranosyl 

1-diphenylphosphate4 in 48% yield (690 mg; 1.28 mmol). The deprotection steps of the 

synthesised phosphate (600 mg; 1.11 mmol) were performed with PtO2 (50 mg; 0.22 mmol; 

0.2 eq.) in absolute ethanol (25 mL) at room temperature under H2 atmosphere for 48 h. After 

catalyst removal by filtration, the crude was concentrated under vacuum, dissolved in MeOH 

(20 mL) followed by addition of Et3N (10 mL) and concentrated again. Lastly, the residue was 

dissolved in Et3N:H2O:MeOH (1:3:7, v/v/v) (45 mL) and stirred for 48 h at room temperature. 

After concentration under vacuum, the crude was dissolved in water and freeze dried to afford 

6-deoxy-6-fluoro-α-D-glucose 1-phosphate triethylammonium salt4 in 88% yield (457 mg; 0.98 

mmol). 1H NMR (400 MHz, D2O) δ 5.49 (1 H, dd, J1,P 7.0 Hz, J1,2 3.5 Hz, H1), 4.83-4.58 (2 

H, m, H6a, H6b), 3.97 (1 H, dd, J5,F 30.3 Hz, J4,5 10.6 Hz, H5), 3.78 (1 H, t, J2,3 = J3,4 9.5 Hz, 

H3), 3.60-3.51 (2 H, m, H4, H2), 3.20 (10 H, q, J 7.4 Hz, 2x HN(CH2CH3)3), 1.28 (16 H, t, J 

7.3 Hz, 2x HN(CH2CH3)3). 
13C NMR (101 MHz, D2O): δ 94.61 (C1), 82.80 (C6), 81.13 (C6), 

72.56 (C3), 71.48 (C2), 71.36 (C5), 71.17 (C5), 68.27 (C4), 46.62 (HN(CH2CH3)3), 8.19 

(HN(CH2CH3)3). 
19F NMR (1H-decoupled, 376 MHz, D2O): δ -236.30. 31P NMR (162 MHz, 

D2O): δ -1.07. HRMS (ESI): m/z calculated for C6H11FO8P [M-H]-: 261.0181; found 261.0173. 

 

1.4. Enzymatic synthesis of fluorinated cellodextrins 

1.4.1. Synthesis of 2-, 3- and 6-monofluorinated cellobioses 1-3 

 

 
To a solution of deoxy-fluoro-glucose (F-Glc) (18.2 mg, 100 mM stock solution in Milli-Q 

(MQ) water, 1 mL, 1 eq., 13 mM final concentration) and Glc-1P (disodium salt hydrate, 30.4 

mg, 100 mM stock solution in MQ water, 1 mL, 1 eq., 13 mM final concentration) in HEPES 

buffer (80 mM stock solution in MQ water, 5 mL, pH 7.2), was added cellobiose phosphorylase 

(CBP, 1 mg/mL stock solution, 1 mL, 1 mg) and the reaction was incubated at 37 °C shaking 



for 16 h. The reaction mixture was centrifuged, and the supernatant was passed through 

HisTrap HP (1 mL) and High Q (5 mL) Bio-Rad columns to remove CBP and remaining 

Glc-1P, respectively. The pre-purified mixture was freeze dried, dissolved in 2 mL MQ water 

and purified by gel filtration chromatography (Toyopearl TSK HW40S, 1.6 × 90 cm, MQ 

water, 0.5 mL/min) followed by HPLC (Luna OH 5 µm HILIC 200 Å, 250 × 10 mm, 

Phenomenex, 5 mL/min in isocratic elution over 25 min, 5% 5 mM ammonium formate buffer 

and 95% acetonitrile) to afford the title compounds 1-3: 

 

2-Deoxy-2-fluoro-cellobiose (1). 

Yield: 26% (9 mg; 0.029 mmol); Rf = 0.40 (isopropanol:NH4OH:H2O, 6:3:1); [α]D
20 +32.5 (c 

1, CH3OH). 1H NMR (600 MHz, D2O) δ 5.47 (0.45 H, d, J1,2 3.9 Hz, H1α), 4.95 (0.5 H, dd, 

J1,2 7.9 Hz, J1,F 2.4 Hz, H1β), 4.54 (1 H, two d, J1',2' 8.0 Hz, H1'), 4.48 (0.45 H, ddd, J2,F 49.5 

Hz, J2,3 9.5 Hz, J1,2 3.9 Hz, H2α), 4.22-4.07 (1 H, m, H2β, H3α), 4.02-3.87 (3.5 H, m, H5α, 

H3β, H6aβ, H6aα, H6'a, H6bα), 3.83 (0.5 H, dd, J6a,6b 12.4 Hz, J5,6 5.0 Hz, H6bβ), 3.78-3.72 (2 

H, m, H4α, H4β, H6'b), 3.67 (0.5 H, ddd, J4,5 9.9 Hz, J5,6a 5.0 Hz, J5,6b 2.2 Hz, H5β), 3.56-3.50 

(2 H, m, H3', H5'), 3.47-3.42 (1 H, m, H4'), 3.37-3.32 (1 H, m, H2'). 13C NMR (151 MHz, 

D2O): δ 102.48 (C1'), 93.44 (C1β), 93.21 (C2β), 91.99 (C2β), 90.55 (C2α), 89.44 (C1α), 89.32 

(C2α), 78.02 (C4α), 77.97 (C4β), 75.97 (C5'), 75.46 (C3'), 74.89 (C5β), 73.11 (C2'), 72.76 (C3β), 

69.94 (C5α), 69.92 (C3α), 69.48 (C4'), 60.64 (C6'), 59.83 (C6β), 59.68 (C6α). 
19F NMR 

(1H-decoupled, 376 MHz, D2O) -199.08, -199.27. HRMS (ESI): m/z calculated for 

C12H21FO10Na+ [M+Na]+: 367.1011; found: 367.1013. 

 

3-Deoxy-3-fluoro-cellobiose (2). 

Yield: 12% (4 mg; 0.012 mmol); Rf = 0.29 (isopropanol:NH4OH:H2O, 6:3:1); [α]D
20 +28.7 (c 

1, CH3OH). 1H NMR (600 MHz, D2O) δ 5.28 (0.5 H, t, J1,2 = J1,F 3.8 Hz, H1α), 4.77-4.66 (1 

H, m, H3α, H1β), 4.64-4.51 (1.5 H, m, H3β, H1'), 4.04-3.96 (2 H, m, H5α, H4α, H4β, H6aβ), 

3.94-3.90 (2 H, m, H6aα, H6'a, H6bα), 3.88-3.82 (1 H, m, H2α, H6bβ), 3.72 (1 H, dd, J6'a,6'b 12.5 

Hz, J5,6'b 5.9 Hz, H6'b), 3.63-3.60 (0.5 H, m, H5β), 3.57 (0.5 H, ddd, J2,F 14.2, J2,3 9.1, J1,2 8.0 

Hz, H2β), 3.53-3.49 (1 H, m, H3'), 3.48-3.44 (1 H, m, H5'), 3.42-3.37 (1 H, m, H4'), 3.33-3.28 

(1 H, m, H2').13C NMR (151 MHz, D2O): δ 102.39 (C1'), 95.29 (C3β), 95.05 (C1β), 94.08 (C3β), 

93.73 (C3α), 92.53 (C3α), 91.99 (C1α), 76.04 (C5'), 75.69 (C5α), 75.56 (C3'), 75.49 (C4α), 73.84 

(C5β), 73.27 (C2'), 72.76 (C2β), 70.07 (C2α), 69.86 (C4β), 69.61 (C4'), 60.67 (C6'), 59.74 (C6β), 

59.61 (C6α). 
19F NMR (1H-decoupled, 376 MHz, D2O)  -192.35, -197.01 HRMS (ESI): m/z 

calculated for C12H21FO10Na+ [M+Na]+: 367.1011; found: 367.1014. 

 

6-Deoxy-6-fluoro-cellobiose (3). 

Yield: 23% (8 mg; 0.023 mmol); Rf = 0.34 (isopropanol:NH4OH:H2O, 6:3:1); [α]D
20 +17.0 (c 

1, CH3OH). 1H NMR (600 MHz, D2O) δ 5.27 (0.55 H, d, J1,2 3.8 Hz, H1α), 4.96-4.85 (1 H, m, 

H6a,bα), 4.76-4.65 (1.5 H, m, H1β, H6a,bβ), 4.52 (1 H, d, J1',2' 7.9 Hz, H1'), 4.15-4.06 (0.55 H, 

m, H5α), 3.94 (1 H, dd, J6'a,6'b 12.3 Hz, J5,6'a 2.2 Hz, H6'a), 3.87 (0.55 H, t, J2,3 = J3,4 9.3 Hz, 

H3α), 3.82-3.72 (2.5 H, m, H5β, H4α, H4β, H6'b), 3.69-3.65 (0.45 H, m, H3β), 3.62 (0.55 H, 

dd, J2,3 9.8 Hz, J1,2 3.8 Hz, H2α), 3.56-3.49 (2 H, m, H3', H5'), 3.47-3.43 (1 H, m, H4'), 

3.37-3.31 (1.5 H, m, H2', H2β). 13C NMR (151 MHz, D2O): δ 102.62 (C1'), 95.90 (C1β), 91.96 

(C1α), 82.39 (C6α), 82.12 (C6β), 81.28 (C6α), 81.01 (C6β), 77.80 (C4α), 77.56 (C4β), 75.97 

(C5'), 75.48 (C3'), 74.10 (C3β), 73.76 (C2β), 73.33 (C5β), 73.15 (C2'), 71.24 (C3α), 71.13 (C2α), 

69.42 (C4'), 69.02 (C5α), 60.56 (C6'). 19F NMR (1H-decoupled, 376 MHz, D2O) 

-233.68, -234.24. HRMS (ESI): m/z calculated for C12H21FO10Na+ [M+Na]+: 367.1011; 

found: 367.1014. 

 

 



1.4.2. Synthesis of 2-, 3- and 6-monofluorinated cellodextrins (2F-EpC, 4; 3F-EpC, 5 and 

6F-EpC, 6) 

 

 
 

The monofluorinated cellodextrins were synthesised in a one-pot reaction. After CBP removal, 

more Glc-1P (110 mg, 4 eq.) was added together with cellodextrin phosphorylase (CDP, 0.9 

mg/mL stock solution, 0.7 mL, 0.63 mg) and the reaction was incubated at 50 °C while shaking 

for 16 h. A white precipitate was formed and isolated by centrifugation, followed by 

re-suspension and washing with MQ water (3×). To the supernatant, more Glc-1P was added 

(90 mg) and the reaction incubated at 50 °C shaking for 12 h. A white precipitate was formed 

again and isolated by centrifugation, followed by re-suspension and washing with MQ water 

(3×). The precipitates were combined to give reasonable final yields [47% 2F-EpC (4), 30% 

3F-EpC (5) and 32% 6F-EpC (6)]. The white solid was analysed by MALDI-ToF (DP8 on 

average) and solution-state 19F NMR (1H-decoupled, 376 MHz, 1 M NaOD) -195.21 

and -195.26 ppm (4); -190.86 and -197.19 ppm (5); -232.55 and -234.05 ppm (6). 

 

 1.4.3. Synthesis of multiply 6-fluorinated cellodextrin (multi-6F-EpC, 7) 

 

 
 

Cellodextrin phosphorylase (CDP, 5.7 mg/mL stock solution, 300 µL, 1.7 mg) was added to a 

solution of cellobiose (5.5 mg, 16.1 µmol, 1 eq.) and 6-deoxy-6-fluoro-α-D-glucose 

1-phosphate (6F-Glc-1P) (triethylammonium salt, 45 mg, 96.6 µmol, 6 eq.) in 500 µL NaOAc 

buffer (200 mM, pH 5.0) and the reaction was incubated at 37 °C for 24 h with shaking (300 

rpm). A white precipitate started forming and more CDP was added (1-fold) and the reaction 

continued in the same conditions for 48 h (72 h in total). The white precipitate was isolated by 

centrifugation, re-suspended and washed with MQ water (4×) and freeze dried to afford the 

multiple 6-fluorinated cellodextrin 7 in 64% yield (17 mg; 10.3 µmol). The white solid was 

analysed by MALDI-ToF (DP10 on average) and solution-state 19F NMR (1H-decoupled, 565 

MHz, 1 M NaOD)  -233.25, -233.29, -233.31, -233.35 ppm. 

 

1.5. Matrix-assisted laser desorption ionization time-of-flight mass spectrometry 

(MALDI-TOF MS)  

 

Samples suspended in MQ water were mixed with equal volume of 2,5-dihydroxybenzoic acid 

(DHB) matrix (10 mg/mL in 30% acetonitrile in MQ water), spotted on a target plate (Bruker 

MTP 384 Polished Steel TF Target) and analysed on an AutoflexTM Speed MALDI-TOF/TOF 

mass spectrometer (Bruker DaltonicsTM GmbH, Coventry, UK). The instrument was controlled 

by a flexControlTM (version 3.4, Bruker) method optimised for peptide detection and calibrated 

using peptide standards (Bruker). All spectra were processed with flexAnalysisTM (3.4, 

Bruker). 

 

 



1.6. Electron microscopy (EM) 

 

Transmission Electron Microscopy (TEM) images were viewed on a Thermo Fisher Talos 

F200C transmission electron microscope at 200kV (Thermo Fisher UK Ltd, Cambridge, UK) 

using a Gatan OneView 4k X4K digital camera (Gatan, Abingdon, UK) to record DM4 files. 

400 mesh EM Resolution Formvar/Carbon coated copper grids were glow discharged, the 

samples were suspended in 200 µL MQ water and 5 µL drop was pipetted onto the grid for 1 

minute. The excess was then blotted off with filter paper and 5 µL of 2% uranyl acetate was 

pipetted onto the grid for 30 seconds then blotted off with filter paper and allowed to dry.  

 

1.7. Atomic force microscopy (AFM) 

 

Samples of fluorinated cellodextrins were deposited onto freshly cleaved mica substrates by 

drop-casting of diluted suspensions (0.02 mg/ml). Cast drops were allowed to dry before SPM 

investigation in an ambient environment. SPM measurements were conducted using a 

Multi-Mode VIII microscope with Nanoscope V controller operating under non-resonant 

PeakForce feedback control (Bruker, CA, USA). SCANASYST-FLUID+ cantilevers were 

employed with nominal spring constants of 0.7 N/m (Bruker, CA, USA). Real-time analysis of 

the force-separation curves were collected as part of the Peakforce control mechanism allowing 

the physical tip-sample interaction forces and sample topography to be mapped concurrently. 

 

1.8. Powder X-ray diffraction (PXRD) 

 

X-ray diffraction data were collected using a single crystal diffractometer (Rigaku Synergy S, 

Cu X-ray tube, 50kV-1mA) with Cu Kα radiation (λ = 0.154 nm). Samples of enzymatically 

produced cellodextrin (EpC), 2F-EpC, 3F-EpC, 6F-EpC and multi-6F-EpC were placed in a 

96-well plate and analysed using an XtalCheck screening plate mounted on the diffractometer. 

The collected diffraction images were integrated between diffraction angles (2Θ) 5 and 40°. 

All the samples were analysed in powder form and after gentle grinding with mortar and pestle. 

 

The simulated powder patterns were generated using Mercury5 and the published crystal 

structures of cellulose I,6 I,7 II,8 IIII
9 and IIIII.
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1.9. Raman spectroscopy  

 

Raman images were obtained using a Raman spectrometer (Renishaw, UK). Raman spectra 

were acquired using a 785 nm wavelength laser (NIR) and 41 mW laser power at the sample 

for excitation of Raman scattering. The sample was focused with a 50× objective lens 

(numerical aperture: 0.7, vertical resolution: 1.6 µm) with a lateral resolution of 684 nm. Due 

to the narrow spectrum acquisition range, each complete spectrum is a composite of three 

individual spectra centred at 590, 1090 and 1490 cm-1 respectively. Each individual spectrum 

was obtained from 10 exposures of 20 seconds each. Overlap of the individual spectra enabled 

their normalisation to produce the complete spectrum. Three complete spectra were acquired 

for each sample. Raman bands, background fluorescence and photon spikes were fitted for each 

complete spectrum using Lorentzian curve functions in Fityk.11 This enabled the generation of 

clean spectra for each sample and the identification of the wavelength and intensity for each 

band. 

 

 

 



1.10. Characterization of cellodextrins by solution and solid-state NMR 

 
1H-13C cross-polarization solid-state NMR experiments of the single 2-, 3- and 

6- monofluorinated EpC 10 wt% hydrogels were performed at 5 C using a Bruker Avance III 

spectrometer equipped with a 4 mm triple resonance probe operating at frequencies of 400.2 

MHz (1H) and 100.6 MHz (13C). Each gel was packed into a kel-f insert, sealed using a plug 

and a screw, and spun at 6 kHz. For the powder samples, experiments were carried out at the 

UK 850 MHz solid state NMR facility (Warwick). All the experiments were run at frequencies 

of 850.2 MHz (1H), 799.8 MHz (19F) and 213.8 MHz (13C). 1H-decoupled 1H-19F CP 

(1H-19F{1H}), 1H-13C CP with 1H and 19F decoupling (1H-13C{1H,19F}), and 19F-13C CP with 
1H and 19F decoupling (19F-13C{1H,19F}) experiments were run using a 2.5 mm HFX H13894 

probe, at 15 kHz MAS spinning and 12  3 C. A field strength of 67 or 83 kHz was employed 

for 1H decoupling. The CP contact time was optimised to 1 ms and a relaxation delay of 3 s 

was employed. A 90 pulse of 4 and 3 µs was used for 1H and 19F, respectively. 1H-undecoupled 
19F spectra with 19F background suppression (19F-bs), and 1H-decoupled and 19F-undecoupled 
1H-13C CP (1H-13C{1H}) experiments were run using a 1.3 mm X/Y/H-F H13863 probe, at 60 

kHz MAS spinning and 27  3 C. The CP contact time was optimised to 3 ms and a relaxation 

delay of 3 s was employed. A 90 pulse of 1.5 µs was employed for 1H and 19F. All spectra 

were referenced with respect to TMS. 

 

EpC solution state NMR characterization was carried out in a Bruker Avance I spectrometer 

equipped with a 5 mm probe operating at frequencies of 499.69 MHz (1H). Around 600 μL of 

dispersion (2 w/V%) in 99.9% D2O (Sigma-Aldrich®) was pipetted into a 5 mm NMR tube at 

room temperature. Both phase-sensitive 1H-13C HSQC experiment with 1H-13C correlation via 

double inept transfer and 1H-1H COSY experiment with multiple quantum filter and gradient 

ratio for artifact suppression were acquired with 256 increments in the F1 dimension, 8 number 

of scans and a relaxation delay of 2s. 8k number of scans were acquired for DEPT135 

experiment with decoupling and a pulse length of 11.25 μs. 

 

Solution state NMR characterization of a 0.5 wt% dispersion of multi-6F-EpC was carried out 

in an Avance Bruker 800.23 MHz spectrometer equipped with a 5 mm inverse triple-resonance 

probe. Phase-sensitive 1H-13C HSQC experiment with 1H-13C correlation via double inept 

transfer was acquired at 293K with 126 increments in the F1 dimension, 8 number of scans and 

a relaxation delay of 3s. 1H-1H COSY experiment with multiple quantum filter and gradient 

ratio for artifact suppression was acquired at 278K with 256 increments in the F1 dimension, 

12 number of scans and a relaxation delay of 2 seconds. Finally, DEPT135 experiment was 

acquired in a 600.18 MHz Avance Bruker spectrometer equipped with a cryoprobe with a total 

of 30k scans and a relaxation delay of 1s. 

 

  



2. Results 

  

2.1. Enzymatic synthesis of fluorinated cellobioses and cellodextrins 

 

2.1.1. Nuclear magnetic resonance (NMR) characterization  

 

 

Figure S1. 1H, 13C and 19F{1H} NMR of 2-deoxy-2-fluoro-cellobiose (1). 

 



 

Figure S2. 1H, 13C and 19F{1H} NMR of 3-deoxy-3-fluoro-cellobiose (2). 

 

Figure S3. 1H, 13C and 19F{1H} NMR of 6-deoxy-6-fluoro-cellobiose (3). 

 



 
Figure S4. 19F{1H} NMR spectra (1 M NaOD) of 2-, 3- and 6-monofluorinated cellodextrins (2F-EpC, 

4; 3F-EpC, 5 and 6F-EpC, 6) and multiply 6-fluorinated cellodextrin (multi-6F-EpC, 7). 

 



 

Figure S5. (a) 1H (top) and 13C (bottom) in D2O, and (b) 1H-13C HSQC NMR spectra of 

6-deoxy-6-fluoro-α-D-glucose 1-phosphate (triethylammonium salt) 2mM in Tris-d11 pH 7.4 (25 mM, 

NaCl 100 mM). Peak assignment is shown. 

 

 

 

 



Figure S6. 19F{1H} (top) and 31P (bottom) NMR of 6-deoxy-6-fluoro-α-D-glucose 1-phosphate 

(triethylammonium salt). 
 

2.1.2. Matrix-assisted laser desorption ionization time-of-flight mass spectrometry 

(MALDI-TOF MS) characterization 

 

 
Figure S7. MALDI-TOF spectra comparison between enzymatically produced cellodextrin (EpC, 8, 

black line), 2-, 3- and 6-monofluorinated cellodextrins (2F-EpC, 4, red line; 3F-EpC, 5, green line; and 

6F-EpC, 6, orange line) and multiply 6-fluorinated cellodextrin (multi-6F-EpC, 7, blue line). 



2.2. Morphological characterization 

2.2.1. Transmission electron microscopy (TEM) characterization   

 

Figure S8. TEM images of enzymatically produced cellodextrin EpC (a) and enzymatically produced 

fluorinated cellodextrins 2F-EpC (b), 3F-EpC (c), 6F-EpC (d) multi-6F-EpC (e) negatively stained with 

2% uranyl acetate. Scale bars correspond to 100 nm. 
 

2.3. Long-range structural characterization 

2.3.1. Powder X-ray diffraction (PXRD) patterns   

 

Figure S9. Predicted diffraction patterns for cellulose types Iα (black), Iβ (red), II (green), IIII (purple) 

and IIIII (blue). The blue dashed lines represent the experimental diffraction angles obtained for 

multi-6F-EpC (the diffraction pattern is reported in the main text, Figure 4b). 

 



Table S1. Comparison of the predicted 2Θ(°) and d-spacing values for cellulose II, IIII and IIIII 

with the experimental values obtained for multi-6F-EpC (7). Peak indices refer only to 

cellulose II PXRD pattern (Figure 3). 
 

PEAK 1 (11̅0) PEAK 2 (110) PEAK 3 (020)  
2Θ(°) d-spacing (nm) 2Θ(°) d-spacing (nm) 2Θ(°) d-spacing (nm) 

cellulose II 12.24 0.722 20.02 0.443 22.08 0.402 

cellulose IIII 11.66 0.758 17.18 0.516 20.88 0.425 

cellulose IIIII 12.1 0.731 17.1 0.518 20.86 0.425 

multi-6F-EpC 15.62 0.567 22.56 0.394   

 

2.4. Molecular characterization: local structure 

2.4.1. Raman spectroscopy   
 

Table S2. Raman spectroscopy band positions for EpC, 2F-EpC, 3F-EpC, 6F-EpC, and multi-6F-EpC 

samples. 
 

Band 

no. 

Sample band centre [cm-1] 

EpC 2F-EpC 3F-EpC 6F-EpC multi-6F-EpC 

1 337 337 338 340 - 

2 354 354 354 354 351 

3 379 379 379 379 370 

4 398 - - 399 - 

5 415 415 416 415 416 

6 - - - - 437 

7 447 448 448 447 - 

8 462 463 463 463 - 

9 - - - - 480 

10 
 

491 487 493 495 

11 519 519 520 519 - 

12 576 576 576 576 - 

13 637 - - - - 

14 - 695 - - - 

15 844 - - 844 845 

16 867 - - 867 867 

17 896 897 897 896 896 

18 - - - - 924 

19 969 969 973 969 975 

20 1002 - - 999 1003 

21 1029 1030 - 1030 - 

22 1064 1065 1064 1065 - 

23 1097 1098 1098 1097 1088 

24 1123 1122 1124 1122 1127 

25 1147 1148 1147 1147 - 

26 1235 1235 1232 1234 1239 

27 1265 1265 1265 1265 1268 

28 1314 1312 1312 1308 1304 



29 1336 1337 1336 1336 - 

30 - - - 1344 1340 

31 1368 1361 1369 1362 - 

32 - 1374 - 1375 1379 

33 - - - 1396 - 

34 1407 1404 1409 1414 1424 

35 1462 1462 1461 1461 1451 

 

2.4.2. Solid-state and solution-state NMR spectroscopy 

 

Figure S10. 19F NMR spectrum of 3F-EpC powder acquired with (light green) and without (dark green) 
1H decoupling at 15 kHz and 60 kHz MAS rate, respectively, and 800 MHz 19F frequency 

 

 

Figure S11. Spectral deconvolution of the sC6 and iC6 peaks of 1H-13C CP spectra of 2F-EpC (a), 

3F-EpC (b), 6F-EpC (c) and multi-6F-EpC (d). The experimental and deconvoluted spectra are shown 

with black and blue lines, respectively. The sum and residuals spectra are shown in pink and red, 

respectively.   



 

Table S3. Relative surface area (RSA) values derived from deconvolution of the sC6 and iC6 peaks of 
1H-13C CP spectra of the three monofluorinated EpCs and multi-6-EpC powders. RSA were calculated 

as the ratio of the sC6 peak area against the total C6 area (sC6 + iC6). 

 

 Relative surface area (%) 

2F-EpC 16 
3F-EpC 23 
6F-EpC 20 
multi-6F-EpC 54 

 

The 1H-13C CP/MAS spectrum of multi-6F-EpC (7) was compared to all previously reported 

cellulose allomorphs to identify differences and similarities on 13C chemical shifts (Tables S4, 

S5). 
 

Table S4. 13C chemical shifts reported in the literature for all the knowns cellulose allomorphs. * 

Experimental values obtained in-house for enzymatically produced cellulose (EpC).  

 

Cellulose allomorph Chemical shift (ppm) 

 C1 C4 C6 

cellulose Iα (Glaucocystis)12 105 89.7, 88.8 65.3 

cellulose Iβ (tunicin)12 105.7, 103.9 88.7, 88.0 65.5, 64.9 

cellulose II10 107.0, 104.7 88.6, 87.4 62.9, 62.2 

cellulose II (EpC)* 107.0, 104.8 88.6, 87.5 62.9, 62.2 

cellulose IIII
12 104.8 87.8 62.3 

Cell IIIII
10 106.5, 105.7  88.5, 87.3 62.5, 62.1 

 

Table S5. 13C chemical shifts of multi-6F-EpC (7) acquired in solid-state (top) and solution state 

(bottom) NMR. 

Chemical shifts (ppm) 

Solid-state NMR 

C1 sC6 iC6c sC2,3,4,5 iC2,3,4,5 C6* 

104.8 84.2, 83.5  81.9 75.2 73.1 62.6 

Solution state NMR 

sC1 sC6 sC4* sC2,3,4,5 sC6*  

104.8 84.3, 83.3 79.9 76.0, 75.3 62.1  

 

 



 

Figure S12. Comparison of the 1H-13C CP (blue) and 19F{1H}-13C CP (purple) NMR spectra of 

multi-6F-EpC powder acquired at room temperature, 15 kHz MAS spinning and a 13C frequency of 

212.5 MHz. 

 

The high-resolution solution NMR spectra (COSY and HSQC, Figure S13a) obtained for a diluted 

dispersion of EpC (8) enabled the detailed assignment of the two anomeric spin systems and the internal 

and non-reducing terminal protons. On the other hand, the higher presence of chemical environments 

in multi-6F-EpC (7) complicated the full spectral assignment (COSY and HSQC, Figure S13b), but we 

could still assign the β-spin system (belonging to the cellobiose unit) and the 6-fluorinated non-reducing 

terminal (nr). 



 
 

Figure S13. a) COSY (right) and HSQC (left) of a 0.5 wt% dispersion of multi-6F-EpC (7). b) COSY 

(right) and HSQC (left) of a 2 wt% dispersion of EpC (8). In the cross-peak nomenclature, α- and 

β- refer to the corresponding anomeric proton spin system on the reducing end, whereas nr indicates 

the non-reducing terminal.  
 

 

To characterize the internal dynamics of these materials, 1H-13C CP/MAS NMR experiments 

at varying contact times were carried out for EpC and multi-6F-EpC (Figure S14). Very similar 

build-up curves were obtained for all carbon peaks in both powdered samples, which suggest 

that, at the molecular level, the CP-observable domains (i.e. rigid) of EpC and multi-6F-EpC 

nanofibrils present very similar dynamics.  
 



 

Figure S14. 1H-13C CP build-up curve of EpC (a) and multi-6F-EpC (b) powders acquired at 25 C, 12 

kHz MAS rate and a 13C frequency of 100.6 MHz.  
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