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ABSTRACT: Adenosine triphosphate (ATP) is a central molecule of
organisms and is involved in many biological processes. It is also widely
used in biocatalytic processes, especially as a substrate and precursor of
many cofactors�such as nicotinamide adenine dinucleotide phosphate
(NADP(H)), coenzyme A (CoA), and S-adenosylmethionine (SAM).
Despite its great scientific interest and pivotal role, its use in industrial
processes is impeded by its prohibitory cost. To overcome this limitation,
we developed a greener synthesis of adenosine derivatives and efficiently
selectively grafted them onto organic nanoparticles. In this study, cellulose
nanocrystals were used as a model combined with click chemistry via a
copper-catalyzed azide/alkyne cycloaddition reaction (CuAAC). The
grafted adenosine triphosphate derivative fully retains its biocatalytic
capability, enabling heterobiocatalysis for modern biochemical processes.
KEYWORDS: ATP immobilization, biocatalysis, cofactor, nanocellulose, CNCs, click-chemistry

■ INTRODUCTION
First isolated by Lohmann, Fiske, and SubbaRow in 1929,1

adenosine triphosphate (ATP) is a coenzyme present in all
living organisms that is central in the intra- or extracellular
processes transferring energy to cells.2 ATP derivatives have
been widely studied as therapeutic strategy for COVID-19,3

activated prodrug system for on-demand treatment of bacterial
infections,4 and for nucleotide metabolism.5 ATP has been
implemented in biocatalytic processes6−8 such as kinase-cGAS
cascade to synthesize a therapeutic STING activator,9 amide
synthesis,10 or the novel STING antagonist MK-1454
synthesis.11 To limit the stochiometric use of ATP in these
reactions, more robust methods for its recycling are needed.12

ATP also plays a major role as a precursor of many important
cofactors, including coenzyme A (CoASH), S-adenosylmethio-
nine (SAM), nicotinamide adenine dinucleotide NAD(H), and
its phosphorylated form NADP(H).13,14 Unfortunately, the
high cost of these adenosine-based components has limited the
development of cofactor-dependent enzymes industrially for
biocatalytic processes. Considerable efforts have focused on
optimizing their synthesis, regeneration and purification.15−17

For instance, novel synthetic chemo-enzymatic route to
coenzyme A (CoASH) and its disulfite derivate (CoAS),2 as
well as a membrane process for high-purity CoA and NADP+
cofactors, have been reported.18−20

Immobilizing these cofactors would greatly facilitate their
recovery and regeneration, increasing reaction speed, simplify-
ing separation process, and reducing cost.21,22 Moreover, this
approach would enable continuous and heterogeneous

industrial biocatalytic processes.23,24 However, the immobiliza-
tion of ATP-based cofactors remains challenging. Indeed, not
only their numerous reactive groups are a serious obstacle to a
selective grafting, but also structural modifications may alter
their specific stereo positioning into the enzyme’s binding site,
thus potentially reducing or�even worse�inhibiting their
activity.
Several research groups have proposed the use of these

immobilized cofactors, particularly nicotinamide derivatives,
for various applications. Lowe et al.25 reported the purification
of nicotinamide nucleotide-dependent dehydrogenases on
immobilized cofactors, while Anithaa et al.26 described the
synthesis of gamma-irradiated EDTA-WO3-modified GCE-
immobilized NAD for electrode fabrication. However, very few
studies have developed green syntheses, and mostly relied on
synthetic approaches requiring multiple atom-consuming
protections and substrate deprotection steps. To the best of
our knowledge, no functional immobilized ATP or cofactors
for applications in biocatalysis have been reported.25

Herein, we describe a greener, simple, and inexpensive
synthetic route for immobilizing ATP onto cellulose nano-
crystals (CNC). This robust proof-of-concept can be adapted
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for families of coenzymes sharing the same backbone such as
CoASH or NADP(H). Two different routes are investigated to
graft alkyne linkers of different sizes and structure. The
immobilization of these adenosine derivatives by click
chemistry on azide-functionalized CNCs was then achieved
by a copper-catalyzed cycloaddition (CuAAC) reaction. The
new materials were characterized by Fourier-transform infrared
(FTIR) spectroscopy, elemental analysis, and X-ray photo-
electron spectroscopy (XPS). The immobilized cofactor was
finally tested in a biocatalytic process. This grafting strategy
supports emerging applications in the medical field, including
development of NLRP inflammasomes, progress in extrac-
ellular ATP in biological processes, and the engineering of new
biocatalytic heterogeneous processes.27−29

■ RESULTS AND DISCUSSION
Click chemistry reactions are widely used in biochemistry
(bioconjugation)30,31 medicinal chemistry, and pharmaceu-
ticals32,33 due to the rapid generation of selective and stable
bonds with no byproduct generation, therefore requiring no
purification steps. Medical applications of click chemistry
include the evaluation of anticancer, antiviral, and antimicro-
bial activity. Click chemistry reactions are also ideal for
applications in materials science and the specific functionaliza-
tion of surfaces.34,35

This is true with nanocellulose (CNC), a renewable,
biodegradable, and the cheapest and most abundant type of
organic nanoparticle that has excellent mechanical and
chemical surface properties. The reactive hydroxyl groups on
the cellulose surface can be easily modified with a wide range
of functionalities. Click chemistry applications36−38 have been
reported, including a novel synthetic route for decorating
cellulose nanocrystals with UV-absorbing phenolic esters,39−41

and a thermoreversible nanofibrillar supramolecular hydrogel
for the growth and release of cancer spheroids.42 Here, the
synthesis of grafted alkyne adenosine derivatives on CNC-N3
nanocellulose using copper-catalyzed cycloaddition click
chemistry is investigated.43,44

■ SYNTHESIS OF MODIFIED ALKYNE ADENOSINE,
AMP, AND ATP

As CuAAC reaction requires azide and alkyne moieties to form
a triazole ring, the synthesis of modified adenosine, AMP, and
ATP containing an alkyne linker was first investigated (Figure
1). We applied the principles of green chemistry, without using
or generating toxic products or solvents. Two different
synthetic procedures were tested to obtain different types of
alkyne linkers: (i) an aromatic electrophilic substitution using
an excess of propargyl bromide in the cellulose-derived green
solvent Cyrene (Figure 1, pathway 1), and (ii) through a ring-
opening reaction between ATP and glycidyl propargyl ether
(GPE) (Figure 1, pathway 2).
In the first route, the synthesis of unprotected substrate 1-N-

propargylated adenosine described by Atdjian et al.45 was
performed as a model reaction to implement an aromatic
electrophilic substitution using an excess of propargyl bromide
in DMF at 50 °C for 24 h. DMF was then replaced by
REACH-compliant Cyrene, a green nontoxic and aprotic polar
solvent (Figure 1)46 for a greener synthesis. The reaction
provided the desired product, validating the proof of concept
for the substitution of DMF with Cyrene in this reaction
(Figures S1a and S5). Nevertheless, this methodology needs to

be further optimized to reach yield similar or higher to the
DMF-based one.47−49 This synthetic strategy was then
extended to AMP to confirm that phosphate groups do not
hinder the condensation, before being applied to ATP. The
successful grafting of the propargyl moiety for both AMP and
ATP was confirmed by FTIR analysis, thus demonstrating that
phosphate moieties were not deleterious for the reaction.
Inspired by the work of Shao et al., we developed a second

route that allows a rapid and simple access to modified ATP
with a variety of linkers50 through a ring-opening reaction
between ATP and GPE in a mixture of methanol and water
(Figure 1, pathway 2). The reaction was confirmed by FTIR
with the characteristic peak of the alkyne moiety at 2110 cm−1

(Figures S1c and S4).

■ GRAFTING ADENOSINE DERIVATIVES ONTO CNC
BY CLICK CHEMISTRY

The synthesis and characterization of the grafted adenosine
derivatives followed our previous study where we grafted
phenolic compounds with an alkyne moiety onto CNC azide
(CNC-N3).

39 The synthesis was performed by activation of the
primary hydroxy groups of CNCs by tosylation, followed by
nucleophilic substitution of the resulting tosylates with azide
groups (Figure 2a, pathway 1). Azidation was confirmed by
FTIR with the appearance of a sharp stretching band at 2110
cm−1 (Figure 2b).
Although the synthetic pathway provided the targeted

products in good yield, we aimed at developing a faster and
pyridine-free alternative route under milder temperature
conditions, while allowing the grafting of azide linkers of
different natures and length. To do so, a two-step pathway
consisting in the synthesis of 3-(azidopropyl)triethoxysilane
from 3-(chloropropyl)triethoxysilane, followed by its function-
alization on CNC under alkaline conditions was developed
(Figure 2a, pathway 2).51 FTIR analysis confirmed grafting of
the N3 linker with the presence of the characteristic azide peak
at 2110 cm−1 (Figure 2b).
With the CNC-N3 from route 1 in Figure 2, we then

proceeded with the click chemistry reactions to graft the
alkyne-modified compounds (i.e., adenosine, AMP, and ATP)

Figure 1. Synthesis of alkyne-modified adenosine derivatives: (1)
aromatic electrophilic substitution using excess propargyl bromide in
Cyrene, and (2) ring-opening reaction with glycidyl propargyl ether
(GPE) in methanol/water.
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(Figure 3a). FTIR analysis of the resulting materials
demonstrates the successful grafting shown by the ∼70%
decrease in the characteristic azide peak at 2110 cm−1 (Figure
3b). This is consistent with the literature and our previous
studies of CuAAC reactions of nitrogen-containing CNCs,
where a 50−70% reduction in the azide intensity was reported.
The yield achieved is equivalent to the best conversion
reported.39,52−54

The surface charge of the CNC-adenosine derivatives was
quantified by the zeta potential in water (Figure S2).

Adenosine-grafted CNCs exhibit zeta potentials of −20 to
−30 mV, which confirm the stability of the materials in water
and that the highly negative charge of CNCs was preserved
after the click reaction. These grafted CNCs, however, are not
as colloidally stable as the pristine CNCs (−50 mV) as a
consequence of successful functionalization. DLS analysis also
showed that the hydrodynamic diameters of pristine CNC and
CNC-ATP in water are 103.3 ± 2.2 nm and 216.2 ± 19.2 nm,
respectively. This indicates that CNC-ATP slightly aggregates
in water and confirms the reduced dispersibility of CNC after
ATP grafting.
XPS analysis further confirmed the grafting of the adenosine

derivatives onto CNCs (Figure 4). Survey scans (Figure 4a) of
pristine CNC and the grafted CNCs show carbon (287 eV)
and oxygen (533 eV) as the major elements, as expected in
cellulosic materials. Interestingly, the functionalization of azide
and adenosine derivatives on CNCs introduced a nitrogen
peak at 400−405 eV. Further, phosphorus peaks at 131−142
eV were observed from the survey scans of CNC-AMP and
CNC-ATP, indicating that the phosphate groups were still
intact. Figure 4b,c shows the high-resolution N 1s spectra of
CNC-N3 and CNC-Ade. The three peaks attributed to azide
groups�N+ azide, N azide, and N− azide�at around 398.8,
400.5, and 404.5 eV, respectively, were observed in the N 1s
spectrum of CNC-N3 (Figure 4b). On the contrary, a broad
peak at 398−406 eV was observed after the click reaction. This
broad peak was deconvoluted into three major peaks: 401.5 eV
attributed to the closely related N environments of 1,2,3-
triazole ring and 399.2 and 403.8 eV, which likely correspond
to the -NH2 and N1/N2 of adenosine.

55 In addition, the P 2p
spectrum (Figure 4d,e) showed two peaks at 134.5 and 137.9
eV, representing the P−O−C bond and the phosphate groups,
respectively.56−58 These data confirm the grafting of the
compounds by click chemistry onto the CNCs.
Elemental analysis was used to determine the N/C ratio of

the pristine CNC, CNC-N3, and grafted CNCs (Figure 5 and
Table S1). The N/C ratio of CNC after the click reaction
increases as more nitrogenous compounds are functionalized.
Similar to XPS analysis, phosphorus was significantly detected

Figure 2. Azidation of CNCs. (a) Synthesis of CNC-N3 was achieved
via (1) tosylation, and (2) silanization. (b) FTIR spectra of CNC and
CNC-N3 synthesized via tosylation and silanization.

Figure 3. Synthesis of CNCs decorated with adenosine derivatives. (a) CuAAC reaction between CNC-N3 and propargyl adenosine derivatives.
(b) FTIR spectra of CNC-N3 and click products (CNC-Ade, CNC-AMP, and CNC-ATP). Inset shows their transmittance bands at around 2100
cm−1.
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from CNC-AMP and CNC-ATP, confirming that the
phosphate groups are intact with the CNC. The degree of
substitution (DS) and degree of surface substitution (DSsurf)
were also quantified from elemental analysis. DS refers to the

number of hydroxyl groups present per cellulosic glucosidic
unit that were replaced by a substituent group, while DSsurf
represents the number of hydroxyl groups per anhydroglucose
unit (AGU) modified on the nanocrystal surface. DS was
related to DSsurf using the chain ratio (Rc) or the ratio of the
surface and total number of cellulose chains in CNC (eq 2).
The number of surface (57) and total (201) chains were
estimated using CNC rectangular rods with average
dimensions of 8.6 × 7.7 nm2 and lattice parameters of the
cellulose Iβ unit cell, a = 0.61 nm and b = 0.54 nm. The
azidation reaction is highly efficient, as the DS and DSsurf
achieved are 0.15 and 0.5, respectively. These correspond to
the maximum theoretical substitution of hydroxyl groups on
CNCs.52,53 The grafted CNCs achieved DS and DSsurf ranging
from 0.09−0.12 and 0.14−0.28, respectively; these DS are
similar to those reported for phenolic grafting.39 These
correspond to 28% to 56% conversion of the azide groups
by their triazole derivatives and agree with FTIR analysis.
However, a DSsurf > 1 is unlikely due to the limited reactivity of
the C2 and C3 hydroxyl groups. The incomplete conversion

Figure 4. (a) Survey scans of CNC, CNC-N3, and the click products. Insets show the binding energy peaks of N 1s and P 2p electrons. High
resolution N 1s scans of (b) CNC-N3 and (c) CNC-Ade. High-resolution P 2p scans of (d) CNC-AMP and (e) CNC-ATP.

Figure 5. N/C ratio, DS, and DSsurf of CNC-N3 and CNC-adenosine
derivatives synthesized in different solvent systems.
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was expected as the steric congestion caused by the bulky
adenosine molecules prevents direct access of the reactants to
many of the functionalized CNC sites.
For a greener synthesis and higher solubility, DMF was

replaced with water in the click reaction. We first demonstrated
the feasibility of the concept using a 1:1 mixture of H2O/DMF,
before the reaction was completely carried out in water. The
N/C ratios of the resulting materials from XPS surface analysis
are reported in Supporting Information Table S2. For each
compound, the N/C ratio measured is significantly higher for
the reaction achieved using a mixture of H2O/DMF or in
water. The ratio was up to 3 times higher between a reaction in
DMF or in a ratio (1:1) H2O/DMF for CNC-Ade grafting.
CNC-AMP has a N/C ratio 4 times greater in water and
almost 60 times greater when the CNC-ATP reaction was
carried out in a (1:1) H2O/DMF mixture rather than pure
DMF.
These higher grafting results are explained by improved

solubilization of the compounds during the reaction and
demonstrate an environmentally friendly route to graft CNCs.
This synthesis in water and Cyrene can be further optimized
and easily adapted to the immobilization of cofactors with the
same purine core, opening new possibilities for SAM,
NAD(H), NADP(H), or even FAD and CoA immobilization.

■ BIOCATALYSIS
The recombinant enzyme Pantothenate kinase (PanK) was
expressed and implemented in the biocatalytic process to
access phosphopantethine via phosphate transfer. This well-
known reaction was carried out with D-pantethine and free
ATP as reference, before being implemented with ATP
immobilized on CNCs (CNC-ATP) as a phosphate group
donor (Figure 6a).
The appearance of both phosphopantethine, the expected

synthesis product, and diphosphopantethine in the HPLC
analysis confirmed the success of the reaction with both free
and immobilized substrates (Figure 6b). It is noteworthy to
mention that, in the latter case, a second control experiment
has been conducted to prove that there was no free ATP
adsorbed on the CNC-ATP (Figure S6), demonstrating that
the production of diphosphopantethine and phosphopante-
thine was exclusively due to the immobilized ATP. Although
the reaction is less efficient with the immobilized ATP (39% vs
83% conversion pantethine with the free ATP), this first
attempt demonstrates the proof of concept and highlights
immobilized ATP nanomaterial as a phosphate-donating
substrate. Immobilized ATP could enable easy regeneration
and recycling of ATP in biocatalytic processes. The new
immobilized nanomaterials investigated herein can be
extended to many other biocatalytic reactions such as
enzymatic preparation strategies for ATP-dependent synthetic

Figure 6. (a) PanK-mediated phosphopantethine synthesis with free ATP or ATP immobilized on CNC (CNC-ATP) as a phosphate donor. (b)
HPLC analysis highlights the success of the reaction in the presence of phosphopantethine.
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processes (e.g., production of SAM, CoASH),18,59in vitro ATP
regeneration systems,60 or for the synthesis of dihydroxyace-
tone phosphate (DHAP),61 glucose-6-phosphate (G6P),62 and
fructose-6-phosphate (F6P).63 It opens new prospects for the
immobilization of adenosine derivative cofactors by green
synthesis on CNCs for biocatalytic processes. Our previous
study on the grafting of UV filters on CNC showed that the
residual amounts of copper in phenolic-ester-grafted CNCs
caused a cytotoxic effect on murine fibroblast cells after 24 h.
We expect that the presence of copper ions could detrimentally
affect the ATP-mediated reaction, as well. Thus, the removal of
residual copper from CNCs after the click reaction is
important for this application. In this aim, copper ions were
substantially removed by dialyzing the grafted CNCs against
water for 5 days.

■ CONCLUSION
We have demonstrated a new route for the immobilization of
adenosine derivatives on cellulose nanocrystals (CNC) using
the classical copper-catalyzed azide−alkyne cycloaddition
(CuAAC) reaction. We also showed the biocatalysis ability
of the ATP-functionalized CNC. Adenosine derivatives,
including ATP, carrying alkyne linkers of varying nature and
length, were efficiently prepared by green chemistry. Azide-
bearing CNCs were efficiently prepared by using a well-
established procedure involving the selective tosylation of the
primary alcohols followed by the subsequent substitution of
the resulting tosylates with azides. Aiming at greener
methodologies, a much faster and pyridine-free approach was
also demonstrated for surface modifications of CNCs via
silanization ((EtO)3Si-(CH2)3-N3, NaOH) in water. These
functionalized adenosine derivatives were then efficiently
grafted on azide-bearing CNC using a classical procedure in
DMF. The combination of FTIR spectroscopy, XPS and
elemental analysis confirmed the successful cycloaddition of
azides-grafted cellulose nanocrystals (CNC-N3) modified with
azides and alkyne analogues of adenosine derivatives.
Immobilized ATP was then implemented in a biocatalytic
reaction in the presence of recombinant PanK and D-
pantethine to successfully access phosphopantethine. Such
cellulose nanocrystals are thus promising sustainable nanoma-
terials that can be used as new biocatalytic tools to facilitate
cofactor recycling and regeneration, or as biocatalyst for
heterogeneous or flow-through reactor.

■ METHODS
Chemicals. Freeze-dried cellulose nanocrystals (sulfuric

acid-hydrolyzed, 0.9% S) were purchased from the University
of Maine, USA. Copper(II) bromide (CuBr2), potassium
carbonate (K2CO3), 3-(chloropropyl)triethoxysilane, and p-
toluenesulfonyl chloride were purchased from Sigma-Aldrich.
Absolute ethanol and N,N-dimethylformamide (DMF) were
acquired from Ajax FineChem. Propargyl bromide (80 wt % in
toluene) and sodium azide (NaN3) were purchased from Acros
Organics, and ascorbic acid and triethylamine were purchased
from Alfa Aesar. AMP (TCI, > 98%), ATP (Acros Organics,
98%), adenine (TCI > 99%), and D-pantethine (abcr, 95%,
syrup) were also obtained. Cyrene (dihydrolevoglucose-
none)�which could be obtained from lignocellulosic biomass
such as sawdust�was received from Circa Group.

Synthesis of Modified Adenosine, AMP, and ATP
Containing an Alkyne Moiety. Modified adenosine and

AMP were synthesized according the method of Atdjian et al.45

with some modifications. Propargyl bromide (80%w in
toluene) (143 μL, 1.8 mmol) was added to a solution of
adenosine (100 mg, 0.37 mmol) in DMF or Cyrene (1 mL),
and water was added until homogenization was reached. The
reaction mixture was stirred at 50 °C for 24 h. The crude
product was then evaporated under vacuum. A pastelike
mixture was then obtained and analyzed by FTIR spectrosco-
py.
A second method was used based on the work of Shao et

al.50 for the synthesis of modified ATP. ATP (20 mg) and
glycidyl propargyl ether (GPE) (10 μL) were added to a
solution composed of 2 mL of H2O and 2 mL of MeOH. The
solution was then sonicated for 10 min and placed at 60 °C for
30 min, allowing the amino groups of ATPs to react with the
epoxy moiety of GPE. The final product was then analyzed by
FTIR.

Surface Tosylation and Azidation of Cellulose Nano-
crystals. Surface tosylation and azidation reactions of CNCs
were performed following the same procedure as presented in
a previous study.39 CNCs (5.0 g, 30.85 mmol anhydroglucose
unit (AGU)) were suspended in 100 mL of pyridine and
cooled to 10 °C. p-Toluenesulfonyl chloride (9 g, 50 mmol)
was slowly added, and the reaction mixture was stirred at room
temperature for 48 h. CNCs were precipitated by the addition
of 200 mL of ethanol followed by centrifugation at 11 000 rpm
for 20 min. The particles were subsequently washed five times
each with ethanol and water and freeze-dried for 2 days to
provide surface-tosylated CNCs (CNC-Tos) in 94% yield.
Approximately 0.9 g of CNC-Tos (1 equiv) suspended in 50

mL of DMF was reacted with 0.9 g (1 equiv) of sodium azide.
The reaction was stirred at 100 °C for 24h. Similarly, CNCs
were isolated by the addition of 200 mL of ethanol followed by
repeated centrifugation (11 000 rpm, 20 min) and washing
with ethanol and water. The particles resuspended in water
were dialyzed against Milli-Q water for 5 days and freeze-dried
for 2 days. Surface-azidized CNCs (CNC-N3) were obtained in
96% yield (0.86 g).
A second protocol was also performed for the synthesis of

CNC-N3 using 3-(chloropropyl)triethoxysilane. For this, 3-
(chloropropyl)triethoxysilane (5 g, 0.02 mol) and sodium
azide (2 g, 0.031 mol) were added in a 50 mL flask, before
adding 21 mL of DMF. The reaction was stirred for 4 h at 60
°C. After extraction with ethyl acetate, the organic layer was
washed 3 to 4 times with a saturated ammonium chloride
solution and dried in vacuo. 200 μL (809 μmol) of 3-
(azidopropyl)triethoxysilane was then added to CNC and the
reaction was stirred at RT under stirring for 4 h. The reaction
medium was diluted in distilled water to a final volume of 45
mL, before being successively washed with H2O, EtOH,
acetone, and H2O at RT.51

NMR. 1H NMR spectra were recorded on a Bruker Fourier
300 MHz (D2O residual signal at 4.79 ppm).

Click Reaction of CNC-N3 with Alkyne-Modified
Adenosine, AMP, and ATP. The copper(I)-catalyzed
cycloaddition reaction of alkyne derivatives of ATP with
CNC-N3 was adapted from a previous report,40 with some
modifications. Alkyne derivatives (1.7 g of the crude mixture
obtained previously) and CNC-N3 (0.4 g) were mixed in 40
mL DMF, in a H2O/DMF mixture (1:1; 40 mL) or entirely in
water (40 mL). A solution containing CuBr2 (56 mg, 0.006
mol)), ascorbic acid (160 mg, 0.02 mol), and triethylamine
(400 μL, 100 μmol) in DMF was then slowly added, and the
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reaction was allowed to proceed at 60 °C for 24 h. The crude
product was isolated by ethanol precipitation (200 mL)
followed by repeated centrifugation (11 000 rpm, 20 min) and
washing with ethanol and water. The particles were dialyzed
against Milli-Q water for 5 days and freeze-dried for 2 days.

■ CHARACTERIZATION OF THE CLICK PRODUCTS
FTIR Spectroscopy. Analysis and instruments (Fourier

Transform Infrared (FTIR) spectrometer�Agilent Technolo-
gies Cary 630 FTIR�equipped with a diamond ATR
accessory) were the same as those used in a previous
study.39 Freeze-dried samples were analyzed with 32 scans at
4 cm−1 resolution and were recorded in the range of 4000−500
cm−1.

Elemental Analysis and DS. A Thermo Scientific
FlashSmart CHNS analyzer was used to perform elemental
analysis of pristine and functionalized CNCs. The DS of
modified CNCs were quantified based on %N and calculated
using eq 1 as previously reported:

N M
N M

DS
%

% Mn
AGU

graft
=

×
× (1)

where %N is the weight percentage of nitrogen, MAGU is the
mass of anhydroglucose unit (162.14), n is the number of
nitrogen atoms in the substituent group, and M is the
molecular weight of the substituent group.
The DSsurf is based on the equation:

DS
DS
RCsurf =

(2)

where RC is the assuming CNC chain ratio (Rc): 0.29.39,54

XPS. The Thermo Scientific Nexsa XPS spectrometer
equipped with an Al−Kα irradiation source was used for
chemical analysis of freeze-dried, pure, or modified CNCs
surfaces. Survey scans were performed from 10 to 1350 eV
with a scan step of 1 eV. High-resolution N 1s and P 2p spectra
of 392−410 and 126−144 eV, respectively, were also recorded.
All data processing and analyses were performed using the
Thermo Avantage software, in the same way as in a previous
study.39

Dynamic Light Scattering and Zeta Potential. The
hydrodynamic diameter (Dh) and zeta potential of sonicated
CNC and grafted-CNC aqueous dispersions were measured
using a Brookhaven Nanobrook Omni particle analyzer.
Measurements were performed five times for each sample,
and the average is reported. All samples were diluted by 13.5×
before measurement.

■ DEMONSTRATION OF THE ENZYMATIC ACTIVITY
OF A KINASE ON THESE IMMOBILIZED
COFACTORS

• Production of recombinant pantethine kinase (Pank).
The method is the same as that used in a previous
study.18

• Implementation of the enzyme and immobilized ATP in
the biocatalytic reaction. The enzymatic reaction was
carried out with D-pantethine (1.44 mM) and ATP (1
equiv) or CNC-ATP (1 equiv), in 2 mL of a buffer
composed of 20 mM of KCl, 10 mM of MgCl2, 50 mM
of Tris, pH 8, PanK (15 μg). The reaction was carried
out at 30 °C for 2 h. A reaction in the absence of the
enzyme was performed as a first negative control.

A second negative control was also performed as
follows: D-pantethine (1.44 mM) and CNC-ATP (1
equiv) were incubated, for 2 h at 30 °C, in 2 mL of a
buffer composed of 20 mM of KCl, 10 mM of MgCl2, 50
mM of Tris, pH 8. The solution was then filtered at 0.2
μm. Pank (15 μg) was added to the resulting filtrate and
the mixture was incubated for an additional 2 h. The
reactions were conducted in duplicate and analyzed by
HPLC (Figure S6).

• HPLC methods. Chromatograms were recorded using a
Thermo Scientific reversed-phase HPLC equipped with
an Acclaim Polar Advantage II C18 column (150 × 4.6
mm, 3 μm particle size). The separation was performed
at a flow rate of 1 mL.min−1 over 25 min. The mobile
phase was water [solvent A] and acetonitrile [solvent B]
both supplemented with 50 mM NaH2PO4 [D]. The
following elution gradient program was used: gradient:
1.2% [B] held 2.5 min, 1.2% to 7.2% [B] in 5 min, 7.2%
to 11.2% [B] in 2.5 min, 11.2% to 20% [B] in 3 min,
20% to 30% [B] in 2 min, 30% [B] held 3 min, 30% back
to 1.2% [B] in 2 min, 1.2% [B] held 5 min. Samples
were analyzed at the following wavelengths: 220 and 260
nm.

Commercial standards ATP and D-panthethine were used to
determine the retention times of these products.
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