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ABSTRACT

Crystalline nanocellulose (CNC) is a readily available nanostructured form of cellulose, character-
ized by a high biocompatibility and easily functionalized to produce materials with new properties
and applications. In this study, CNC was modified to act as a drug delivery system for the aurano-
fin pharmacophore—specifically, the gold(l)-containing [Et;PAul™ moiety. For this purpose, com-
mercial CNC was first derivatized with propargyl groups and subsequently with lipoic acid. These
two different functionalizations were then used to insert a simple glucose moiety (as a selector for
tumor cells) using a CuAAC reaction with the propargyl end. Meanwhile the lipoic acid S-S bond
was reduced with dithiothreitol to react with two equivalents of the gold complex EtsPAuCl, an
analogue of auranofin. The modification of CNC afforded a nanohybrid characterized by a loading
of 113.2mg of Au and 0,41 mmol of selector per g of CNC and by a mean diameter of 290 nm
and a Zeta Potential with a value of =51 = 5mV. This work opens the possibility of future studies
on the use of Auranofin analogues supported on drug delivery systems for biomedical applica-
tions. future studies on the use of Auranofin analogues supported on drug delivery systems for
biomedical applications.
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Introduction biocompatibility.m Just to cite nanosized form, three main
different form of cellulose nanoparticles have been
described: a) nanofibrillar cellulose (NFC), characterized by
a high aspect ratio (4-20 nm wide, 500-2000 nm in length)
and obtained by mechanical process,!'! but also via super-

critical CO, extraction;®! b) tunicate cellulose nanocrystals

Cellulose, the most abundant renewable compound obtained
from the biosphere, has been used by our society for thou-
sands of years, and it is still of primary importance as dem-
onstrated by the dimensions of the worldwide industries

that transform this material. The knowledge of its hierarch-
ical structure and the request for new nanostructured mater-
ial have driven the develop of new cellulose micro- and
nano-particles that have found new applications related to
their high surface area, their high tensile strength, and their

(t-CNC) obtained by acid hydrolysis but also via enzymatic
treatment of tunicates™ and finally ¢) crystalline nanocellu-
lose (CNC).

Crystalline nanocellulose (CNC) is composed by nano-
rods o whiskers with a diameter ranging from 3 to 50 nm
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and length ranging from 50 nm to hundreds of nm,!**! and
it’s characterized by high crystallinity, biocompatibility, bio-
degradability and high surface area.™ CNC can be con-
veniently obtained by agricultural” or industrial waste
material like textile cotton'®! via acid or enzymatic treat-
ment.”) A common procedure is the treatment of cellulose
pulp with 64wt% sulfuric acid."”! This treatment introduces
0.5-2% of hemisulfate groups providing a net negative
charge on each nanocrystal, responsible for the stability of
their water dispersions.!>'®) The presence of free hydroxyl
groups on the surface of CNC allows a straightforward func-
tionalisation: etherification, esterification, and oxidation with
TEMPO (2,2,6,6-Tetramethylpiperidin-1-yl)oxyl) are the
most common strategies.!"*') As well, a widely applied
strategy for the functionalisation of materials, the CuAAC
reaction, has been used to functionalize CNC,!'!! opening
the door to the potential expansion of the variety of CNC-
based materials. The combination of CNC’s properties with
the easy chemical modifications of nanocellulose to bind
and release therapeutic agents,!'”) leads to an ideal drug
delivery system (DDS) that lately made CNC widely
researched for drug delivery systems.!"*’ Nanocellulose has
proved to be a useful carrier for different drug administra-
tion routes such as oral, transdermal, and local but, also, its
cellular internalization process has been widely studied
revealing the different cellular mechanisms involved.!'*!”!
DDS are suitable to get “old” drugs back in the game, in
fact some key points that lead to build a drug delivery sys-
tem are the efficient uptake of drugs that have solubility
issues, a better control of the drug release over a long period
of time and reduced drug administration."®'”! The role of
the DDS might also be extended to drugs that are under-
going a repurposing process!'®! profiting of their previous
clinical studying and offering a more efficient administration
route.

Auranofin is an example of a drug that has undergone a
repurposing process. It has been used clinically since 1985
to treat rheumatoid arthritis'®" but novel antirheumatic
medications are now available.*”! Even though its use as an
antirheumatic agent has declined, studies have shown its
potential for treating other diseases. Recently, there has
therefore been a move to repurpose Auranofin as an anti-
microbial and anticancer drug.?®?! Its activity against
breast, ovarian and lung cancer is due to the inhibition of
thioredoxin reductase, which is overexpressed in these types
of cancer and leads to increased cellular oxidative stress and
apoptosis induction.!”?! Auranofin structure is characterized
by a triethylphosphine Au (I) complex linked to a tetraace-
tylated thioglucose moiety and studies have shown that the
[Et;PAu(I)]* moiety is the pharmacophoric unit.™ It is
suggested that upon administration of auranofin, the tetraa-
cetylated thioglucose ligand is rapidly displaced by blood
thiols.”*! Then [Et;PAu(I)]" species emanating from aura-
nofin reacts to the redox-active selenocysteine or cysteine
residues.!**!

On this premise, the grafting of the Auranofin pharmaco-
phore onto a properly substituted CNC provides an oppor-
tunity to couple the antitumoral (as well as antimicrobial

and anti-parasitic) activity of the Au complex with the deliv-
ery efficiency of CNC to produce a new organic-inorganic
hybrid characterized by a high loading of Au(I) ions. To
this goal, a new DDS was prepared in which CNC was
grafted with lipoic acid residues, via a simple esterification
procedure, and with selecting units represented by a gluco-
side bearing a short triethylenglycol chain as a spacer. This
final functionalisation was grafted using the CuAAC reac-
tion. Previous work has demonstrated the ability of such a
selecting unit to increase delivery efficiency toward tumor
cells overexpressing Glut-1 receptors. >

Results and discussion
Scheme 1

The assembling of the DDS started from the reaction of
commercial sulfated nanocellulose 1 with propargyl bromide
to obtain alkynyl@CNC 2, a suitable platform for the graft-
ing of the planned glucose-based selector 5 (Scheme 1).
Compound 2 was also characterized by Dynamic Light
Scattering (DLS) analyses showing a mean hydrodynamic
diameter of 577 nm (Figure 2) and a Zeta Potential with a
value of —4.2mV (see Experimental section), suggesting a
higher aggregation degree, even after a limited functionaliza-
tion, if compared with the starting material (82nm).
Following the introduction of alkyne groups, it was the turn
of lipoic acid 3. A simple coupling reaction between the car-
boxylic end of the acid and the free hydroxyl groups on the
CNC allowed the production of compound 4. The amount
of sulfur was evaluated via elemental analysis (see
Experimental section), providing the functionalisation degree
with lipoic acid of 0,47 mmol/g. Again, DLS analysis con-
firmed the nanometric dimensions of the adduct with a
mean hydrodynamic diameter of 235nm (Figure 3) while
the negative Z Potential —39 mV guaranteed the stability of
its water dispersion (see Experimental section).

Eventually, the selector 5,/ glucose and a short pegy-
lated chain, was linked to CNC with a CuAAC reaction
between the azide group on the pegylated chain and the
alkyne group previously introduced on the substrate, to pro-
duce 6. The quantitative evaluation of the functionalisation
degree is a crucial step in the characterization of CNC deriv-
atives.””) The insertion of the selector was also the occasion
to evaluate the original functionalisation degree obtained
previously with the insertion of the propargylic group (in
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Figure 1. DLS characterization of Compound 1.
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Figure 2. DLS characterization of Compound 2.

compound 2). An elemental analysis of the resulting mater-
ial, after thorough purification via centrifugation and exten-
sive dialysis, afforded the value of nitrogen content of the
sample and, consequently, the degree of propargylic groups
(at least those accessible in the CuAAC reaction) of
0,41 mmol/g. Once again, the compound was characterized
by DLS, mean diameter of 190 nm (Figure 4) and a negative
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Figure 3. DLS characterization of Compound 4.

Zeta Potential (see Experimental section). With this final
decoration, the desired DDS was completed and ready for
the loading of the Au(I) complex. This was accomplished
profiting of the presence of the lipoic acid after the reduc-
tion of the S-S bond.

To reach this goal, 1,3-dithiothreitol (DTT, 7) was used as
a reducing agent. In the presence of DTT, the system reaches
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Figure 4. DLS characterization of Compound 6.

Table 1. ICP analysis of compound 8.

Reaction time 3h 6h 24h

Au (ug/mg) 834 * 4.17 512 * 2.56 113.2 * 565
umol Au 0.42 0.26 0.57

umol $° 0.47 0.47 0.47

Calculated from elemental analysis, triplicate.
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Figure 5. DLS characterization of Compound 9.

an equilibrium state, so the DTT is added in excess in com-
parison to the moles of lipoic acid to drive the equilibrium
toward the reduced, open-chain form of lipoic acid, as shown
in intermediate 8 (Scheme 1).?2! Then Et;PAuCl is added,
leaving the reaction mixture under stirring at room tempera-
ture. A simple optimization procedure concerned the reaction
time: three identical batches were prepared to afford hybrid 9.
The three batches were left under stirring for 3h, 6h and 24h
and the amount of Au was detected via ICP analysis (see
Table 1). While the batches at 6 and 12h showed a limited
loading, the batch with the higher reaction time shows the
highest functionalization with 113.2 ug of Au per mg of CNC.
The system was also characterized by DLS that showed a
mean diameter of 291 nm (Figure 5) and by Zeta Potential
with a value of —51 = 5mV.

A critical parameter to monitor during the production of
nanosized DDS is represented by the mean hydrodynamic
radius of the nanoparticles which can vary greatly depending
on the characteristics of the CNC surface decoration. As a
matter of fact, the dynamic light scattering analyses (DLS)
highlight a net variation moving from commercial 1 (82 nm,
producer data, (-potential: —48 mV) to 2 (mean diameter
577 nm, (-potential: —4.2mV). The decoration with a lipo-
philic substituent as the propargyl group, present in 2, can be
responsible for such behavior. The DLS analysis of 2 (Figure
2, experimental section) show a large dispersion of the hydro-
dynamic radii, suggesting a certain degree of aggregation.

Moving to 4 and 5, the DLS analyses (Figures 3 and 4,
respectively) a decrease of the mean diameter is observed,
probably due to the insertion of more polar substituents on
CNC, although the systems are still characterized by a larger
radius with respect to the raw material. The final DDS 9
shows (Figure 5, experimental section) a nice DLS analysis in
which the hydrodynamic radii are collected around a mean
value of 291 nm. This can be due to the reduction of the S-S
bond of the lipoic acids exposing polar, and acidic, thiol
groups which are only partially involved in the interaction
with the Au(I) complex.

Experimental section
Materials and methods

Cellulose nanocrystals (CNC) were purchased from
CelluForce® (product name CelluForce NCCTM). All the
other reagents were purchased from Sigma-Aldrich or TCI
and were used without further purification. All the solvents
were purchased from Sigma-Aldrich and used directly.
Dialysis was performed with Sigma Aldrich cellulose mem-
brane, diameter 33 or 16 cm.

Synthesis of 2

Compound 1 (1 g) was dissolved in DMSO (10 mL) and MilliQ
H,0 (10mL), and then heated under magnetic stirring for 1 h
at 120 °C."*") Once the reaction cooled down to room tempera-
ture, NaOH (26 mg, 0.325 mmol) was added, and the reaction
was stirred for a further 30 min. After this time Propargyl
Bromide (55pL, 0,65 mmol) was added and left to react for
48h. The mixture was purified with dialysis for 48h in MilliQ
H,O and then lyophilized. Compound 2 (876 mg) was
obtained as a white fluffy solid. {-potential: (—4.2 = 0.1) mV.

Synthesis of 4

Compound 2 (500 mg) was dissolved in DMF dry (100 mL),
followed by DMAP (70mg, 0.55mmol) and EDC-HCI
(110 mg, 0.72mmol), and lipoic acid 3 (150 mg, 0.72 mmol).
The reaction mixture was let under stirring overnight under
N,. The solution was acidified with a few drops of HCI 0.1 M
and then centrifuged at 8000 rpm (3 x 10min), removing the
supernatant and washing with EtOH. The collected com-
pound was purified through dialysis for 3 days in MilliQ H,O.
Compound 4 (380 mg) was obtained as a white fluffy solid.
Elemental Analysis: C 44.31%, H 6.57%, S 1.52%. Degree of
functionalization: 0,47 mmol/g. {-potential: (=39 * 4) mV.

Synthesis of 6

Compound 4 (500 mg) was dissolved in H,O (5mL) and
stirred for 30min; after that, a solution of Compound 5
(150 mg, 0,44 mmol, excess) in H,O (5mL) was added. The
dispersion was then added with CuSO, (0,15 eq vs 5, 16 mg)
and sodium ascorbate (NaAsc 0.5 eq, 10mg). The reaction
mixture was left stirring at room temperature and, after 5h, a



second addition of the same quantity of the catalyst was added.
The mixture was the left under stirring overnight. The disper-
sion was then purified via dialysis in MilliQ H,O for the first
day, then in EDTA 0.1 M to remove Cu excess, and on the
third day again in water. Compound 6 (453 mg) was obtained,
after lyophilization, as a white fluffy solid. Elemental Analysis:
C 38.14%, H 5.29%, N 1.70%, S 1.50%. Degree of functionaliza-
tion: 0,41 mmol/g. {-potential: (=54 = 4) mV.

Synthesis of 9

Compound 6 (50 mg) was degassed under N, flow for 1h.
Then DTT (5 eq vs. lipoic acid functionalization, 18 mg) was
dissolved in 0.5mL of degassed MilliQ H,O and added to
the solution of compound 6. After stirring the mixture for
30min, a solution of Et;PAuCl (4 eq, 33mg) in DMSO
(1mL) was added and the reaction mixture was left under
stirring for 24h. The solution was purified via dialysis in
MilliQ H,O for a day. Compound 9, after freeze-drying
(46 mg) was obtained as a grayish fluffy solid. ICP: Au
(113.2 = 5.65) pg/mg. {-potential: (=51 * 5) mV.

Inductive coupled plasma atomic emission spectroscopy
(ICP-AES)

Before ICP-AES analysis, CNC derivatives have been
digested using microwave-assisted mineralization (MARS-
Xpress, CEM) with a mixture of suprapure nitric acid
obtained by sub-boiling distillation and hydrochloric acid
(37%) in a molar ratio 1:3. The determination of Au con-
centrations was done in triplicate using Ge at a concentra-
tion of 1.0 mg/L as internal standard. Wavelengths used for
Au determination were 242.794 and 267.594 nm, whereas for
Ge, was used the line at 209.426 nm. The ICP operating con-
ditions were optimized to obtain the maximum signal inten-
sity, and between each sample, a rinse solution constituted
by 2% v/v of HNO; was used.

Dynamic light scattering

DLS measurements at 0 =90° were performed on 0.1 mg/mL
dispersion in H,O with 90 Plus Particle Size Analyzer,
Brookhaven Instruments Corporation. Obtained autocorrel-
ation functions were analyzed through Contin algorithm,
resulting in population distributions of the hydrodynamic
diameter of the compounds. In Figures 1-5, DLS data are
reported as scattered-intensity weighted size distributions, cal-
culated through Laplace inversion via CONTIN algorithm.
The mean hydrodynamic diameter of the distribution is cal-
culated as the scattered intensity weighted mean value of the
distribution. {-potential was performed using 90 Plus Particle
Size Analyzer, Brookhaven Instruments Corporation. Reported
{-potential results are the average of measurements of 5 runs.

Conclusions

The preparation of a complete DDS for the delivery of
[EtsPAu(l)]* metal fragments was prepared through a
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combination of esterification and CuAAC reactions. The
assembly of a lipoic acid moiety and of a general selector
for tumor cells allowed the production of a platform for
DDS that was finally loaded with the [Et;PAu(I)]™ moieties.
The reaction with dithiothreitol allowed the reduction of the
disulfide group of lipoic acid and the formation of two Au-
S bonds. The orthogonal functionalisation procedure allowed
the independent decoration of CNC, allowing a significant
loading of the Au(I) species (more than 11% w/w) and of
the glucose moiety designed as a selector (0.41 mmol/g). The
final optimization of the procedure and the biological tests
are currently ongoing
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