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The functionalization of nanoparticles with specific ligands, such as antibodies, peptides, and small mole-
cules, plays a critical role in achieving targeted delivery, enhancing biocompatibility, and controlling drug
release. However, to date, practically no attention has been paid to the design of green ligands. Herein, an
innovative approach to develop a sustainable ligand for nanoparticle functionalization is reported. Its syn-
thesis involved a photochemical thio—ene “click” reaction between the natural compounds phosphatidyl-
coline, the main component of lecithin, and cysteine, followed by a reductive amination with mannose, a
sugar of growing interest for biomedical targeting, in a continuous flow hydrogenation reactor.
Comprehensive characterization techniques, including nuclear magnetic resonance (NMR), mass spec-
trometry (MS), Fourier-transform infrared spectroscopy (FTIR), X-ray photoelectron spectroscopy (XPS)
and elemental analysis, confirmed the structure and properties of the novel ligand. The environmental
sustainability of the ligand was evaluated determining some green metrics using the EATOS software. The
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obtained E-factor was compared with a conventional PEG-based ligand. The newly developed lecithin-
derived ligand was successfully used to functionalize diverse NP platforms, including the MOFs MIL-101
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1. Introduction

Nanomedicine has the potential to unlock precise, targeted
treatments and diagnostics at the molecular level, enhancing
therapeutic efficacy and safety while minimizing side effects,
thereby transforming the future of healthcare.’™ In this
context, the development of ligands for the functionalization
of nanoparticles (NPs) for biomedical applications, such as
metal organic frameworks (MOFs), metallic nanoparticles,
nanogels, or carbon nanotubes, has emerged as crucial due to
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(Fe), PCN-222, UiO-66, and iron nanoparticles (in the form of akaganeite), demonstrating its potential in

their ability to provide targeted delivery, enhanced biocompat-
ibility, and controlled release of therapeutic agents.””” Ligands
can be designed presenting antibodies,®® peptides,’® and
small molecules, such as carbohydrates,'™" in their structures
to target specific cellular receptors or molecular markers that
are overexpressed in certain disease states, such as cancer, or
to direct these particles to accumulate preferentially in dis-
eased tissues while minimizing their distribution to healthy
ones. This approach not only enhances the therapeutic efficacy
of the NPs, or the eventual drugs loaded into them, but also
reduces off-target effects and associated toxicities."*'* For
instance, Wang et al. investigated the use of a PEG-folate
ligand for the functionalization of a liposome carrying doxo-
rubicin for the treatment of ovarian cancer. The ligand allowed
for targeting of folate-receptor-alpha, overexpressed on the
surface of ovarian cancer cells, resulting in reduced off-target
cytotoxicity compared to non-targeted nanoparticles.'®
Ligands can also play a pivotal role in controlling the release
kinetics of drugs loaded into the NPs. By utilizing stimuli-
responsive ligands, such as those sensitive to pH, temperature,
or enzymatic activity, it is possible to design nanoparticles that
release their therapeutic payloads in response to the unique
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microenvironment of diseased tissues.'®'” This smart release
mechanism ensures that drugs are released in a controlled
manner at the site of action, thereby maximizing their thera-
peutic potential and minimizing systemic side effects.'® The
surface modification of NPs with biocompatible ligands can
also significantly improve their circulation time in the blood-
stream and reduce their recognition and clearance by the
immune system.'® Among all, polyethylene glycol (PEG) and
other hydrophilic polymers are commonly used ligands that
provide a hydrophilic “stealth” coating to NPs, reducing opso-
nization and subsequent phagocytosis by macrophages. This
prolongation of circulation time increases the likelihood that
NPs will reach their target sites and enhances the overall
efficacy of the treatment. There is also significant interest in
ligands that impart multiple functionalities to NPs, such as
those facilitating both targeting and imaging for simultaneous
diagnosis and treatment, i.e., theragnostic.>’

According to the current literature, researchers follow two
main approaches for the design of ligands for the functionali-
zation of NPs. The most common and widely employed method
involves using synthetic petroleum-derived ligands. In this case,
advanced synthetic techniques are employed to create novel
ligands with high specificity and affinity for target molecules.
However, this classic approach normally entails the consumption
of large volumes of solvents, often toxic, the use of petroleum-
derived chemicals, the production of large volumes of waste, the
need for extensive purification steps and the exploitation of low
energy efficiency techniques. As a consequence, the sustainability
of the synthetic processes is also a significant concern. In this
scenario, it has to be mentioned that the E-factor (ie., ratio
between the mass of waste and mass of product) for the chemi-
cals of the pharma industry, to which these ligands belong to, is
normally between 25 and 100, indicating a high ratio of waste
produced to the amount of product obtained.”!

The other recently born and still barely explored approach
for the design of ligands is based on the use of naturally occur-
ring compounds, such as cell membrane coatings, small mole-
cules such as sugars or natural biomolecules. For example,
NPs coated with red blood cell membranes can evade the
immune system and prolong circulation time, mimicking the
natural behaviour of red blood cells.?? Besides, NPs covered
with hyaluronic acid, a naturally occurring polysaccharide, can
target CD44 receptors overexpressed in many tumours.*

However, despite their potential, the use of naturally-
derived ligands is still at an early stage and more effort should
be paid to investigate this strategy. Especially considering that
natural ligands are normally employed without adapting their
molecular structure for specific biomedical applications.
Furthermore, the design of environmentally friendly processes
to modify and upgrade these ligands remains practically unex-
plored. This is due to the fact that the application of the prin-
ciples of green chemistry and, more broadly, considerations
regarding the sustainability of chemical and compound pro-
ductions for biomedical applications has not been given much
attention in recent years. Nevertheless, green approaches in
biomedicine, and especially in methods for the preparation of
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functionalized NPs, are in a germination phase and the
research has started giving some results, also at an industrial
level, as evidenced by a few patents. For example,
US16735009B2 describes the green synthesis of tellurium
nanowires with anticancer properties using starch as a coating
agent to improve their cytocompatibility.

Herein, aiming to take a step forward in this field and
promote the expansion of green chemistry in biomedicine, we
introduce an innovative sustainable approach for the synthesis
of a natural-derived ligand for the functionalization of
different NPs used in nanomedicine. More in detail, we
designed a lecithin-derived ligand composed by phosphatidyl-
choline, the main component of lecithin, cysteine and
p-Mannose (Fig. 1). Phosphatidylcholine, a natural phospholi-
pid abundantly found in cell membranes, serves as the core
structure of the ligand due to its intrinsic biocompatibility and
amphiphilic nature, containing a polar hydrophilic phosphate
head group and a non-polar lipophilic hydrocarbon tail. Its
seamless interaction with biological systems makes it an ideal
starting material for the conception of functionalized NPs. We
further extended the versatility of the ligand by the inclusion
of cysteine, an amino acid bearing a thiol (-SH) group,
through a photochemical thio-ene “click” reaction. Building
upon the functionalized phosphatidylcholine-cysteine struc-
ture, we thus introduce p-Mannose, a sugar renowned for its
targeting capabilities in biological systems, by a reductive
amination reaction performed in continuous flow (c.f.).

We characterized the ligand by different techniques, includ-
ing NMR, mass-spectroscopy, Fourier-transform infrared spec-
troscopy (FTIR), elemental analysis, X-ray photoelectron spec-
troscopy (XPS), and Dynamic Light Scattering (DLS). In
addition, we calculated the sustainable features of the novel
ligand in terms of some green metrics using EATOS software.
We compared the obtained E-factor and additional Reaction
Mass Efficiency% (RME%) with those of a PEG-phosphate
ligand.

Reductive
ammination

Photoclick

Lecithin Cysteine <(/D-Mannose
: s Biomedical
NPs functionalization application

Fig. 1 Schematic illustration of the novel lecithin-derived ligand and its
use to functionalize nanoparticles for potential targeting.

This journal is © The Royal Society of Chemistry 2024
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Finally, we successfully used the new lecithin-based ligand
for the functionalization of different NPs, including the MOFs
MIL-101(Fe), PCN-222, UiO-66, and iron NPs (in the specific
form of akageneite rods), demonstrating its capability for
potential biomedical application.

2. Methods

Details of the materials and methods are reported in the ESI
Sections S1 and S2.t

2.1 Synthesis of the ligand

As shown in Fig. 2, the first step for the preparation of the
novel ligand involved a photochemical click reaction. For this,
we dissolved 2.35 g (3 mmol, basing on average MW 783 g
mol™) of commercially available r-a-phosphatidylcholine and
0.36 g (3 mmol, 121.16 g mol ™", [@]® = 5.19°) of 1-cysteine in
the minimal amount of ethanol (EtOH, 20 mL). We thus used
UV light (254 nm) to promote the reaction using 76 mg
(0.3 mmol, 256.30 g mol ™, 0.1 eq.) of DMPA (2,2-dimethoxy-2-
phenylacetophenone) as a photo initiator.** We carried out the
reaction at room temperature for 48 h under stirring. Then, we
removed the solvent by vacuum evaporation. We obtained the
phosphatidylcholine-cysteine, denoted “Phos-Cys”, in the form
of a yellow/brown solid paste (average of 2.57 g of product, MW
ca. 904 g mol™", 95% isolated yield).

Sequentially, we mixed 1.81 g (2 mmol, MW 904 g mol™") of
Phos-Cys, without performing any prior purification, with
0.36 g of p-Mannose (2 mmol, MW 180.16 g mol ™", [a] =
—8.34°) into 300 mL of EtOH. We carried out the reductive
amination under liquid phase c.f. conditions in an H-Cube
Mini Plus™ flow hydrogenation reactor. We employed a Pd
heterogeneous catalyst (Pd/C 10 wt%) loaded into a 30 mm-
long cartridge (ThalesNano CatCart). After optimizing the reac-
tion conditions based on reported literature of similar
reagents,” we obtained the best results operating at 70 °C, 25
bar, 0.3 mL min~" rate flow. Hydrogen was generated in situ
during the reaction by water electrolysis in the same H-Cube
equipment. In order to react all the solution containing the
Phos-Cys, we carried out the reaction for a total of 17 hours.

\/.

9 /—/ NHQ u 0

i

Phos-Cys

Phos-Cys-Mann

Fig. 2 Scheme for the preparation of the novel Phos-Cys-Man ligand.
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We removed the solvent by vacuum evaporation, obtaining the
final ligand in the form of a viscous brownish paste named as
“Phos-Cys-Man” (average of 2.57 g of product, MW ca. 1068 g
mol ™" 97% isolated yield, [a]® = 9.04°). Additional details for
the synthesis of the lecithin-based ligand can be find in the
ESI Section S2.}

2.2 Green metrics

We utilized the EATOS software for the evaluation of the
environmental features of the synthesis of Phos-Cys-Man.
EATOS is a software capable of computing four key parameters:
the well-known mass index (MI), the environmental factor
(E-factor), and two additional parameters, EI_in and EI_out.*
These latter two parameters represent the environmental
impacts associated with the inward and outward material
flows, respectively. The mass of each chemical used was multi-
plied by its total weighting factor, Q.,, which was calculated
using data from the Safety Data Sheets (SDS) of each chemical
taken from Sigma-Aldrich or directly from the library of
EATOS. For the compounds without SDS, i.e., Phos-Cys and
Phos-Cys-Man, we referred to the SDS of phosphatidylcholine.
We further analyse the environmental impact of the synthesis
of Phos-Cys-Man by making a comparison with the synthesis
of a PEG-phosphate ligand reported in the literature.>” Since
we haven’t access to the full data regarding the synthesis of
this PEG-phosphate ligand, we opted to compare the E-factor,
the MI, and the RME (%) of the two synthesis (i.e., of the Phos-
Cys-Man and of the PEG-phosphate) since we couldn’t perform
the analysis with EATOS.
We calculated RME (%) based on eqn (1):*®

mass of product

RME(%)=————
(%) mass of reagents

3 Results and discussion
3.1 Design of the sustainable synthesis of the ligand

As previously shown in Fig. 1, our aim was to design an innova-
tive sustainable ligand characterized by high versatility for the
functionalization of different NPs, also incorporating targeting
molecules in its structure to demonstrate its potential for bio-
medical applications. Consequently, we opted for a ligand
derived from natural sources, ensuring that it adheres to the
principles of green chemistry and reduces the environmental
impact of the final compound. In addition, we also focused on
the sustainable features of the production process of the
ligand, in contrast with the traditional synthetic approaches
normally used to prepare ligands for NPs functionalization,
characterized by the generation of high volume of waste, low
energy efficiency, etc."**°

To achieve all these objectives, and thus establish a new
green strategy for NPs functionalization, we firstly investigated
the different types of ligands reported in the literature. We
noticed that commonly used ones, which typically form either
covalent bonds or robust coordination with organic groups

Green Chem., 2024, 26, 11563-11575 | 11565


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4gc03743j

Open Access Article. Published on 15 October 2024. Downloaded on 10/19/2025 2:37:31 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

(e.g., ligands with -NH,, -COOH, -N3),*! are often associated
with limited biodegradability and/or complex ligand synthesis.
On the contrary, ligands with functionalities based on the
latest literature advancements, ie., sulfate (-OSO;H),** and
phosphate (-OPO;H),”” can be degraded by human enzymes,
such as phosphatase and sulfatase, overexpressed in some
types of cancer, facilitating the liberation of NPs, and the
eventual loaded drugs. At the same time, the interaction of
phosphates and sulfates with metals occur at milder con-
ditions, leading to easier preparation of functionalized NPs.
For example, phosphates are negatively charged in a large pH
range, while metal ions are positively charged.>* We thus look
for natural compounds having these types of functionalities.
Phosphates, naturally occurring in many living organisms, are
the most abundant and accessible. Among them, lecithin,
mixture of phospholipids (60-80 wt%), triglycerides/other
lipids (10-20 wt%), glycolipids (5-10 wt%), carbohydrates
(5-10 wt%) and water (<5 wt%) commonly found in cellular
membranes and other biological tissues, attracted our atten-
tion for its large availability. Indeed, lecithin is a cheap indus-
trial emulsifier and stabilizer generally recognized as a safe
(GRAS) food substance by FDA used in various industries such
as food, cosmetics, and pharmaceuticals.** Lecithin is pro-
duced on a large scale through extraction from different
natural sources, mainly crude vegetable oils. The most
common extraction process involves several key steps: (1)
degumming the oil by heating to 70-82 °C and adding water,
followed by centrifugation to isolate the lecithin gums; (2) de-
hydration to reduce the moisture content to below 0.5 wt% by
vacuum evaporation or using a thin film evaporator; (3) de-
oiling by mixing with ethanol; (4) additional processing as
bleaching with hydrogen peroxide or benzoyl peroxide to
improve colour; (5) drying.*

While soy is the most common source, lecithin can also be
extracted from sunflower, rapeseed, and other vegetable oils.>®
Notably, the environmental impact of the current industrial
process is quite low, and new sustainable methods have
already been reported, some of them on a pilot scale.*
Alongside with its natural abundance and easy extraction
process, lecithin has also exceptional biocompatibility. As a
natural component of cellular membranes, it is well-tolerated
by the human body, reducing the risk of adverse reactions.
This biocompatibility makes lecithin especially suitable for
biomedical applications. For example, lecithin has been used
to for the preparation of micelles for the delivery of curcumin,
and of microspheres, for the delivery of resveratrol.*”»*®

Aiming at exploring the possibilities of functionalizing
lecithin with compounds for targeting, we observed that the
phospholipids composing lecithin are primarily phosphatidyl-
choline, phosphatidylethanolamine, phosphatidylinositol, and
phosphatidylserine (Fig. 3). As suggested by the name, phos-
phatidylcholine (20-25 wt% relative to lecithin), shows in its
structure a choline molecule, ie., a quaternary ammonium
compound, and a glycerophosphoric acid composed of a
variety of different fatty acids. Since we cannot modify the
phosphate group as it was the group needed to link the ligand
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Fig. 3 Structures of the phospholipids composing lecithin.

to the NPs, and the quaternary ammonium cation has low
reactivity and was too close to the phosphate, implying poss-
ible steric hindrances if linked to other molecules, we opted to
focus on the different fatty acids composing the glyceropho-
sphoric acid. These are mainly monounsaturated and polyun-
saturated fatty acids, presenting large numbers of double
bonds that can be modified. We then selected phosphatidyl-
choline extracted from soy lecithin, due to its commercial
abundance (approx. 250 000-300 000 metric tons produced
annually). Importantly, using edible soybean oil or other
lecithin-rich edible oils such as sunflower or rapeseed oils for
biomedical applications does not represent an ethical issue,
since their utilization aligns with sustainability goal.* At the
same time, it has also to be considered that alternative non-
edible sources of lecithin are currently under study, such as
the production from algae.”® Furthermore, phosphatidyl-
choline can be extracted from lecithin trough some easy
solvent extractions and purification processes.
Soy-phosphatidylcholine is composed of 10-16 wt% palmi-
tic acid (16:0), 2-5 wt% stearic acid (18:0), 15-20 wt% oleic
acid (18:1), 50-60 wt% linoleic acid (18:2), and 5-10 wt%
linolenic acid (18:3), resulting in abundant presence of
double bonds (see ESI Section S1 “Materials” for the specific
composition of the phosphatidylcholine used in this work).
Thus, at least 20 wt% of the fatty acids present unsaturated
bonds, meaning that statistically more than 97 wt% of the
phospholipids present at least one double bond (see ESI
Section S37 for calculations). Based on our expertise in the tar-
geting properties of carbohydrates,*"** we decided to modify
these double bonds accordingly. Nevertheless, reacting an
alcohol or aldehyde (ie., the functional groups of carbo-
hydrates) with double bonds cannot be performed in an envir-
onmentally friendly manner. Processes such as hydroalkoxyla-
tion, oxymercuration, epoxidation, Wittig reaction, and ozono-
lysis have substantial environmental drawbacks, which are
contrary to our aim of achieving a sustainable process.
Therefore, we decided to introduce an additional molecule to
serve as a building block for further modification with carbo-
hydrates. Once again, we opted to use a natural compound,

This journal is © The Royal Society of Chemistry 2024
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selecting cysteine. Cysteine, an amino acid used in different
industries, has a global market production of
10 000-15 000 metric tons per year and its produced mainly by
fermentation methods. This method is considered environ-
mentally friendly, since it uses bacteria or yeast to produce
high-purity cysteine as a metabolic by-product.*’ Cysteine
bears a thiol (-SH) group offering a rich platform for
functionalization due to its ability to undergo diverse chemical
transformations, including oxidation, reduction, and metal
coordination. One particularly fascinating reaction that can be
performed with thiol is the photochemical thiol-ene reaction,
a powerful synthetic methodology that enables rapid and selec-
tive bond formation under mild conditions typically employing
a photoactive catalyst and UV or visible light irradiation as the
driving force for bond formation.***> According to the litera-
ture, the exploitation of cysteine for thiol-ene reaction is prac-
tically unexplored,*®™*® and completely new for the formation
of ligand for NPs functionalization. After reacting phospha-
tidylcholine with cysteine, we obtained phospholipids present-
ing amine functionalities in their fatty acid chains (Fig. 2).
Due to the practically complete conversion of cysteine
(checked by TLC), and also considering the abundance of
double bonds in phosphatidylcholine as previously described,
but above all considering that only chemicals bearing phos-
phate groups anchor to the NPs, we opted to not perform any
purification step, diminishing the produced waste (although
chromatographic purification was performed merely to charac-
terize the compound, as described in methods in the ESI
Section S2 and in the HPLC and MS analysis in ESI Section
S4+t).

We denoted the phosphatidylcholine-cysteine structure as
“Phos-Cys”, and we sequentially modified this compound with
p-Mannose. p-Mannose is well-known for its high affinity and
specific binding towards cells and pathogens expressing
mannose receptors, such as macrophages and dendritic cells
and bacteria, making it a potent components of ligand for tar-
geted drug delivery and imaging applications in biomedical
research.”®' Furthermore, p-Mannose is also acquiring more
and more interest as a promising target ligand in cancer
therapy.>” For example, Gonzalez et al.”* showed that mannose
induces growth retardation in various tumour types and
increases cell death when combined with major forms of
chemotherapy. On our side, recently, we have shown, contrary
to what is reported in some works in the literature, that
mannose is a better ligand than galactose for targeting hepato-
carcinoma cells.”® We covalently attach p-Mannose to the
Phos-Cys through reductive amination, drawing inspiration
from recent research on modifying the MOF UiO-66-NH, with
p-Mannose for targeted treatment of pulmonary fibrosis.”?
However, unlike the reported study, which, despite its signifi-
cant advancements in biomedicine, did not address the sus-
tainability aspects of the synthesis, we chose to replace the
toxic sodium triacetoxyborohydride with H, and to operate in
a continuous flow (c.f.) mode rather than batch processing. We
also observed that the reaction can be performed in EtOH
instead of using a buffer solution. We opted for flow chemistry

This journal is © The Royal Society of Chemistry 2024
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since it allows for precise control over critical reaction para-
meters, such as temperature, pressure, and residence time,
which are crucial for achieving optimal reaction conditions
and outcomes, enhancing the efficiency and reproducibility of
the reaction.’®>® Furthermore, flow chemistry enables scalabil-
ity, which is vital for producing larger quantities of functiona-
lized compounds while maintaining high quality, and also
supports more environmentally friendly conditions by redu-
cing the generation of waste and the consumption of energy,
as well as by minimizing the use of hazardous reagents com-
pared to conventional batch methods. After the reductive
amination in c.f.,, we finally obtain the novel phosphatidyl-
choline-cysteine-mannose ligand, denoted as “Phos-Cys-Man”.
p-Mannose was present in the structure of the ligand in the
form of 1-amino-1-deoxy-p-mannitol. Again, to reduce the
environmental impact of the synthesis, the final ligand was
not purified (chromatographic purification was merely per-
formed to characterize the compound by HPLC and MS ana-
lysis, as described in the ESI Sections S2 and S4f). This
because only the molecules bearing phosphates sequentially
anchored onto the NPs, leaving the unreacted p-Mannose (and
other impurities) in solution, while the functionalized NPs
were separated by centrifugation.

3.2 Characterization of the ligand

The new ligand was fully characterized using mass spec-
troscopy (MS) analysis, Fourier-transform infrared spec-
troscopy (FTIR), elemental analysis (CHNS%), X-ray photo-
electron spectroscopy (XPS) and NMR (*H, '*C and *'P NMR).
Moreover, green metrics were calculated for the synthetic
process of the ligand in comparison with a PEG-phosphate
one.

3.2.1 Fourier transform infrared spectroscopy (FTIR) ana-
lysis. By FTIR analysis (Fig. 4) we firstly observed the character-
istics peaks of phosphatidylcholine including: O-H stretching

Lecithin

(

AL %

D-mannose

:

Phos-Cys-Man
/'

Transmittance (a.u.)

:

—

17

’\/\/\,J\/'\/v\
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™)

Fig. 4 FTIR analysis of phosphatidylcholine,
p-Mannose and Phos-Cys-Man.

cysteine, Phos-Cys,
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as a broad peak at around 3400 cm™', indicative of the
hydroxyl groups present in the phospholipid; C-H stretching
with two peaks at 2920 and 2832 cm ™" due to the aliphatic
hydrogens in the fatty acid chains; C=O stretching at
1737 cm™" corresponding to the ester carbonyl groups in the
lecithin structure; P=—O stretching at 1231 ecm™* and P-O-C
stretching at 1064 cm™.>° When we reacted cysteine with
phosphatidylcholine forming Phos-Cys, additional peaks
appeared in the FTIR spectrum. Cysteine contains a thiol
(-SH) observable through a S-H stretching (2566 cm™"). This
peak disappeared after the thiol-ene reaction. We assigned the
peak around 3200-3400 cm™ ' to N-H stretching, while C-N
stretching corresponded to the peak around 1217 cm™, visible
both on cysteine and on Phos-Cys.®°

By adding p-Mannose to Phos-Cys-Man we further intro-
duced additional hydroxyl groups to the system, resulting in
enhanced O-H stretching (around 3400 cm™) and the
addition of a band at 1022 cm™" corresponding to C-OH bond
stretching of p-Mannose.

3.2.2 Mass spectroscopy analysis. We analysed Phos, Phos-
Cys, and Phos-Cys-Man using mass spectrometry. The experi-
mental conditions for acquiring the spectra included operating
in negative ion mode, where the addition of 45 mass units in
the m/z peaks was attributed to the formation of formate
adducts.

We identified the peaks of the spectrum of phosphatidyl-
choline and compared against the main ion assignments
reported in the literature.®® We identified specific peaks such
as: m/z 279, as linoleic acid; m/z 476 as lysophosphatidyletha-
nolamine 18:2; m/z 518 as lysophosphatidylethanolamine
acetylated 18:2; m/z 714 as phosphatidylethanolamine 16 : 0/
18:2; m/z 738 as phosphatidylethanolamine 18 :2/18 : 2 and/or
18:1/18:3; and m/z 833 as phosphatidylcholine, the main
component (with MW 788 g mol™" as a result of subtracting
the 45 units of formate ion from m/z 833).

The spectrum of Phos-Cys, showed a peak at m/z 883. We
interpreted this peak as the sum of the major lecithin peak (m/
z 833) and an additional 49 mass units corresponding to the
cysteine moiety. Cysteine has a molecular weight of 121 g
mol ™", but the typical fragment of cysteine has a m/z of 75,
leaving a residue of m/z 46. As a conclusion, the presence of
the peak of m/z 883 was explained by the conjugation of
cysteine to lecithin.

We then observed that the spectrum of Phos-Cys-Man fea-
tured a peak at m/z 829, corresponding to the presence of
phosphatidylcholine. We noticed also a peak at m/z 926
demonstrating the integration of the mannose moiety, as the
difference between this value and m/z 883 (m/z of Phos-Cys)
was 43 mass units. This was the residual mass of the amino-1-
deoxy-p-mannitol, i.e., the o-Mannose (with a typical fragment
of 74 units) reacted with cysteine, summed with the residual
mass of the cysteine after losing the formate ion (m/z 45). The
spectra and schemes for the fragmentation of the Phos-Cys
and Phos-Cys-Man are reported in the ESI Section S4.}

3.2.3 Elemental analysis (CHNS%). As shown in Fig. 5, by
elementary analysis we compared the theoretical and experi-
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Fig. 5 Graphical representation of CHNS% elemental analysis of: phos-
phatidylcoline (“P”); Phos-Cys (“PC") and Phos-Cys-Man (“‘PCM").

mental content of carbon (C), hydrogen (H), nitrogen (N), and
sulfur (S) in phosphatidylcholine, Phos-Cys, and Phos-Cys-Man.

We observed experimental values of N, S and H close to the
theoretical expectations for all the three compounds, indicat-
ing a reasonably accurate synthesis (values are reported in the
ESI, Section S51). We found some discrepancies in the amount
of C, due to experimental errors or the presence of impurities.

We also observed insignificant differences with the other
elements due to experimental conditions, minor deviations in
the synthesis process, or the presence of traces of impurities,
as confirmed by the presence of a small amount of sulfur in
phosphatidylcholine, which theoretically should not be
observed.

3.2.4 NMR analysis. We verified the incorporation of the
cysteine in the Phos-Cys also by the analysis of the *C NMR
spectrum (see ESI Fig. S8%), which showed the expected sing-
lets corresponding to the carbons nuclei of cysteine (§
34.4 ppm, § 60.0 ppm, and & 169.6 ppm), as well as the original
phosphatidylcholine peaks (several singlets for methyl and
ethylene group, 6 from 14.2 to 31.9 ppm; and two additional
peaks for the § -CH=CH- 128 and 129 ppm). We also
observed changes in the positions of the peaks in the *'P NMR
spectrum (Fig. S91) consistent with this observation.

By "*C NMR data we also confirmed the successful incor-
poration of p-Mannose to the Phos-Cys-Man, since six new
peaks corresponding to the carbohydrate appear on the spec-
trum (see ESI Fig. S10,1 & from 63.4 to 96.3 ppm), as well as
the previously observed peaks ascribed to cysteine (three sing-
lets centred on & 28.1, 55.6 and 170.7 ppm) and original
lecithin. We noticed that, analogously to the Phos-Cys, the
slightly shifts in the *'P signals observed in the *'P NMR
spectra (Fig. S117) were compatible with the formation of the
Phos-Cys-Man.

3.2.5 Green metrics. Using EATOS software we determined
the M1, E-factor, El-in, and EI-out metrics of the two separate
syntheses: Phos-Cys starting from phosphatidylcholine

This journal is © The Royal Society of Chemistry 2024
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Fig. 6 Green metrics calculated by EATOS software for the synthesis
of: (a) Phos-Cys from phosphatidylcholine and (b) Phos-Cyst-Man from
Phos-Cys. (c) Comparison of the El_in and El_out of the two synthetic
steps.

(Fig. 6a) and Phos-Cys-Man starting from Phos-Cys (Fig. 6b).
The numerical values of the metrics for the two synthetic
steps, as well as for the overall synthesis considered as one-
pot, are reported in the ESI in Section S7.t

We observed that the main contributors to the metrics were
the solvents and auxiliaries, ie., the solvent used to clean the
reactors. We observed E-factors of 14.7 and 19.9 for the first
and second steps, respectively, with MI values being similarly
close. Regarding the EI_in values, we observed a substantial
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impact from solvents and auxiliaries. In the first step, 10% of
the contribution was due to the substrates and approximately
5% to impurities, resulting in a total of 31 Potential
Environmental Impact (PEI) per kg. In the second step, more
than 95% of the contribution was due to the solvents and
auxiliaries, totalling 59 PEI per kg. Similar results were
observed with the EI_out, with values of 40 and 57 PEI per kg
for the first and second steps, respectively. We also compared
the environmental loads associated with the two steps, report-
ing both EI_in and EI_out parameters (Fig. 6¢). Although the
values were similar, we noticed that the main impact was due
to step 2. The results highlighted that the synthetic protocol
has significant potential to be easily upgraded to an even
greener process. Indeed, by reducing the volume of ethanol
used as an auxiliary to clean the reactors, the different metrics
can be substantially reduced.

Overall, the values of the metrics were relatively low. We
also highlight the main green characteristics of our procedure:
(D) it uses only natural products as reagents, i.e., phosphatidyl-
choline, cysteine, and p-Mannose; (II) it uses only ethanol, con-
sidered a green solvent, for both reactions and for cleaning the
reactors; (III) it avoids the use of hydrogen precursors by pro-
ducing H, in situ; (IV) it is based on efficient synthetic
methods, including a “click” reaction and a reaction in c.f.

We also performed a calculation of the RME (%), obtaining
a values of ca. 95% for both Phos-Cys, and for Phos-Cys-Man
(considering as separate steps), with an overall RME (%) of the
process of 79%.

As a comparison, we calculated the E-factor and the RME
(%) for the synthesis of a PEG-phosphate ligand.?” It is impor-
tant to note that the reported procedure did not specify the
amount of water used for dialysis, a crucial step in the process,
neither the amount of auxiliaries used to clean the reactors,
etc. To perform the calculations, we thus estimated the volume
of water for dialysis to the minimum amount used for similar
quantity of materials based on our experience (3 L), but we did
not include any solvents for the cleaning up of the reactor to
not overestimate the green metrics. Thus, we calculated the
E-factor as 17.7 and the RME as 77%. Despite the values were
close to our ligand, it is important to highlight that the PEG-
phosphate was not functionalized with targeting molecules.
Furthermore, the synthesis of the PEG ligand involves the use
of high volume (3 eq.) of toxic phosphoric acid.

3.3 Functionalization of NPs

We thus functionalized various NPs with the novel ligand to
demonstrate its broad versatility and improved functionality.
To this end, we selected diverse MOFs and an iron-based NPs
that have been largely utilized in nanomedicine research,
including PCN-222, UiO-66, MIL-101(Fe), and akageneite NPs.
PCN-222 is a zirconium-based MOF (Zr"") characterized by
large pores and porphyrin-based linkers. It is used in photo-
dynamic therapy and can also be used for imaging and drug
delivery, such as doxorubicin to cancer cells.?” UiO-66 is a zir-
conium-based MOF (Zr*") known for its high thermal and
chemical stability. Its structure consists of Zr, clusters con-
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nected by terephthalate linkers and is used as a platform for
biomolecule immobilization and for drug delivery, such as in
the case of cisplatin to tumour tissues.®> MIL-101(Fe) is an
iron-based MOF featuring mesoporous cages and a high
surface area. Its structure is composed of Fe’" complexes
linked by terephthalate ligands, and is suitable for drug encap-
sulation and work as catalyst for biomedical applications, for
example for promoting reactive oxygen species (ROS) evol-
ution. Iron NPs are widely utilized for magnetic resonance
imaging (MRI), drug delivery hyperthermia treatment, and as
contrast agents.”> Among the different types of Fe-NPs we
specifically selected akageneite nanorods (Fe**), due to their
simple preparation. Furthermore, akageneite nanorods are cur-
rently employed in the commercially available iron deficiency
drug Ferinject® (Vifor, Switzerland).

We prepared UiO-66 and MIL-101(Fe) following previously
reported methods, while we synthesized PCN-222 and akagen-
eite by optimizing reported procedures (synthetic protocols are
reported in the ESI, Section S27). Specifically, we prepared
PCN-222 based on our previous efforts to produce this MOF in
controlled nanometric size using green solvents, substituting
toxic DMF with DMSO. Furthermore, we found that the prepa-
ration of the Zrg nodes could be optimized to improve the final
yield. Unlike our previous work and literature referring to the
preparation of Zrg nodes for PCN-222 and similar MOFs,>”*%*
we carried out the synthesis under an argon atmosphere. The
absence of oxygen prevented the formation of ZrO nano-
particles, which are inevitable when Zr(OBu),, i.e., the com-
monly used Zr-precursor, is heated under ambient atmo-
sphere.® Indeed, the oldest references for Zre-clusters (but not
referring to PCN-222 synthesis) described the preparation
under an argon atmosphere,®® but this was subsequently unre-
ported,®® resulting in a form of error propagation.>’” We also
observed that 1-propanol can be substituted with 2-propanol
in the preparation of the clusters. We preferred isopropanol
since it is more sustainable as it can be produced by microbial
biosynthesis.®” As a result of our optimization, we were able to
increase the yield of PCN-222 from ca. 29%>> to 73% (after
purification).

We also prepared akaganeite Fe-NPs by slightly modifying
the synthetic procedure reported in the literature. Specifically,
standard synthesis use NaOH or HCIl and/or purification by
centrifugation. Our approach involved using only the Fe pre-
cursor and acetic acid, employing a simple purification by fil-
tration. This latter time- and waste-saving procedure, com-
pared to centrifugation, was made possible thanks to DLS ana-
lysis. Indeed, we observed that the particles agglomerated in
water, allowing for filtration, while after redispersion in EtOH,
the particles were monodispersed.

We thus functionalized the different NPs with the novel
Phos-Cys-Man ligand, exploiting the strong binding affinity of
the phosphate group to the metal ions, which are abundant on
the surfaces of MOFs and Fe-NPs. More in details, we firstly
dispersed the NPs in EtOH, followed by the addition of an
aqueous solution of the ligand. The mixture was thus heated
under stirring at 60 °C for 24 h followed by purification by cen-
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trifugation and washing with water and EtOH, and final redis-
persion in MeOH. Additional details regarding the functionali-
zation of the NPs can be found in the ESI Section S2.7

3.4 Characterization of functionalized nanostructures

We characterized the ligand-NPs structures using various tech-
niques including FTIR, Raman spectroscopy, DLS, {-potential,
ICP-MS, SEM images and X-Ray photoelectron spectroscopy
(XPS).

3.4.1 FTIR. By FTIR spectra we could firstly check the suc-
cessful synthesis of each NPs by identifying their characteristic
absorption bands. Furthermore, we confirmed the functionali-
zation with the Phos-Cys-Man ligand (Fig. 7). The FTIR spec-
trum of PCN-222 (purple line on Fig. 7a) exhibited several
characteristic absorption bands. We attributed a broad band
around 3300-3500 c¢cm™' to O-H and N-H stretching
vibrations, indicating the presence of TCPP. We associate the
strong absorption band at approximately 1650-1700 cm™* to
C=O0O stretching vibrations, indicating the coordination
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Fig. 7 FTIR analysis of the pristine and functionalized (“L@NPs") nano-
particles: (a) PCN-222 and UiO-66; (b) MIL-101(Fe) and FeNPs.
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between -COOH and Zr atoms. Additionally, we associated the
peak near 1400-1600 cm™' with C=C stretching vibrations
from aromatic rings, and the band in the range of 500-700 cm
to the asymmetric vibrations of the C=N, N=H, C=C and C-
H of the pyrrole ring in tetrakis (4-carboxyphenyl) porphyrin
(TCpp).*?

The FTIR spectrum of UiO-66 (Fig. 7a) also showed distinct
characteristic bands. The broad band around 3300-3500 cm™*
indicated O-H stretching vibrations, while the sharp peak at
1650-1700 cm ™' was due to C=O stretching vibrations. We
also observed two intense bands around 1600 and 1400 cm™,
associated to the OCO asymmetric and symmetric stretch in
the carboxylate group in terephthalic acid, respectively
Additionally, we confirmed the presence of Zr-O stretching
vibrations by the bands around 550 cm™", while we observed
the C-H bending, C=C stretch, OH bend and OCO bend in
terephthalic acid in the range of 700-900 cm™.%®

Iron nanoparticles demonstrated characteristic FTIR
absorption bands as well (Fig. 7b). We observed a broad band
around 3200-3500 cm™" indicating O-H stretching vibrations.
We attributed the peaks around 550-600 cm ™" to Fe-O stretch-
ing vibrations. Moreover, we assigned the peak near 1650 cm ™"
to presence of surface-adsorbed organic molecules due to
C=0O0 stretching vibrations.*

Lastly, we observed a broad band around 3300-3500 cm™
indicating O-H stretching vibrations in the FTIR spectrum of
MIL-101(Fe) (Fig. 7b). We assigned the strong peak at approxi-
mately 1650-1700 cm™" to C=O stretching vibrations, while
we observe the Fe-O stretching vibrations bands around
500-600 cm™', and C-H bending vibrations in the range of
700-900 cm™.7°

We thus confirmed the loading of the ligands by the pres-
ence of the characteristic peaks previously described in
Section 3.2.2. In particular, we could observe the peaks for the
asymmetric and symmetric stretching vibrations of the -CH,—
at ca. 2700 cm™" and 2900 cm ™" and we attributed the peak at
1739 cm™' to the stretching vibrations of the C=0O group.
Moreover, we attributed the peak at 1064 cm™ to P-O-C
stretching while peak at 1022 ecm™" to the C-OH bond stretch-
ing of p-Mannose.

We further analysed the functionalization of NPs with Phos-
Cys-Man by Raman spectroscopy (see ESI Section S8t). For
MIL-101(Fe) we observed the vibrational bands at 874, 1140,
1303, 1522 and 1618 cm™" indicating aromatic and dicarboxy-
late groups in the terephthalate ligands. We also observed C-S
stretching vibrations of Phos-Cys-Man between 613 and
668 cm™'. We didn’t observe other relevant peaks, due to the
abundance of terephthalate respect to Phos-Cys-Man.

3.4.2 DLS and Z potential. We performed DLS analysis of
the different nanosystems dispersed both in MeOH and in
water. For all the analyses, we observed a polydispersity index
(PdI) below 0.3, indicating monodisperse particles (average PdI
are reported in the ESI Section S97).

As shown in Table 1, we did not observe aggregation after
the NP functionalization with the Phos-Cys-Man ligand, while
we observed that the hydrodynamic diameter (HD) of

1
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Table 1 Mean HD values according to DLS analysis and ¢ potentials
analysis

DLS
¢ potentials
MeOH H,O H,0
PCN-222 155 + 52 161 + 39 +3.19 £ 0.7
Uio-66 1131 + 64 1129 + 146 +1.1+1.7
MIL-101(Fe) 518 + 112 583 + 105 +23.1+0.2
FeNPs 244 +78 Agglomerates +0.9 £ 0.6
L@PCN-222 167 £ 63 175 + 45 -7.7+1.6
L@UiO-66 1198 + 133 1191 £ 193 -14.7 £ 1.1
L@MIL-101(Fe) 540 + 55 530 + 133 +16.2 + 1.1
L@FeNPs 287 +91 299 +101 —-0.2 £0.5

increased slightly. By 3D modelling of the structure of the
ligand, we noticed that the maximum length of the ligand
would be 4-5 nm, consequently causing the HD to theoreti-
cally increase by a maximum of 10 nm in the functionalized
NPs. Interestingly, all the functionalized NPs could be dis-
persed in both methanol and water, the latter being especially
relevant for Fe NPs. However, the values of the standard devi-
ation did not allow us to make general conclusions on the
effect of the ligand on the HD, although the increase was
indicative of the ligand being placed on the surfaces of the par-
ticles. We thus measured the { potentials, observing that the
pristine NPs showed positive or neutral values, whereas when
the ligand was loaded, the charges decreased in all the
samples except FeNPs. The positive values of the pristine NPs
indicated that the negatively charged phosphates of the ligand
could anchor onto them. Conversely, the presence of the
ligand decreased the charge of the particles since mannose is
negatively charged at pH 7. The variation of the charge was
more evident with PCN-222 and UiO-66, but less so in MIL-101
(Fe) and practically absent in FeNPs. This was due to the stron-
ger charge of iron ions. Indeed, iron ions, particularly in the
form of Fe**, can dominate the surface charge characteristics
due to their high charge density. This could lead to a situation
where the functionalization does not result in a noticeable
change in ¢ potential, as the existing charge from the iron ions
overshadows the contributions from the newly introduced
ligands.”"”?

3.4.3 SEM. We recorded a sequence of SEM images of the
NPs both prior and after functionalization (Fig. 8). We didn’t
observe any significant difference proving that the Phos-Cys-
Man was not affecting the morphology of the NPs. We also
observed dimensions of the NPs comparable with the HD
found by DLS. SEM images with EDX mapping showed a
homogeneous distribution of S and P over the NPs (ESI
Section S107).

3.4.4 ICP-OES. As shown in Table 2, we utilized ICP-OES
analysis to calculate the percentage of ligand binding on
different nanostructures.

We observed the presence of sulfur exclusively in the func-
tionalized nanostructures, and not in the pristine forms, vali-
dating the ligand attachment process. This was a crucial
finding as it not only demonstrated the successful functionali-
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Fig. 8 SEM images of the pristine and functionalized (“L@NPs"). Scale
bar (white bar) is valid for all the figures and corresponds to 1 ym.

Table 2
(“L@NPs")

ICP-OES analysis of the pristine and functionalized NPs

Element (wt%)

S Zr Fe
PCN-222 — 19.93 —
Ui0-66 — 32.55 —
FeNPs —_ —_ 10.14
MIL101(Fe) — — 18.09
L@PCN-222 1.08 17.00 —
L@UiO-66 0.99 35.35 —
L@FeNPs 0.83 —_ 14.56
L@MIL101(Fe) 1.12 — 21.53

zation but also allowed us for quantification of ligand binding.
In details, we calculated the amount of anchored ligand based
on the MW of the Phos-Cys-Man (MW 1068 g mol ™), obtaining
similar values for all the nanostructures: L@PCN-222: 36%;
L@Ui0-66: 33%; L@FeNPs: 27.67%; L@MIL101(Fe): 37.38%.
3.4.5 XPS. To compare the composition of surface XPS ana-
lyses, we carried out analyses on the L@MIL-101 as well as the
ligand and MIL-101(Fe) as reference materials. The survey scan
of the ligand showed only the peaks corresponding to the
expected elements (C, O, P, N, S), and practically no contami-
nants were detected (see Fig. S14 Section S11 in the ESI{). The
detailed spectra of the different elements detected have been
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included in Fig. S15 Section S11 in the ESI{ The semiquantita-
tive analysis of these elements reflects a formula of
C56017N,P, 4S, close to that estimated by chemical analysis
(Cs3H105N,045PS, see ESI Section S41). We acquired detailed
spectra for the region of interest for the C (MIL-101(Fe)) and
L@MIL-101 (Fe 2p and Fe 3s) and plotted them in Fig. S16
Section S11 in the ESL{ The spectrum of the MIL-101(Fe)
corresponding to Fe 2p presents a maximum at ca. 711.6 eV,
and a weak satellite at ca. 717.7 eV (AE = 10.1 eV). The Fe 3s
spectrum of this compound reflects a maximum at ca. 94.1 eV,
with a satellite at ca. 100.1 eV (AE = 6.0 eV). These values fit
well with those previously reported for Fe** compounds.”*”*
On the other hand, the Fe 2p and Fe 3s of the L@MIL-101(Fe)
exhibit a similar shape to that of MIL-101(Fe) but with some
differences that are worth noting. Thus, the maxima of the Fe
2p signal appears at 711.0 eV, and the satellite has vanished.
On the Fe 3s spectrum, there are similar effects: the maximum
peaks at ca. 93.4 eV, while the satellite is at ca. 98.6 eV (AE =
5.2 eV). Those values are close to those reported for Fe** com-
pounds,”® reflecting the direct interaction with the ligand and
the charge transfer from this to the Fe atom.

4. Conclusions

We have successfully developed and characterized a novel
green Phos-Cys-Man ligand for nanoparticles functionali-
zation. This ligand, leveraging the natural properties of phos-
phatidylcholine merged with cysteine and p-Mannose, demon-
strated exceptional versatility for advanced biomedical appli-
cations. In particular, the presence of a specific carbohydrate
on the external part of the ligand allows for potential active tar-
geting to different receptors. This characteristic can be
exploited by substituting p-Mannose with numerous other
carbohydrates or small molecules, such as
N-acetylgalactosamine for the targeting of overexpressed asia-
loglycoprotein receptors in hepatic cancer,*” or carbohydrate-
based NK1R antagonists for the treatment of different types of
cancer.*”> The streamlined synthetic route for the preparation
of the ligand not only facilitates its practical application but
also enhances its scalability, making it feasible for large-scale
production and industrial use. Simplified synthesis processes
often translate to cost-effectiveness and reduced resource con-
sumption, which are essential considerations in both research
and commercial settings.

The ligand showed a strong affinity for metal ions, enabling
effective functionalization of various nanostructures including
the MOFs MIL-101(Fe), PCN-222, UiO-66, and iron nano-
particles (herein in the form of akaganeite). The functionali-
zation process proved to be straightforward and efficient, uti-
lizing simple synthetic routes and environmentally friendly
solvents, thereby ensuring scalability and sustainability.
Notably, the new synthetic method avoids the use of toxic
reagents, aligning with green chemistry principles.

Our findings highlight the potential of the Phos-Cys-Man
ligand for broad applications in nanomedicine, including drug
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delivery, imaging, and diagnostics but might also find other
applications such as catalysis, agriculture, electronics, electri-
cal, energy, environmental and sustainable technology, etc.”®
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