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Abstract

We report a novel approach for functionalizing the graphene oxide (GO) surface with AB5 phosphorus dendron,
and dendrimer. First, a dendrimer was prepared having tyramine functions on the surface, while the AB5 dendrons
were synthesized and characterized having either pyridine derivatives or ethacrynic acid terminal functions and a
tyramine derivative linked to the core. Subsequently, these macromolecules were grafted onto the GO surface via
covalent bonding. The resulting GO and modified-GO-AB5 dendron/dendrimer materials have been characterized
by Fourier Transform Infrared (FTIR), Raman spectroscopy (RS), Thermogravimetric Analysis (TGA), Magic Angle
Spinning Nuclear Magnetic Resonance (MAS-NMR) and Energy Dispersive X-ray spectroscopy (EDX) analyses.
The dendritic structures and the functionalized materials were evaluated for their biological activity against
HCT116 (human colon cancer), and against the non-cancerous RPEL1 cells for the most active, to evaluate the safety.
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1. Introduction

Carbon-based nanostructures, including carbon nanotubes (CNTs) and graphene, have been at the
forefront of nanomaterials research over the past decade due to their unique properties and potential
applications. Graphene is a two-dimensional (2D) carbon allotrope that consists of a single layer of
carbon atoms arranged in a hexagonal lattice [1]. Graphene oxide (GO) is generally produced from
graphite (superposed layers of graphene) by the “Top-Down” method [2], which uses oxidation
reactions for introducing various oxygenated functional groups, followed by an exfoliation process.
Graphene and GO possess excellent mechanical, electrical, and thermal properties, making them
attractive materials for various applications [3-6]. One of the most exciting potential applications of
carbon-based nanostructures is in the biomedical field [7-9]. Graphene and its oxidized form, GO, have
gained increased attention in recent years for their potential in biomedical applications. Studies have
investigated the biocompatibility and delivery ability of substances to biological targets using GO-
based platforms [10], leading to the development of novel strategies for diagnosis and therapy. Despite
the promise of carbon-based nanostructures in the biomedical field, their practical application has been
hindered by several challenges. One of the main challenges is the poor solubility and biocompatibility
of these materials, which limits their potential for use in biological systems [11]. To address this
challenge, researchers have focused on chemical modifications to enhance their biocompatibility. One
of the promising modification for carbon-based nanostructures involves the use of dendrimers and
dendrons [12]. Dendrimers [13] are hyperbranched, well-defined macromolecules that are synthesized
step-by-step by a repetitive process, forming a new layer with each iterative cycle. As the size and the
number of terminal functions increase with the number of generations, it becomes increasingly difficult
to draw the full structure. Thus, dendrimers are often represented in a linear form, with parentheses at
each generation, and a number indicating the multiplication of the branches. Dendrons [14], on the other
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hand, are dendritic wedges that can be considered as building blocks for the synthesis of dendrimers.
The main difference between dendrons and dendrimers is the presence of a single function at the core
of dendrons but not of dendrimers (Fig. 1). AB5 phosphorus dendrons are dendritic structures issued
from the cyclotriphosphazene core, in which one chloride reacted with one equivalent of reagent
functionalized with a nitrogen or oxygen derivative, followed by the reaction of the five remaining
chlorides with another reagent or vice versa, five chlorides reacted with five equivalents of reagent in
first place followed by the reaction of the remaining chloride with another reagent [15].
Phosphorhydrazone dendrimers and AB5 phosphorhydrazone dendrons have displayed interesting
properties in various fields, including catalysis [16], fluorescence [17], biomaterials [18], and
nanomedicine [19]. A particular series of phosphorhydrazone dendrimers bearing pyridine imine
derivatives as terminal functions, either free or complexing diverse metals such as copper [20] or gold
[21], have displayed potent anti-cancer properties. Additionally, another series of phosphorhydrazone
dendrimers, which have ethacrynic acid derivative as their terminal functions [22], have shown
promising results against cancer.
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Fig. 1. Schematized structure of a dendrimer and a dendron, represented both as the full structure and in linear
form with parentheses after each branching point.

To address the challenge of developing multicomponent graphene-based nanocarriers for
biomedical applications, we describe a novel synthesis of a versatile graphene-based nanostructured
system for oncology applications. This involves covalently conjugating phosphorus dendrimers and
dendrons to the surface of GO. This new approach has potential for enhancing the properties of
graphene oxide. Furthermore, the use of two different types of structures should afford different
properties. Indeed, the presence of multiple functional groups on the surface of dendrimers may induce
the reaction with several GO sheets, whereas the presence of a single reactive function at the core of the
dendrons will induce their grafting to a single GO sheet.

2. Results and Discussion

2.1. Synthesis and characterization of tyramine phosphorus dendrimer and new AB5 phosphorus dendrons
2.1.1. Synthesis of tyramine phosphorus dendrimer

To investigate the functionalization possibilities of GO surface and gain insight into the behavior
of macromolecules and their reactions, we opted to synthesize a first-generation dendrimer with
tyramine on its surface. The presence of the tyramine moiety allows for the formation of a covalent bond
through an amidation reaction between the dendrimer’s amine functions and carboxylic acid functions
of GO. The commonly used method for the synthesis of the desired dendrimer is a divergent approach
that involves repeating two key steps starting from a cyclotriphosphazene core (as previously reported
[23]). The first step involves nucleophilic substitution of the chlorine atoms by 4-hydroxybenzaldehyde,
resulting in the formation of a dendrimer with six surface aldehyde functions, referred to as G'o. The
dendrimer is then grown through a condensation reaction between the aldehydes of G’ and
dichlorothiophosphorhydrazide 2, which is obtained by reacting methylhydrazine with P(S)Cls at -60



°C. The advancement of the condensation reaction is monitored by the vanishing of the aldehyde group
signal in the 'H NMR spectra. Dendrimer 3-G1 was obtained with a high yield of 88%. To synthesize
phenol 4, the amine group of tyramine was protected using Boc2O. The functionalized phenol 4 was
then reacted with 3-G1 to produce 4-G1 as we reported before [24] in a satisfactory yield of 89%. The
deprotection of the Boc-protected amines was achieved using trifluoroacetic acid (TFA). This was
accomplished by adding a mixture of TFA and DCM (dichloromethane) to a solution of dendrimer 4-
G1. The reaction was monitored by using "H NMR until the Boc functional group peak disappears
completely. The resulting deprotected dendrimer 4a-G1 was obtained with a yield of 98% (Scheme 1).
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Scheme 1. Synthesis of the first generation dendrimer 4a-Ga.

2.1.2. Synthesis of new AB5 phosphorus dendrons

Our goal in synthesizing new AB5 phosphorus dendrons is to create an asymmetric structure that
contains a distinct functional group, to form a single covalent bond with the GO surface. Instead of
utilizing hexachlorocyclotriphosphazene (NsPsCls) with six surface benzaldehydes, commonly used in
classical dendrimers, we have devised a penta-substituted asymmetric core, AB5, incorporating five 4-
hydroxybenzaldehyde groups and a single chloride. In the first step, five equivalents of 4-
hydroxybenzaldehyde were grafted to NsP:Cls, affording the pentaaldehyde 5 [14]. The second step
concerned the functionalization of the pentaaldehyde 5 with phenol 4. Compound 5-Go was isolated in
88% yield. The growing of the dendron was then carried out by condensation reaction between the
aldehydes and the dichlorothiophosphorhydrazide 2. The condensation reaction was monitored by the
disappearance of the signal of the aldehyde groups in 'H NMR. Dendron 5-G1 was isolated in 81% yield
(Scheme 2). The *'P{"H} NMR spectrum of product 5-G1 exhibits two distinct areas of signals. The first
peak, originating from the core, appears at 8.3 ppm. The second area of signals presented three peaks
for the PSCl2 groups centered at 62.5 ppm with a relative intensity of 2:1:2. This phenomenon can be
attributed to the geometry of the cyclotriphosphazene core, which is depicted as a planar structure with
three branches above and three below the cycle. Consequently, one phosphorus atom of the dendron
experiences a different chemical environment than the others, resulting in the observed NMR signals.
A similar observation has been reported for another dendron [25].

The synthesis of dendrons is feasible up to the second or third generation. However, we opted to
stop the growth at the first generation to retain the accessibility of the function attached to the core. This
decision was based on our earlier findings, where we established that only the first generation dendrons
possessing thioctic acid at the core, could be successfully grafted onto a gold surface. The second
generation dendrons, in which the core was less accessible, were found unsuitable for this purpose, as
previously reported [26].
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Scheme 2. Synthesis of the first generation of AB5 dendron 5-Ga.

The next step in the synthesis of the AB5 dendrons involved surface decoration with various
phenol-pyridine derivatives and ethacrynic acid (EA) derivative. The synthesis of these compounds was
achieved through previously reported works [22,27,28]. Compound 6a was prepared by reacting
tyramine with 2-pyridine carboxaldehyde, while 6b was obtained through the condensation of tyramine
with di(2-pyridyl) ketone [27]. Compound 6c was synthesized by condensing 4-hydroxybenzaldehyde
with 2-hydrazinopyridine [28], and compound 6d was obtained by amidation of EA and 4-(piperazin-
1-yl)phenol [22]. Next, compounds 6a-d were reacted with the first-generation dendron 5-G1 under
basic conditions to obtain dendrons 6a-d-G1 (Scheme 3) in the yield range between 45-78%. Every
dendron underwent characterization through the use of 3P NMR spectroscopy. The results showed two
singlets for the P(S)(OAr)2 groups in all compounds, with a ratio of 2:3 (Fig. 2).
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Scheme 3. Functionalization of 5-G1 with phenol-pyridine derivatives 6a-c and EA derivative 6d.
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Fig. 2. (a) 3'P{'H} NMR spectrum of dendron 6a-Gi, with the 2 signals in the left insert corresponding to the P=S
groups in a 2:3 ratio; (b) Full chemical structure of 6a-G1 showing 2 P=S groups up and 3 P=S groups down, relative
to the cyclotriphosphazene ring.

The deprotection of the 6a-d-G1 dendrons was attempted in a similar approach to that of the 4a-G1
dendrimer, as descripted before (Scheme 4). However, for the 6a-G1 and 6c-G1 dendrons, the reaction
monitored by 3P{'H} NMR displayed multiple signals, which were unexpected as normally only two
signals would be detected for the P=S groups. These various signals may arise due to protonation of the
dendrons, degradation, hydrolysis or transformation of P=S into P=0. Indeed, the decomposition of the
dendrimers 6a-G1 and 6c-G1, which have the same internal structure and differ only in the nature of
the surface groups, under the conditions of deprotection of the Boc group is due to the presence of easily
accessible imine functions in 6a and 6¢, which are not stable in the acid medium, where they undergo
protonation and subsequent decomposition. Moreover, the asymmetrical nature of the dendrons makes
characterization a more challenging task. In contrast, the 3P{TH} NMR of 6b-G1 and 6d-G1 dendrons
indicate that the dendritic structure was preserved, unlike to the previous deprotection examples. The
TH NMR spectrum confirms the total deprotection of Boc-protected tyramine as shown by the
disappearance of the Boc signal at 1.36 ppm for 6d-G1, which was isolated with a yield of 95%. However,
in the case of 6b-G1, we encountered limitations in achieving full Boc deprotection and we decided to
not grafting this dendron onto the surface of GO (Scheme 4).
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Scheme 4. Deprotection of dendron 6d-G1

2.2. Synthesis and characterization of modified GO

Graphene oxide (GO) was produced from graphite through the Hummers method [29], which
involves a stepwise addition of H2504, NaNOs, and KMnOx to the graphite. This process results in the
formation of graphite oxide, which can subsequently be exfoliated into individual GO nanosheets using
sonication techniques in organic solvents like N,N-dimethylformamide (DMF) and tetrahydrofuran
(THF) [11], ultimately yielding the desired GO. The chemical structure of GO is complex and contains
a variety of functional groups. The 1*C MAS NMR spectrum of our GO reveals several distinctive peaks,
including an epoxy function (C-O-C) at 61 ppm, a peak at around 70 ppm attributed to hydroxyl
functions (C-OH), and another at 133 ppm corresponding to sp2 carbon atoms. Other signals are also
observed at 101, 167, and 191 ppm, which are attributed to the lactol (O-C-O), carboxylic acid (O-C=0),



and ketone (C=0) functional groups, respectively. Attesting to the characterization of this material, the
IR spectra reveal the presence of the carboxylic acid vibration at 1723 cm™ (C=0) and the vibration at
1619 cm™ corresponding to the C=C bond. The Raman spectroscopy technique can be used to
characterize GO by displaying bands corresponding to non-polar but polarizable bonds, including C=C
bonds. In the prepared GO, three main signals were observed in the Raman spectra, which are the 1340
cm™? signal D (defect), 1580 cm™ signal G (C=C), and 2700 cm signal 2D (corresponding to layer
stacking). The intensity of signal D can be modified when introducing defects, such as structural defects
or hybridization modification from sp2 to sp3, which happens when substituents are grafted onto the
GO structure. In/Ic ratio is sensitive to the sp2 hybridization of carbon atoms and can be influenced by
factors such as the introduction of defects. Therefore, changes in the In/Ic ratio can provide information
about the structural modification of GO. Thermogravimetric analysis (TGA) is a valuable tool for
evaluating the thermal stability of carbon derivatives. When applied to our GO, the resulting TGA curve
demonstrates that GO is inherently unstable when exposed to heat, leading to a two-step decomposition
process as described in the literature [30].

To utilize GO in the amidation reaction, it was essential to modify some of its functional groups,
specifically by activating the acidic groups. This was accomplished by transforming carboxylic acid to
carbonyl chloride via the use of SOCl., resulting in the formation of GO-COCI (Scheme 5). While this
material was not characterized due to its high susceptibility to hydrolysis, it was directly utilized in the
reaction with a dendron and a dendrimer.
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Scheme 5. Illustration of the synthesis of GO modified with SOCl2

2.3. Grafting dendrimer and dendron to modified GO

Having in hand the modified graphene oxide GO-COC], the subsequent step involved the grafting
of suitably functionalized dendrimer and dendron. To achieve this, the modified graphene oxide GO-
COCl1 was dispersed in DMF using sonication for 20 minutes, then a mixture of dendrimer 4a-G1 or
dendron 7d-Gs, along with triethylamine (NEts) in DMF, was added. The resulting mixture was left at
room temperature (25°C) for 72 hours, resulting in the production of functionalized materials 4a-
G1@GO (Scheme 6A) and 7d-G1@GO (Scheme 6B). During the process, the resulting black powder was
precipitated in ether, followed by centrifugation and several washings with MeOH to remove the excess
of dendrimer or AB5 dendron. Subsequently, the black solids of 4a-Gi1@GO and 7d-Gi@GO were dried
under vacuum. It is important to note that the functionalization of the GO surface is a complex chemical
process and is never complete. The reaction takes place randomly, and it is not limited to only two -
COOH groups. The scheme 6 illustrates the reaction between dendron/dendrimer and GO for clarity.
Various techniques were employed to verify the presence of dendrimer and dendron linked to GO.
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Scheme 6. Amidation reaction between 4a-G1 dendrimer, and 7d-G1 dendron with GO-COC], affording the
materials 4a-G1@GO (A) and 7d-G1@GO (B), respectively. These drawings are only an illustration of one of the
possible structures of the materials.

3P MAS NMR revealed the existence of two signals at approximately 8 and 64 ppm,
corresponding to the NsPs core and P(S)(OAr): terminal functions, respectively, as exemplified for 4a-
G1@GO (Fig. 3a). Raman spectroscopy provides valuable insights into the grafting of dendrimer and
dendron, with a significant modification of the Ip/lc ratios. The Ip/Ic ratios obtained for 4a-G1@GO and
7d-G1@GO hybrid materials are 1.11 and 1.09, respectively. The Ip/lc ratios obtained for the hybrid
materials are higher than the observed Ip/Ic ratio for unmodified GO, which is 0.8, indicating a
significant modification to the GO structure resulting from the grafting of dendrimer and dendron
(Fig. 3b).
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The infrared spectra (IR) clearly confirm the successful grafting of both the dendron and dendrimer
onto GO, as demonstrated by a comparative analysis of the IR spectra for GO, dendrimer 4a-G1, and
4a-G1@GO (Figure 4a). Specifically, the IR spectrum of the material functionalized with the dendrimer
4a-G1@GO clearly exhibits the characteristic peaks of the carboxylic acid functions of the GO (C=0) at
1723 cml, as well as the unique fingerprint of the dendrimer 4a-Gai. This observation can be attributed
to the steric hindrance provided by the dendrimer, which prevents full accessibility to all the modified
carboxylic acid functions on the surface of the GO.

Fig. 4b shows the combined TGA results of GO, dendrimer 4a-Gi, and material 4a-Gi@GO under
air. GO undergoes a two-step decomposition process. In the first stage, which occurs at around 100°C,
the material loses 20% of its weight due to the removal of water molecules and residual solvents
embedded within the GO structure. The second stage occurs around 200°C, resulting in a substantial
loss of mass (~ 30%) due to the decomposition of oxygenated functional groups. Dendrimer 4a-G1
undergoes a three-step decomposition process, with weight losses of approximately 5%, 25%, and 50%
in the first, second, and third stages, respectively. In the first stage of decomposition, occurring at
around 200°C, the material loses approximately 5% of its weight due to the removal of water molecules
and residual solvents from within the dendrimer structure. The second stage, taking place around
380°C, leads to a mass loss of approximately 25% and corresponds to the decomposition of oxygenated
functional groups. The third stage, occurring at 430°C, results in a mass loss of approximately 50% due
to the decomposition of the dendrimer skeleton. Material 4a-Gi@GO undergoes three distinct stages
during thermal analysis. The first stage, occurring around 250°C, shows a 5% weight loss due to the
removal of residual solvents present in the GO structure. The second stage, around 380°C, corresponds
to the decomposition of tyramine and some surface functions of GO. Finally, at approximately 520°C, a
55% weight loss is observed due to the decomposition of both GO functions and the dendrimer skeleton.
Interestingly, the presence of the dendrimer on the surface of GO provides greater thermal stabilization.

The same interpretation is applied for the dendron, 7d-G1and material 7d-Gi@GO as well (see SI).

To confirm the functionalization of GO surface with different dendron and dendrimer, elementary
analysis was realized, based on the content in sulfur. Indeed, sulfur is only a component of the
dendrimer and dendron used in this study, thus the content in sulfur of the materials will indicate the
quantity of dendritic structures grafted. The results shown in Table 1 indicate the presence of sulfur in
all grafted materials 4aG1@GO and 7d-Gi@GO, but in different proportions. The lower percentage of
grafting is observed with the dendrimer (4a-G1). Indeed, the presence of 12 amine functions on the
surface of this dendrimer induces the possibility to interact with several functions on a GO sheet, and
even to interact with two GO sheets, thus preventing the access to other molecules. On the contrary, the
dendron 7d-G1 has a single function at the core for interacting with GO, and thus a larger quantity can
be grafted. Anyway, these data do confirm that the phosphorus dendrimer and dendron have
effectively bonded to GO, creating new composite materials.
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Table 1
Elemental analysis of sulfur for the obtained materials 4a-Gi@GO and 7d-G:@GO.

Material  theoretical S% measured S% % of compound grafted  Mol. of compound/g

(dendrimer or dendron) of material
4a-G1@GO 3.47 0.65 19 5.77 105
7d-G1@GO 1.32 1.14 86 7.62 105

In order to further characterize the materials, Energy Dispersive X-ray spectroscopy (EDX) analyses
were performed. Fig. 5 presents Scanning Electron Microscopy (SEM) images alongside the EDX spectra
of GO and 4a-Gi@GO. The EDX investigation of GO reveals the presence of carbon and oxygen,
accompanied by a minor percentage of sulfur (0.1 %), stemming from residual remnants of oxidation
process by H>SOs. The EDX mapping of 4a-G1l@GO demonstrated in addition the presence of
phosphorus (0.3%) and the presence of sulfur with an increase of 0.2%, warrants the presence of 4a-G1.
The presence of a small quantity of chlorine is due to COCI residual of GO-COCI. The absence of
nitrogen in the analysis of 4a-G1@GO is due to the non-fully quantitative analysis provided by the
technique, in particular for light elements such as nitrogen or phosphorus, especially when present in
low quantities. In addition, in the EDX spectrum of 7d-G1@GO (Supplementary Information), a
distinctive profile emerges, portraying the coexistence of phosphorus (0%), sulfur (0.3%) and, nitrogen
(4.1%), together with chlorine (3.7%), which is due to the ethacrynic acid on the surface of 7d-G1. The
presence of these elements serves as a compelling indicator of the presence of 7d-G1 onto the surface of
GO.



Fig. 5. Characterization of materials GO and 4a-G1@GO, (a) SEM image of GO (b) EDX data of GO (c) SEM image
of 4a-G1@GO (d) EDX data of 4a-G1@GO.

2.4. Biological tests of dendrons, dendrimer, and GO functionalized with macromolecules.

Recently, our team has demonstrated the effectiveness of dendrimers with derivatives of pyridine
as terminal groups, both free and bound to metals, against various cancer cell lines in vitro. The most
potent compounds were third-generation dendrimers with pyridine imine terminal groups [20,28].
Additionally, other studies have utilized dendrimers with EA against cancer cells [22]. Thus, it was
crucial to investigate the recently synthesized materials. We evaluated several of the compounds
synthesized, using the cancerous cell line HCT116 (human colon cancer). It is worth noting that all
compounds were soluble in stock solutions (102 M in DMSO), but precipitated in the medium and on
cells. We also evaluated the most active compounds towards non-cancerous RPE1 cells (Human retinal
pigment epithelial-1), a non-transformed alternative to cancer cell lines. Experiments were conducted
in triplicate for 72 hours at two concentrations (10-° and 10-¢ M) in DMSQO, except for 4a-G1 in DMF. The
results in Table 1 indicate that the hydrazine pyridine dendron (6¢c-G1) and the dendrimer (4a-G1) are
active at 105 M (but not at 10-° M), while the pyridine imine and EA dendrons (6d-G1 and 6a-G1) are not
active against HCT116. These results are contradictory with our previous experiments [22,28], but the
3-dimensional structure of third generation dendrimers and first generation dendrons are obviously
very different, and some of us have shown the tremendous importance of the 3-D structure of
dendrimers on their biological properties [31]. To verify the safety of the active compounds, the next
step involved testing them against the non-cancerous RPE1 cells, under the same conditions as with the
HCT116 cell line. However, it was found that the dendrimer and the dendrons were as toxic to the non-
cancerous cells as they were to the cancerous cells (Table 2).

Table 2

Anti-proliferative activities of dendrons in DMSO towards the cancerous cell line HCT116, and the non-cancerous
cells RPEL.

Dendrons and HCT116 cellsfa RPE1 cellsa



dendrimer

% viability at 105 % viability at 10 % viability at 10° % viability at 10

Mibl Mibl M Mib]
4a-G1 [ede] 27.2 (+1.6) 97.6 (£2.9) 1.3 (+1.3) 100.4 (+2.0)
6a-G1 el 98.8 (+0.7) 98.1 (+1.2) - -
6c-G1 [edl 17.7 (+4.4) 91.3 (+3.3) 9.4 (+1.4) 101.2 (21.7)
6d-G1 Ied] 75.9 (+4.0) 97.9 (+0.5) - -

[a] measures made in triplicate, [b] dendron or dendrimer concentration, [c] precipitated in medium, [d]
precipitated on cells, [e] solubilized in DMF

Two types of materials were then tested: GO alone and GO functionalized. Both were tested under
the same conditions. The tests were performed using stock dispersions of the materials at a
concentration of 10 M in DMSQO, but the materials precipitated in the medium and on cells. The results
showed that GO alone had weak toxicity towards cancerous HCT116 cells at a concentration of 105 M
(Table 3). The grafting of dendron and dendrimer to GO did not provide any improvement, thus the
materials were not tested on non-cancerous cells.

Table 3

Anti-proliferative activities of GO and GO functionalized with dendrimer or dendron in DMSO towards the
cancerous cell line HCT116.

Dendron or dendrimer grafted to GO HCT116 cellst!
% viability at 105 MIbl % viability at 10-¢ Mb]
GO 80.0 (3.5) 102.1 (£3.4)
4a-G1@GO [od] 93.1 (x2.1) 97.5 (+0.8)
7d-G1@GQ [«dl 89.9 (+x1.7) 96.0 (+3.0)

[a] measures made in triplicate, [b] dendron or dendrimer concentration, [c] precipitated in medium. [d]
precipitated on cells.

3. Materials and Methods
3.1. General information

All reactions were carried out under an inert atmosphere using standard Schlenk techniques, and
manipulations were conducted using a vacuum line. Commercially available chemicals were used as
received from Sigma Aldrich, Acros, Fluka, and Alfa Aesar. Dry tetrahydrofuran (THF) was obtained
from the MBraun MB-SPS-800 solvent drying system under an argon atmosphere. Unless otherwise
specified, all other solvents were used as supplied commercially. Analytical thin-layer chromatography
(TLC) was performed on aluminum plates coated with silica gel 60 F254. If necessary, reaction mixtures
were purified by column chromatography on silica gel (230-400 mesh) using a gradient solvent system
as the eluent. 'H, 3C, and 3'P NMR spectra were recorded at 298 K using Bruker AV 300 and Bruker AV
400 spectrometers. Coupling constants are reported in Hz and chemical shifts are reported in ppm
relative to tetramethylsilane (TMS) for 'H NMR and ®C-{1H} NMR. 3'P chemical shifts were referenced
to an external 85% HsPOs sample. First-order signals are indicated as follows: s (singlet), d (doublet), t
(triplet), q (quadruplet). 3C NMR signals were assigned using J]MOD, HMQC, and HMBC sequences as
necessary. The numbering used for the attribution of NMR signals is shown in Fig. 6. MAS NMR spectra
were obtained using a Bruker Avancelll HD 400WB instrument at 298K with several spinning rates (SR)
to differentiate isotopic peaks from spinning sidebands. Raman spectra were recorded at 298K using a
full-power 532 nm laser, with 20-second acquisition and 4 accumulations between 1000 and 3000 cm-.
Infrared (IR) vibrational spectroscopy was performed at 298 K on a Perkin Elmer 100 FT-IR
spectrometer, using a germanium crystal. Thermogravimetric analysis (TGA) was carried out under air
atmosphere using a Mettler TGA DSC 3+ instrument. Elementary analysis was carried out using Perkin
Elmer 2400 Series II Flash Combustion Analyzer. Scanning electron microscopy (SEM) images and
energy dispersive X-ray (EDX) analysis were taken on a high-end field emission scanning electron



microscope (FEG) equipped with an EDS SDD spectrometer (JSM-7800F Prime). Transmission electron
microscopy (TEM) images and energy dispersive X-ray (EDX) analysis were taken on a field-corrected
emission transmission electron microscope probes and is coupled to an EDX spectrometer and an
energy loss spectrometer (EELS). (JEM-ARM200F Cold FEG). Both analyses were carried out at the
“Centre de Microcaractérisation Raimond Castaing”, Toulouse, France.

The synthesis of compound 4 was accomplished following the methodology outlined in reference
[31], while the preparation of dendrimers 4-G1and 4a-G1 was performed as described in reference [24],
compound 5 was synthesized following the procedure mentioned in reference [32]. The synthesis of
monomers 6a and 6b was conducted in accordance with the protocol detailed in reference [27], while
the preparation of compounds 6c and 6d was carried out in accordance with the protocol detailed in
references [28] and [22], respectively.
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Fig. 6. Numbering for NMR signals assignment.

3.2 General 3-step synthesis strategy for the 6a-d-Gi familly of dendrons

a) To a solution of pentaaldehyde 5 (2.06 mmol, 1.6 g) and cesium carbonate (4.12 mmol, 1.35 g) in
THEF (7 ml), a solution of Boc-tyramine 4 (2.47 mmol, 0.59 g) in THF (7 ml) was added. The reaction
mixture was stirred at room temperature overnight. The salts were removed by centrifugation and the
clear solution was concentrated under reduced pressure. The residue was then dissolved in the
minimum amount of THF (4 ml) and precipitated in 100 ml of pentane/ether (4/1). Product 5-Go was
recovered as a colorless oil which became a white powder after one night under reduced pressure,
isolated in 88% yield.

b) To a solution of 5-Go (1.23 mmol, 1.2 g) in DCM (5 mL) was added a solution of H-NNMePSCl-
2 in CHClIs (8.60 mmol, 33.6 mL). The reaction mixture was stirred overnight at room temperature. The
solvent was removed under reduced pressure. The residue was then dissolved in the minimum amount
of CHCIs (4 mL) and precipitated in 100 mL of pentane/ether (4/1). The resulting powder was filtered
and the procedure was repeated twice. Dendron 5-G1 was obtained with a yield of 81% as a white
powder.

¢) To a solution of 5-G1 (0.28 mmol, 0.5 g) and cesium carbonate (5.91 mmol, 1.92 g) in THF (5 mL)
was added a solution of phenol 6a (2.95 mmol, 0.67 g), 6b (2.95 mmol, 0.90 g), 6¢ (2.96 mmol, 0.63 g), or
6d (from 5-G1, 0.11 mmol, 0.2 g; cesium carbonate, 2.48 mmol, 0.82 g; and 6d, 1.18 mmol, 0.55 g) in THF
(7 mL). The reaction mixture was stirred at room temperature for one night. The salts were removed by
centrifugation and the clear solution was concentrated under reduced pressure. The residue was then
dissolved in the minimal amount of THF (4 mL) and precipitated in 100 mL of pentane/ether (1/1), with



the exception of 6b-G1, for which the precipitate was washed with MeOH at 0°C. The resulting powder
was filtered and the procedure repeated twice (precipitated with pentane at the end) to give the desired
product as a white powder in 78% yield for 6a-Gi, 45% yield for 6b-G1, 67% yield for 6c-G1 and 78%
yield for 6d-Ga.

3.3 General strategy for deprotection of dendrimer and dendrons

To prepare 4a-G1, compound 4-G1 (310 mg, 0.073 mmol) was dissolved in a mixture of DCM/TFA
(2 ml/2 ml) at 0°C for 20 minutes. After evaporating the residual solvent, the crude product was washed
with 10 ml of MeOH and dried under vacuum to remove excess TFA by co-evaporation. This process
was repeated three times, resulting in a 98% yield of 4a-G1 as a yellowish powder. Similarly, dendrons
6b-G1 (30 mg, 0.0067 mmol) and 6d-G1 (30 mg, 0.0049 mmol) were each dissolved in a mixture of
DCM/TFA (1 ml/1 ml) at 0°C for 20 minutes. The residual solvent was then evaporated under vacuum,
and the crude product obtained from each was washed with 5 ml of MeOH and dried under vacuum to
remove excess TFA by co-evaporation. This procedure was repeated three times for each compound.
Compound 7b-G1 could not be fully purified, but compound 7d-G1 was isolated with a yield of 95% as
a yellow powder. The purity of the products was confirmed by phosphorus NMR and proton NMR.
The attribution of NMR signals is made according to Figure 6.

6a-G1. 3'P{1H} NMR (121 MHz, CDCl:) d 63.05 (s, P=S), 62.93 (s, P=S), 8.46 (s, P=N). 'H NMR (300 MHz,
CDCls) 8 8.61 (d, ] = 4.9 Hz, 10H, €}2), 8.26 (s, 10H, €3), 7.92 (d, ] = 7.9, 10H, €3), 7.70- 7.52 (m, 25H,
3, ¢35, €10, 7.31 - 7.25 (m, 10H, €31), 7.16 - 6.91 (m, 54H, €2, €3, €2, €%, C3), 4.70 (br s, 1H, NH), 3.85 (q,
J="7.2Hz, 20H, €8), 3.24 (m, 17H, €&, €5), 2.96 (q, ] = 7.2 Hz, 20H, €5), 2.67 (t, ] = 7.4 Hz, 2H, €5), 1.38 (s,
9H, €3). *C{tH} NMR (75 MHz, CDCls) b 162.38 (s, €3), 155.8 s, C7), 154.34 (s, €8) 151.25 (m, C3, C}),
149.45 (s, C12), 148.98 (d, ] = 7.2 Hz, C}), 138.48 (d J=14.01 Hz, €3), 136.90 (s, C%), 136.54 (s, cl°) 136.05
( €4, 132.11 (s, €%), 129.98 (s, €3), 129.81 (s, €3), 128.22 (s, €3), 124.73 (s, 1Y), 121.30 (s, €3), 121.26 (s,

€2), 121.23 (C2),, 120.99 (s, €3), 77.24 (s, €8), 62.67 (s, €8), 41.71 (s, €§), 36.59 (s, €3), 35.45 (s, C3), 33.01
(m, C8), 28.41 (s, CY).

6b-Gu. 3'P{1H} NMR (121 MHz, CDCls) d 63.09 (s, P=S), 62.99 (s, P=S), 8.43 (s, P=N)). 'H NMR (300 MHz,
CDCls) b 8.66 (m, 10H, €1?), 8.48 (m, 10H, €}7), 8.06 (m, 10H, C}*%), 7.75 — 7.49 (m, 35H, C3,CS,61°,615)
7.21 (m, 20H, €31, €36), 7.10 - 6.90 (m, 64H, €2, €3, €2, €%, €3, C3), 4.74 (s, 1H, NH), 3.65 (m, 19H, %), 3.22
(m, 17H, €§, C8), 299 (m, 20H, €5), 2.67 —2.59 (m, 2H, €3), 1.38 (s, 9H, €J). *C{1H} NMR (75 MHz, CDCl5)
5 167.05 (s, €3), 156.69 (s, C13), 155.81 (s, €), 155.17 (s, C8), 151.24 (s, C3, €1), 149.57 (s, C12), 149.20 (s,
cz) 148.85 (s, €17), 138.61 (s, C5), 137.44 (s, C%), 136.79 (s, C%), 136.39 (s, €15), 136.10 (s, C?), 132.19 (s,
%), 130.03 (s, €3), 129.82 (s, €3), 128.23 (s, €3), 124.18 (s, C16), 123.54 (s, €3), 123.12 (s, c“) 122.30 (s,
cg‘*) 121.15 (m, €2, €%, €2), 79.06 (s, C8), 55.28 (s, €3), 41.72 (s, C§), 36.63 (s, €3), 35.45 (s, C3), 32.95 (m,
C%), 28.44 (s, CY).

6c-G1. 3P{1H} NMR (121 MHz, THF) d 63.06 (s, P=S), 62.94 (s, P=S), 8.57 (s, P—N) H NMR (300 MHz,
THF) 5 9.95 (s, 10H, NH).8.06 (dd, ] =5.0, 1.8 Hz, 10H, €3°), 7.85 - 7.81 (m, 10H, €3), 7.80 — 7.68 (m, 15H,
C3,C3), 7.63 (m, 20H, €3)7.56 — 7.48 (m, 10H, €8), 7.32 — 7.21 (m, 30H, €2, €3), 7.19 — 7.06 (m, 10H, €3%),
7.04 (d, ] =8.2 Hz, 2H, €3), 6.93 (d, ] = 8.2 Hz, 2H, C3%) 6.72 - 6.62 (m, 10H, C3), 6.04 (s, 1H, NHBoc), 3.44
—3.28 (m, 15H, €$), 3.20 (t, ] =7.2 Hz, 2H, €§), 2.69 (t, ] = 7.2 Hz, 2H, C}), 1.40 (s, 9H, C3). *C{'H} NMR
(75 MHz, THF) & 157.40 (s, €$), 155.69 (s, C2), 151.46 (br s, C§, C1,), 150.76 (m, C}), 147.66 (s, €1°), 139.24
(m, C3), 137.21 (s, €3, €8), 133.25 (s, C3), 132.45 (s, C%), 132.37 (s, C§), 129.63 (s, €3), 128.14 (s, €3), 127.04
(s, €3), 121.48 (d, ] = 4.4 Hz, €3%), 121.16 (s, €3), 120.70 (s, C3), 114.79 (s, €3), 106.49 (s, C}), 77.56 (s, CY),
32.51 (m, €8), 27.80 (s, €§), 24.73 (s, C3), 24.45 (s,C3).

6d-Gu. 3P{{H} NMR (121 MHz, CD2Cl2) d 64.86 (s, P=S), 64.82 (s, P=S), 9.27 (s, P=N).TH NMR (300 MHz,
CD:2CL) d 7.69 — 7.56 (m, 15H, €3, C3), 7.16 — 6.91 (m, 52H, €3, €3, €1°,€1Y), 6.86 — 6.72 (m, 22H, €3, C3),
5.93 (s, 10H, €3%), 5.57 (s, 10H, €3°), 4.84 (m, 20H, €8), 4.70 (s, 1H, NH), 3.67 (m, 40H, €$), 3.31 - 3.15 (m,
17H, €§, €$), 3.08 (m, 40H, C3), 2.65 (t, ] = 7.4 Hz, 2H, C3), 2.47 — 2.38 (m, 20H, €3°), 1.36 (s, 9H, €3), 1.12
(t, ] = 7.4 Hz, 30H, €17). 3C{1H} NMR (75 MHz, CD:Cl) d 196.92 (s, €3%), 165.22 (s, C3), 155.97 (s, C}),
155.82 (s, €31, 151.59 (br s, €}, €1), 150.55 (s, €3*), 149.00 (s, C3), 144.42 (s, €3), 138.89 (m, €3), 133.92 (s,

€1%),132.77 (m, C§, C3), 131.41 (s, €3), 130.26 (s, €3), 129.00 (s, €1°), 128.59 (s, €3), 127.48 (s, C11), 122.92



(s, C3%),122.26 (s, €3), 121.69 (s, €%), 121.19 (s, €3), 117.73 (s, €3), 111.28 (s, €3°), 79.03 (s, €8), 68.65 (s, €3),
51.16 (s, €§), 50.27 (s, €3'), 49.71 (s, C3), 45.48 (s, C%'), 42.25 (s, €3), 35.79 (s, C3), 33.43 (m, €$), 28.51 (s,
C3), 23.80 (s €1°), 12.85 (s, €37).

7d-G1.3'P{H} NMR (121 MHz, CD:Cl) d 62.10 (s, P=S), 61.8 (s, P=S) 7.79 (s, P=N). 'H NMR (300 MHz,
CD:Cl)  7.72 - 7.62 (m, 15H, €3, €3), 7.54 — 7.49 (m, 20H, €3), 7.39 — 7.36 (m, 20H, €3), 7.19 - 7.09 (m,
22H, €3, €%, €1'), 6.95 - 6.86 (m, 12H, €3, €1°), 6.00 (s, 10H, €3°), 5.60 (s, 10H, €3°), 4.93 (s, 20H, %), 4.12
(s, 40H, €%), 3.66 (s, 40H, €3), 3.37 - 3.32 (m, 15H, €%), 3.13 (s, 2H, C§), 2.84 (s, 2H, C3), 2.42 (q, ] = 7.4 Hz,
20H, €3°), 1.11 (t, ] = 7.4 Hz, 30H, €}7).

3.4 Strategy for the synthesis of GO

Graphitic oxide was prepared by stirring 10 g of graphite and 5 g of sodium nitrate in 230 ml of
sulfuric acid. The reagents were mixed in a 2-liter three-neck flask which had been cooled to 0°C in an
ice bath. Maintaining vigorous stirring, 30 g of potassium permanganate was added to the suspension.
The speed of addition was carefully controlled to prevent the suspension temperature from exceeding
20°C. The ice bath was then removed, and the temperature of the suspension increased to 35°C for 30
minutes. After 30 minutes, 460 ml of water was slowly added, causing an exothermic reaction and a
temperature rise to 98°C. The suspension was maintained at this temperature for 15 minutes. Then, 1
liter of lukewarm water was added, followed by treatment with 37% hydrogen peroxide until gassing
stopped. The suspension was filtered and washed three times with water. The dry form of graphite
oxide was obtained by centrifugation (10,000 rpm, 40 min) followed by drying in a freeze dryer for 48
hours, resulting in a brown powder.

3.5 General strategy for grafting dendrimer and dendron onto GO

The synthesis of new materials was carried out in two steps: a) GO (50 mg) was treated with thionyl
chloride (35 ml) in the presence of 0.5 ml of DMF in a 50 ml Schlenk flask at 70°C under argon for 24 h.
The excess of SOCl2 was removed under reduced pressure, the functionalized graphene oxide was
washed with THF, and filtered on a PVDF filter membrane. The procedure was repeated three times
and the product GO-COCI was obtained as a black powder (too unstable to be characterized). b) To a
solution of GO-COCI (50 mg) and synthesized dendrimer 4a-Gi, or dendron 7d-G1 (50 mg) in 20 ml of
DMEF in a 100 ml Schlenk flask, triethylamine (2 ml) was added under an argon atmosphere, followed
by sonication for 30 minutes. The reaction mixture was stirred at room temperature for 72 h. Then, the
resulting mixture was poured into 300 ml of diethyl ether to precipitate the product. The black
precipitate was recovered by centrifugation at 10,000 rpm for 25 min. The resulting black powder was
washed with MeOH, followed by sonication and another centrifugation. The procedure was repeated
twice, and the material was dried with a freeze dryer. The dendrimer and dendron immobilized on GO,
4a-G1@GO and 7d-G1@GO were recovered as a black powder.

4a-G1@GO: 3P MAS NMR (162 MHz, SR=14 kHz) d 64.0 (P=S), 8.6 (P=N). IR v= 3400 (OH), 1723
(C=0), 1659 (N-C=0) cm*. RAMAN D (1340), G (1580) cm™. Anal. Calcd: S, 3.47. Found: S, 0.65.

7d-G1@GO: 3P MAS NMR (162 MHz, SR=14 kHz) d 62.3 (P=S), 7.3 (P=N). IR v= 3400 (OH), 1658
(C=0, N-C=0) cm". RAMAN D (1340), G (1580) cm-'. Anal. Calcd: S, 1.32. Found: S, 1.14.

Biological tests. Cell lines were obtained from the American type Culture Collection (ATCC,
Rockville, MD) and were cultured according to the supplier’s instructions. Briefly, human HCT-116
colorectal carcinoma cells were grown in Gibco McCoy’s 5A supplemented with 10% fetal calf serum
and 1% glutamine. Human hTERT-RPE1 cells were cultured in DMEM/F12 medium containing 10%
fetal calf serum and 1% glutamine. Cell lines were maintained at 37°C in a humidified atmosphere
containing 5% COz. Cell viability was determined by a luminescent assay according to the
manufacturer’s instructions (Promega, Madison, WI, USA). Briefly, the cells were seeded in 96-well
plates (2.5 x 103 cells/well) containing 90 uL of growth medium. After 24 h of culture, the cells were
treated with the tested compounds at 1 and 10 uM final concentrations. Control cells were treated with
the vehicle. After 72 h of incubation, 100 uL of CellTiter Glo Reagent was added for 15 min before



recording luminescence with a spectrophotometric plate reader PolarStar Omega (BMG LabTech). The
percent viability index was calculated from three experiments.

4. Conclusion and outlook

To sum up, we have described a new approach for grafting AB5 phosphorus dendron and dendrimer
onto GO, using the tyramine motif as the end-group on the dendrimer or the core in the case of AB5
dendron having EA derivatives as terminal functions, on the surface of GO. The resulting hybrid
materials were characterized by employing FTIR, Raman spectroscopy, TGA, and MAS NMR analyses.
Elemental analyses of sulfur confirmed the grafting of dendrimer and dendron, with a higher efficiency
for the dendron than for the dendrimer. SEM-EDX analyses confirmed the grafting of the dendrimer
and dendron. Some of the dendritic compounds display a moderate anti-cancer activity towards the
HCT116 cell line, but this activity was almost entirely lost in the hybrid nanocomposites, probably due
to the poor solubility of the GO-functionalized materials in biological media, even at low concentration.
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