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Abstract: Two families of phosphorhydrazone dendrons having either an azide or an alkyne linked to
the core and diverse types of pyridine derivatives as terminal functions have been synthesized and
characterized. These dendrons were grafted via click reaction to graphene oxide (GO) functionalized
with either alkyne or azide functions, respectively. The resulting modified-GO and GO-dendrons
materials have been characterized by Fourier Transform Infrared (FTIR), Raman spectroscopy (RS), and
Magic Angle Spinning Nuclear Magnetic Resonance (MAS-NMR) analyses. In addition, the free
dendrons and the dendrons grafted to GO were tested toward cancerous (HCT116) and non-cancerous
(RPE1) cell lines.

Introduction

“Click” chemistry was proposed by K.B. Sharpless et al. in 2001 [1] to describe reactions being simple,
guantitative, easy to carry out, and for which by-products are easily removed. Among these click
reactions, the cycloaddition reaction between alkynes and azides, catalyzed with copper, is one of the
most widely used. Such reaction forms a 1,2,3-triazole, specifically substituted in 1,4. It is also
frequently named copper(l) catalyzed azide-alkyne cycloaddition (CUAAC) reactions. Such type of [2+3]
cyclization reaction was proposed previously by R. Huisgen et al. [2], but without Cu, resulting in a
mixture of triazoles substituted in 1,4 and 1,5.

Besides the use of such click reaction for the synthesis of a large variety of organic compounds, in
particular drugs [3], it has been also applied for the grafting of organic compounds to diverse materials.
Among them is graphene oxide (GO), which is generally produced from graphite by the “Top-Down”
method [4], by oxidation reactions, introducing various oxygenated functional groups. GO has been
functionalized by click chemistry for diverse purposes such as catalysis [5], sensing Cu2+[6], biosensing
[7], and biological applications [8], to name a few.



Among the compounds grafted to GO via click reactions between azides and alkynes, Sarkar et al. were
the only ones to the best of our knowledge who have grafted a dendron. This compound was a PAMAM
dendron, functionalized with an alkyne at the core and NH2 groups as terminal functions, which was
grafted to GO functionalized with azides, the resulting material being used for gene delivery [9].
Dendrons [10] are dendritic wedges, which can not only be considered as building blocks for the
synthesis of dendrimers [11], but can also be amphiphilic and thus be able to self-associate [12]. Both
dendrons and dendrimers are hyperbranched well-defined macromolecules, synthesized step-by-step
by a repetitive process, which generates a new generation at each repetitive cycle [13]. As the size
increases with the number of generations, it becomes rapidly difficult to draw the full structure. Thus,
dendrons and dendrimers can be represented in a linear form, with parentheses at each generation,
and a number indicating the multiplication of the branches (Figure 1). The main difference between
dendrons and dendrimers is the presence of a single function at the core of dendrons but not of
dendrimers. The presence of such single function at the core of dendrons is particularly useful for their
grafting to materials.
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Figure 1. Schematized structure of a dendron and a dendrimer, represented both as the full structure
and in linear form.

Among the diverse types of dendrimers and dendrons, those built with phosphorhydrazone linkages
[14] display interesting properties in many fields [15] such as the elaboration of special dendritic
architectures [16], catalysis [17], fluorescence [18], nanomaterials [19], biomaterials [20], and
biology/nanomedicine [21]. A particular series of phosphorhydrazone dendrimers bearing pyridine
derivatives as terminal functions, either free or complexing diverse metals such as copper [22] or gold
[23], have displayed potent anti-cancer properties [24]. Amphiphilic dendrons bearing the same types
of complexes as terminal functions have also displayed anti-cancer properties [25].

In view of the numerous biological properties of GO in oncology [26], used for instance for theranostic
[27], for imaging [28], and for drug delivery [29], it appeared tempting to graft phosphorhydrazone
dendrons bearing pyridine derivatives as terminal functions to GO, as will be shown below. As indicated
in the first part of the introduction, the CUAAC reactions are particularly efficient and versatile, thus
we applied them for grafting the dendrons to GO. For this purpose, GO was functionalized with either
azides or alkynes, whereas a single function at the core of dendrons was either an alkyne or an azide.
The surface of the dendrons was functionalized with diverse types of pyridine derivatives which can
display anti-cancer properties either complexing metals such as copper or gold, but also free [22]. It



was expected that gathering together many active functions on the surface of GO could increase their
anti-cancer efficiency.

Results and Discussion
Synthesis and characterization of dendrons

The synthesis of the phosphorhydrazone dendrons is based on the selective functionalization of
hexachlorocyclotriphosphazene (N3P3CI6) with one function different from the five others [30]. In the
first step, five equivalents of 4-hydroxybenzaldehyde were grafted to N3P3Cl6, affording the
pentaaldehyde 1 [31]. The second step concerned the synthesis of phenols suitably functionalized for
click chemistry, i.e. with either an alkyne or an azide. Phenol 2 was obtained from the reaction of
hydroquinone with propargyl bromide [32]. Phenol 3 was synthesized in two steps, first the reaction
of 2-(4-hydroxyphenyl)ethanol in HBr at 85 °C [33], then the conversion of bromine to azide with NaN3
in DMF [34]. Having in hand both types of precursors, the functionalized phenols 2 and 3 were reacted
with the pentaaldehyde 1 (Scheme 1). Compounds 2-G0 and 3-GO were isolated in 43% and 78% vyield,
respectively, after purification by column chromatography.
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Scheme 1. Synthesis of generation 0 of the dendrons functionalized with either an alkyne (2-G0) or an
azide (3-GO) at the core.

The characterization by 31P NMR spectroscopy displays a singlet for 3-G0, but a complex spectrum for
2-GO, due to the magnetic non-equivalence of the phosphorus atoms of the cyclotriphosphazene.
However, simulation of the AB2 system expected for such type of compound do confirm its purity, and
affords the chemical shift values of A at 8.23 ppm and of B at 7.57 ppm, with a JPP coupling constant
of 91.2 Hz (Figure 2). The different 31P NMR behavior of compounds 2-G0 and 3-GO is probably due to
the nature of the atom in para position in the phenoxy groups. The six phenoxy groups have a carbon
atom in para position for compound 3-G0, and all of them are viewed as equivalent by 31P NMR. On
the contrary, one of the phenoxy group has an oxygen atom in para position for compound 2-GO. This
substituent is viewed as different from the five others by 31P NMR, which could explain the presence
of an AB2 system only in this case.
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Figure 2. Experimental and simulated 31P{1H} NMR spectra of 2-GO.

The growing of the dendrons was then carried out by condensation reaction between the aldehydes
and the dichlorothiophosphorhydrazide 4, obtained by reaction of methylhydrazine with P(S)CI3 at -
60 °C. The condensation reaction was monitored by the disappearance of the signal of the aldehyde
groups in 1H NMR. Dendrons 2-G1 and 3-G1 (Scheme 2) were isolated in 89% and 84% yield,
respectively. 31P NMR is again very informative of the structure of the dendrons. Indeed, three signals
in a 2:1:2 ratio were observed for the five P(S)CI2 terminal functions of dendron 2-G1. Such behavior
is an illustration of the presence of two P(S)CI2 groups above the plane defined by N3P3, two below,
and one P(S)CI2 group opposite to the phenol alkyne. In the case of 3-G1, two signals are observed for
the five P(S)CI2 terminal functions in a 3:2 ratio, for the same reason, as previously reported for
another dendron [35].
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Scheme 2. Synthesis of the first generation of dendrons 2-G1 and 3-G1.

The synthesis of the dendrons could be carried out up to the second or third generation, but we
decided to stop the growing at the first generation to preserve the accessibility of the function linked
to the core. Indeed, we have previously demonstrated that only the first generation dendrons bearing
the thioctic acid at the core (instead of the alkyne or azide) could be grafted to a gold surface, not the



second generation, for which the core was not enough accessible [36]. The last step of the synthesis
of the dendrons was the decoration of their surface with diverse phenol-pyridine derivatives. These

compounds were synthesized

as previously described by condensation reactions of tyramine with 2-

pyridine carboxaldehyde or di(2-pyridyl) ketone, affording compounds 5a and 5b, respectively [37].

Compound 5c was obtained by condensation

reaction of 4-hydroxybenzaldehyde with 2-

hydrazinopyridine [22a]. Compounds 5a-c were then reacted in basic conditions with the first
generation dendrons 2-G1 and 3-G1, to afford dendrons 2a-c-G1 and 3a-c-G1 isolated with a yield

range of 62-91% (Scheme 3).
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Scheme 3. Functionalization of dendrons with phenol-pyridine derivatives, and full structure of all

dendrons.



All dendrons are in particular characterized by 31P NMR, which displays generally two singlets in a 2:3
ratio for the P(S)(OAr)2 groups. The 31P {1H} NMR spectrum of dendron 3a-G1 is shown in Figure 3,
together with the chemical structure showing 3 P=S groups up and 2 P=S groups down, relative to the
cyclotriphosphazene ring. The family of dendrons 3a-c-G1 is also characterized by IR, which displays
the vibration corresponding to the azide group at 2100 cm-1.
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Figure 3. 31P{1H} NMR spectrum of dendron 3a-G1, with the 2 signals in the insert corresponding to
the P=S groups in a 2:3 ratio, and its full chemical structure.

Synthesis and characterization of modified GO

GO is obtained from graphite using the Hummers method to generate first the graphite oxide [38]. This
method concerns the successive addition of H2S04, NaNO3, and KMnO4 to graphite. The graphite
oxide obtained in this way can be exfoliated into individual GO nanosheets via the sonication approach
in organic solvents such as N,N-dimethylformamide (DMF) and tetrahydrofuran (THF), to afford the
desired GO [39].

In order to have GO suitably functionalized to be used in click reactions, it is necessary to modify some
of its functions. In the first step, the azide groups were obtained by reaction of GO with sodium azide
at 10 °C in water, following a published procedure [40] to generate GO-N3, by opening of the epoxide
rings (Scheme 4). This material is in particular characterized by IR, which displays the presence of the
azide vibration at 2100 cm-1, and by elementary analysis, which shows a small increase of the nitrogen
content, from 0.05% for GO to 1.19% for GO-N3.

The grafting of the second type of functions, the alkyne groups, was carried out in two steps from GO.
The first step is the transformation of carboxylic acid to carbonyl chloride, using SOCI2, to afford GO-



COCL. This material is highly sensitive to hydrolysis, and was not characterized, but directly reacted
with propargylamine to afford GO-CC (Scheme 4). The presence of propargylamide bonds vibration
(C=0) at 1661 cm-1in IR spectra indicated that the grafting of propargylamine occurred on the carbonyl
chloride. However, in view of the quite large increase of the nitrogen content found in elemental
analyses (4.49%), it can be inferred that the grafting occurred also on the epoxides, as illustrated in
Scheme 4.

SOCl,, DMF
70°C, 24h

Scheme 4. lllustration of the synthesis of GO functionalized with azide (GO-N3) or with alkyne (GO-CC).

Raman spectra (RS) display bands corresponding to non-polar but polarizable bonds, such as C=C
bonds. This technique can be used for the characterization of GO. As shown in Figure 4 the RS of GO
displays three main signals at 1340 cm-1 (signal D, C-C), 1580 cm-1 (signal G, C=C) and 2700 cm-1 (signal
2D, corresponding to layer stacking). The intensity of signal D is modified when introducing defects,
such as structural defects, or hybridization modified from sp2 to sp3, when grafting substituents [41].
Thus, by comparing the intensity ratio of D and G bands (ID/1G) of the starting material with that after
reaction, it is possible to say if there is a surface modification or not. The ID/IG values of GO-N3 (0.81)
is comparable to ID/IG values of GO (0.80), however, the ID/IG values of GO-CC was increased up to
1.16. Both obtained results indicate a higher level of disorder and more defects on account of
propargylamine groups compared to N3 onto the GO surface. These results also confirmed the results
obtained by elementary analysis.
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Figure 4. Raman spectra of GO, GO-N3 and GO-CC, and comparison of their ID/IG ratios.

Grafting dendrons to modified GO

Having in hand the functionalized graphene oxides GO-N3 and GO-CC, the next step was the grafting
of the suitably functionalized dendrons 2a-c-G1 and 3a-c-G1, respectively. In both cases, the grafting
was carried out by mixing firstly Cul and diisopropylethylamine (DIPEA) in DMF. For the series of
dendrons having an alkyne at the core, a solution of dendron 2a-c-G1 in DMF, and finally a suspension
of GO-N3 in DMF were added. The reaction was accomplished using the same weight of dendron and
modified GO. The resulting mixture was then heated at 40 °C for 72 h, affording the functionalized
graphene oxide 2a-c-G1@GO-N3 (Scheme 5).
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Scheme 5. Click reaction between dendrons 2a-c-G1 and GO-N3, affording the materials 2a-c-G1@GO-
N3.



Several washings were carried out with THF, MeOH, EtOH, and dichloromethane to eliminate the
eventually non-grafted dendrons, then the black solids of 2a-c-G1@GO-N3 were dried under vacuum.
Different techniques were used for characterizing the presence of the dendrons linked to GO-N3. 31P
MAS NMR displays the presence of two signals at about 8 and 62 ppm, corresponding to the N3P3
core, and P(S)X2 terminal functions, respectively, as illustrated for 2b-G1@GO-N3 (Figure 5A). Raman
spectroscopy is very informative of the grafting of dendrons, with an important modification of the
ID/IG ratios. It should be noted that in this case, the reaction transforming the azide to a triazole occurs
very close to the surface of GO, and thus this can explain the modification of the ID/IG ratios. The
obtained ID/IG ratios for 2a-G1@GO-N3, 2b-G1@GO-N3 and 2c-G1@GO-N3 are 1.10, 1.02 and 1.20,
respectively. These values, albeit heterogeneous, are comparable to the value obtained in the case of
the reaction of GO with propargylamine (1.17). All these results do confirm the covalent grafting of the
different dendrons on GO-N3 via click reaction (Figure 5B).
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Figure 5. Characterization of material 2b-G1@GO-N3. A) 31P MAS NMR of 2b-G1@GO-N3. B) Raman
spectra of GO-N3 (black) and 2b-G1@GO-N3 (red).

IR spectra confirm the grafting of the dendrons, as shown by the comparison between GO-N3, dendron
2b-G1, and 2b-G1@GO-N3 (Figure 6). The spectrum of the material functionalized with the dendron
displays clearly the fingerprint of the dendron, confirming the grafting. However, not all the azides
have reacted, as shown by the presence of a very small azide vibration at 2100 cm-1.
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Figure 6. IR spectra of GO-N3 (blue), dendron 2b-G1 (green), and 2b-G1@GO-N3 (red).



The second series of dendrons (3a-c-G1) was used to react with the material GO-CC. In that case, after
mixing Cul and diisopropylethylamine in DMF, a suspension of GO-CC in DMF and finally dendrons 3a-
c-G1 were added, and the mixture was stirred at 40 °C for 72 h (Scheme 6). As in the previous case,
several washings with the same solvents were carried out to eliminate the eventually non-grafted
dendrons.
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Scheme 6. Click reaction between dendrons 3a-c-G1 and GO-CC, affording the materials 3a-c-G1@GO-
CC.

The absence of signal at 2100 cm-1 for the azide in the IR spectra of the materials 3a-c-G1@GO-CC
confirmed the efficiency of the washings. 31P MAS NMR displays the presence of two signals at about
8 and 62 ppm, as for the previous series, confirming the grafting of the dendrons. Raman spectroscopy
of this family (Figure 7) displayed a slight modification of the ID/IG ratios between GO-CC (1.16) and
33-G1@GO0-CC (1.20). As in that case the reactions occur relatively far from the GO surface, no large
variation of the ID/IG ratios were expected. Nevertheless, when grafting 3b-G1 and 3c-G1 dendrons to
GO-CC, the intensity ratio of D over G band of 3b-G1@GO-CC (1.10) and 3c-G1@GO-CC (1.00) are lower
than that of GO-CC (1.16), but display the same range of heterogeneity, as observed with 2a-c-G1@GO-
N3. The observed decrease of the ID/IG ratios might be related in part to a reversed transformation of
the amino alcohols to the epoxides on the surface of the graphene oxide. Indeed, there are many
publications describing amino alcohols as precursors of cyclic ethers, including of epoxides, in the
presence of either acids or bases [42]. The use of DIPEA may facilitate such reverse reaction, which
should decrease the disorder on the surface of GO, and thus decreases the ID/IG ratios, but may also
decrease the efficiency of the grafting of these dendrons.
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Figure 7. Raman spectra of GO-CC (black), 3a-G1@GO-CC (red), 3b-G1@GO-CC (blue) and 3c-G1@GO-
CC (green).

In order to quantify the efficiency of the grafting of dendrons to GO, elemental analyses were carried
out on sulfur, as this element is exclusively present in the dendrons. As the same weight of dendron
and GO has been used in all cases, the theoretical percentage of sulfur can be easily calculated.
Comparison with the measured S% affords a direct access to the efficiency of the grafting (Table 1). It
is clear from these data that a substantial quantity of dendrons was grafted in all cases, but the first
type of grafting (GO functionalized with azides) is more efficient than the second one (GO
functionalized with alkyne). Besides, it can be noted that there is a clear correlation between the
efficiency of the grafting determined by elemental analyses and the Raman data, in particular
considering the case of materials 3b-G1@GO-CC and 3¢c-G1@GO-CC, which have the lower percentage
of grafting.

The results obtained with sulfur seem contra-intuitive when considering the larger increase in N
content in GO-CC compared to GO-N3. However, due to their size, the dendrons are able to screen a
part of the GO surface, and thus an increase in the number of reactive sites cannot guaranty an
increase of the quantity of dendrons grafted. Besides, the environment of the azide at the core of the
dendrons or on the surface of GO-N3 is quite similar, whereas the environment of the alkyne is quite
different. The alkyne is grafted to the dendron through a CH2-O-Ar linker, whereas it is grafted to GO
through a CH2-NH-C=0 linker. It is well-known that amide linkages can associate by hydrogen bonding,
which may occur between different GO-CC sheets, decreasing its ability to react with the dendrons,
due to the steric hindrance.



Table 1. Elemental analyses of the sulfur content in the materials

Dendrons@GO Theoretical $% Measured S%|a] % of dendron | Mol% of dendron
grafted per g of materials
2a-G1@GO-N3 2.23 1.69 76 1.2010-4
2b-G1@GO-N3 1.83 1.49 81 1.0310-4
2¢-G1@GO-N3 2.31 2.30 99 1.7310-4
3a-G1@GO-CC 2.22 1.66 75 1.1910-4
3b-G1@GO-CC 1.83 0.88 48 0.7410-4
3c-G1@GO-CC 2.30 0.95 41 0.8410-4

[a] measures made in duplicate.
Biological tests on dendrons and GO functionalized with dendrons.

Some of us have shown previously that dendrimers bearing pyridine terminal functions, either free, or
complexing copper were active in vitro against diverse cancerous cell lines [22]. It was shown that the
most active compounds were the 3rd generation dendrimers bearing pyridine imine terminal
functions, either free or complexing a metal (copper or gold). Thus, it seemed interesting to test all the
small new dendrons synthesized as well as the corresponding materials.

The evaluation was carried out with the cancerous cell line HCT116 (human colon cancer). It should be
noted that all compounds were soluble in stock solutions (10-2 M in DMSO) but precipitated in the
medium and on cells. The most active compounds were evaluated towards the non-cancerous RPE1
cells (Human retinal pigment epithelial-1), a non-transformed alternative to cancer cell lines.
Experiments were carried out for 72 h, in triplicate, at two concentrations (10-5 and 10-6 M) in DMSO.
The results shown in Table 1 indicate that the pyridine imine dendrons (2a-G1 and 3a-G1) are highly
active at 10-5 M (not active at 10-6 M), and that the hydrazone pyridine dendrons (2¢c-G1 and 3¢-G1)
are not active against HCT116. It was shown in a previous work that third generation dendrimers
bearing as terminal functions the same types of hydrazone pyridine functions than dendrons 2c-G1
and 3c¢c-G1 were also non-active [22]. However, surprisingly, the most active dendrons are those
functionalized with the dipyridine imine terminal functions (2b-G1 and 3b-G1). Indeed, these
compounds are highly active at 10-5 M, and are the only ones still slightly active at 10-6 M.

In the next step, to verify the safety of the active compounds, they were tested towards the non-
cancerous RPE1 cells, in the same conditions than with the HCT116 cell line. Deceptively, the dendrons
are as toxic against the non-cancerous cells as against the cancerous cells (Table 2).

Table 2. Biological tests of dendrons in DMSO towards the cancerous cell line HCT116, and the non-
cancerous cells RPE1.

Dendron HCT116 cells[a] HCT116 cells[a] RPE1 cells[a] RPE1 cells[a]
% viability at 10-5 | % viability at 10-6 | % viability at 10-5 | % viability at 10-6
M[b] M[b] M[b] M[b]
2a-G1[c,d] 0.6 (x0.2) 96.8 (+2.7) 0.2 (x0.2) 100.7 (+3.0)
2b-G1[c,d] 1.8 (+0.7) 82.7 (+5.3) 0.9 (+0.1) 94.9 (+2.5)
2¢c-G1[c] 99.8 (+3.8) 100.1 (+2.9) - -
3a-Gl[c,d] 4.2 (x0.4) 102.8 (+2.8) 3.1(+2.4) 101.0 (+2.3)
3b-G1[c,d] 9.8 (x0.2) 85.7 (+3.3) 3.1(%1.6) 97.0 (+3.3)
3¢c-G1[c,d] 95.5 (+2.1) 103.2 (¥1.7) - -

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



GO alone and the GO functionalized with the dendrons were tested in the same conditions. Tests were
carried out from stock dispersions of the materials at 10-3 M in DMSO, but the materials precipitated
in the medium and on cells. As shown in Table 3, GO alone is weakly toxic towards the cancerous
HCT116 cells at 10-5 M. Graphene oxide functionalized with 2c-G1 and 3c-G1 is less toxic than GO
alone, whereas 2b-G1@GO-N3 and 3a-G1@GO-CC are slightly more toxic. However, it is clear that
there is no improvement offered by the grafting of dendrons to GO. In view of these results, these
materials were not tested on non-cancerous cells.

Table 3. Biological tests of GO and GO functionalized with dendrons in DMSO towards the cancerous
cell line HCT116.

Dendron grafted to GO HCT116 cells[a] HCT116 cells[a]
% viability at 10-5 M[b] % viability at 10-6 M[b]
GO 80.0 (£3.5) 102.1 (£3.4)
2a-G1@GO-N3[c,d, €] 82.1(£2.9) 95.4 (+3.7)
2b-G1@GO-N3[c,d] 74.2 (£1.5) 92.1(+2.9)
2c-G1@GO0-N3[c,d] 94.7 (£2.4) 97.0 (£3.8)
3a-G1@GO0-CC[c,d] 60.5 (+1.2) 96.2 (+2.7)
3b-G1@GO-CC[c,d] 92.5(+1.4) 98.0 (+1.4)
3¢c-G1@GO0-CClc,d] 98.8 (+4.1) 101.3 (£2.3)

[a] measures made in triplicate. [b] material concentration. [c] precipitated in medium. [d] precipitated
on cells. [e] dispersion in DMSO.

Conclusion

To summarize, we presented for the first time the grafting of phosphorhydrazone dendrons having
either an azide or an alkyne on the core and diverse types of pyridine derivatives as terminal functions
on GO functionalized with either alkyne or azide functions by the means of click chemistry. Grafting of
dendrons having an alkyne at the core to GO functionalized with azides was the most efficient way.
The synthesized hybrid materials have been investigated through FTIR, Raman Spectroscopy, and MAS-
NMR analyses. The synthesized nanocomposites were tested subsequently against HCT116 cell lines,
but deceptively only moderated activities have been obtained, probably due to their precipitation on
cell lines. However, these hybrid nanomaterials could find other uses, for instance as catalysts in
heterogeneous catalysis, after complexation of metal, in particular Cu by the pyridine-
imine/hydrazone functions [17a].

Experimental Section
Essential Experimental Procedures/Data.

General strategy for the 3-step synthesis of the 2a-c-G1 family of dendrons. a) To a solution of the
pentaaldehyde 1 (1.29 mmol, 1 g) and cesium carbonate (2.84 mmol, 0.92 g, in suspension) in THF (7
mL) was added dropwise a solution of 4-propargyloxyphenol 2 (1.42 mmol, 0.2 g) dissolved in THF (7
mL). The reaction mixture was stirred at 40 °C overnight. The salts were removed by centrifugation
and the solution was concentrated under reduced pressure. The residue was then purified by column
chromatography (DCM/ethyl acetate, 9.9/0.1 to 9.5/0.5, v/v). Product 2-GO was recovered as a white
powder in 43% yield. b) To a solution of 2-GO0 (0.34 mmol, 0.3 g) in THF (5 mL) was added a solution of
H2NNMePSCI2 in CHCI3 (2.03 mmol, 7.5 mL). The reaction mixture was stirred overnight at room
temperature. The solvent was removed under reduced pressure. The residue was then dissolved in a
minimum amount of THF (4 ml) and precipitated in 100 ml of pentane/ether (4/1). The resulting
powder was filtered and the procedure was repeated twice. Dendron 2-G1 was obtained as a white



powder in 89% yield. c) To a solution of 2-G1 (0.12 mmol, 0.2 g) and cesium carbonate (2.63 mmol,
0.86 g, in suspension) in THF (5 mL) was added dropwise a solution of phenol 5a (1.31 mmol, 0.28 g),
5b (1.31 mmol, 0.4 g), or 5c¢ (1.31 mmol, 0.28 g) dissolved in THF (7 mL). The reaction mixture was
stirred at 40 °C (5a) or room temperature (5b, 5¢c) 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 (1/1), and washed
with MeOH at 0 °C for 2b-G1. 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 91% yield for
2a-G1, 62% yield for 2b-G1, and 83% yield for 2c-G1. The attribution of NMR signals is made according
to Figure 8.
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Figure 8. Numbering for NMR signals assignment.

2a-G1. 31P{1H} NMR (162 MHz, CDCI3) § 63.02 (s, P=S), 62.92 (s, P=S), 9.60 — 7.88 (m, P=N). 1H NMR
(400 MHz, CDCI3) & 8.66-8.58 (m, 20H, C_2A7, C_2711), 8.02—7.99 (m, 10H, C_2/12), 7.61 — 7.46 (m,
35H, C_1A3, C_1A5, C_2/9, C_2/10), 7.11- 6.94 (m, 50H, C_1A2, C_2/2, C_2"3), 6.84 (d, J = 9.2 Hz, 2H,
C_0%3), 6.70 (d, J = 9.2 Hz, 2H, C_0A2), 4.49 (s, 2H, C_0"5), 3.88 — 3.75 (m, 20H, C_276), 3.25 (d, J =
10.19 Hz, 6H, C_1%6), 3.19 (d, J = 10.19 Hz, 9H, C_16), 2.92 (m, 21H, C_2A5, C_0A7). 13C {1H} NMR
(101 MHz, CDCI3) & 159.7 (s, C_277), 151.38 — 151.10 (m, C_071, C_171), 150.4 (s, C_2/7, C_2/12),
149.09 (d, J = 7.2 Hz, C_2/1), 142.75 (s, C_2/8), 138.40 (s, C_175), 136.76 (s, C_2/4), 132.24 — 132.02
(m, C_074, C_174), 130.20 — 129.95 (m, C_073, C_243), 128.31 — 128.13 (m, C_1A3, C_2/10), 121.84
(s, C_2/9), 121.68 — 122.03 (m, C_1A2, C_272), 115.56 (s, C_0"2), 77.62 (s, C_0"7), 75.97 (s, C_O"6),
62.88 (s, C_276), 56.04 (s, C_075), 36.38 (s, C_2/5), 32.95 (d, J = 12.4 Hz, C_1%6).

2b-G1. 31P{1H} NMR (162 MHz, CDCI3) & 63.15 (s, P=S), 63.07 (s, P=S) 9.52 — 7.80 (m, P=N). 1H NMR
(400 MHz, CDCI3) & 8.64 (sbr, 10H, C_2/12), 8.47 (sbr, 10H, C_2/17), 8.04 (d, J = 8.0 Hz, 10H, C_2/14),
7.73 = 7.46 (m, 36H, C_143, C_176, C_210, C_2A15), 7.16 — 7.25 (m, 20H, C_2711, C_2/16), 7.10 —
6.87 (m, 60H, C_1/2, C_2/2, C_2"3), 6.83 (d, J = 8.7 Hz, 2H, C_0"2), 6.67 (d, ) = 8.7 Hz, 2H, C_0A3), 4.44
(s, 2H, C_0A5), 3.62 (sbr, 20H, C_276), 3.23 (d, J= 10.1 Hz, 6H, C_176), 3.16 (d, J= 10.1 Hz, 9H, C_1%6),
3.00 - 2.87 (m, 20H, C_215), 2.87 (s, 1H, C_0A7). 13C {1H} NMR (101 MHz, CDCI3) & 167.14 (s, C_217),
156.79 (s, C_2"13), 155.26 (s, C_2"8), 154.81 (s, C_0M4), 151.33 (d, J = 5.0 Hz, C_171), 149.70 (s,
C_2712),149.04 (s, C_2/1), 148.98 (s, C_2/17), 143.20 (s, C_O"1), 138.65 — 138.42 (m, C_145) , 137.52
(s, C_2M4), 136.51 (s, C_2710), 136.22 (s, C_2715), 132.24 (s, C_174), 130.13 (s, C_2/3), 128.33 (s,
C_143), 124.29 (s, C_2716), 123.65 (s, C_2/9), 123.24 (s, C_2711), 122.43 (s, C_2/14), 121.92 s,
C_12), 121.95 — 121.82 (m, C_2/2), 115.67 (s, C_072) ,115.37 (s, C_0"3), 77.25 (s, C_0A7) ,76.14 (s,
C_0%6), 56.41 (s, C_0A5), 55.12 (s, C_2"6), 36.73 (s, C_25), 33.09 (dd, J = 12.7, 5.3 Hz, C_146).

2¢-G1.31P{1H} NMR (162 MHz, THF-d8) & 60.47 (s, P=S), 7.05 — 6.58 (m, P=N). 1H NMR (400 MHz, THF-
d8) 69.85 (s, 10H, NH), 8.06 — 7.99 (m, 10H, C_2/10), 7.84 — 7.44 (m, 55H, C_1/3, C_1A5, C_22, C_2A5,



C_218),7.28 — 7.00 (m, 40H, C_12, C_2"3, C_2"7), 6.87 (d, J = 9.2 Hz, 2H, C_03), 6.75 (d, ) = 9.2 Hz,
2H, C_072), 6.64 (m, 10H, C_219), 4.58 (s, 2H, C_0A5), 3.34 (d, J= 10.4 Hz, 6H, C_1%6), 3.16 (d, J= 10.4
Hz, 9H, C_176), 2.95 (s, 1H, C_077). 13C {1H} NMR (101 MHz, THF-d8) & 158.54 (s, C_2"6), 156.16 (s,
C_0M), 152.68 (s, C_174), 151.93 (s, C_2"4), 148.87 (s, C_2/10), 143.56 (s, C_0"1), 138.30 (s, C_2/2,
C_218),134.42 (s, C_2"1),133.53 (d, J = 9.2 Hz, C_11), 129.29 (s, C_1/5), 128.17 (s, C_2/5), 122.81 —
122.27 (m, C_073, C_172, C_173,C_2"3),116.51 (s, C_02), 115.93 (s, C_2/9), 107.59 (s, C_2"7), 77.34
(s, C_0"6), 68.15 (s, C_0"7), 56.58 (s, C_0"5), 33.59 — 33.49 (m,C_1"6).

General strategy for the 3-step synthesis of the 3a-c-G1 family of dendrons. a) To a solution of the
pentaaldehyde 1 (0.64 mmol, 0.5 g) and cesium carbonate (1.51 mmol, 0.5 g, in suspension) in THF (7
mL) was added dropwise a solution of 4-(2-azidoethyl) phenol 3 (0.77 mmol, 0.11 g) dissolved in THF
(7 mL). The reaction mixture was stirred at 40 °C overnight. The salts were removed by centrifugation
and the solution was concentrated under reduced pressure. The residue was then purified by column
chromatography (DCM/ethyl acetate, 9.9/0.1 to 9.5/0.5, v/v). Product 3-GO was isolated in 78% yield
as a white powder. b) To a solution of 3-GO (1.69 mmol, 1.53 g) in THF (5 mL) was added a solution of
H2NNMePSCI2 in CHCI3 (9.32 mmol, 31.39 mL). The reaction mixture was stirred overnight at 40 °C.
The solvent was removed under reduced pressure. The residue was then dissolved in a minimum
amount of THF (4 ml) and precipitated in 100 ml of pentane/ether (4/1). The resulting powder was
filtered and the procedure was repeated twice. Dendron 3-G1 was obtained in 56% as a white powder.
c) To a solution of 3-G1 (0.18 mmol, 0.3 g) and cesium carbonate (3.86 mmol, 1.26 g, in suspension) in
THF (5 mL) was added dropwise a solution of phenol 5a (1.98 mmol, 0.45 g), 5b (1.93 mmol, 0.59 g), or
5¢ (1.28 mmol, 0.27 g) dissolved in THF (7 mL). The reaction mixture was stirred at 40 °C 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 (1/1), and washed with ethanol for 3b-G1. 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 84% yield for 3a-G1, 62% vyield for 3b-G1, and 72% vyield for 3c-G1.

3a-G1. 31P{1H} NMR (162 MHz, CDCI3) & 63.08 (s, P=S), 62.95 (s, P=S), 8.45 (s, P=N). 1H NMR (400
MHz, CDCI3) & 8.76 — 8.57 (m, 20H, C_2A7, C_2/11), 8.05 (s, 10H, C_2/8), 7.67 — 7.43 (m, 35H, C_143,
C_145,C_219, C_210), 7.18 — 6.86 (m, 54H, C_172, C_22, C_2"3, C_03, C_0"2), 3.97 —3.70 (m, 20H,
C_276), 3.33 — 3.26 (m, 8H, C_0"6,C_176), 3.21 (d, J = 9.9 Hz, 9H, C_16) 2.95 (m, 20H, C_2/5), 2.73
(t,J = 7.0 Hz, 2H, C_0A5). 13C {1H} NMR (101 MHz, CDCI3)  159.73 (s, C_2/7), 154.65 (s, C_2/8), 151.44
—151.37 (m, C_0~1, C_1/1), 150.40 (s, C_2/12), 149.05 (d, J = 7.2 Hz, C_2/1), 138.37 (d, J = 14.01 Hz,
C_175), 136.78 (s, C_2"4), 136.76 (s, C_2710), 136.78 (s, C_174), 135.20 (s, C_0~4), 130.08 (s, C_2"3),
129.88 (s, C_0"3), 128.24 (s, C_173), 128.18 (s, C_2/11), 121.84 (s, C_1/2), 121.37 (s, C_0"2), 121.29
(s, C_272), 120.25 (s, C_279), 62.90 (s, C_2"6), 52.12 (s, C_0"6), 36.4 (s, C_2A5), 34.47 (s, C_0A5), 32.95
(d, ) = 12.4 Hz, C_176). IR (ATR) v = 2100 (N3) cm-1.

3b-G1. 31P{1H} NMR (162 MHz, CDCI3) & 63.16 (s, P=S), 63.03 (s, P=S), 8.37 (s, P=N). 1H NMR (400
MHz, CDCI3) 6 8.69 — 8.58 (m, 10H, C_2717), 8.50 — 8.42 (m, 10H, C_2"17), 8.08 — 7.98 (d, 10H, C_2/14),
7.73 — 7.48 (m, 36H, C_173, C_16, C_2A10, C_2"15), 7.24 — 7.16 (m, 20H, C_2711, C_2716), 7.10 —
6.87 (m, 64H, C_072,C_073 ,C_1A2, C_2/2, C_2/3), 3.72 — 3.52 (m, 20H, C_2/6), 3.27 — 3.22 (m, 8H,
C_076,C_1%6), 3.16 (d, J = 10.17 Hz, 9H, C_116), 3.00 — 2.87 (m, 20H, C_245), 2.67 (t, J = 6.9 Hz, 2H,
C_0%5).13C{1H} NMR (101 MHz, CDCI3) & 167.04 (s, C_2A7), 156.72 (s, C_2713), 155.18 (s, C_2"8),
154.81 (s, C_04), 151.34 — 151.27 (m, C_171), 149.58 (s, C_2712), 149.20 (s, C_2"1), 148.86 (s,
C_2717), 143.20 (s, C_0*1), 138.62 — 138.40 (m, C_145), 137.44 (s, C_2/4), 136.37 (s, C_2"10), 136.08
(s, C_2715), 132.19 (s, C_174), 130.01 (s, C_273), 128.17 (s, C_173), 126.34 (s, C_0"3), 125.24 (s,
C_02), 124.15 (s, C_2716), 123.53 (s, C_2/9), 123.10 (s, C_2~11), 122.30 (s, C_2/14), 121.15 (s,



C_172), 121.95 — 121.87 (m, C_2"2), 56.41 (s, C_075), 55.12 (s, C_276), 52.11 (s, C_0"6), 36.63 (s,
C_2A5),34.44 (s, C_0"5), 33.09 (m, C_16). IR (ATR) v = 2100 (N3) cm-1.

3c-G1. 31P{1H} NMR (162 MHz, THF-d8) & 60.52 (s, P=S), 60.47 (s, P=S), 6.66 (s, P=N). 1H NMR (400
MHz, THF-d8) 6 9.85 (s, 10H), 8.08 — 7.98 (m, 10H, C_2710), 7.82 —7.48 (m, 55H, C_173, C_175, C_2"2,
C_275,C_2/8),7.28 —7.00 (m, 42H, C_1A2, C_2A3, C_2/7,C_0"3), 6.92 (d, J = 9.2 Hz, 2H, C_0"2), 6.64
(m, 10H, C_279), 3.32 (m, 17H, C_0"6,C_176), 2.72 (t,J = 7.1 Hz, 2H, C_0A5). 13C{1H} NMR (101 MHz,
THF-d8) 6 158.53 (s, C_2"6), 156.14 (s, C_0"4), 152.64 (s, C_14), 151.92 (s, C_2"4), 148.85 (s, C_2/10),
143.56 (s, C_0"1), 138.28 (s, C_2/2, C_2"8), 134.38 (s, C_2/1), 133.51 (d, J = 9.2 Hz, C_1/1), 129.25 (s,
C_115),128.28 (s, C_2"5),122.81-122.27 (m, C_0"3,C_172,C_1"3,C_273),116.49 (s, C_072),115.91
(s, C_219), 107.49 (s, C_277), 50.03 (s, C_076), 32.38 (s, C_075), 33.53 (m, [ C)] _176). IR (ATR) v =
2100 (N3) cm-1.

Synthesis of GO-N3. The synthesis was carried out by dispersing 100 mg of GO (1 mg/ml) and 80 mg of
sodium azide in 100 ml of pure water under continuous stirring at 10 °C for 1 h. After lyophilizing the
reaction mixture, the product was dispersed in 100 ml of water at 10 °C and purified by centrifugation
with water (three times, 10000 rpm at 10 °C). The final product was isolated by lyophilization and
stored at low temperature (-20 °C) until use.

GO-N3: IR (ATR) v = 2100 (N3) cm-1. Anal. found: C, 44.50; H, 2.23; N, 1.19.

Two-step synthesis of GO-CC. a) Graphene oxide (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
SOCI2 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) The synthesis of the
material GO-CC was carried out in DMF (60 ml) in the presence of modified graphene oxide GO-COCI,
propargylamine (1 ml) and triethylamine (2 ml) at 50 °C. After centrifugation (three times, 10000 rpm
at 10 °C) and lyophilization, GO-CC was obtained as a black powder.

GO-CC: IR (ATR) v = 1712 (C=0), 1619 (N-C=0) cm-1. Anal. found: C, 74.91; H, 2.39; N, 4.49.

General strategy for grafting dendrons 2a-c-G1 onto GO-N3: Cul (30 mg), DIPEA (0.5 ml) in DMF (5 ml)
were placed in a Schlenk flask and stirred under argon. Once the reaction mixture became yellow, a
solution of dendron 2a-c-G1 (100 mg) dissolved in DMF (10 ml) was added to the Schlenk and the
reaction was stirred for an additional 30 minutes. A dispersion of GO-N3 (100 mg) in DMF (20 ml) was
transferred to the Schlenk. The click reaction was performed by stirring the reaction at 40 °C for 72
hours. The solid was separated from the reaction mixture by filtration on a PVDF filter membrane and
washed several times with THF, methanol, ethanol, and DCM, followed by vacuum drying. The
materials 2a-c-G1@GO-N3 were recovered as a black powder.

2a-G1@GO-N3. 31P MAS NMR (162 MHz, rotor spinning rate 11 kHz) & (61.8, P=S), (8.4, P=N). IR (ATR)
v =2100 (N3) cm-1. Raman D (1340), G (1580) cm-1. Anal. Calcd.: S, 2.23. Found: S, 1.69.

2b-G1@GO0-N3. 31P MAS NMR (162 MHz, rotor spinning rate 20 kHz), & (62.7, P=S), (8.4, P=N). IR (ATR)
v =2100 (N3) cm-1. Raman D (1340), G (1580) cm-1. Anal. Calcd.: S, 1.83. Found: S, 1.49.

2c-G1@GO0-N3. 31P MAS NMR (162 MHz, rotor spinning rate 20 kHz), 6 (62.5, P=S), (8.6, P=N). IR (ATR)
v =2100 (N3) cm-1. Raman D (1340), G (1580) cm-1. Anal. Calcd.: S, 2.31. Found: S, 2.30.

General strategy for grafting dendrons 3a-c-G1 onto GO-CC: 30 mg of Cul, 0.5 mL of DIPEA in 5 mL of
DMF were placed in a Schlenk flask and stirred under argon. Once the reaction mixture became yellow,



a solution of modified graphene oxide GO-CC (100 mg) dispersed in 10 mL of DMF was added to the
Schlenk and the reaction was stirred for an additional 30 minutes. A solution of dendron 3a-c-G1 (100
mg) in 20 mL of DMF was transferred to the Schlenk. The click reaction was performed by stirring the
suspension at 40 °C for 72 hours. The solid was separated from the reaction mixture by filtration on a
PVDF membrane and washed several times with THF, MeOH, ethanol, and DCM, followed by vacuum
drying. The materials 3a-c-G1@GO-CC were recovered as a black powder.

3a-G1@GO-CC. 31P MAS NMR (162 MHz, rotor spinning rate 13.5 kHz), & (62.7, P=S), (8.3, P=N). IR
Disappearance of the azide band. Raman D (1340), G (1580) cm-1. Anal. Calcd.: S, 2.22. Found: S, 1.66.

3b-G1@GO-CC. 31P MAS NMR (162 MHz, rotor spinning rate 13.5 kHz), & (63.4, P=S), (8.3, P=N). IR
Disappearance of the azide band. Raman D (1340), G (1580) cm-1. Anal. Calcd.: S, 1.83. Found: S, 0.88.

3c-G1@GO-CC. 31P MAS NMR (162 MHz, rotor spinning rate 13.5 kHz), & (62.7, P=S), (8.3, P=N). IR
Disappearance of the azide band. Raman D (1340), G (1580) cm-1. Anal. Calcd.: S, 2.30. Found: S, 0.96.

Biological tests. Cancer 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% CO2. 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 pL 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 pL 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.
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