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Peptide-Grafted Nanodiamonds: Preparation, Cytotoxicity

and Uptake in Cells

Stéphanie Vial,” Christelle Mansuy,” Sandrine Sagan,” Theano Irinopoulou,®
Fabienne Burlina,” Jean-Paul Boudou,"” Gérard Chassaing,”” and Solange Lavielle*®

Nanodiamonds that were prepared by high pressure/high tem-
perature were functionalised with biomolecules for biological ap-
plications. Nanodiamonds (NDs, < 35 nm) that were coated by si-
lanisation or with polyelectrolyte layers were grafted with a fluo-
rescent thiolated peptide via a maleimido function; this led to an

Introduction

The design of nanoparticles that are suitably functionalised for
applications in biology or medicine is an ongoing challenge
for both chemists and biologists. Nanoparticles, such as quan-
tum dots,”"? gold nanoparticles®™ or carbon-based materials®
% offer, in addition to their remarkable physical properties, the
possibility to be functionalised by biomolecules; this makes
them suitable for sensing, detection, diagnostic, and/or thera-
peutic applications. Recently, quantum dots,"” which have
unique size-dependent fluorescence properties, have been de-
signed for biological imaging. However, their possible toxicity
still remains a major concern for in vitro and in vivo applica-
tions."” Nanodiamonds (NDs) are also candidates for biomedi-
cal applications because of their intrinsic or induced fluores-
cence"¥ and biocompatibility."” They can be prepared either
by detonation, or by high-temperature-high-pressure (HPHT)
procedures. Both processes lead to the formation of impure
layers on their surfaces, which need to be cleaned by harsh
acidic treatment; this generates carboxylic groups on the
nanodiamond (cND) surface. These ¢cNDs can exhibit two types
of fluorescence (fNDs): a natural green fluorescence™ and an
induced bright-red fluorescence."'*' The latter is observed
on type Ib diamonds (HPHT) with a size as small as 25 nm,!"
and is associated with nitrogen-vacancy centre defects that are
produced by high-energy ion beam irradiation and subsequent
thermal annealing. The cytotoxicity and cellular uptake of
cNDs and fNDs have been studied previously,"'™™ and it has
been shown that they are biocompatible with a variety of cells
and localise in the cytoplasm. Such cNDs, especially detonation
NDs, have been functionalised with biomolecules through
either adsorption by electrostatic and/or hydrophobic interac-
tions"®' or covalent linkage."*?*? In a few reports, the activ-
ities and/or the intracellular locations of these conjugated NDs
were analysed.!"”'82

One of the most critical points that has limited the use of
NDs in biological applications is the preparation of a function-
alised cND colloidal suspension that is stable over long periods
of time. In addition, the location of NDs inside cells remains to
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aqueous colloidal suspension that was stable for months. These
substituted NDs were not cytotoxic for CHO cells. Their capacity
to enter mammalian cells, and their localisation inside were as-
certained after labelling the nucleus and actin, by examining the
cells by confocal, reflected light and fluorescence microscopy.

be defined unambiguously (distinction between internalised
and stuck on the membrane). The preparation of intrinsic fluo-
rescent NDs is also a limiting step. Their production by either
high-energy electron or proton irradiation is, up to now, feasi-
ble only on a small scale, and leads to fNDs with an average
size between 20 and 100 nm. Because only a few groups™ ™
have briefly described their preparation and their use, most of
the work suffers from the rarity of intrinsic fNDs, and from a
lack of information regarding the suspension stability during
the functionalisation steps.

We assumed that once the chemistry was mastered on well-
defined ND species (commercially available, nonfluorescent ND
with an average size of 20-40 nm) it would be easy to transfer
this knowledge to intrinsic fNDs as soon as a “large-scale” pro-
duction was feasible. Therefore, the work herein describes:
1) the functionalisation and the characterisation of <35 nm
nonfluorescent cNDs and 2) their use in toxicity and transport
studies in living cells after the grafting of a fluorescent model
peptide. We chose to introduce a nonpenetrating fluorescent
peptide for the tracking of the nanoparticles on or inside cells.
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The strategies to chemically modify the cND surface are
rather limited because cNDs easily aggregate in organic sol-
vents. The strategy that we have adopted to graft a peptide in-
volves three steps: 1) functionalisation of the cND surface with
amino groups by coating them with an organosilane or a poly-
electrolyte, 2) coupling of a bifunctionalised linker to 3) intro-
duce a thiolated tripeptide via a maleimide group (Scheme 1).
At each step the nanoparticles were fully characterised and the
major aim was to maintain a colloidal suspension after peptide
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Scheme 1. Functionalisation of cNDs with a fluorescent model tripeptide.
a) Silanisation route: octyl-B-p-glucopyranoside (OG) then 3-(aminopropyl)-
trimethoxysilane (APS). Polyelectrolyte route: polyallylamine hydrochloride
(PAH); b) maleimidobutyric acid (MBA), EDC; c) peptide fluorescein-Cys—
Arg-Arg.

grafting in order to obtain a suitable ND size for cellular inter-
nalisation studies. The chemical and colloidal stabilities of the
functionalised NDs were analysed over a long period of time
(six to nine months). Cytotoxicity (by measuring dehydrogen-
ase activity) and cell entry (by using confocal microscopy) of
the resulting ND-tripeptide conjugates versus the free tripep-
tide were then studied with CHO cells.

Results and Discussion

Preparation of substituted NDs: synthesis and characterisa-
tion

The commercially available Van Moppes NDs (SYP 0.05) have a
size that is close to 35 nm, as confirmed by transmission elec-
tronic microscopy. This diamond powder was first treated in
acidic media to purify the ND surface and to concomitantly in-
troduce carboxylic groups onto this ND surface. Because of the
resulting highly negative surface charge, a stable aqueous col-
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loidal suspension of cNDs was obtained after mild ultrasonica-
tion. The characteristics of these cNDs are reported in Table 1.

The use of organosilanes or polyelectrolytes for surface func-
tionalisation has been described in the literature for different
kinds of nanoparticles (e.g., magnetic, luminescent, semicon-
ductor). To obtain a homogeneous functionalisation of cNDs
with amino groups, two strategies of coating were studied:
1) silanisation by using 3-(aminopropyl)trimethoxysilane (APS;
route 1), and 2) polyelectrolyte adsorption by using polyallyla-
mine (PAH; route 2). The silanisation route®® has already been
described with aggregated detonation nanodiamonds. In our
study, the starting HPHT cNDs are individual particles in solu-
tion. Silanisation involves the reaction between hydroxyl
groups and an organosilane. The hydroxyl groups at the sur-
face of cNDs were introduced by adsorption of octyl-B-p-glu-
copyranoside (OG) onto cNDs. OG is a nonionic surfactant that
ensures better stability of cNDs in acetone compared to
“nude” cNDs in organic solvents. The silanisation reaction was
performed in acetone to control alkoxides hydrolysis, which
occurs during this reaction, to coat homogeneously the cNDs
and avoid the formation of single silica particles. This was per-
formed by dropwise addition of APS (under sonication) onto
OG-coated cNDs, and allowed functionalisation by amino
groups. After washing, a final stable aqueous suspension of
amino-substituted silanised-cNDs was obtained. Alternatively,
the starting cNDs were treated with the PAH polyelectrolyte
(My,=10000).%® Functionalisation that is based on the adsorp-
tion of amino compounds, such as poly-L-lysine, on cND sur-
face has already been reported by Huang and Chang."® They
studied the possibility of grafting cytochrome c on the avail-
able amino functions of adsorbed poly-L-lysine via a linker. In
our study, we chose to coat the cND surface with a positively
charged polyelectrolyte (PAH) by taking advantage of the elec-
trostatic interaction between the carboxylate functions of the
cNDs and the ammonium groups of PAH. The amino substitu-
tion was determined by using the Kaiser test;*¥ the substitu-
tion degree was close to 100 and 200 pmolg™' for routes 1
and 2, respectively. Both procedures for the introduction of
amino groups on the cND surface were highly reproducible
and gave stable aqueous suspensions (Table 1).

Both amino substituted cNDs were then treated with the bi-
functional maleimidobutyric acid linker (MBA) activated before-
hand with 1-(3-dimethylaminopropyl)-3-ethylcarbodiimide hy-
drochloride (EDC). The maleimide moiety is commonly used in

Table 1. Characterisation of NDs at each functionalisation step.

Functional group Starting 0G APS Maleimide Fluo-CRR™ PAH Maleimide Fluo-CRR™®!
on ND surface cNDs

diameter [nm]* 55 100 110 120 130 70 n.d. 150

zeta [mV] —40 n.d. 27 -15 -25 40 n.d.® —-20
concentration [gL™'] 1.0 0.6 0.6 03 0.2 0.8 0.6 0.2

pH 55 nd.@ 9.5 55 7.0 6 6 6.5
amine [umolg™'] 0 n.d. 100 6 n.d. 220 30 n.d.
stability H,O acetone H,O H,O H,0 H,0 H,0

[a] cND-APS-Fluo-CRR; [b] cND-PAH-Fluo-CRR; [c] hydrodynamic; [d] not determined.
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peptide/protein chemistry as a linker to form a thioether bond
with thiolated molecules by Michael addition. The successful
introduction of a maleimide onto the coated ND surface was
supported by the Kaiser assay, which showed an important, if
not total, decrease in the amino substitution of the nanoparti-
cles (Table 1). At this stage, however, the colloidal suspensions
were less stable regardless of the initial coating strategy (silani-
sation or polyelectrolyte). This loss of stability was related to
the zeta potential: —15 mV for the silanisation route and was
not detectable for the polyelectrolyte route. Thus, the tri-
peptide fluorescein-Cys—Arg—Arg (Fluo—CRR) was immediately
coupled to both types of functionalised cNDs to yield cND-
APS-FluoCRR and cND-PAH-FluoCRR.

For each step of the preparation, Table 1 displays the diame-
ter of the NDs, which was measured by dynamic light scatter-
ing (DLS), the zeta potential, the amount of amino groups that
were grafted onto the surface, as well as the stability of the
different ND suspensions.

The different functionalisation steps were also characterised
by IR spectroscopy. Treatment of the starting NDs in acidic
media led to the introduction of functional groups onto their
surface, as attested by the IR spectrum.?' A band at
1790 cm™' was assighed to carbonyl stretching modes, and
weak bands at 2917 and 2836 cm™' correspond to the asym-
metric and symmetric stretching of C—H vibrations, respective-
ly. A broad band between 3000 and 3600 cm™' and another at
1630 cm™' can be attributed to the O—H bending of adsorbed
water. The peaks at 1093 and 1400 cm™' can be assigned to
the presence of ether-like groups on the surface. The silica
layer on the NDs obtained by the silanisation route (cND-APS
particles) is evidenced by the Si—O-Si stretching vibrations at
1130 and 1032 cm .9 The band at 1575 cm™' indicates the
presence of primary amines, which are provided by APS. In the
case of the polyelectrolyte route (c(ND-PAH particles),”” the ad-
sorption of PAH is supported by the presence of the 1571 and
1497 cm™' bands, which correspond to the amides | and II, re-
spectively. The IR spectrum after the introduction of the malei-
mide moiety®*! showed an intense peak at 1700 cm™', which
is due to the asymmetric stretching mode, and a weak peak at
1780 cm™' that is related to the symmetric stretching mode of
the imidyl group; this signifies the presence of the cross-linker.
Furthermore, the band at 1540 cm™' supports the formation of
a covalent amide bond between the amino groups on the ND
surface and the carboxylic function of MBA. Finally, immobilisa-
tion of the tripeptide Fluo-CRR was confirmed by FTIR analysis.
The bands at 1642 and 1575 cm™' correspond to the stretching
and deformation mode of the C=0 (amide I) and N—H (amide
Il) bonds, respectively. The bands at 1465 and 1350 cm™' are
related to C—H vibrations of the CH, groups.

The zeta potentials of the starting and functionalised cNDs
were also measured for both routes (Table 1). The initial cNDs
showed a zeta potential close to —40 mV, which indicates the
presence of carboxylate functions on the ND surface. This
highly negative zeta potential led to good stability of the ND
suspensions in aqueous solvent, but aggregation of the cNDs
was observed for pH values below two or above eleven. Zeta
potentials higher than +25 or below —25 mV are considered
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to be the threshold values for stable colloidal suspensions.
After silanisation, the zeta potential remained negative
(—27 mV) despite the introduction of amino groups onto the
surface, whereas with polyelectrolytes the ammonium groups
shifted the zeta potential to a highly positive value (+40 mV;
Figure 1).
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Figure 1. IRFT spectra of functionalised cNDs. A) Silanisation route; 1: cNDs;
2: cNDs-APS; 3: ctNDS-APS-MBA; 4: cNDS-APS-MBA-peptide. B) Polyelec-
trolyte route; 1: cNDs; 2: cNDS-PAH; 3: cNDS-PAH-MBA; 4: cNDS-PAH-
MBA-peptide.

After introduction of the maleimide onto the silanised NDs
the zeta potential further increased to —15 mV. Finally, grafting
the Fluo—-CRR peptide imparted a net negative charge close to
—25mV to the silanised NDs, which ensured satisfactory elec-
trostatic repulsions to stabilise the suspension. For the PAH
procedure, the zeta potential of the final cND-PAH-FluoCRR
was also negative (—20 mV). It is rather difficult to rationalise
these zeta variations. The global charge of the Fluo-CRR pep-
tide that is linked via a thioether bond should be close to neu-
tral depending on the local pH on the ND surface with the tri-
peptide containing two guanidiniums, one carboxylate and the
N-terminal carboxyfluorescein. The zeta potentials might not
reflect solely the charges on the surface but also the hydrata-
tion propensity, and the environmental hydrophobicity might
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also be one of the parameters that governs the value and the
sign of the zeta potential.

The different steps to functionalise the NDs led to an in-
crease of the hydrodynamic diameter, as determined by DLS
measurements, from 55 nm to 130-150 nm once the peptide
had been grafted (Table 1). This increase in size might not only
be related to the chemicals that are grafted on the ND surface.
The size increase could result from a decrease in the stability
of the nanoparticle suspensions in the first steps, when OG
was added in acetone for the silanisation route or, when malei-
mide was introduced, for the polyelectrolyte coating. It should
be noted that aggregation of NDs increased in organic solvent.

The final aqueous suspensions of peptide-substituted cNDs
were stable for several months, as shown by the zeta poten-
tials and the hydrodynamic diameters determined by DLS over
this period of time.

Cytotoxicity and cell uptake of the substituted NDs

The cytotoxicity and capability of both peptide-grafted cNDs
to enter Chinese hamster ovary (CHO) cells were then studied.
Cytotoxicity was evaluated by the decrease in intracellular de-
hydrogenases activity®” (CCK-8 cell-counting kit). Cytotoxicity
was assayed for different amounts of conjugated cNDs up to a
concentration of 40 ugmL™" (see the Supporting Information).
This concentration was the highest to be tested because of
the concentration of the ND colloidal solutions. To obtain a
40 ugmL™' concentration, 20 L of the ND colloidal suspension
in water was added to the cells (in 100 pL of medium). Larger
volumes of the ND vehicle (water) alone caused cell death. It
has to be noted that the NDs were left in contact with the
cells during the whole incubation time (24 to 72 h). Under
these conditions, no cytotoxicity was observed after either 24
or 72 h incubation of the cells (1000-5000 cells per well) with
any of the prepared (40 ugmL™") nanoparticles (cND, cND-APS,
cND-PAH, peptide-grafted cNDs).

In the cellular uptake experiments, the distinction between
extracellular and intracellular particles was difficult to achieve
when large amounts of NDs were used. Indeed, NDs accumu-
lated on the cell surface with time, and were difficult to wash
out after incubation. Therefore, these NDs aggregated on the
cell-surface and disturbed the visualisation of the internalised
NDs (Figure 2).

To unambiguously distinguish membrane-bound from in-
ternalised NDs, lower concentrations of NDs were tested with
short incubation times. Our data unambiguously establish that
the peptide-grafted cNDs were indeed inside the cells. A low
ND concentration (6 pgmL~") and a short incubation time (1 h)
were used; the actin (TRITC, red) and nucleus (TO-PRO-3
iodide, blue) were labelled so that NDs could be localised
inside the cell. To confirm that the green fluorescence could
be attributed to the peptide-grafted nanodiamonds, differen-
tial interference contrast, reflection and green fluorescent
images were taken from a single confocal section in the
middle of a cell (Figure 3 and 4). The physical association of
the fluorescent peptide with the NDs was evidenced with the
overlay of reflection and fluorescence images (Figure 4). Differ-
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Figure 2. Images showing the cell-surface accumulation and aggregation of
cND-PAH-Fluo-CRR (12 pg mL~"; right) after 2 h incubation with CHO cells;
actin was labelled (left) to visualise the cells. Images were obtained through
a Nikon Eclipse TE2000s microscope with a 60x/0.5-1.25 PLAN FLUOR ob-
jective.

Figure 3. Correlation between fluorescein and cNDs. A) Fluorescence (fluo-
rescein), and B) reflection images from a single confocal section in the
middle of a cell, and C) the corresponding differential interference contrast
image. The cND-PAH-Fluo-CRR (6 pg mL ') was incubated with CHO cells
for 1 h. The images were collected with a LEICA SP2 confocal laser scanning
microscope with a 63x (NA 1.32) objective.
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Figure 4. Visualisation of the peptide-grafted cNDs (6 pgmL™") incubated for
1 h with CHO cells. A) Overlay of fluorescent and reflection images of Fig-
ure 3. Different line regions traced on individual (diffraction limited) particles.
B) Reflection and C) fluorescent intensity (/) graphs for all regions.
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ent lines were traced, and the associated reflection and fluo-
rescence intensities were determined. The superposition of
peaks corresponding to the two modes of detection confirmed
the tight association of the fluorescent peptide with cNDs.
Therefore, it was ascertained that the detection of green fluo-
rescence in cells corresponds to the peptide-grafted cNDs.
Cells that were incubated with NDs (6 ugmL™" for 1 h) were
further examined by confocal microscopy. From a series of op-
tical sections (0.8 um apart in the z axis; Figure 5) the appear-

..‘ o

Figure 5. Visualisation of cND-PAH-Fluo-CRR (6 pg incubated for 1 h with
CHO cells). Different confocal images from the bottom to the middle of cell
(0.8 pm apart) were collected with a LEICA SP2 confocal laser-scanning mi-
croscope with a 100x (NA 1.4) objective. Right-hand column: fluorescent
peptide-grafted cNDs, middle column: actin; left-hand column: merged
images.

ance and disappearance of green fluorescence, which corre-
sponds to the NDs in the cells, could be clearly observed. In
contrast, the free peptide (fluorescein—-CRR) was not internal-
ised into cells by itself (not shown). These results indicated
that the functionalised nanoparticles were internalised into the
cells and that they did not simply accumulate on the surface.
Figure 6 shows the whole cell (48 optical sections 0.2 um
apart), which was visualised by using the blending volume ren-
dering technique. Nanoparticles were mostly localised in the
cytoplasm and were found to be embedded in the actin cytos-
keleton of CHO cells (Figures 5 and 6). According to the size of
these NDs, their internalisation likely occurred by endocytosis.
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Figure 6. Actin-embedded cND-PAH-Fluo-CRR in the cytoplasm of CHO
cells. Forty-eight optical sections (0.2 um apart) were collected. This image
represents the whole cell, which is visualised by blending volume rendering
(Imaris 4.0 software, Bitplane, Switzerland). Blending volume rendering
shows the colour by blending all values along the viewing direction and
including their transparency; light from the left was used.

Conclusions

In conclusion, we have developed two functionalisation routes
that allow the grafting of peptides on NDs and preserve the
colloidal state for the final peptide-grafted cNDs. These ND
suspensions were found to remain stable over at least several
months. These modified NDs are nontoxic and enter mammali-
an cells efficiently. Although the fine localisation of these pep-
tide-grafted cNDs in cells remains to be fully studied, their
internalisation was unambiguously established and they were
found to be embedded in the actin cytoskeleton. Thus, NDs
are promising candidates for the attachment of multiple bioac-
tive compounds and their delivery into cells, and functional-
ised fluorescent NDs will allow us to study their trafficking
inside cells.

Experimental Section

Materials: Octyl-p-p-glucopyranoside (OG, >98%), (3-aminopro-
pyDtrimethoxysilane (APS, >97 %), 4-maleimidobutyric acid (MBA,
>98%) were purchased from Aldrich; 1-(3-dimethylaminopropyl)-
3-ethylcarbodiimide hydrochloride (EDC) was obtained from VWR;
5(6)-carboxyfluorescein (>95%), preloaded Fmoc-Arg(Pbf)-Nova-
syn resin, Fmoc-Arg(Pbf)-OH and Fmoc-Cys—(Trt)-OH were pur-
chased from Novabiochem.

Fluorescein-Cys—-Arg—-Arg-COOH: The tripeptide, CRR-COOH, was
assembled by stepwise solid-phase synthesis with an ABI433A
peptide synthesiser (Applied Biosystems) by using the standard
Fmoc strategy (Fmoc-Arg(Pbf)-Novasyn resin, 0.21 mmolg™') at
Plateforme d’Ingénierie des Protéines Synthése Peptidique (IFR 83),
UPMC, Paris. Coupling to the resin was performed by activation of
the amino acids (10 equiv) with HBTU, iPr,EtN and N,N'-dicyclohex-
alcarbodiimide in NMP. Piperidine was used to remove the Fmoc
groups and Ac,0O was used for capping. Coupling of the fluores-
cent probe was done manually by using 5,6-carboxyfluorescein
(2.5 equiv) that had been activated with a 1M HOBT solution in
NMP (2.5 equiv, ) and N,N'-diisopropylcarbodiimide (DIC; 2.5 equiv)
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in DMF. The reaction was allowed to proceed for 16 h at room tem-
perature. A negative Kaiser’s test confirmed the total coupling. The
final peptidyl-resin was cleaved from the resin by treatment with
trifluoroacetic acid (TFA, 94 %), ethanedithiol (EDT, 2.5 %), triisopro-
pylsilane (TIS, 1%) and H,0 (2.5%) for 2 h. After filtration and evap-
oration, the peptide was first precipitated in cold diethyl ether,
then resolubilised in a mixture of AcOH/H,O (1:9), for purification
by reverse-phase preparative HPLC on a C8 column. The pure frac-
tions were pooled and after lyophilisation the peptide Fluo-CRR
was characterised by MALDI-TOF mass spectroscopy.

Functionalisation of cNDs: After acid treatment, an aqueous col-
loidal suspension (1gL™") of cNDs (SYP 0-0.05, <35nm, Van
Moppes) was obtained by ultrasonication (3 h, 300 W).

cNDs coated by silanisation, cND-APS-Fluo-CRR: The transfer of the
cNDs from H,0O (20 mL) to acetone was done after the addition of
a few drops of a sat. ag. NaCl solution. After centrifugation, the
cNDs were redispersed in acetone (30 mL) and OG surfactant
(10 mL, 20 mm in H,0) was immediately added under sonication
(1 h, sonication bath). Excess OG was removed by washing/centri-
fugation cycles (3x). NDs were redispersed in acetone (30 mL) and
sonicated (1 h). Silanisation was performed by the dropwise addi-
tion under sonication of APS (212 L), the solution was sonicated
(1 h) then stirred (15 h, room temperature). The NDs were washed
with acetone (3x), then H,0 (3 %), and redispersed in H,0 (30 mL).
After sonication (1 h), a stable suspension of amino-substituted
NDs was obtained (0.6 gL™"). 4-Maleimido butyric acid (MBA,
30 mg) was activated with 1-ethyl-3-(3-dimethylaminopropyl)-car-
bodiimide (EDC, 1 g) for 30 min in 10 mL. The resulting solution
was added under sonication to the cNDs (25 mL, 15 mg). The sus-
pension was sonicated (15 min) and stirred (16 h). After washing/
centrifugation cycles (H,O, 3x) with increasing speeds (up to
10000 rpm), the resulting cNDs were redispersed in H,0 (25 mL),
and sonicated (1 h) to obtain a suspension, (0.4 gL™"). The tripep-
tide (800 pL in H,O, T mMm) was immediately added to the suspen-
sion (25 mL) and the mixture was stirred for 18 h in the dark. After
three centrifugation/washing cycles, the NDs were redispersed in
H,O (15mL) and sonicated (15 min). A last centrifugation step
(5 min, 1500 rpm) was performed and the suspension of cND-APS-
Fluo-CRR (0.2 gL™") was stored at 4°C.

NDs coated with polylectrolytes cND-PAH-Fluo-CRR: The cND solu-
tion (20 mL) was added dropwise to a vigorously stirred PAH solu-
tion (20 mL, My, =10000, 1 gL', 3 mm NaCl), which had been pre-
viously sonicated for 15 min. The mixture was stirred (18 h, room
temperature), then centrifuged/washed (3x) with increasing
speeds (up to 10000 rpm) and redispersed in H,O (15 mL). The ac-
tivation of MBA (50 mg) with EDC (1 g) was performed as de-
scribed above. The resulting solution was added under sonication
to a suspension of amino-substituted NDs, which had been adjust-
ed previously at pH 7 with NaOH. The suspension was stirred, over-
night, centrifuged/washed (3x) and then redispersed in H,O
(15 mL). Because the final suspension was rather unstable the tri-
peptide was immediately grafted on this ND solution (12 mL) as
described above. Finally, the ¢cND-PAH-Fluo—-CRR was redispersed
in H,0 (20 mL, 0.2 gL ") and stored at 4°C.

Kaiser assay:*¥ Phenol/EtOH (75 uL; 80 g in 20 mL), pyridine/KCN
(1 mm; 98:2, 100 ul) and ninhydrine/EtOH (75 uL; 1g in 20 mL)
were added to dried amino-substituted NDs (0.1-0.5 mg). The sus-
pension was heated at 100°C for 5 min then cooled with H,0/
EtOH (2 mL, 4:6). The solution was centrifuged at 13000 rpm for
5min to remove the ND particles. The concentration of amino
groups that were present on the ND surface was determined with
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this solution at 570 nm and calculated with Equation (1):

(AbSmpie—AbSyin ) X volume (mL) x 10°
& x sample weight (mg)

M

pumolg™" =

with the extinction coefficient e=19700M "' cm™".

Particle characterisation: The hydrodynamic diameter of the
nanoparticles and the surface charge were measured by dynamic
light scattering (DLS) and zetametry with the Zetasizer Nano ZS
from Malvern (Worcestershire, UK). Fourier transform infrared (FTIR)
spectra were acquired by using a Nicolet Magma 860 spectrometer
with a resolution of 4 cm™". For FTIR analysis, dried nanoparticles
(2 mL), which were obtained after overnight lyophilisation, were
mixed with KBr (100 mg) and the mixture was pressed into a
pellet.

Cell culture: Chinese hamster ovary (CHO) K1 cells were cultured
in Dulbecco’s modified Eagle’s medium (DMEM) that was supple-
mented with foetal calf serum (FCS, 10%), penicillin
(100000 IUL™), streptomycin (100000 IUL™") and amphotericin B
(1 mgL™), and incubated in a humidified atmosphere with 5% CO,
at 37°C.B

Cytotoxicity: Dehydrogenase activity detection in viable cells was
measured with the colorimetric assay cell counting kit-8 (CCK-8
from Dojindo’s).?” CHO cells (5000 in 100 mL culture medium)
were seeded in 96-wells plates, 24 h before cytotoxycity assays.
NDs were added to cells and incubated for 24-72 h at 37°C. The
absorbance was measured at 450 nm (with a reference wavelength
at 620 nm) by using a spectrophotometer (FLUOstar, BMG Labtech)
1-2 h after the addition of CCK-8 (10 pL).

Cellular uptake of the peptide-grafted cNDs: Intracellular localisa-
tion of the peptide-grafted cNDs was analysed by using a LEI-
CA SPC2 (Mannheim, Germany) confocal laser scanning microscope
with a 100x objective (NA 1.4). CHO-K1 cells were plated on glass
coverslips (20000 cells, 1 cm?) and cultured for 24 h. The cells were
washed once with serum-free medium. NDs (0-50 uL of 0.2 gL'
stock solutions) were incubated with cells in fresh serum-free
DMEM medium (1 mL) for 60-120 min at 37 °C. Cells were washed
with PBS (5x1 mL) before being fixed in 3% paraformaldehyde
(20°C, 10 min) and permeabilisation with Triton X-100 (0.1%) in
PBS (20°C, 5 min). Fixed cells were then incubated with phalloidin—
TRITC (1:1000 in PBS; Invitrogen) to label cytosolic actin (20°C,
45 min), TO-PRO-3 iodide (1:5000 in water; Invitrogen) to label
nuclei (20°C, 5min) and mounted in Vectashield fluorescence
mounting medium (Biovalley).

Confocal microscopy: Cells were visualised with a LEICA SP2 con-
focal laser scanning microscope with a 63x (NA 1.32) and a 100X
(NA 1.4) objective. Reflection images were obtained simultaneously
with the fluorescent images of peptide-NDs by using the same
scanning laser beam (488 nm).
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