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Core-shell nanoparticles based on fluorescent nanodiamonds 

coated with a biocompatible polyacrylamide shell were 

developed for background-free near-infrared imaging of 

cancer cells. The particles showed excellent colloidal stability 

in buffers and culture media. After conjugation with cyclic 

RGD peptide they selectively targeted integrin αvβ3 receptors 

on glioblastoma cells with high internalization efficacy.  

Optical imaging using fluorescent probes is an essential tool in 
contemporary biomedicine with emerging applications in areas such 
as cancer diagnosis. Fluorescence imaging holds advantages over 
other imaging methods: high sensitivity, good spatial resolution and 
the possibility to create environment-sensitive sensors. Although 
various types of molecular and nanoparticle probes have been 
described, they typically have limited applicability due to 
photobleaching, photoblinking and/or intrinsic toxicity. Fluorescent 
nanodiamonds (FNDs), recently introduced biocompatible near-
infrared fluorescent probes, do not possess any of these 
disadvantages, which renders them promising nanoparticles for 
bioimaging applications.1–3 Point defects in the crystal lattice 
structure called nitrogen-vacancy (NV) centers are responsible for 
the fluorescence of FNDs. NV centers are non-photobleachable and 
non-photoblinking fluorophores with maximum emission around 
700 nm (ref. 4) and a long lifetime5 of roughly 11-19 ns. These 
features have led to the use of the bright HPHT FNDs (FNDs 
prepared from high-pressure, high-temperature NDs) in demanding 
optical applications such as single particle tracking inside cells,6 
long-term in vivo tracking of particles,7 tracing of neuronal 
processes,8,9 revealing the relations between particle shape and their 
intracellular fate10 and fluorescence lifetime imaging microscopy in 

vitro11 and in vivo.5 Unique sensitivity of NV center to electric and 
magnetic field were also utilized for construction of various FND-
based sensors.12–14 Here, we show selective and highly effective 
targeting of glioblastoma cells (U-87 MG) expressing integrin αvβ3 
using polymer-modified FND particles bearing cyclic RGD peptide. 

Specific ligands attached to fluorescent probes can control probe 
distribution in a living system by targeting certain cellular receptors 
or compartments. Targeting using nanoparticles has some 
advantages over targeting with conventional probes. Nanoparticles 
have a polyvalent surface, which strengthens the binding efficacy of 
the targeting ligands to, for example, overexpressed receptors on 
cancer cells. This phenomenon is called avidity.15,16 In contrast to 
free ligands, nanoparticles are not filtered through glomerular 
capillaries due to their size, and the efficiency of targeting is 
therefore increased due to the prolonged blood circulation time.17 In 
cancer therapy, nanoprobes accumulate nonspecifically inside solid 
tumors due to the abnormal leaky tumor vasculature (Enhanced 
Permeation Retention, EPR effect).18 The targeting of cancer cells by 
HPHT FNDs has been performed in vitro with various ligands such 
as transferrin,19 folic acid,20 growth hormone21 and chlorotoxin-like 
peptide.22 

The RGD recognition sequence occurs in fibronectin, fibrinogen, 
collagen, laminin and many other proteins present in the 
extracellular matrix.23–26 This sequence specifically interacts with the 
integrin superfamily. The integrin receptors contain non-covalently 
associated α and β subunits.15,23–26 αvβ3 integrins are overexpressed 
on cancer cells and endothelial cells in the tumor neovasculature. 
Overexpressed αvβ3 integrins are found in melanoma, breast cancer, 
prostate cancer, pancreatic cancer, ovarian cancer, glioblastoma and  
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Scheme 1. Schematic structure of the fluorescent nanodiamond crystal coated with a biocompatible methacrylamide copolymer grown from an ultrathin silica shell. 

The copolymer bears the secondary fluorescent probe (Alexa Fluor 488) and targeting peptide (cRGD). Both molecules were stepwise attached via click chemistry, 

providing the conjugate marked as “FND-cRGD” (shown here in the scheme). Reaction with only the Alexa Fluor 488 provided the control particles marked in text as 

“FND”. 

neuroblastoma.25,27 Synthetic peptides bearing the RGD sequence 
and antibodies against αvβ3 integrins have been successfully used in 
the targeted delivery of diagnostic probes and drugs to cancer cells 
and tumors.15,23 The effectiveness of targeting using the RGD motif 
can be improved by its cyclization. Cyclic RGD (cRGD) peptides 
have higher stability, structural rigidity and better binding properties 
and integrin selectivity compared to linear RGD.24,28 Peptides 
containing the RGD sequence are also considered promising 
therapeutics, because of their ability to block integrin function.23 For 
example, cilengitide, a cRGD peptide that may inhibit angiogenesis, 
is currently being tested in phase III clinical trials for the treatment 
of glioblastoma.24 

In this work, we describe selective and specific targeting of cells 
from glioblastoma (U-87 MG; an aggressive, highly vascularized 
brain tumor) by FNDs. Although glioblastoma cells have been 
previously used as a target for cRGD-modified nanoparticles such as 
carbon nanotubes,29 quantum dots30 and gold nanoparticles,31 
effective targeting of cancer cells with directly modified FNDs is not 
a simple task because of their strong tendency to aggregate in 
biological liquids (such as buffers, media and blood).32,33 The FND 
aggregates adhere non-specifically on the cell surface,34 which can, 
in turn, also prevent the desired tumor selectivity due to nonspecific 
premature entrapment into reticuloendothelial system. The 
biocompatibilization of nanodiamond can be achieved using various 
direct surface modifications35 or by polymer coatings such as 
polyglycerol,36–38 poly[N-(2-hydroxypropyl) methacrylamide],39 
PEG,40 PEG copolymers41,42 and Zonyl polymer.43 However, the 
targeting of a brain tumor such as glioblastoma is challenging also 
because of limited permeability of the blood-brain barrier (BBB). In 
recent works it has been shown that BBB breakdown in tumors 
allows nanoparticles <200 nm in diameter to bypass the BBB and 
enter the brain.44 For this type of transport a minimally adhesive 
nanobiointerface such as dense PEG44 or siRNA45 layer is the key 
parameter enabling to directly treat brain tumors without the need for 
targeting moieties. Another pathway for transporting the drugs into a 
brain tumor is intracranial convention-enhanced delivery which can 
be significantly enhanced by complexation of a drug with 
nanodiamonds.46  

These examples show effective ways for targeting the brain tumors 
based on size and surface properties of nanoparticles. We focused 
here rather on controlling the selectivity of targeting using active 
moieties attached to FNDs and on cellular delivery of these particles 
in glioblastoma model. We used our recently developed core-shell 
nanoparticles,39 which comprise an FND coated with an ultra-thin 
silica layer and a layer of biocompatible polymethacrylamide 
copolymer (Scheme 1). This type of copolymer have comparable 
biocompatible properties as PEG47 and serves here as a “click”-
reactive interface that shields the particles against aggregation and 
non-specific interactions in biological environments. The layer also 
functions as a flexible spacer between the FND and a biomolecule.  

We coated the FNDs with an ultrathin (<1 nm) silica shell grown 
from a mixture of tetraethoxysilane and 3-(trimethoxysilyl)propyl 
methacrylate using a modified Stöber procedure. Methacrylated 
silica layer on FND was further coated with copolymer of N-(2-
hydroxypropyl)methacrylamide and N-propargylacrylamide. The 
copolymer chains were grown from the nanoparticle surface 
(‘grafting from’ approach39) by radical polymerization with 
azobis(isobutyronitrile) (AIBN) as initiator. We focused on 
improving the previously described coating procedure and adjusting 
the reaction conditions to prefer the growth of longer polymeric 
chains. We increased the viscosity of the reaction mixture by 
performing the reaction in DMSO instead of ethanol, decreased the 
polymerization temperature from 70 °C to 55 °C, prolonged time 
from 1 to 3 days and used 7.5-fold higher concentration of FND 
(0.85 mg/ml) and monomers [2 M N-(2-hydroxypropyl) 
methacrylamide and 35 mM N-propargylacrylamide]. The obtained 
coatings further enhanced the colloidal stability of FNDs in 
biological environments and completely eliminated non-specific 
adhesion on cells. The newly prepared coated FNDs were stable 
even in solutions with extreme ionic strength (1 M NaCl) in contrast 
to our previously described polymer-coated FNDs, which were 
stable in NaCl solutions at concentrations up to only 0.15 M (Fig. 1S 
and 2S in the ESI). In control experiments, we also did not observe 
any nonspecific interactions between polymer-coated FNDs and 
cells (see below). 
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To conjugate the cRGD moiety to the particles, we utilized the 
alkyne groups present on the copolymer chains. They are suitable for 
Cu(I)-catalyzed azide-alkyne cycloaddition (“click” reaction), 
enabling high yielding attachment of various azide-modified 
molecules.48,49 The click reaction is convenient due to its high 
efficacy in an aqueous environment (fast kinetics under mild 
conditions), applicability for diverse substrates without 
conformational changes (from small molecules to polymers, proteins 
and nanoparticles) and experimental simplicity.49–51 The click 
reaction is particularly attractive due to its biological inertness 
(bioorthogonality), in which protecting groups are avoided while 
specificity is ensured.49,50  

We selected cyclic (Arg-Gly-Asp-D-Phe-Lys)-azide (Scheme 1) 
from a variety of cRGDs.25 The presence of a lysine residue makes 
the peptide an ideal building block for further chemical conjugation 
reactions, such as the introduction of a bioorthogonally reactive 
azide group. For good targeting efficiency, RGD peptide also needs 
to be exposed far from the nanoparticle surface,52 which was here 
ensured by the flexibility of the polymer chains as well as by the 
presence of the lysine linker. Hydrodynamic diameter of the 
nanoparticulate bioconjugate is also kept in the range suitable for 
passive accumulation in solid tumor tissue due to EPR effect or for 
entering the brain via BBB breakdown in tumors (< ca. 200 nm).44 

We further attached Alexa Fluor 488 to all types of particles used in 
the study nanoparticles as a secondary fluorescent label because our 
flow cytometry setup does not allow direct observation of FND 
fluorescence.  

We modified our polymer-coated FNDs stepwise with Alexa Fluor 
488-azide and cRGD-azide using the same conjugation procedure 
(click chemistry). Running the reaction with a low molar excess of 
the first compound (Alexa Fluor 488-azide) over polymer alkyne 
groups resulted in substitution of only a fraction of the surface 
alkyne groups, providing FNDs (marked further in bold). This 
substitution resulted in approximately 300 Alexa Fluor 488 
molecules per particle (i.e., ~8 µmol/g) as determined 
spectrophotometrically. FNDs were then reacted with cRGD-azide, 
providing FND-cRGD conjugate (for experimental details, see the 
ESI).  

In cell experiments, we focused first on examining the potential 
toxicity of the particles. We tested the prepared conjugates at a 
concentration of 50 µg/ml on U-87 MG cells. Free cRGD (100 
µg/ml) and the known apoptosis inducer staurosporin (0.3–5 µM) 
were used as controls (Fig. 3S and 4S in the ESI). According to 
luminiscent cell viability assay, FNDs and FND-cRGD did not harm 
cells under our experimental conditions (Fig. 1). The apparent 
decrease in the viability of cells incubated with free cRGD is a 
known consequence of cell detachment during the incubation. RGD 
sequences bound on a surface or macromolecule promote cell 
adhesion, whereas free RGD sequences in solution act as decoys, 
preventing adhesion.26,53 Subsequently, we observed interaction of 
particles with glioma cells (U-87 MG) by flow cytometry and 
confocal microscopy. Either FND or FND-cRGD at a final 
concentration of 50 µg/ml were incubated with the cells for 1 hour.  

 

 
Fig. 1 Cell viability assay based on ATP quantification in cell lysates. 

Luminescence intensity correlates with the ATP level and thus with the quantity 

of metabolically active (viable) cells. Both types of polymer-coated FNDs (FND 

and FND-cRGD alternatives) have no impact on cell viability under the used 

experimental conditions. The control, FND and FND-cRGD alternatives are 

statistically not distinguishable among each other on the significance level 

α = 0.01 (ANOVA) and they are significantly different from cRGD and 2.5 µM 

staurosporin (α = 0.01) alternatives. 

The strong affinity of FND-cRGD over FND to U-87 MG cells was 
revealed by flow cytometry, which shows 12-fold higher 
fluorescence upon nanoparticle binding (Fig. 2; for histograms see 
Fig. 5S). Differences in the surface compositions of FND and FND-

cRGD (i.e., the presence of relatively hydrophobic cyclic peptide) 
can lead to different surface properties that are not related to integrin 
binding specificity. We tested therefore this possible behavior using 
free cRGD peptide added in excess during pretreatment (30 min, 
100 µg/ml), which saturates the RGD-binding sites (i.e., αvβ3 
integrins). We observed no significant differences between FND and 
FND-cRGD affinities when cells were pretreated with cRGD. This 
clearly indicates that FND-cRGD particles use integrins as their 
receptors to bind the cells and that the interaction is highly specific 
(Fig. 2).  

 
Fig. 2 Fluorescence intensity measurements of U-87 MG cells incubated with 

FNDs modified with cRGD (FND-cRGD) using flow cytometry. All types of FNDs 

are polymer-coated. As controls, FNDs without cRGD (FND) and pretreatment 

experiments with free cRGD peptide (cRGD + FND, cRGD + FND-cRGD) were 
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performed. The fluorescence recorded in flow cytometry is read using Alexa 

Fluor 488, which is present in all types of particles. FND-cRGD specifically 

recognized αvβ3 integrins on U-87 MG cells. The FND + cRGD alternative is 

statistically significantly different from the controls (ANOVA, α = 0.01). All 

negative controls are statistically not distinguishable among each other on the 

significance level α = 0.01.   

We were further interested in testing the relevance of flow cytometry 
experiments recorded using Alexa Fluor 488 fluorescence by 
confocal microscopy, so we studied the colocalization of intrinsic 
FND and Alexa 488 fluorescence for FND-cRGD  particles (Fig. 
3A). Notably, we took advantage of the extreme photostability of 
FND fluorescence to record confocal images before and after 
photobleaching of Alexa Fluor 488 fluorescence (and cell 
autofluorescence). This procedure enabled background-free imaging 
of FND fluorescence. The similar pattern of bright spots in the 
merge picture (from both channel detections) showed that Alexa 
Fluor 488 is bound to the particles. The quantification of the 
colocalization data suggests that FND’s fluorescence almost 
completely overlaps Alexa Fluor 488 fluorescence (Manderson 
M = 0.93) and Alexa Fluor 488 fluorescence shows also a strong 
overlap with FND’s fluorescence (Manderson M = 0.78). These data 
confirmed the relevance of flow cytometry for quantification of the 
particle interaction with cells. 

Finally, we focused on supporting the results from flow cytometry 
experiments using confocal microscopy and on determination 
whether the FND-cRGD particles enter the cell or remain bound to 
the surface. Complementary to our flow cytometry data, confocal 
microscopy also showed no interaction between non-targeted FND 
particles and U-87 MG cells, while the FND-cRGD were bound to 
the cells (Fig. 3B). Using confocal microscopy cross-section 
measurements, we found that FND-cRGD are localized inside the 
cells (Fig. 3C). This finding corresponds to results from other studies 
in which internalization via receptor-mediated endocytosis of 
various RGD-targeted nanocarriers was observed.24 Notably, a 
similar and effective approach as has been demonstrated here was 
published during revisions of this paper for targeting of the U-87 
MG cells by RGD-modified polyglycerol-coated FNDs.37 

Conclusions 

We designed and prepared a novel type of FND-based nanoparticles 
that target glioblastoma cells with unprecedented efficiency and 
specificity. The nanoparticles consist of an FND core coated with an 
ultra-thin silica layer and biocompatible polyacrylamide shell 
bearing cRGD peptides. This ligand on the nanoparticle surface is a 
tight-binder of integrin αvβ3 receptors, which are overexpressed on 
this type of cancer cells. Upon selective recognition and binding to 
αvβ3 receptors, the particles are internalized and localized inside the 
cell. Thanks to their extreme photostability, the particles can be used 
for background-free near-infrared imaging of cancer cells for an 
unlimited period of time. 
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Fig. 3 Confocal fluorescence images of U-87 MG cells treated with FND-cRGD and FND nanoparticles (all particles are polymer-coated). A: Measurement of FND-cRGD 

in cells using fluorescence of Alexa Fluor 488 and FNDs’ fluorescence (excitation at 488 and 561 nm, respectively). The last picture shows merged results from both 

channels. The confocal images were taken at the same focal plane. The time between the measurements of Alexa Fluor 488 fluorescence and FND's intrinsic 

fluorescence was due to used extensive photobleaching in scale of tens minutes. B: Merged fluorescence and bright-field images of cells treated with FND-cRGD and 

FND nanoparticles with or without pretreatment with free cRGD peptide. Only FND-cRGD without pretreatment was found inside the cells. The images were recorded 

using Alexa Fluor 488 channel. C: Cross-section measurement of cells treated with FND-cRGD shows that particles are present inside the cell. Images were recorded 

with a 1.5 µm step in the vertical direction and presented from left to right and top to bottom with a 28×28 μm field of view. The images were recorded using Alexa 

Fluor 488 channel. 
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