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Abstract: Cationic polymers are often employed in conjugation with nanomaterials, and the resultant
hybrids are useful for various bioapplications. Here, a single-step metal-free method for the
synthesis of fluorescent nanodiamonds (FNDs) conjugated with cationic polymer brushes is reported.
Distinct from the common methods such as atom transfer radical polymerization and reversible
addition fragmentation chain transfer, our ring-opening-polymerization-based method is simple
and less time consuming and hazardous. Infrared spectroscopy, thermogravimetric analysis, zeta
potential, and dynamic light scattering confirmed the synthesis. The produced FND-polymer brushes
showed markedly higher cell labeling and internalization efficiency without noticeable cytotoxicity.
Our method is general and applicable to other nanoparticles as well for uses in diverse research areas.
Keywords: cationic polymer; cell labeling; fluorescence imaging; nanodiamond; ring-opening reaction

1. Introduction
Surface modification with cationic polymer brushes is one of the key technologies to control the
properties of nanoparticles. To date, a variety of polymer brushes have been developed and used
for diverse bioapplications [1,2]. Among them, nanoparticles with cationic polymer brushes have
been utilized as antibacterial agents [3] as well as for efficient cell uptake [4] and drug/gene delivery
into cells [5], exploiting their positive surface charge [1]. In order to graft cationic polymers on the
surface of nanoparticles, atom transfer radical polymerization (ATRP) [6] and reversible addition
fragmentation chain transfer (RAFT) polymerization [7] are often used. However, these methods
typically involve several steps of organic synthesis and are time-consuming. Moreover, the methods
often require transition metal catalysts such as Cu+ ions for the polymerization. Since these transition
metal ions are toxic to living organisms, it is better to avoid them in the synthesis. To our knowledge,
the development of a facile, ideally single-step, and metal-free method for producing nanoparticles
with cationic polymer brushes has not been reported so far, but is critically important for applications
in the life sciences.
To address this challenge, ring-opening polymerization (ROP) offers a solution [8]. It has been
reported that glycidol can be polymerized on the surface of nanoparticles and forms branched
polymer brushes without the need of metal catalysts [9–12]. The mechanism of ROP is the consecutive
nucleophilic reaction between an OH group and a carbon atom in the epoxy group. Based on
this finding, we propose a novel synthetic route to produce nanoparticles surface-functionalized
with cationic polymer brushes by simply reacting the particles which have nucleophilic groups
and glycidyltrimethylammonium chloride (GTMA) that contains an epoxy ring and a cationic
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trimetylammonium group. The synthesis can be finished in a single-step, requiring no metal catalysts,
and thus the synthesized nanoparticles are non-toxic to cells and organisms.
The nanoparticle platform used to demonstrate this method is the fluorescent nanodiamond (FND).
FNDs are carbon-based nanoparticles, having stable fluorescence, low toxicity, and physicochemical
inertness [13–15]. Taking advantage of these properties, single particle tracking in cells and long-term
cell tracking in animals have been performed [16–18]. For such applications, efficient labeling of the
cells by internalization of FNDs is important. However, the efficiency is typically moderate because
both acid-treated FNDs and the cell surface are negatively charged. Hence, if the surface of FNDs can be
covered with cationic polymer brushes, highly efficient labeling of the cells with FNDs can be achieved.
Since the nucleophilic groups (e.g., COOH) are formed on the surface after acid treatment [19],
FNDs are optimal for this ring-opening-polymerization-based cationic polymer grafting. Distinct from
protein or lipid coatings [20], the coatings with polymer brushes are generally stable because the
coating structure is maintained by covalent bonding. Here, we report a single-step metal-free method
for the synthesis of cationic polymer brush coated FNDs and demonstrate their high cell labeling and
internalization efficiency.
2. Materials and Methods
2.1. Preparation of FND
Nanodiamond powders (~100 nm, Element Six, London, UK) containing ~100 ppm of atomically
isolated nitrogen were irradiated by He+ ion (40-keV), annealed at 800 ◦ C for 2 h under reduced
pressure, and air-oxidized at 450 ◦ C for 2 h, yielding FNDs. Further details are described elsewhere [21].
To eliminate surface contamination, FNDs were treated with a mixture of H2 SO4 :HNO3 (3:1 v/v) at
70 ◦ C for 3 days and then washed with deionized distilled water (DDW) three times. Next, the solution
of FND slurry was replaced with 0.1 M NaOH and stirred for 1 h at 90 ◦ C. After centrifugation and
wash process, the solution of FND slurry was replaced with 0.1 M HCl and stirred for 1 h at 90 ◦ C.
Finally, the FNDs were centrifuged and washed three times with DDW, yielding bare FND (FND-bare).
2.2. Synthesis of FND-PEGTMA, FND-HPGTMA, and FND-PEI
FNDs (5 mg) were dispersed in glycidyltrimethylammonium chloride (GTMA) or the mixture
solution of GTMA and glycidol (Sigma-Aldrich, St. Louis, MO, USA) at a different volume ratio
of 1.5/0.5, 1.0/1.0, and 0.5/1.5 (mL/mL). Note that moisture in GTMA and glycidol was removed
by rotary evaporation before use. The mixtures were then sonicated for 5 min, and stirred for 24 h
at 120 ◦ C under nitrogen atmosphere. After the reaction, the resulting gel was diluted with DDW,
and centrifuged at 15,000 rpm for 5 min to collect FND-PEGTMA or FND-HPGTMA. Then they were
washed four times to remove by-products and unreacted materials.
FNDs (1 mg) and Polyethylenimine (PEI, Mn ~1200, average Mw ~1300, Sigma-Aldrich, 1 mg)
were dissolved in DDW (1 mL), sonicated, and gently mixed for 1 h. Unbound polymers were removed
from the FND-PEI conjugates by repeated centrifugation/wash processes with DDW.
2.3. Characterization of FND Samples
Fourier transform infrared spectroscopy (FTIR, Bruker, Karlsruhe, Germany) spectra were
obtained on a Bruker VERTEX 70 using standard KBr-pellets in the range of 2200–400 cm−1 with a
resolution of 4 cm−1 . Thermogravimetric analysis (TGA) measurements were carried out in air at
a heating rate of 10 ◦ C min−1 using a Thermal Analyzer (TA Instruments, New Castle, DE, USA).
The average sizes and zeta potentials of FNDs were measured using a Delsa Nano C (BECKMAN
COULTER Inc, Brea, CA, USA). Size distributions are represented by the particle number.

Materials 2018, 11, 1479

3 of 9

2.4. Cell Culture, Labeling, Magnetically Modulated Fluorescence (MMF), and Confocal Fluorescence
Microscopic Observation
HeLa cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM) with 10% fetal bovine
serum and 1% penicillin at 37 ◦ C in 5% CO2 incubator. For magnetically modulated fluorescence
analysis, HeLa cells were plated at a density of 5 × 105 cells per 35 mm dish in DMEM and cultured
for 22–26 h in the incubator. After incubation, the culture medium was subsequently replaced with
an FND-containing medium (10, 20, 50, or 100 µg/mL). Note that the concentrations of FNDs were
determined in terms of the fluorescence intensity, namely, polymer coating was not taken into account.
After incubation for 1 h, cells were washed with PBS extensively and further incubated for three
hours. The cells were then trypsinized, collected, counted, and suspended in DDW. After sonication,
the fluorescence intensity of FNDs were measured and analyzed by home-built MMF spectrometer [18].
Briefly, fluorescence from FNDs can be modulated by applying a time-varying external magnetic
field frequency to minimize background autofluorescence. We applied a magnetic field of 20 mT
at a modulation frequency of 10 Hz, and then applied a fast Fourier Transform (FFT, Hitachi
Ltd., Tokyo, Japan) to extract concentration information from the measured fluorescence intensities.
The technique enables highly sensitive detection of FNDs and allows us to determine the mass of
FNDs, and subsequently the absolute number of FNDs in solution can be estimated. For confocal
microscopic observation, HeLa cells were plated at a density of 2 × 105 cells per 35 mm dish, treated
with FND samples, and stained with Hoechst 33342. Fluorescence images were observed with a Leica
SP8 (Leica Camera AG, Wetzlar, Germany) equipped with an oil-immersion objective (63×, NA 1.4,
Leica Camera AG, Wetzlar, Germany), a white light laser (Hoechst 33342, EX:405 nm; FND, EX: 532 nm),
a photomultiplier (Hoechst 33342, EM: 415–485 nm) and hybrid detector (FNDs, EM 600–750 nm).
Logical sizes and pixel sizes of X and Y dimensions were 512 × 512 and 0.361 µm × 0.361 µm,
respectively, and voxel size of Z dimension is 0.5 µm.
2.5. Cell Viability Assay
Dehydrogenase activity detection in viable cells was measured with the colorimetric assay cell
counting kit-8 (CCK-8, Dojindo, Tokyo, Japan). HeLa or MCF7 cells (5000 cells in 100 µL culture
medium) were seeded in 96-well plates for 22–26 h. FND samples were then added to cells and
incubated for 22–26 h at 37 ◦ C. The absorbance was measured at 450 nm by using a plate reader
(Multiskan, Thermo, MA, USA) one hour after the addition of CCK-8.
3. Results and Discussion
Scheme 1 shows the synthetic route of two types of FNDs with cationic polymer brushes;
(1) polyethylene glycol with trimethylammonium on FND (FND-PEGTMA) and (2) hyperbranched
polyglycerol with trimethylammonium on FND (FND-HPGTMA). FND-PEGTMA and FND-HPGTMA
have linear and branched polymer chains, respectively. In FND-HPGTMA, glycidol contributes to
introducing a branch structure in the polymer. FND-PEGTMA was synthesized by dispersing FNDs
in GTMA and the solution was heated to 120 ◦ C for 24 h under a nitrogen atmosphere. As for the
synthesis of FND-HPGTMA, the reaction conditions were the same as that of FND-PEGTMA except
that glycidol was added into the reaction solution. Several concentrations of glycidol (GTMA/glycidol
= 75, 50, and 25 vol %) were tested to optimize the synthesis. Further experimental details can be
found in the Experimental Section.
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Scheme 1. Synthetic of polyethylene glycol with trimethylammonium on fluorescent nanodiamond
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Collectively, we have successfully developed a single-step, metal-free method for the synthesis
of FNDs with cationic polymer brushes. Under the experimental conditions described herein,
the GTMA/glycidol ratio of 75% gave the highest positive zeta potential value and these conjugates,
indicated as FND-HPGTMA, are used in subsequent experiments. Stability of FND-HPGTMA under
various ion concentration and pH condition was studied (Figure S2).
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Figure 3. Concentration-dependent labeling of HeLa cells with FND samples analyzed by magnetically
Figure 3. Concentration-dependent labeling of HeLa cells with FND samples analyzed by
modulated fluorescence. Values are means ± standard deviations of three measurements.
magnetically modulated fluorescence. Values are means ± standard deviations of three
measurements.

Finally, using confocal fluorescence microscopy, we investigated whether FND-HPGTMA is
taken up by cells or anchored on the cell membrane for the treatment at two different concentrations
(Figure 4). For the cells treated with 10 µg/mL at 37 ◦ C for 1 h, most of the FNDs were internalized
inside cells and localized around nuclei (Figure 4a–e). Few FNDs were observable along with the
cell membrane. Confocal images from different focal planes are shown in Figure S5, providing
clear evidence for the internalization of FND-HPGTMA into the cells. On the other hand, the cells
treated with 100 µg/mL under the same condition, FNDs stayed not only inside the cells but also
on the cell membrane, which are indicated by white and yellow arrows, respectively (Figure 4f–j).
The result seems to imply that this condition is beyond the limit of the cell internalization system.
These membrane-anchored FNDs might disturb cell-cell interactions and, hence, one needs to be
cautious when assessing the labeling condition in practical applications. In Figure S6, we represented
confocal microscopic images of HeLa cells treated with FND-bare and FND-HPG at 100 µg/mL as
a comparison.

seems to imply that this condition is beyond the limit of the cell internalization system. These
membrane-anchored FNDs might disturb cell-cell interactions and, hence, one needs to be cautious
when assessing the labeling condition in practical applications. In Figure S6, we represented confocal
microscopic images of HeLa cells treated with FND-bare and FND-HPG at 100 μg/mL as a
comparison.
Materials
2018, 11, 1479
7 of 9

Figure
(a–j)Bright-field,
Bright-field,confocal
confocalfluorescence
fluorescence(FNDs
(FNDs
red
and
nuclei
in blue)
level
of
Figure 4.
4. (a–j)
inin
red
and
nuclei
in blue)
on on
the the
level
of cell
cell
nuclei,
merged
images
of HeLa
treated
FND-HPGTMA
at μg/mL
10 µg/mL
nuclei,
and and
merged
images
of HeLa
cellscells
treated
withwith
FND-HPGTMA
at 10
(a–e)(a–e)
and and
100
100
µg/mL
(f–j).
Close-up
images
of
black
square
areas
in
(c,h)
are
also
shown
(d,e,i,j).
White
and
μg/mL (f–j). Close-up images of black square areas in (c,h) are also shown (d,e,i,j). White and yellow
yellow
in (j) indicate
internalized
and membrane-anchored
respectively.
arrowsarrows
in (j) indicate
internalized
and membrane-anchored
FNDs, FNDs,
respectively.

4.
4. Conclusions
Conclusions
We
have successfully
successfullydeveloped
developeda single-step
a single-step
metal-free
method
for facile
production
of
We have
metal-free
method
for facile
production
of FNDs
FNDs
with
cationic
polymer
brushes.
Compared
to
ATRP
or
RAFT,
our
method
is
simple
and
with cationic polymer brushes. Compared to ATRP or RAFT, our method is simple and less timeless
time-consuming
and hazardous.
Since the
methodonly
involves
only ring-opening
polymerization,
consuming
and hazardous.
Since the method
involves
ring-opening
polymerization,
it is widely
it
is widely
applicable
to otherasnanoparticles
well [10,23–27].
Specifically,
FND-HPGTMA
applicable
to other
nanoparticles
well [10,23–27].asSpecifically,
FND-HPGTMA
(FND
with polymer
(FND
with
polymerofbrushes
consisting
of hyperbranched
polyglycerol with trimethylammonium)
brushes
consisting
hyperbranched
polyglycerol
with trimethylammonium)
showed a remarkably
showed
a
remarkably
high
cell
labeling
and
internalization
efficiency
withoutcytotoxicity.
accompanying
high cell labeling and internalization efficiency without accompanying
significant
The
significant
The properties
would
facilitate
only
celldelivery
tracking,applications
but also gene
delivery
properties cytotoxicity.
would facilitate
not only cell
tracking,
butnot
also
gene
[5,28].
We
applications
[5,28].
We
believe
that
the
ring-opening
method
is
useful
and
promising,
and
will
open
a
believe that the ring-opening method is useful and promising, and will open a new opportunity of
new
opportunity
nanoparticles
for biomedical applications.
nanoparticles
for of
biomedical
applications.
Supplementary Materials: The following are available online at http://www.mdpi.com/1996-1944/11/8/1479/
Supplementary Materials: The following are available online at www.mdpi.com/xxx/s1, Figure S1: Dispersion
s1, Figure S1: Dispersion states of FND samples; Figure S2: Stability test of FND-HPGTMA; Figure S3: Preparation
states
of FNDFigure
samples;
S2: Stability
test
FND-HPGTMA;
S3: Preparation
of FND-PEI; Figure
of
FND-PEI;
S4: Figure
Cell viability
testing
ofof
MCF7
cells treated Figure
with FND-bare
and FND-HPGTMA
for 24S4:
h
Cell
viability
testing
of
MCF7
cells
treated
with
FND-bare
and
FND-HPGTMA
for
24
h
using
CCK-8.
Figure
S5:
using CCK-8. Figure S5: Bright field image, confocal fluorescence images (1 µm/step), and image of bright
field
and
z-stacked
merged images
of HeLa
cells treated
with
(a) 10ofµg/mL
(b) and
100 µg/mL
of
Bright
field
image,fluorescence
confocal fluorescence
images
(1 μm/step),
and
image
brightand
field
z-stacked
FND-HPGTMA.;
Figure
S6: Single-sliced
field
and(a)
fluorescence
merged
images
(FNDs
in red; nuclei in
fluorescence merged
images
of HeLa cellsbright
treated
with
10 μg/mL and
(b) 100
μg/mL
of FND-HPGTMA.;
blue) and z-stacked FNDs fluorescence images of cells from bottom to top in three dimensions (vertical thickness
Figure S6: Single-sliced bright field and fluorescence merged images (FNDs in red; nuclei in blue) and z-stacked
of 0.5 µm/step). Cells were treated with FND samples at 100 µg/mL for 1 h.
FNDs fluorescence images of cells from bottom to top in three dimensions (vertical thickness of 0.5 μm/step).
Author
Contributions:
and
H.-C.C.
the experiments, S.S. and F.-J.H. performed the
Cells were
treated with S.S.
FND
samples
atconceived
100 μg/mLand
for designed
1 h.
experiment, S.S., F.-J.H. and H.-C.C. wrote the manuscript, and H.-C.C. supervised the project.
Funding: This work was supported by Academia Sinica and the Ministry of Science and Technology, Taiwan,
with Grant No. 106-2628-M-001-004.
Conflicts of Interest: The authors declare no conflict of interest.

References
1.

2.

Krishnamoorthy, M.; Hakobyan, S.; Ramstedt, M.; Gautrot, J.E. Surface-initiated polymer brushes in the
biomedical field: Applications in membrane science, biosensing, cell culture, regenerative medicine and
antibacterial coatings. Chem. Rev. 2014, 114, 10976–11026. [CrossRef] [PubMed]
Zoppe, J.O.; Ataman, N.C.; Mocny, P.; Wang, J.; Moraes, J.; Klok, H.A. Surface-Initiated Controlled Radical
Polymerization: State-of-the-Art, Opportunities, and Challenges in Surface and Interface Engineering with
Polymer Brushes. Chem. Rev. 2017, 117, 1105–1318. [CrossRef] [PubMed]

Materials 2018, 11, 1479

3.

4.
5.

6.
7.

8.
9.
10.

11.
12.

13.
14.

15.
16.

17.

18.

19.

20.
21.

22.

8 of 9

Rosilo, H.; McKee, J.R.; Kontturi, E.; Koho, T.; Hytönen, V.P.; Ikkala, O.; Kostiainen, M.A. Cationic polymer
brush-modified cellulose nanocrystals for high-affinity virus binding. Nanoscale 2014, 6, 11871–11881.
[CrossRef] [PubMed]
Liang, M.; Lin, I.C.; Whittaker, M.R.; Minchin, R.F.; Monteiro, M.J.; Toth, I. Cellular Uptake of Densely
Packed Polymer Coatings on Gold Nanoparticles. ACS Nano 2010, 4, 403–413. [CrossRef] [PubMed]
Zhang, P.; Yang, J.; Li, W.; Wang, W.; Liu, C.; Griffith, M.; Liu, W. Cationic polymer brush graftednanodiamond via atom transfer radical polymerization for enhanced gene delivery and bioimaging. J.
Mater. Chem. 2011, 21, 7755–7764. [CrossRef]
Matyjaszewski, K.; Xia, J. Atom transfer radical polymerization. Chem. Rev. 2001, 101, 2921–2990. [CrossRef]
[PubMed]
Lowe, A.B.; McCormick, C.L. Reversible addition-fragmentation chain transfer (RAFT) radical polymerization
and the synthesis of water-soluble (co)polymers under homogeneous conditions in organic and aqueous
media. Prog. Polym. Sci. 2007, 32, 283–351. [CrossRef]
Dechy-Cabaret, O.; Martin-Vaca, B.; Bourissou, D. Controlled ring-opening polymerization of lactide and
glycolide. Chem. Rev. 2004, 104, 6147–6176. [CrossRef] [PubMed]
Khan, M.; Huck, W.T.S. Hyperbranched polyglycidol on Si/SiO2 surfaces via surface-initiated polymerization.
Macromolecules 2003, 36, 5088–5093. [CrossRef]
Zhou, L.; Gao, C.; Xu, W.; Wang, X.; Xu, Y. Enhanced Biocompatibility and Biostability of CdTe Quantum
Dots by Facile Surface-Initiated Dendritic Polymerization. Biomacromolecules 2009, 10, 1865–1874. [CrossRef]
[PubMed]
Wang, S.; Zhou, Y.; Yang, S.; Ding, B. Growing hyperbranched polyglycerols on magnetic nanoparticles to
resist nonspecific adsorption of proteins. Colloids Surf. B Biointerfaces 2008, 67, 122–126. [CrossRef] [PubMed]
Zhao, L.; Takimoto, T.; Ito, M.; Kitagawa, N.; Kimura, T.; Komatsu, N. Chromatographic Separation of
Highly Soluble Diamond Nanoparticles Prepared by Polyglycerol Grafting. Angew. Chem. Int. Ed. 2011, 50,
1388–1392. [CrossRef] [PubMed]
Yu, S.J.; Kang, M.W.; Chang, H.C.; Chen, K.M.; Yu, Y.C. Bright Fluorescent Nanodiamonds: No Photobleaching
and Low Cytotoxicity. J. Am. Chem. Soc. 2005, 127, 17604–17605. [CrossRef] [PubMed]
Fu, C.C.; Lee, H.Y.; Chen, K.; Lim, T.S.; Wu, H.Y.; Lin, P.K.; Wei, P.K.; Tsao, P.H.; Chang, H.C.; Fann, W.
Characterization and application of single fluorescent nanodiamonds as cellular biomarkers. Proc. Natl.
Acad. Sci. USA 2007, 104, 727–732. [CrossRef] [PubMed]
Mohan, N.; Chen, C.S.; Hsieh, H.H.; Wu, Y.C.; Chang, H.C. In Vivo Imaging and Toxicity Assessments of
Fluorescent Nanodiamonds in Caenorhabditis elegans. Nano Lett. 2010, 10, 3692–3699. [CrossRef] [PubMed]
Hui, Y.Y.; Hsiao, W.W.W.; Haziza, S.; Simonneau, M.; Treussart, F.; Chang, H.C. Single particle tracking
of fluorescent nanodiamonds in cells and organisms. Curr. Opin. Solid State Mater. Sci. 2017, 21, 35–42.
[CrossRef]
Hsiao, W.W.; Hui, Y.Y.; Tsai, P.; Chang, H. Fluorescent Nanodiamond: A Versatile Tool for Long-Term Cell
Tracking, Super-Resolution Imaging, and Nanoscale Temperature Sensing. Acc. Chem. Res. 2016, 49, 400–407.
[CrossRef] [PubMed]
Su, L.J.; Wu, M.S.; Hui, Y.Y.; Chang, B.M.; Pan, L.; Hsu, P.C.; Chen, Y.T.; Ho, H.N.; Huang, Y.H.; Ling, T.Y.;
et al. Fluorescent nanodiamonds enable quantitative tracking of human mesenchymal stem cells in miniature
pigs. Sci. Rep. 2017, 7, 45607. [CrossRef] [PubMed]
Sotoma, S.; Akagi, K.; Hosokawa, S.; Igarashi, R.; Tochio, H.; Harada, Y.; Shirakawa, M. Comprehensive and
quantitative analysis for controlling the physical/chemical states and particle properties of nanodiamonds
for biological applications. RSC Adv. 2015, 5, 13818–13827. [CrossRef]
Neburkova, J.; Vavra, J.; Cigler, P. Coating nanodiamonds with biocompatible shells for applications in
biology and medicine. Curr. Opin. Solid State Mater. Sci. 2017, 21, 43–53. [CrossRef]
Chang, Y.R.; Lee, H.Y.; Chen, K.; Chang, C.C.; Tsai, D.S.; Fu, C.C.; Lim, T.S.; Tzeng, Y.K.; Fang, C.Y.; Han, C.C.;
et al. Mass production and dynamic imaging of fluorescent nanodiamonds. Nat. Nanotechnol. 2008, 3,
284–288. [CrossRef] [PubMed]
Sarkar, S.K.; Bumb, A.; Wu, X.; Sochacki, K.A.; Kellman, P.; Brechbiel, M.W.; Neuman, K.C. Wide-field in vivo
background free imaging by selective magnetic modulation of nanodiamond fluorescence. Biomed. Opt.
Express 2014, 5, 1190. [CrossRef] [PubMed]

Materials 2018, 11, 1479

23.
24.

25.
26.

27.
28.

9 of 9

Sotoma, S.; Shirakawa, M. Monodispersed Colloidal Solutions of Surface-modified Detonation-synthesized
Nanodiamonds and Their Aggregation Resistance. Chem. Lett. 2016, 45, 697–699. [CrossRef]
Wang, L.; Neoh, K.G.; Kang, E.T.; Shuter, B.; Wang, S.C. Superparamagnetic Hyperbranched PolyglycerolGrafted Fe3 O4 Nanoparticles as a Novel Magnetic Resonance Imaging Contrast Agent: An In Vitro
Assessment. Adv. Funct. Mater. 2009, 19, 2615–2622. [CrossRef]
Zhou, L.; Gao, C.; Xu, W. Robust Fe3 O4 /SiO2 -Pt/Au/Pd magnetic nanocatalysts with multifunctional
hyperbranched polyglycerol amplifiers. Langmuir 2010, 26, 11217–11225. [CrossRef] [PubMed]
Li, S.; Guo, Z.; Feng, R.; Zhang, Y.; Xue, W.; Liu, Z. Hyperbranched polyglycerol conjugated fluorescent
carbon dots with improved in vitro toxicity and red blood cell compatibility for bioimaging. RSC Adv. 2017,
7, 4975–4982. [CrossRef]
Das, P.; Jana, N.R. Highly colloidally stable hyperbranched polyglycerol grafted red fluorescent silicon
nanoparticle as bioimaging probe. ACS Appl. Mater. Interfaces 2014, 6, 4301–4309. [CrossRef] [PubMed]
Zhang, X.Q.; Chen, M.; Lam, R.; Xu, X.; Osawa, E.; Ho, D. Polymer-Functionalized Nanodiamond Platforms
as Vehicles for Gene Delivery. ACS Nano 2009, 3, 2609–2616. [CrossRef] [PubMed]
© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

