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Platinum on Nanodiamond: A Promising Prodrug
Conjugated with Stealth Polyglycerol, Targeting Peptide
and Acid-Responsive Antitumor Drug
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.. . . . . . 1. Introduction
In the field of nanomedicine, nanoparticles with various functions are required

for in vivo applications such as biomedical imaging and drug delivery.
Therefore, chemical functionalization of nanoparticles has been extensively
investigated. Herein, nanodiamond (ND) coated with polyglycerol (PG) and

Nanomedicine has been attracting
growing interest from a viewpoint of
fundamental science as well as clinical
medicine.l'> The central subjects in nano-

its derivatives is reported to impart good solubility in a physiological environ-
ment, a stealth nature to avoid nonspecific uptake, a targeting property to be
taken up by a specific cell, and an acid-responsive drug release property to kill
cancer cells. ND is first grafted with PG and the resulting ND-PG has a high
solubility in physiological media. Since a large number of hydroxyl groups in
PG provide scaffolds for further surface functionalization, the targeting RGD
peptide and Pt-based drug are immobilized to give ND-PG-RGD, ND-PG-Pt
and ND-PG-RGD-Pt. The ND with intrinsic fluorescence is also functionalized
by PG and RGD to confirm cellular uptake and intracellular localization fluo-
rescently. The results of the cell experiments indicate that PG coating shielded
fND from the uptake by HeLa and U87MG cells. In contrast, fND-PG-RGD is
taken up by U87MG, not Hela cells, exhibiting high targeting efficacy. When
ND-PG-RGD-Pt is applied, U87MG is selectively killed against HeLa. The
multi-functional ND is a promising prodrug in targeting chemotherapy.

medicine are biomedical imaging for diag-
nosis and drug delivery for therapy by use
of nanoparticle.12l In both purposes, the
nanoparticles should be accumulated in
the specific lesion as much as possible.['’]
Therefore, the nanoparticles have been
designed so far to have maximal targeting
and stealth nature simultaneously.*1¢
The fundamental techniques to control
the particle size and the surface function-
ality of nanoparticles have been exten-
sively studied in view of good solubility
and stability with anti-biofouling property,
passive and active targeting features, and
prolonged circulation time in vivo.l718
Although polyethylene glycol (PEG) has
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been considered to be the most effective

surface functionality, especially, due to the

stealth nature, recent studies reported its
disadvantages, designated as “PEG dilemma”, such as immune
response and interference with cellular uptake.’! In this con-
text, it is proposed that polyglycerol (PG)2% is a better alternative
to PEG for biomedical applications of nanoparticle?!l in terms
of biocompatibility, solubility and stability in physiological
environment, and extensibility for further chemical derivatiza-
tion.[22-281 PG is also reported to be more resistive towards pro-
tein adsorption than PEG, exhibiting better stealth effect from
mononuclear phagocyte system.[1>2%30 To take advantage of the
above characteristics of PG, PG-coating has been extensively
applied quite recently to nanoparticles such as superparamag-
netic iron oxide nanoparticle,>31:32 silica-encapsulated iron
oxide nanoparticle,?3! nanodiamond (ND),243436 zinc oxide
nanoparticle,?®l carbon nanotubes,?’#% quantum dots,*!! Fe@
Au nanoparticles*?l and mesoporous silica nanoparticles,** and
even stem cell.* In view of the application as a drug carrier,
however, more functionalities are required such as high tar-
geting efficiency and controlled drug release,’**3] prompting us
to develop multi-functional ND-PG with targeting peptide and
acid-responsive Pt-based drug as well as intrinsic fluorescence
from the ND core.[*4]
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On the other hand, ND is one of the ideal nanoparticles in
nanomedicine*’*8 due to its high biocompatibility, high exten-
sibility of the surface functionality, and intrinsic non-bleaching
and non-blinking fluorescence.*®*l Therefore, ND has been
used recently for cell labeling,”®*! in vivo imagingl? and drug
delivery.>*=7] Behind these excellent applications, fundamental
technique to impart good solubility to ND in physiological envi-
ronment has been still investigated by PG functionalization
mentioned above,?**# protein coating®® and silica encapsula-
tion.”l Herein, we report on synthesis, characterization, and
in vitro evaluation of ND-PG based prodrug having sufficient
solubility in physiological environment, clear stealth nature
avoiding nonspecific cellular uptake, good targeting efficacy
by the conjugated peptide and acid-responsive nature in the
release of the Pt(II)-based drug.

2. Results and Discussion

2.1. Synthesis and Characterization of ND-PG Conjugated with
Targeting Peptide and Pt-Based Drug

ND powder, kindly provided by Tomei Diamond Co., is pre-
pared from bulk diamonds synthesized by a static high pres-
sure high temperature (HPHT) method. Among various sizes,
we chose ND with 50 nm size (ND50) for this study in view
of enhanced permeation and retention (EPR) effect in cancer
therapy.'80 The ND50 was covalently functionalized with
hyperbranched PG through ring-opening polymerization of gly-
cidol according to the procedure we reported previously.?* The
resulting ND50-PG showed very good solubility (220 mg/mL)
and stability in water; only a few or no precipitates were found
in the solution with concentration of 20 mg/mL over three
months. In addition, PG contains a large number of hydroxyl
groups which can be utilized for further surface functionaliza-
tion to add more functions.

To conjugate with a targeting peptide and load an anti-
cancer drug, ND50-PG was engineered as shown in Scheme 1.

www.afm-journal.de

After some of the hydroxyl groups of ND50-PG were reacted
with tosyl chloride (TsCl), the resulting tosylates (ND-PG-OTs)
were substituted by azido groups (ND-PG-Nj3).[2>3536 Carboxyl
groups were introduced in ND-PG-N; as ligands for the Pt-
based drug by nucleophilic ring-opening of succinic anhydride
at the hydroxyl groups.**®U The resulting ND-PG-N;-COOH
was conjugated with RGD peptide through click chemistry of
the azido groups with the propiolic amide of RGD peptide,
yielding ND-PG-RGD-COOH.[**! Finally, cis-(NH3),Pt(IT) moiety
was immobilized on the ND-PG-RGD-COOH through ligand
exchange of Cl~ at the cisplatin with -COO™ under a slightly
basic condition, affording ND-PG-RGD-Pt (Scheme 1).14361]
ND-PG-Pt without RGD peptide was also prepared as a control
from ND-PG-COOH.

All the ND-based materials shown in Scheme 1 were char-
acterized by FTIR (Figure 1).253>3¢] The absorption bands at
1350 and 1176 cm™! are attributed to asymmetric and sym-
metric stretchings of S—O bonds of the tosyl group in ND-PG-
OTs, respectively (Figure 1B). The ND-PG-Nj clearly showed
a characteristic strong absorption band at 2100 cm™ corre-
sponding to azido group (Figure 1C). The absorption band at
1730 cm™! is assigned to C=0 stretching of carboxylic acid in
ND-PG-N3;-COOH (Figure 1D).Yl The azido absorption band
disappeared after the click conjugation of the targeting pep-
tide (Figure 1E), indicating the complete consumption of azido
groups. The immobilization of RGD peptide was verified by the
absorption bands at 1650 and 1590 cm™!, which correspond to
the C=0 stretching and N-H bending of amide bonds in the
peptide, respectively.l””) After the drug loading, the absorption
band of carboxylic acid was partially consumed to give a new
band at 1570 cm™! attributed to C=0 stretching of carboxylate
(Figure 1F) which coordinated with the Pt(II).

Although IR spectra (Figure 1) gave us valuable informa-
tion to identify the chemical structures of the ND50-PG deriva-
tives mentioned above, more evidence is highly desired for
more strict identification. Therefore, we further characterized
the ND50-PG derivatives by 'H- and '*C-NMR in a solution
phase. Owing to the good aqueous solubility (=20 mg/mL) of
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Scheme 1. Surface engineering on ND50-PG for conjugation with RGD peptide and Pt(I1)-based drug. i) glycidol, 140 °C, 20 h; ii) p-TsCl, pyridine, 0 °C
~ 1. t., overnight; iii) NaNj;, 90 °C, overnight; iv) succinic anhydride, DMAP, pyridine, 0 °C ~ r. t., overnight; v) RGD propargyl amide, copper(ll) sulfate
pentahydrate, sodium ascorbate, . t., 48 h; vi) cisplatin, 0.5 M NaOH, pH 8.0, r. t., 72 h.
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Figure 1. FTIR spectra of A) ND50-PG, B) ND-PG-OTs, C) ND-PG-N3,
D) ND-PG-N3-COOH, E) ND-PG-RGD-COOH, and F) ND-PG-RGD-Pt.
Arrows indicate new absorption bands in each step.

ND50-PG, its derivatives shown in Scheme 1 also possessed
enough solubility for NMR measurements even though hydro-
phobic functionality such as tosylate was bound.

In the 'H-NMR spectra shown in Figure 2B,3>3¢ the aro-
matic and methyl hydrogens at the tosyl group are observed at
7.7 and 7.4 ppm, and 2.3 ppm in addition to the PG hydrogens
at 3.6 ppm. Since only S—O functionality was characterized on
the IR (Figure 1B), the 'H-NMR spectrum (Figure 2B) comple-
ments the IR in the characterization of ND-PG-OTs. After the
reaction of ND-PG-OTs with sodium azide, the peaks from the
tosyl group disappeared in Figure 2C, indicating the complete
substitution of the tosyl group. The shoulder appeared at ca.
3.4 ppm is assigned to the methylene hydrogens adjacent to
azido groups of the ND-PG-N;,2%6? indicating the nucleophilic
substitution of tosylate by azido. Introduction of carboxyl groups

35,36

methylene H next to C=0

methylene H adjacent to -N5

aromatic H on -OTs methyl H on -OTs

A

<—alkyl H on PG

8 7 6 5 4 3 2 1 0
Chemical shift (ppm)

Figure 2. "H NMR spectra of A) ND50-PG, B) ND-PG-OTs, C) ND-PG-N;
and D) ND-PG-N;-COOH in D,0.
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Figure 3. 3C NMR spectra of A) ND50-PG, B) ND-PG-OTs and C) ND-
PG-N3 in D,0, and D) ND-PG-N3-COOH in DMSO-dg.

through ring-opening of succinic anhydride are confirmed by a
characteristic peak at 2.6 ppm, which is attributed to the meth-
ylene hydrogens next to carbonyl groups in ND-PG-N;-COOH.
13C NMR spectra (Figure 3) fully support the characteriza-
tion of the ND50-PG derivatives by 'H-NMR spectra mentioned
above. In addition, 1*C NMR spectra provide the direct evi-
dence of the existence of ND core;® that is, the characteristic
sp? carbon signal of the diamond core was clearly distinguished
at 35 ppm in all the 3C NMR spectra shown in Figure 3. In
Figure 3B, two kinds of the aromatic carbons and the methyl
carbon at the tosyl groups in ND-PG-OTs are detected at 130 and
127 ppm, and 21 ppm, respectively. In the case of ND-PG-N;
(Figure 3C), the signal at 53 ppm is assigned to the methylene
carbons adjacent to azido groups. In Figure 3D, the carbons next
to carbonyl groups are found at 29 ppm, and the carbonyl car-
bons at ester and carboxylic acid are clearly detected at 172 and
173 ppm. However, decent NMR spectra of ND-PG-RGD-COOH
and ND-PG-RGD-Pt were not obtained, because the conjugation
with RGD peptide decreased the solubility of the derivatives.
Although the aqueous solubility of ND-PG-Pt and ND-PG-
RGD-Pt was not sufficient for NMR analysis, they can be readily
dispersed in water and Dulbecco's modified Eagle’s medium
(DMEM) with concentration of >1.0 mg/mL. The aqueous solu-
tions of ND-PG-Pt and ND-PG-RGD-Pt showed a narrow size
distribution with hydrodynamic diameters of 59.5 + 14.9 nm
and 64.1 £ 15.0 nm, respectively. The content of platinum in
ND-PG-Pt and ND-PG-RGD-Pt were estimated up to 17% and
14%, respectively, based on the measurement of inductively
coupled plasma with atomic emission spectroscopy (ICP-AES).

2.2. Preparation and Characterization of Surface Functionalized
Fluorescent ND (fND)

The intrinsic fluorescence of ND provides an ideal tool for cell
labeling and intracellular tracking. In order to confirm cellular

Adv. Funct. Mater. 2014, 24, 5348-5357
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Figure 4. STEM images of A) fND and B) fND-PG, C) bright-field image of fND powder, and

D) fluorescence image under cy3 mode.

uptake and intracellular localization of ND-PG and its deriva-
tives, PG-functionalized fND and its derivatives were prepared
in the same process shown in Scheme 1. ND50 was first air-
oxidized to remove graphitic layer, then irradiated with helium
ions and annealed to generate fluorescent nitrogen-vacancy
(N-V) centers according to the method reported by Chang
et al. (Supporting Information).*®l Since annealing process
removes most of the oxygen containing functional groups and
graphitizes the fND surface, air oxidization and mixed acid
treatment were employed to regenerate the oxygen containing
functional groups,/®®! which can initiate the ring-opening
polymerization of glycidol.?¥

As-prepared fND was characterized by scanning transmis-
sion electron microscopy (STEM), photoluminescence (PL)
spectroscopy and fluorescence microscopy. The core of fND
was clearly observed by STEM with a mean diameter of 48.2
* 13.4 nm (Figure 4A). Upon excitation with 488-nm laser, the
intrinsic emission of fND powder was detected at 550-800 nm
using a PL spectrophotometer (Figure S1).*] Fluorescence
microscopy (Figure 4D) showed bright red fluorescence from
the {ND clusters which appear as gloomy dots in bright-field
image (Figure 4C).

The as-prepared fND was functionalized by PG using the
same method as that of ND50 mentioned above (Supporting
Information).?*34 However, when fND was sonicated in gly-
cidol before polymerization, a large amount of precipitate was
observed even after sonication for two hours. Actually, dynamic
light scattering (DLS) measurements in water showed that fND
includes large aggregates; its mean size (128 + 50 nm) is 2.4
times larger than that of ND50 (52.8 + 20.2 nm). The aggre-
gation reduced specific surface area of fND for PG function-
alization, leading to five times less aqueous solubility (4.0 mg/
ml) than that of ND50-PG (220.0 mg/mlL). In addition, the

Adv. Funct. Mater. 2014, 24, 5348-5357
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@ dispersion was not stable; precipitates were
observed just after standing overnight.

To increase the aqueous solubility and sta-
bility, the second PG functionalization was
employed to grow further the PG layer on
the fND surface. The same procedure was
employed as that of the first PG functionali-
zation. The synthesized fND-PG was charac-
terized by STEM, DLS, thermogravimetric
analysis (TGA), and elemental analysis. STEM
clearly shows deaggregation of {ND after PG
grafting twice (Figure 4B) with no significant
change in the fND core size (Table 1). The
deaggregation is supported by the reduction in
the mean hydrodynamic diameter from fND
(128 + 50 nm) to fND-PG (63.4 + 14.9 nm)
determined by DLS (Table 1). As compared
with ND50-PG, fND-PG has quite similar
thickness in the PG layer and weight ratio in
PG:ND; that is, the thickness calculated by
the hydrodynamic and core sizes is 7.5 nm
in fND-PG and 7.1 nm in ND50-PG (Table 1),
and the weight ratio determined by TGA
is 39:61 in fND-PG and 37:63 in ND50-PG
(Figure S2). As expected, fND-PG displayed
similar solubility to that of ND50-PG. Actual
solubility of {ND-PG in water, PBS and DMEM is > 20, 15 and 12
mg/mL, respectively. These fND-PG solutions showed adequate
stability; only a few precipitates were found over 3 months.

The result of the elemental analysis enables quantitative dis-
cussion of ND50-PG and fND-PG (Table 2). If the number of
the carbon atoms consisting of ND50 and fND is assumed to be
1.2 X 107 calculated from the reported equation,® the numbers
of the hydrogen and oxygen atoms in ND50 and fND are deter-
mined as shown in Table 2, based on the weight% of these ele-
ments in the elemental analysis. In addition, the ratio in atom
numbers of C:H:O in ND50-PG and fND-PG is determined to
be 6.22:3.76:1.37 and 6.04 : 3.65 : 1.39, respectively, from the
results of the elemental analysis. Since PG layer, (C3HO,),, is
added to ND50 and fND through ring-opening polymerization
of glycidol (C3HO,), the above C:H:O ratios in ND50-PG and
fND-PG correspond to (1.2 x 107 + 3n) : (1.3 x 10° + 6n) : (3.8 X
105+ 2n) and (1.2 X 107 + 3n) : (2.1 X 10° + 6n) : (3.7 x 10° + 2n),
respectively. The degree of the ring-opening polymarization n is

Table 1. Size characterization of ND50, fND and their derivatives by
STEM and DLS.

Particle Core size Hydrodynamic size Thickness of PG layer
[nm]? [nm] in water®) [nm]

ND50 5221144 52.8+20.2 —

ND50-PG  52.7+£13.9 66.9+14.8 7.

fND 48.2+13.4 128.4+£49.8 —

fND-PG 48.4+12.8 63.4+149 7.5

3Average core diameter + SD is determined by more than 100 particles in the
STEM images; ®Mean diameter = SD is determined by DLS on the basis of
number distribution; 9Calculated from the difference of core size and hydrody-
namic diameter.
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Table 2. Elemental analysis of ND50 and fND before and after PG func-
tionalization, and the estimated number of atoms consisting of each
material.?)

Particle C H o

wt%]  number®  [wt%]  number®  [wt%] number®
ND50 9489  1.2x107 0.89 13x10° 399  3.8x10°
ND50-PG 74.68 1.7x 107 3.80 1.0x 107 21.96 3.8x10°
fND 91.46 1.2x107 1.37 2.1x10° 3.72 3.7x10°
fND-PG 72.57 1.7x107 3.89 1.1 %107 22.27 4.0x10°

AINitrogen is omitted because of low content (< 0.21%). CHN and O were meas-
ured independently by CHN and O modes. P Number of atoms is calculated based
on number of carbon atom (1.2 x 107) of a spherical ND with 50 nm size.[¢]

calculated to be 1.7 x 10® and 1.8 x 10° for ND50-PG and fND-
PG, respectively. Finally, the numbers of the carbon, hydrogen,
and oxygen atoms in ND50-PG and fND-PG are determined as
shown in Table 2 from the degree of polymarization n calcu-
lated above. Similar polymerization degrees in ND50-PG and
fND-PG are supported by the similarity in these structural and
physical properties mentioned above; hydrodynamic size, thick-
ness in PG layer and aqueous solubility.

The fND-PG was further functionalized by the RGD peptide
to confirm the selective uptake in the targeted tumor cell fluo-
rescently, which will be mentioned below. The synthetic route
is the same as that of ND50-PG shown in Scheme 1 (-OH —
-OTs (tosylate) — -N3 — -RGD). The resulting fND-PG-RGD
exhibited good solubility and stability in water and DMEM
(>1.0 mg/mlL).
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2.3. Biocompatibility, Cell Uptake, and Intracellular Localization
of fND and Derivatives

Since biocompatibility is a prerequisite as drug delivery device,
influence of f{ND, {ND-PG and f{ND-PG-RGD on the viability of
U87MG and Hela cells was investigated. Dispersion or suspen-
sion of all three materials in DMEM exhibited no significant
toxicity at concentrations up to 400 pg/mL to both types of cells
for 24 h (Figure S4).

Next, cellular uptake of these materials was quantitatively
compared using flow cytometry (FACS), after separately grown
U87MG and Hela cells were treated with fND, fND-PG and
fND-PG-RGD at concentrations up to 200 pg/mL for 24 h
(Figure 5). When FACS was performed, the parameter of side
scattering (SSC) was measured at the same time with the red
fluorescence (Figure 5 and S6). As a result, fND was taken
up by both U87MG and Hela in a concentration-dependent
manner. In sharp contrast, neither U87MG nor Hela dis-
played any significant fND-PG uptake even at the highest con-
centration, indicating stealth effect of the PG coating. In the
case of fND-PG-RGD, however, U87MG and Hela behaved
differently. fND-PG-RGD wuptake was dose-dependent in
U87MG, but was not observed in HelLa even at the maximal
concentration. In addition, change in the intensity of SSC
(Figure 5B and D) exhibited a similar trend to that of red fluo-
rescence (Figure 5A and C), suggesting that SSC signal is also
an appropriate indicator of cellular incorporation of the ND-
based materials.

The following conclusions can be drawn from the above
results; 1) PG coating has shielding effect against cell uptake

B| us7mG
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Figure 5. FACS analysis of uptake of fND, fND-PG and fND-PG-RGD in separately cultured U87MG and Hela cells after 24-h treatment. Red fluores-
cence and side scattering (SSC) intensity were measured. Data were acquired on arithmetic scale and arithmetic means were used for quantification.

Values are means £ SD (n = 3).
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Figure 6. FACS analysis of uptake of fND, fND-PG and fND-PG-RGD in co-cultured U87MG
and Hela cells after 24-h treatment. Side scattering (SSC) intensity was measured. Data were
acquired on arithmetic scale and arithmetic means were used for quantification. Values are

means £ SD (n = 6).

and 2) RGD exerts targeting effect. To mimic the in vivo envi-
ronment better, we grew U87MG and Hela in mixed culture.
U87MG cells were first labeled with 5(6)-carboxyfluorescein
diacetate succinimidyl ester (CFDA-SE), a green fluorescent
supravital dye for cell tracking, and then grown together with
Hela cells. After treatment of fND, fND-PG and fND-PG-
RGD at concentrations up to 200 pg/mL for 24 h, the cells in
the mixed culture were analyzed by FACS for uptake of the
fND-based materials. Upon FACS, gating was set up so that
U87MG cells were differentiated from HeLa cells by CFDA-SE
fluorescence. Since the red fluorescence of fND cannot be used
because of the strong green fluorescence from CFDA-SE, SSC
signal was used for evaluation of cellular incorporation instead
of the red fluorescence. The results obtained in the experiments
using mixed culture (Figure 6) are consistent
with those in the separate culture (Figure 5)
mentioned above; extensive uptake of fND
and very little uptake of fND-PG in both
U87MG and Hela cells, and selective uptake
of fND-PG-RGD only in U87MG (Figure S6).
The results obtained by FACS were also sup-
ported Dby fluorescent microphotographs
(Figure 7). While cytoplasmically punctuated
red fluorescence of the internalized {ND was
observed in both U87MG and Hela treated
with 200 pg/mL of fND (Figure 7B), neither
type of the cell treated with fND-PG showed
such clear red fluorescence at the same con-
centration (Figure 7C). When the co-culture
was treated with 200 pg/mL of fND-PG-
RGD, red fluorescence was observed only
in the cytoplasm of U87MG cells, but not in
HelLa (Figure 7D).

The lysosomal compartment is commonly
reported as a major intracellular depositing
site for internalized particlesP®”] and we
confirmed fND-PG-RGD localized in the lys-
osomes by fluorescence microscopy. The lys-
osome of control U87MG cells were stained
with LysoTracker Blue (Invitrogen) against
mitochondrial counterstaining by rhodamine
123 (Figure 8A). LysoTracker Blue staining
was then performed on U87MG cells treated

A Cagntrol

C fND-PG
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with 200 pg/mL of IND-PG-RGD for 24 h. As
shown in Figure 8B, the red fluorescence of
the internalized fND-PG-RGD is found to co-
localize with the blue staining of lysosomes.

2.4. Acid-Responsive Drug Release

In addition to the stealth effect of PG and tar-
geting effect of RGD peptide, acid-responsive
release of Pt(II) was confirmed in vitro as
shown in Figure 8C.[%] The concentration of
Pt liberated from the ND-PG-Pt was moni-
tored by ICP-AES at 37 °C in the phosphate
buffer solutions at the pH of 5.0 and 7.4.
The initial Pt release rates from ND-PG-Pt
are determined to be 57 pg/h and 30 pg/h
at the pH of 5.0 and 7.4, respectively (Table S1). In the later
stage (12-98 h), the Pt release rates are found to follow the first
order kinetics and the rate constants are determined to be 2.9
x 1073 and 1.7 x 1073 h™! at the pH of 5.0 and 7.4, respectively
(Figure S3). That is, Pt release from ND-PG-Pt at the pH of
lysosome (5.0) is almost two times faster than that at the pH
of the cell culture medium (7.4), indicating the acid-responsive
Pt release.

From the mechanistic point of view, we can interpret the
acceleration of the Pt release reaction under acidic conditions as
shown in Scheme 2, while the mechanism of the acid-respon-
sive Pt release has been poorly documented.*>%8-70 The Pt(II)
in the ND-PG-Pt forms square-planar structure.’!l Since the

50 100 200

Figure 7. Fluorescent microphotographs of co-cultured U87MG and Hela cells after 24-h treat-
ment of fND, fND-PG and fND-PG-RGD (200 pg/mL). Three images of the same field were
taken using different filters. 1 and 3: Green fluorescence was from U87MG stained with CFDA-
SE. 2 and 4: Punctuated red fluorescence was from internalized fluorescent ND particles. 3 and
4: Blue fluorescence was from the nuclei of both U87MG and Hela cells.
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Figure 8. A and B: Subcellular localization of internalized fND-PG-RGD
in U87MG cells. A1 and A2: Lysosomal staining by LysoTracker Blue with
counter staining of mitochondria by rhodamine 123 in control cells. A3:
AT merged with A2. B1: Fluorescence of internalized fND-PG-RGD. B2:
Lysosomal staining by LysoTracker Blue. B3: B1 merged with B2. C: Time
course of platinum concentration released from ND-PG-Pt at pH of 5.0
and 7.4 (n=3).

platinum-oxygen bonds are relatively labile compared with the
very stable platinum-nitrogen ones, two carboxylates (COO7)
on Pt are considered to be substituted by water molecules to
liberate cis-[Pt(NH;),(H,0),]%*, cis-[Pt(OH)(NHj3),(H,0)]* and/
or cis-[Pt(OH),(NHj3),] known as the cytotoxic forms of the cis-
platin.’?774 According to the literatures well documenting the
ligand substitution process on the square planar Pt(I1),*! the Pt
release from ND-PG-Pt is considered to proceed by the associa-
tive (Sy2 like) mechanism via trigonal bipyramidal intermedi-
ates (Scheme 2). Since the protonation at the carbonyl group
makes the carboxylate better leaving group, acidic conditions

© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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are favored for the ligand substitution. Actually, the hydrogen
ion concentration at pH 5.0 is 250 times larger than that at
pH 7.4, hence accelerating the Pt release from the ND-PG-Pt
prodrug as shown in Figure 8c.

The proposed mechanism of the acid-responsive Pt-drug
release from the prodrug is considered to be applicable to the
other Pt-based drugs with carboxylate and alkoxide ligands such
as carboplatin, oxaliplatin and nedaplatin. These prodrugs are
reported to reduce the dose limiting toxicity by slowing down
the substitution of the carboxylate and alkoxide ligands with
water molecules.”? That is, they are more resistive to aqua-
tion than cisplatin at pH 7.4, reducing the side effects such as
renal and nervous system toxicity. Under acidic conditions in
tumor cells, however, the aquation is considered to be acceler-
ated to release actual drug, which can form adducts with DNA,
according to the proposed mechanism shown in Scheme 2.

2.5. In Vitro Drug Delivery and Cytotoxicity Assay

Subsequently to the drug release, the drug efficacy was com-
pared among the Pt(II)-based prodrugs with and without stealth
PG and targeting peptide. Separately grown U87MG and HelLa
cells were treated with cisplatin, ND-PG-Pt and ND-PG-RGD-
Pt for 24 h at the platinum concentrations of 0-20 pg/mL as
shown in Figure 9A and B. Cisplatin was toxic to both U87MG
and HelLa, while ND-PG-Pt was almost non-toxic to both cells.
ND-PG-RGD-Pt exhibited little toxicity in HeLa (Figure 9B), but
similar toxicity to cisplatin in U87MG (Figure 9A). Micropho-
tographs also provided direct visual evidence (Figure S7). The
non-toxicity of ND-PG-Pt to both cells and the selective toxicity
of ND-PG-RGD-Pt to U87MG are well correlated with the cel-
lular uptake behavior of fND-PG and fND-PG-RGD mentioned
above (Figures 5-7). Platinum levels inside the U87MG and
Hela cells were quantified after 24-hour treatment of cispl-
atin, ND-PG-Pt and ND-PG-RGD-Pt (Figure 9C). As a result,
platinum contents in both types of cells were highest in the cis-
platin treatment and lowest in the ND-PG-Pt treatment. While
ND-PG-RGD-Pt exhibited only slightly higher platinum level
than ND-PG-Pt in the HeLa cells, the platinum level in U87MG
cells treated by ND-PG-RGD-Pt is significantly higher than that
treated by ND-PG-Pt and is close to that of the cisplatin-treated
cells. We can conclude that PG surface coating provides stealth
effect so that ND-PG-Pt avoids non-specific cell uptake and
lacks cytotoxicity. On this basis, ND-PG-RGD-Pt only enters into
U87MG, but not HeLa, by virtue of RGD targeting and releases
the loaded platinum-based drug to exert selective cytotoxicity.

3. Conclusion

Through rational surface engineering based on synthetic
organic chemistry, targeting RGD peptide and anticancer drug
were immobilized on the ND-PG platform. PG layer endowed
ND-PG and its derivatives with good solubility in aqueous
media, enabling more precise characterization by solution
phase NMRs. In addition, PG shielded ND from non-specific
cell uptake. ND-PG conjugated with the RGD peptide (ND-PG-
RGD) was taken up by U87MG, but not HeLa cell. When the
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Scheme 2. Plausible ligand substitution mechanism on the acid-responsive release of Pt(ll) drug from the ND-PG-Pt prodrug.

platinum-based anticancer drug was loaded, ND-PG-Pt avoided
non-specific cell uptake due to the stealth effect of PG and
hence exhibited no cytotoxicity to both U87MG and Hela cells.
In sharp contrast, ND-PG-RGD-Pt demonstrated cytotoxicity
only to US7MG cell by virtue of the targeting effect of RGD as
well as the stealth effect of PG.

The methodology to prepare ND-PG-RGD-Pt, described so
far, has a wide scope to construct the multi-functional nano-
particle for in vivo application, because one can simply replace
the pieces in accordance with the purpose. For any target, the
targeting peptide can be identified by phage display method”®!
and immobilized on the PG layer through click chemistry in
place of the RGD peptide. In addition, the core material can be
replaced by various nanoparticles by virtue of the generality in
the PG fuctionalization.?*26#1 The size can be tuned in view of
passive targeting of the tumor lesion.**””] The drugs other than
Pt-based one can be also loaded on the PG-coated nanoparticle
backbone through not only coordination bonding but also cova-
lent and hydrogen bonding. We believe that the flexibility and
versatility in the design and construction of the PG-based prod-
rugs can make significant progress on the in vivo application of
the nanoparticles in the field of nanomedicine.

4. Experimental Section

Synthesis and Characterization of ND50-PG: ND50-PG was prepared
according to our reported method,?*l using ND50 as a starting material
and characterized by FTIR (Figure 1A), and solution-phase 'H- and '3C-
NMR (Figure 2A and 3A).

Synthesis and Characterization of ND-PG-OTs: ND50-PG (100 mg)
was dissolved in pyridine (4.0 mL) by bath sonication and then cooled
down to 0 °C in an ice/water bath. p-Toluenesulfonyl chloride (200 mg,
1.05 mmol) was dissolved in pyridine (2.0 mL) and added dropwise
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into the mixture under rapid stirring. The solution was stirred at 0-5 °C
for 3 h and at room temperature overnight. The resulting solid was
collected by centrifugation (Avanti J-E, Beckman Coulter) at 50400g and
purified in DMF by repeated redispersion/centrifugation cycles. It was
characterized by FTIR (Figure 1B), and solution-phase 'H- and 3C-NMR
(Figure 2B and 3B).

Synthesis and Characterization of ND-PG-N3: Sodium azide (100 mg,
1.54 mmol) in water (2.0 mL) was added into ND-PG-OTs (80 mg)
in DMF (6.0 mL) and stirred at 90 °C overnight. After cooling down,
the product was collected by centrifugation and purified in water by
repeated redispersion/centrifugation cycles. It was characterized by FTIR
(Figure 1C), and solution-phase 'H- and '3C-NMR (Figure 2C and 3C).

Synthesis and Characterization of ND-PG-N;-COOH: ND-PG-N;
(50 mg) and 4-dimethylaminopyridine (1.5 mg) was dissolved in pyridine
(4.0 mL) by bath sonication and then cooled down to 0 °C in an ice bath.
Succinic anhydride (40 mg, 0.40 mmol) was dissolved in pyridine (2.0 mL)
and added dropwise into the mixture under rapid stirring. The solution
was stirred at 0-5 °C for 3 h and at room temperature overnight. The
resulting solid was collected by centrifugation and purified in DMF by
repeated redispersion/centrifugation cycles. It was characterized by FTIR
(Figure 1D), and solution-phase "H- and *C-NMR (Figure 2D and 3D).

Synthesis and Characterization of ND-PG-RGD-COOH: RGD propargyl
amide®! (4.0 mg) in water (1.0 mL) was added to a solution of ND-PG-
N3;-COOH (20 mg) in water (2.0 mL). Copper(ll) sulfate pentahydrate
(8 mg) in water (0.5 mL) and sodium ascorbate (10 mg) in water
(0.5 mL) were added into the mixture with vigorous stirring. The resulting
brown suspension was bath sonicated for 10 min and stirred at room
temperature for 48 h. Diluted ammonia was dropped into the suspension
to dissolve insoluble copper salts, giving a clear blue-gray solution. The
solid was collected by high-speed centrifugation and purified in 1%
ammonia by repeated washing/centrifugation. It was characterized by
FTIR (Figure 1E).

Synthesis and Characterization of ND-PG-RGD-Pt: ND-PG-RGD-COOH
(20 mg) and cisplatin (4.8 mg, 0.016 mmol) were mixed in Milli-Q water
(4.0 mL) by bath sonication. The pH of the mixture was adjusted to 8.0
using 0.5 M NaOH. After stirring at room temperature in dark for 72 h,
the mixture was passed through a 0.45-pym cellulose filter (Millipore) to
remove insoluble solid. The unbound cisplatin in filtrate was removed
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Figure 9. A and B: Cell killing effect of cisplatin, ND-PG-Pt and ND-PG-
RGD-Pt. Concentrations were normalized to platinum up to 20 pg/mL.
Treatment duration was 24 h (n = 3). C: Platinum levels (normalized to
protein concentrations) in U87MG and Hela cells after 24-h treatment
of cisplatin, ND-PG-Pt and ND-PG-RGD-Pt containing 2.5 pg/mL of plat-
inum. Values are means = SD (n = 3). Student's t-test was performed
(* and # p < 0.05, ## p < 0.01).

by the dialysis in 200 mL of Milli-Q water and the medium was changed
every 4 h for 3 times. For cell experiments, the purified sample was
further dialyzed against DMEM to replace the medium to a physiological
solution. It was characterized by FTIR (Figure 1F).

Supporting Information

Supporting Information is available from the Wiley Online Library
or from the author. It includes Figures ST and S2, materials and
instruments, method of solubility measurement, preparation of fND and
fND-PG, and experimental details of the in vitro drug release (Table S1
and Figure S3) and in vitro cell experiments (Figures S4-S7).
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