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We report the use of multifunctional gadolinium-loaded dendrimer nanocomplexes to encapsulate an

anticancer drug doxorubicin (DOX) for magnetic resonance (MR) imaging and chemotherapy of cancer
cells. In this study, amine-terminated generation five poly(amidoamine) dendrimers (G5.NH,) were
modified with chelator/gadolinium (Gd) complexes and folic acid (FA) via a polyethylene glycol (PEG)
spacer, followed by acetylation of the remaining dendrimer terminal amines. The thus formed G5.NHAc-
DOTA(Gd)-PEG-FA complexes were used to encapsulate DOX within the dendrimer interior. We show

that the G5.NHAc-DOTA(Gd)-PEG-FA/DOX complexes having 8.5 DOX molecules and DOTA/Gd
complexes per dendrimer are stable under different pH conditions, and are able to release DOX in a

sustained manner. The FA modification enables efficient targeting of the particles to cancer cells

overexpressing FA receptors (FAR), and thus effective targeted MR imaging of the cancer cells in vitro.

Likewise, the encapsulation of DOX within the dendrimer/Gd complexes does not compromise the

therapeutic efficacy of the DOX drug. Importantly, by virtue of the FA-directed targeting, the formed

multifunctional dendrimeric nanocomplexes are able to exert specific therapeutic efficacy of DOX to the

FAR-overexpressing cancer cells in vitro. The developed multifunctional dendrimers with both MR

imaging agents Gd(III) complexed via the conjugated chelator and anticancer drug physically

encapsulated within the dendrimer interior may hold great promise to be used as a theranostic

nanoplatform for targeted MR imaging and chemotherapy of different types of cancer.

Introduction

Recent advances in nanotechnology enable the development of
various nanoparticulate systems incorporating both diagnosis and
therapy functionalities for theranostics of cancer.'® This is
because nanoparticles (NPs) are able to be designed to have
targeting, imaging, and therapeutic functionalities’'” to have
extended blood circulation half-life,'® 7 and to overcome the
drawbacks of conventional diagnostic and therapeutic agents,
such as chelator/Gd(IIT) complexes used for magnetic resonance
(MR) imaging'® or anticancer drugs' (short blood circulation
time and nonspecificity). The key to develop an effective
theranostic nanomedicine for imaging-guided cancer therapy is to
incorporate both imaging and therapeutic elements within a single
nanoparticulate platform.?® !

Theranostic NPs can be readily fabricated since the synthetic
procedure is typically a combination of well-established
chemistries originally developed solely for imaging or therapy.
On one hand, the developed multifunctional NPs can be used as
both contrast agents for molecular imaging applications and
therapeutic agents under certain conditions in the absence of
anticancer drugs. For instance, hyaluronic acid-modified
Fe;04@Au core/shell nanostars can be simultaneously used for
MR/computed tomography (CT)/thermal tri-mode imaging and
photothermal therapy of tumors.?* In another work, Zhou et al.
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demonstrated the use of tungsten oxide nanorods as an efficient
nanoplatform for tumor CT imaging and photothermal therapy.”
On the other hand, NPs can be incorporated with both imaging
agents for molecular imaging applications and anticancer drugs
for chemotherapy applications. For instance, Kim et al.
developed a drug-loaded aptamer-Au NP bioconjugate that could
be used for combined CT imaging and therapy of prostate
cancer.’ In another work,® peptide-functionalized multifunctional
polymeric micelles loaded with doxorubicin (DOX) and a cluster
of superparamagnetic iron oxide NPs inside the micelle core can
be used for targeted MR imaging and chemotherapy of cancer
cells.

For theranostics of cancer via molecular imaging and
chemotherapy, it is essential to find a versatile nanoplatform that
can be used for efficient incorporation of the contrast agents and
anticancer drugs. Among the many used nanoplatforms,
dendrimers, especially poly(amidoamine) (PAMAM) dendrimers
have attracted a great deal of interest.**?® Dendrimers possess
high monodispersity, branched internal cavity, and abundant
surface functional groups.”” These properties enable dendrimers
to be covalently modified with targeting agents, imaging
molecules, and anticancer drugs for targeted drug delivery
applications.”> **3* Likewise, the relatively hydrophobic interior
of the dendrimers allows for effective encapsulation of
hydrophobic anticancer drugs.” 3’ Furthermore, the unique
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structural characteristics of dendrimers afford their uses as
templates or stabilizers to form dendrimer-entrapped gold NPs
(Au DENPs)*® *? or dendrimer stabilized gold NPs** *' for CT
imaging applications, and as a platform to covalently modify
chelator/Gd complexes for MR imaging applications.”> ** Even
for low generation dendrimers (e.g., generation 2, G2), the
PEGylation conjugation of the dendrimer periphery also enables
the formation of Au DENPs for CT imaging applications.** **
These advantages of PAMAM dendrimers render their uses as an
ideal multifunctional nanoplatform for both imaging and drug
delivery applications. However, there are few reports related to
the simultaneous incorporation of both imaging elements and
anticancer drugs into a single dendrimer-based nanoplatform for
cancer theranostic applications.***®

Inspired by our previous successes in the development of
dendrimer-based MR imaging contrast agents**** and dendrimer-
based drug delivery systems, ** % we attempted to develop a
dendrimer-based theranostic platform for targeted MR imaging
and chemotherapy of cancer cells. In this study, amine-terminated
G5 PAMAM dendrimers (G5.NH,) were modified with
gadolinium (Gd) chelator and targeting ligand folic acid (FA) via
a PEG spacer, followed by Gd(III) chelation and acetylation of
the remaining dendrimer terminal amines. The formed
mutifunctional  dendrimers (G5.NHAc-DOTA(Gd)-PEG-FA)
were used to physically encapsulate DOX. The final G5.NHAc-
DOTA(Gd)-PEG-FA/DOX complexes were characterized via
different techniques. The release kinetics, targeting specificity to
FA receptors (FAR)-overexpressing cancer cells, therapeutic
activity, and targeted therapeutic efficacy to cancer cells were
investigated in vitro. Likewise, the T;-relaxometry of the
G5.NHAc-DOTA(Gd)-PEG-FA/DOX  complexes and the
subsequent targeted MR imaging of cancer cells in vitro using the
complexes were also assessed. To our knowledge, this is the first
report demonstrating the potential to use dendrimers as a versatile
nanoplatform to link chelator/Gd complexes on the periphery and
encapsulate anticancer drug within the dendrimer interior for
theranostics of cancer cells.

Experimental

Materials

Ethylenediamine core G5.NH, PAMAM dendrimers with a
polydispersity index less than 1.08 were purchased from
Dendritech (Midland, MI). 2,2',2"-(10-(2-(2,5-Dioxopyrrolidin-1-
yloxy)-2-oxoethyl)-1,4,7,10-tetraazacyclododecane-1,4,7-

triy)triacetic acid (DOTA-NHS) was purchased from CheMatech
(Dijon, France). PEG with one end of amine group and the other
end of carboxyl group (NH,-PEG-COOH, Mw = 2000) and PEG
monomethyl ether with the other end of carboxyl group (MPEG-
COOH, Mw = 2000) were purchased from Shanghai Yanyi
Biotechnology = Corporation  (Shanghai,  China). DOX
hydrochloride (DOX-HCI) was purchased from Beijing Huafeng
Pharmaceutical Co., Ltd. (Beijing, China). Unless otherwise
stated, the term of “free DOX” represents DOX-HCI. FA, acetic
anhydride, tricthylamine, 1-ethyl-3-(3-dimethylaminopropyl)
carbodiimide hydrochloride (EDC) and all the other chemicals
and solvents were purchased from Aldrich (St. Louis, MO) and
used as received. KB cells (a human epithelial carcinoma cell line)
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were obtained from Institute of Biochemistry and Cell Biology
(the Chinese Academy of Sciences, Shanghai, China). RPMI
1640 medium, fetal bovine serum (FBS), penicillin, and
streptomycin were purchased from Hangzhou Jinuo Biomedical
Technology (Hangzhou, China). Water used in all experiments
was purified using a Milli-Q Plus 185 water purification system
(Millipore, Bedford, MA) with resistivity higher than 18 MQ-cm.
Regenerated cellulose dialysis membranes (molecular weight cut-
off (MWCO) = 14 000 or 1 000) were acquired from Fisher
(Pittsburgh, PA).

Synthesis of the G5.NHAc-DOTA(Gd)-PEG-FA dendrimers

FA (5.14 mg, 0.0117 mmol) with about 1.5 molar equivalents of
NH,-PEG-COOH (15.54 mg, 0.00777 mmol) dissolved in 5 mL
DMSO was mixed with a DMSO solution (2 mL) containing
EDC (6.75 mg, 0.0352 mmol), and the reaction mixture was
stirred for 3 h to activated the y-carboxylic acid group of FA.
Then the activated FA was dropwise added to a DMSO solution
(5 mL) containing NH,-PEG-COOH (46.93 mg, 0.0235 mmol)
under vigorous magnetic stirring at room temperature. The
reaction was stopped after 24 h. Then, the reaction mixture was
extensively dialyzed against phosphate buffered saline (PBS, 3
times, 4 L) and water (3 times, 4 L) through a 1000 MWCO
membrane for 3 days to remove the excess of reactants, followed
by lyophilization to get the product FA-PEG-COOH.

G5.NH, (20.0 mg) dissolved in DMSO (5 mL) was reacted
with 10 molar equivalents of DOTA-NHS (5.86 mg, 5 mL in
DMSO) under vigorous magnetic stirring. The reaction was
stopped after 24 h to get the raw product of G5.NH,-DOTA. In a
parallel experiment, FA-PEG-COOH (34.6 mg) dissolved in 5.0
mL DMSO with 20 molar equivalents of G5.NH, was reacted
with EDC (29.5 mg, in 5.0 mL DMSO) under vigorous magnetic
stirring for 3 h. The activated FA-PEG-COOH was then dropwise
added into the DMSO solution of the raw product of the G5.NH,-
DOTA solution under vigorous magnetic stirring. The reaction
was continued for 3 days to obtain the raw product of G5.NH,-
DOTA-PEG-FA conjugate. Then, Gd(NOs); (10.4 mg) dissolved
in 1 mL water (with Gd(NO;);/DOTA molar ratio of 3:1) was
added under vigorous stirring to chelate Gd(III) ions. After 30
min, triethylamine (71.35 puL) was added to the reaction mixture
solution and the solution was thoroughly mixed for 30 min.
Excess acetic anhydride (40.38 pL, 5 molar equivalents of the
dendrimer terminal amines) was then dropwise added into the
solution under vigorous magnetic stirring. The mixture was
allowed to react at room temperature with stirring for 24 h. Then
the reaction mixture was purified and lyophilized to get the
G5.NHAc-DOTA(Gd)-PEG-FA dendrimer according to the
procedure similar to the purification of FA-PEG-COOH, except
that a dialysis membrane with MWCO of 14 000 was used. For
comparison, non-targeted G5.NHAc-DOTA(Gd)-mPEG
dendrimer was also synthesized and characterized under similar
experimental conditions except that MPEG was used to conjugate
the G5 dendrimer.

Encapsulation of DOX within the G5.NHAc-DOTA(Gd)-
PEG-FA dendrimers

G5.NHAc-DOTA(Gd)-PEG-FA dendrimers (21.3 mg) were
dissolved in 1.5 mL water. DOX-HCI with 10 molar equivalents
of dendrimers was dissolved in 300 pL methanol and was
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neutralized with 5 pL triethylamine to generate deprotonated
DOX, which is insoluble in water. Then the DOX solution was
mixed with the 1.5 mL dendrimer aqueous solution. The mixture
solution was vigorously stirred overnight to allow the evaporation
of the methanol solvent. The dendrimer/DOX mixture solution
was centrifuged (7000 rpm for 10 min) to remove the precipitates
related to the non-complexed deprotonated DOX. The precipitate
was collected and dissolved into 1 mL methanol for UV-vis
spectroscopic analysis. The supernatant was lyophilized to obtain
the dendrimer/DOX complex.

Characterization techniques

'"H NMR spectra were recorded using Bruker AV-400 NMR
spectrometer. All samples were dissolved in D,O before
measurements. Matrix-assisted laser desorption ionization-time of
flight (MALDI-TOF) mass spectrometry was performed using a
4800 Plus MALDI TOF/TOF™ Analyzer (AB SCIEX,
Framingham, MA). Linear mode was selected as the operation
mode. Beta-indoleacrylic acid (10 mg/mL) in acetonitrile/H,O
(v/v =70:30) was used as the matrix and 1 mg of the dendrimer
sample was dissolved in 1 mL methanol. The dendrimer solution
was well mixed with an equal volume of the matrix solution.
Then, 1 pL solution of the mixture was injected on the spots of
the target plate before measurements. UV-vis spectra were
collected using a Lambda 25 UV-vis spectrophotometer (Perkin
Elmer, Waltham, MA). Samples were dissolved in water before
measurements. Zeta-potential measurements were carried out
using a Malvern Zetasizer Nano ZS system (Worcestershire, UK)
equipped with a standard 633 nm laser. Dendrimer samples with a
concentration of 1 mg/mL were measured under different pH
conditions (pH 5.0, 7.4 and 10.0).

In vitro release kinetic study

G5.NHAc-DOTA(Gd)-PEG-FA/DOX complexes dissolved in
water (1 mg, 1 mL) were separately placed in a dialysis bag with
an MWCO of 14 000, hermetically tied, and suspended in 9 mL
35 of aqueous medium (PBS (pH 7.4) or acetate buffer (pH 5.0)).
The entire system was kept in a vapor-bathing constant
temperature vibrator at 37 °C. One milliliter of the buffer medium
was taken out at each predetermined time interval and measured
by UV-vis spectrometry. The volume of the outer phase buffer
medium was maintained constant by replenishing 1 mL of the
corresponding buffer solution. For comparison, DOX-HCI
dissolved in water (1 mg, 1 mL) was also subjected to a similar
release experiment using PBS (pH 7.4) as a releasing medium.

Cell culture

KB cells were regularly cultured and passaged in RPMI 1640
medium supplemented with 10% FBS, 100 U/mL penicillin, and
100 U/mL streptomycin at 37 °C in a 5% CO, incubator. The KB
cells grown in FA-free medium express high-level FAR (denoted
as KB-HFAR), while the cells grown in FA-containing medium
(2.5 uM FA) for 24 h or longer express low-level FAR (denoted
as KB-LFAR).

Cytotoxicity assay and cell morphology observation

The MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide) assay was used to check the therapeutic efficacy of the
ss G5.NHAc-DOTA(Gd)-PEG-FA/DOX complexes in vitro. Briefly,
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1x10* KB-HFAR cells per well were seeded into a 96-well plate.
After overnight incubation to bring the cells to confluence, the
medium was replaced with 200 pL fresh medium containing free
DOX, G5.NHAc-DOTA(Gd)-PEG-FA/DOX complexes with the
same DOX concentration, and G5.NHAc-DOTA(Gd)-PEG-FA
dendrimers with the same dendrimer concentration of the
G5.NHAc-DOTA(Gd)-PEG-FA/DOX complexes pre-dissolved
in 20 uL PBS. After 24 h incubation at 37 °C, an MTT solution
(20 pL in PBS, 5 mg/mL) was added to each well and the cells
were incubated for another 4 h at 37 °C. After that, the medium in
cach well was carefully removed, and DMSO (200 pL) was
added to dissolve the formed formazan crystals. The assays were
carried out according to the manufacturer’s instructions at an
absorption wavelength of 570 nm using a Thermo Scientific
Multiskan MK3 ELISA reader (Thermo Scientific, Waltham,
MA). For each sample, mean and standard deviation for the
triplicate wells were analyzed.

After treatment with free DOX (600 nM), G5.NHAc-
DOTA(Gd)-PEG-FA/DOX complexes with the same DOX
concentration, and G5.NHAc-DOTA(Gd)-PEG-FA dendrimers
with the same dendrimer concentration of G5.NHAc-DOTA(Gd)-
PEG-FA/DOX complexes for 24 h according to the above
conditions, the morphology of cells was observed using a Leica
DM IL LED inverted phase contrast microscope.

Flow cytometry analysis

Flow cytometry was used to check the targeting specificity of the
G5.NHAc-DOTA(Gd)-PEG-FA/DOX complexes to KB-HFAR
cells by monitoring the DOX fluorescence. Both KB-HFAR and
KB-LFAR cells were seeded in 12-well cell culture plates at a
density of 2x10° cells per well the day before the experiment,
then the cells were rinsed 4 times with serum-free FA-deficient
RPMI 1640 medium and cultured with fresh FA-deficient RPMI
1640 medium containing free DOX (5 pM), GS5.NHAc-
DOTA(Gd)-mPEG/DOX complexes, and G5.NHAc-DOTA(Gd)-
PEG-FA/DOX complexes with a DOX concentration of 5 pM.
After 3 h incubation, the cells were trypsinized, resuspended in
PBS containing 0.1% bovine serum albumin, and analyzed using
a Becton Dickinson FACScan analyzer equipped with a 15 mW,
488 nm, and air-cooled argon ion laser. The fluorescent emissions
were collected through a 575 nm band-pass filter and acquired in
log mode. The FL2-fluorescence of 10 000 cells was measured,
and the mean fluorescence of gated viable cells was quantified.

Confocal microscopy

Confocal microscopy (Carl Zeiss LSM 700, Jena, Germany) was
used to observe the specific uptake of the G5.NHAc-DOTA(Gd)-
PEG-FA/DOX complexes by KB-HFAR cells according to our
previous reports.*” *° Briefly, cover slips with a diameter of 14
mm were pretreated with 5% HCI, 30% HNO;, and 75% alcohol
and then fixed in a 24-well tissue culture plate. 8 x 10* KB cells
were seeded into each well with 1 mL fresh medium and cultured
at 37 °C and 5% CO, for 24 h to allow the cells to attach onto the
cover slips. Then, the medium was discarded, and replaced with 1
mL fresh medium containing PBS (control), free DOX (5 uM),
G5.NHAc-DOTA(Gd)-mPEG/DOX complexes ([DOX] =5 uM),

1o and G5.NHAc-DOTA(Gd)-PEG-FA/DOX complexes ([DOX] =

5 uM), respectively. After 3 h incubation at 37 °C and 5% CO,,
the cells were rinsed with PBS for 3 times, fixed with
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glutaraldehyde (2.5%) for 15 min at 4 °C, and counterstained
with Hoechst 33342 (1 pg/mL) for 20 min at 37 °C using a
standard procedure. The emission was collected through a 505-
525 nm barrier filter. The optical section thickness was set at 5
mm. Samples were scanned using a 63x oil-immersion objective
lens.

Targeted inhibition of cancer cells in vitro

To evaluate the efficiency of the G5.NHAc-DOTA(Gd)-PEG-
FA/DOX complexes for targeted cancer cell inhibition, MTT
assay was performed. Briefly, 1x10* KB-HFAR or KB-LFAR
cells per well were seeded into a 96-well plate. After overnight
incubation to bring the cells to confluence, the medium was
replaced with fresh medium containing G5.NHAc-DOTA(Gd)-
MPEG/DOX or G5.NHAc-DOTA(Gd)-PEG-FA/DOX complexes
at the DOX concentration of 1 uM. The cells were incubated at
37 °C and 5% CO, for 3 h, rinsed with PBS for 3 times, and
cultured with fresh regular DOX-free medium for another 24 h
before MTT assay. KB-HFAR cells treated with PBS were used
as control. The MTT assay was performed as described above.

T1 MR relaxometry

T, MR relaxometry of the G5.NHAc-DOTA(Gd)-PEG-FA/DOX
complexes was performed using a 0.5 T NMI20-Analyst NMR
Analyzing and Imaging system (Shanghai NIUMAG Corporation,
Shanghai, China). The samples were diluted in water with Gd(III)
concentrations in the range of 0.05-0.8 mM. A total of four
echoes were used with the following parameters: TR = 300 ms,
TE = 18.2 ms, matrix = 192 x 256, section thickness = 3.8 mm,
and FOV = 10 cm. MR imaging of each sample at different
concentrations was performed. The T; relaxivity (r;) was
determined by a linear fitting of the inverse relaxation time (1/T))
as a function of Gd(III) concentration.

Targeted MR imaging of cancer cells in vitro

KB-HFAR and KB-LFAR cells were separately seeded into a 6-
well plate at a density of 3 x 10° cells per well and incubated in
regular RPMI 1640 medium for 24 h. Then the medium was
replaced with fresh medium containing the G5.NHAc-
DOTA(Gd)-PEG-FA/DOX complexes ([Gd] =0, 0.5, 1, 2, and 4
uM, respectively). After incubation at 37 °C and 5% CO, for 3 h,
the cells were washed 3 times with PBS, trypsinized, centrifuged,
and resuspended in 1 mL PBS (containing 0.5% agarose) in a 2-
mL Eppendorf tube before MR imaging. T; MR imaging of the
cell suspension in each sample tube was performed by 0.5 T
NMI20-Analyst NMR Analyzing and Imaging system using a
wrist receiver coil with a SPIN ECHO sequence (TR =700 ms,
TE=12ms, point resolution=256 mm x 196 mm, section
thickness = 5 mm, and FOV =100 x 100 mm).

In vitro cellular uptake assay

Both KB-HFAR and KB-LFAR cells were separately seeded in a
12-well plate at a density of 5 x 10° cells per well and incubated
in regular RPMI 1640 medium for 24 h. Then, the medium was
replaced with fresh medium containing the GS5.NHAc-
DOTA(Gd)-PEG-FA/DOX complexes ([Gd]= 1 and 4 pM,
respectively) and the cells were incubated at 37 °C and 5% CO,.
After 3 h, the cells were washed 3 times with PBS, lifted with
trypsinization, and resuspended in PBS. The cell suspensions
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(100 pL) were counted. The remaining cells were centrifuged to
form pellets and lysed using an aqua regia solution (0.5 mL) to
digest the cells. The digested cell sample was then diluted with
1.5 mL PBS before quantification by Leeman Prodigy inductively
coupled plasma-optical spectroscopy  (ICP-OES,
Hudson, NH).

emission

Statistical analysis

One way ANOVA statistical analysis was performed to evaluate
the significance of the experimental data. 0.05 was selected as the
significance level, and the data were indicated with (*) for p <
0.05, (**) for p <0.01, and (***) for p < 0.001, respectively.

Results and discussion

Synthesis and characterization of the G5.NHAc-DOTA(Gd)-
PEG-FA/DOX complexes

In the dendrimer-based drug delivery system, partial PEGylation
of G5 PAMAM dendrimer enables improved drug loading
efficiency within the dendrimer interior>'>® Likewise, the
modification of targeting ligand onto the G5 dendrimer surface
via a PEG spacer enables enhanced targeting specificity of the
dendrimer nanodevices.> Therefore, similar to our previous
studies,*® > %* we modified FA onto the G5 dendrimer surface via
a PEG spacer after the G5 dendrimer was modified with DOTA
ligands. Followed by Gd(IIl) chelation and acetylation of the
remaining dendrimer terminal amines, the formed multifunctional
dendrimers were used to encapsulate an anticancer drug DOX
(Figure 1).

The conjugation of DOTA ligands onto the surface of G5.NH,
dendrimers was characterized via 'H NMR spectroscopy.
Because the -CH,- proton signals of DOTA overlap with those of
the G5 dendrimer, we used an indirect method reported in our
previous studies** ** to calculate the number of DOTA ligands
attached to each G5 dendrimer by NMR integration. Meanwhile,
we also used MALDI-TOF mass spectrometry to calculate the
actual number of DOTA ligands attached to each dendrimer by
comparison of the Mw difference between the GS5.NH, and
G5.NH,-DOTA dendrimers. '"H NMR spectroscopy results show
that the number of DOTA moieties attached to each dendrimer is
8.9 (Figure S1, Electronic Supplementary Informastion, ESI),
similar to our previous studies.*” * The MALDI-TOF mass
spectra demonstrate that around 8.5 DOTA molecules are
attached on the surface of each dendrimer (Figure S2, ESI). Then,
PEGylated FA formed by reacting FA with NH,-PEG-COOH
(having 0.6 FA moieties linked to each PEG demonstrated via 'H
NMR spectroscopy, Figure S3, ESI) was conjugated with the
amines of G5 dendrimers. By comparison of the NMR integration,
the number of PEG-FA conjugated onto each G5 dendrimer was
estimated to be 19.4 (Figure S4, ESI). The control G5.NH,-
DOTA-mPEG dendrimers without FA conjugation were also
characterized using the same method and the attached numbers of
DOTA and mPEG moieties onto each G5 dendrimer were
comparable to those of the final G5.NH,-DOTA-PEG-FA
dendrimers (Figure S5, ESI). Knowing the practical number of
primary amines per G5 dendrimer,”® one can easily calculate the
number of the remaining primary amines after each step reaction
via NMR or MALDI-TOF.

The formed G5.NH,-DOTA-PEG-FA dendrimers were then
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used to chelate Gd(III) ion, followed by acetylation of the
remaining dendrimer terminal amines. The acetylation step
rendered the dendrimers with a slightly positive surface potential
(11.3 + 23 mV, Table S1, ESI), in agreement with the
literature.®® The obtained G5.NHAc-DOTA(Gd)-PEG-FA
dendrimers were utilized as a nanoplatform to physically
encapsulate DOX. The formation of the G5.NHAc-DOTA(Gd)-
PEG-FA/DOX complexes characterized via UV-vis
spectrometry (Figure 2). Clearly, the apparent absorption peak at
around 281 nm is associated to the FA absorption (similar to the
PEG-FA segments and the G5.NHAc-DOTA(Gd)-PEG-FA
dendrimers), and the peak at 491 nm is due to the characteristic
absorption of DOX, suggesting the successful conjugation of FA
and encapsulation of DOX. The slight red shift of DOX
absorption peak for dendrimer/DOX complex when compared
with that of free DOX might be due to the fact that the
intermolecular interaction of DOX becomes weakened after being
encapsulated within the dendrimers, hence leading to decreased
electronic transition. This is consistent with The DOX payload
within the G5.NHAc-DOTA(Gd)-PEG-FA dendrimers
analyzed with UV-vis spectroscopy using a standard DOX
absorbance/concentration calibration curve. We show that there
are 8.5 DOX molecules complexed with each GS5.NHAc-
DOTA(Gd)-PEG-FA  dendrimer. The drug encapsulation
efficiency (EE%) and drug loading percentage (DL%) were
calculated to be 78.9% and 5.7%, respectively (Table S2, ESI). It
should be noted that the encapsulation efficiency of DOX within
the G5.NHAc-DOTA(Gd)-PEG-FA  dendrimer is greatly
improved compared to that within the G5.NHAc-FI-FA
dendrimer without PEGylation. This should be due to the fact that
partial PEGylation of dendrimers is able to enlarge the dendrimer
periphery, enabling enhanced drug loading, in agreement with our
previous work.>* ICP-OES was used to analyze the loading of Gd
(IIT) ions within the GS5.NHAc-DOTA(Gd)-PEG-FA/DOX
complexes. We show that there are about 8.9 Gd(III) ions loaded
within each G5 dendrimer through the DOTA chelation process,
approximately similar to the number of DOTA ligands
conjugated onto each G5 dendrimer.

The formed G5.NHAc-DOTA(Gd)-PEG-FA/DOX complexes
are quite stable. We show that the lyophilized powder of the
G5.NHAc-DOTA(Gd)-PEG-FA/DOX complexes are able to be
dispersed well in aqueous solution, and are stable under different
pH conditions (pH = 5.0, 7.4, and 10.0) (Figure S6, ESI). Zeta
potential of the complexes was measured under different pH
conditions (Table S1). The surface potential of the dendrimers
and complexes at pH 7.4 were measured to be 11.3 £ 2.3 and 8.8
+ 4.0 mV, respectively. It seems that the DOX loading within the
dendrimers does not significantly alter the surface potential of the
complexes. At an acidic pH condition (pH = 5.0), the surface
potentials of both dendrimers and complexes are more positive
than at the physiological condition (pH = 7.4). This is presumably
due to the fact that at pH 5.0 protonation of a portion of
dendrimer tertiary amines occurs.”® The surface potential change
for both the dendrimers and the complexes with pH is similar to
that for the G5.NHAc dendrimers described in our previous
work. ™
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was

In vitro release kinetics

To exert the therapeutic efficacy, it is important to investigate the
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in vitro release kinetics of DOX from the G5.NHAc-DOTA(Gd)-
PEG-FA/DOX complexes. The cumulative release of DOX from
the complexes shows that the drug is able to be released in a
sustained manner (Figure 3). In contrast, free DOX is quickly
released to the outer phase of the dialysis tube in PBS, and about
69% of DOX is released within just 5 h, in agreement with
literature.** "7 In both buffers with different pH conditions, the
release of DOX from the G5.NHAc-DOTA(Gd)-PEG-FA/DOX
complexes followed a pattern which is characterized by an initial
faster release followed by a sustained release. In PBS (pH = 7.4),
about 8.6% of the DOX drug is released within 1 h from the
complexes, and about 26.9% of the DOX is released within 48 h.
The drug release rate in the acetate buffer (pH 5.0) is slightly
faster than that in PBS (pH 7.4). About 9.6% of DOX is released
within 1 h and approximately 29.4% of the drug is released
within 48 h. This should be due to the fact that under acidic
condition, DOX is more protonated and more hydrophilic,
enabling slightly fast release of DOX from the relatively
hydrophobic dendrimer interior. Overall, the prolonged release
profile of DOX from the complexes under both pH conditions
implies that the relatively hydrophobic interior of the dendrimer
molecules is extremely useful for effective encapsulation and
retention of the hydrophobic DOX drug.

Targeting specificity of the G5.NHAc-DOTA(Gd)-PEG-
FA/DOX complexes

FAR has been known to be overexpressed by a range of human
carcinomas, including breast, ovary, endometrium, kidney, lung,
head and neck, brain, and myeloid cancers.”® >° Through the
conjugation of FA onto the surface of dendrimers, the formed
G5.NHAc-DOTA(Gd)-PEG-FA/DOX complexes are expected to
have targeting specificity to cancer cells overexpressing FAR.
The specific cellular uptake of the G5.NHAc-DOTA(Gd)-PEG-
FA/DOX complexes was examined by flow cytometric analysis
of KB cells (Figure 4, and Figure S7, ESI) treated with the
particles by virtue of the DOX fluorescence. It can be clearly seen
that after 3 h incubation with the G5.NHAc-DOTA(Gd)-PEG-
FA/DOX complexes, KB-HFAR cells display significant
fluorescence enhancement than KB-LFAR cells (Figure 4a, and
Figure S7e, 7f). In contrast, both KB-HFARs and KB-LFARs
cells treated with the GS5.NHAc-DOTA(Gd)-mPEG/DOX
complexes without FA do not display significantly enhanced
fluorescence intensity (Figure 4a, and Figures S7c, 7d), but
display slightly higher fluorescence intensity than the KB-HFAR
cells treated with PBS (Figure S7a). This indicates that the
binding of the G5.NHAc-DOTA(Gd)-PEG-FA/DOX complexes
with KB-HFAR cells is quite specific due to the receptor-
mediated targeting pathway, in agreement with the literature.®® ¢!
The slightly higher fluorescence intensity of KB-HFAR cells
treated with the G5.NHAc-DOTA(Gd)-mPEG/DOX complexes
and KB-LFAR cells treated with either the GS5.NHAc-
DOTA(Gd)-mPEG/DOX or G5.NHAc-DOTA(GA)-PEG-
FA/DOX complexes may be ascribed to the non-specific cellular
uptake of the particles through mechanisms of phagocytosis and
diffusion via cell walls, in agreement with the literature.*® ** The
cellular uptake of free DOX and the dendrimer/DOX complexes
was also quantified by measuring the mean fluorescence intensity
of cells and the population of cells uptaken with the complexes
(Figures 4a and 4b). The results are similar to the fluorescence
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histogram analysis data. Our results confirmed the binding
specificity of the developed G5.NHAc-DOTA(Gd)-PEG-
FA/DOX complexes to FAR-overexpressing cancer cells via a
receptor-mediated manner.

The fluorescence of DOX also enabled confocal microscopic
imaging of the cellular uptake of the complexes (Figure 5). It can
be seen that after 3 h incubation with the G5.NHAc-DOTA(Gd)-
PEG-FA/DOX complexes, only KB-HFAR cells display
significant red fluorescence signals, which are associated with the
specific binding and internalization of the complexes into the
cytoplasm of the cells. In contrast, under similar microscopic
conditions, the KB-LFAR cells treated with the G5.NHAc-
DOTA(Gd)-PEG-FA/DOX complexes and both KB-LFAR and
KB-HFAR cells treated with the GS5.NHAc-DOTA(Gd)-
MPEG/DOX complexes do not exhibit appreciable fluorescence
signals. This result suggests that only the FA-modified
dendrimeric compelxes are able to be specifically uptaken by the
FAR-overexpressing KB-HFAR cells. It is worth noting that
similar to other nanoscale drug delivery system,** > © the
designed dendrimer/DOX complex is able to be trapped inside
sub-cellular organelles, such as lysosome or endosome, and
nuclei (due to the pores on the nuclei membrane) after 3 h
exposure. Taken together with the flow cytometric data, our
results clearly suggest that the GS5.NHAc-DOTA(Gd)-PEG-
FA/DOX complexes can be specifically delivered to FAR-
overexpressing cancer cells via receptor-mediated binding and
endocytosis.

Therapeutic efficacy of the G5.NHAc-DOTA(Gd)-PEG-
FA/DOX complexes in vitro

We next checked the therapeutic activity of the developed
G5.NHAc-DOTA(Gd)-PEG-FA/DOX complexes via MTT cell
viability assay. As shown in Figure 6, the G5.NHAc-DOTA(Gd)-
PEG-FA/DOX complexes are able to inhibit the growth of cancer
cells with the half-maximal inhibitory concentration (IC50) of

0.85 uM, which is slightly higher than that of free DOX (0.7 uM).

The antitumor efficacy of the GS.NHAc-DOTA(Gd)-PEG-
FA/DOX complexes is solely related to the loaded drug DOX,
since the drug-free G5.NHAc-DOTA(Gd)-PEG-FA dendrimers
do not display apparent -cytotoxicity at the dendrimer
concentrations equivalent to the studied DOX concentration
range.

The therapeutic efficacy of the G5.NHAc-DOTA(Gd)-PEG-
FA/DOX complexes was further confirmed by microscopic
visualization of the cell morphology change after treatment with
the G5.NHAc-DOTA(Gd)-PEG-FA/DOX complexes (Figure S8,
ESI). It can be seen that the treatment of both free DOX (600 nM)
and the G5.NHAc-DOTA(Gd)-PEG-FA/DOX complexes with
the same DOX concentration causes a significant cytotoxicity to
KB cells, and a significant portion of cells became rounded and
non-adherent, indicative of the cell death (Figures S8d and S8e).
In contrast, no rounded and detached cells can be visualized in
control cells without treatment (Figure S8a), cells treated with
equivalent volume of PBS (Figure S8b), cells treated with DOX-
free G5.NHAc-DOTA(Gd)-PEG-FA dendrimers (Figure S8c)
with the dendrimer concentration similar to that of the G5.NHAc-
DOTA(Gd)-PEG-FA/DOX complexes ([DOX] = 600 nM). Our
results further suggest that the bioactivity of the G5.NHAc-
DOTA(Gd)-PEG-FA/DOX complexes is solely associated with
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the loaded DOX drug. The cell morphology observation data

0 corroborate the MTT assay results.

To prove our hypothesis that the G5.NHAc-DOTA(Gd)-PEG-
FA/DOX complexes are able to specifically inhibit the growth of
KB-HFAR cells via FA-mediated targeting, after 3 h incubation
of the G5.NHAc-DOTA(Gd)-PEG-FA/DOX complexes, the
medium in wells was replaced with fresh medium. MTT assay
was carried out after the cells were incubated for additional 24 h
(Figure 7). It is clear that only the treatment of KB-HFAR cells
with the G5.NHAc-DOTA(Gd)-PEG-FA/DOX complexes results
in a significant decrease of the cell viability (65%). In contrast,
the viability of KB-HFAR cells treated with the non-targeted
G5.NHAc-DOTA(Gd)-mPEG/DOX complexes, and KB-LFAR
cells treated with either the G5.NHAc-DOTA(Gd)-PEG-FA/DOX
or the G5.NHAc-DOTA(Gd)-mPEG/DOX complexes is still
around 80%, much higher than that of the KB-HFAR cells treated
with the G5.NHAc-DOTA(Gd)-PEG-FA/DOX complexes (p <
0.001). These results clearly indicate that the GS5.NHAc-
DOTA(Gd)-PEG-FA/DOX complexes afford targeted inhibition
of the growth of cancer cells via a receptor-mediated manner.

T1 MR relaxometry

The presence of Gd(III) ions rendered the G5.NHAc-DOTA(Gd)-
PEG-FA/DOX complexes with T; relaxivity for MR imaging
applications. T|-weighted MR images show that the MR signal
intensity of the G5.NHAc-DOTA(Gd)-PEG-FA/DOX complexes
increases with the Gd concentration of the complexes (Figure 8a).
By plotting the inverse T, (1/T;) as a function of the Gd
concentration, a linear curve was obtained with a slope of 10.58
mM's™ (Figure 8b), which can be defined to be the longitudinal
relaxivity (r;) of the complexes. It should be noted that the r;
relaxivity  of  the  G5.NHAc-DOTA(Gd)-PEG-FA/DOX
complexes is much higher than that of the G5-Gd dendrimers
(4.84 mM's™") reported in our previous work.* This could be due
to the fact that the interior DOX encapsulation may lead to the
decreased rotational correlation time of the Gd-dendrimer
complex, in agreement with the literature.**® The relatively high
1, relaxivity is essential for the use of the G5.NHAc-DOTA(Gd)-
PEG-FA/DOX complexes for sensitive MR imaging applications.

Targeted MR imaging of cancer cells in vitro

With the proven targeting specificity of the GS5.NHAc-
DOTA(Gd)-PEG-FA/DOX complexes to FAR-overexpressing
cancer cells and the great r; relaxivity of the complexes, we next
explored the capability to use the G5.NHAc-DOTA(Gd)-PEG-
FA/DOX complexes for targeted MR imaging of cancer cells in
vitro (Figure 9). It can be seen that both KB-HFAR and KB-
LFAR cells display a gradual MR contrast enhancement with the
Gd concentration (Figure 9a), suggesting that both cells are able
to uptake the complexes. Quantitative analysis of the MR signal-
to-noise ratio (SNR) reveals that MR SNR of both KB-HFAR and
KB-LFAR cells treated with the G5.NHAc-DOTA(Gd)-PEG-
FA/DOX complexes are much higher than that of the
corresponding cells treated with PBS, and higher Gd
concentrations enable higher MR SNR of both cells (Figure 9b).
Importantly, under a given Gd concentration, the MR SNR of
KB-HFAR cells is much higher than that of the KB-LFAR cells,
especially at the high Gd concentrations (2 and 4 uM). This

11s indicates that the FA-modification of dendrimers enables specific
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MR imaging of FAR-overexpressing cancer cells via an FA-
mediated active targeting pathway.

In vitro cellular uptake assay

The targeted Gd uptake by KB-HFAR cells was further
quantitatively confirmed by ICP-OES analysis (Figure 10). It can
be seen that at the studied Gd concentration (1 or 4 uM), the Gd
uptake in KB-HFAR cells is much higher than that in KB-LFAR
cells (p < 0.001). The ICP-OES data corroborate the in vitro MR
imaging results, confirming the potential to use the G5.NHAc-
DOTA(Gd)-PEG-FA/DOX complexes as a nanoprobe for
specific MR imaging of cancer cells.

Conclusion

In summary, we developed a multifunctional dendrimeric
theranostic nanoplatform for targeted imaging and therapy of
cancer cells in vitro. The versatile dendrimer nanotechnology
enables the modification of chelator/Gd complexes on the
dendrimer periphery and physical encapsulation of DOX within
the dendrimer interior. With the additional modification of
targeting ligand FA via a PEG spacer, the developed dendrimeric
theranostic nanoplatform with good colloidal stability can be used
for targeted MR imaging and chemotherapy of FAR-
overexpressing cancer cells due to the coexistence of the
Gd(IIT)/chelator complex and the loaded drug DOX. With the
ability to be modified with other targeting ligands, the developed
dendrimeric nanoplatform may hold great promise to be used for
theranostics of different types of cancer cells.
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Figure captions

Figure 1. Schematic illustration of the structure (a) and synthesis (b) of the designed dendrimeric
nanoplatform for theranostics of cancer cells.

Figure 2. UV-vis spectra of PEG-FA segments, G5.NHAc-DOTA(Gd)-PEG-FA dendrimers, free
DOX, and G5.NHAc-DOTA(Gd)-PEG-FA/DOX complexes dissolved in water. The concentration of
all materials was set at 1 mg/mL.

Figure 3. Cumulative release of DOX from the G5.NHAc-DOTA(Gd)-PEG-FA/DOX complexes in
PBS (pH = 7.4) and acetate buffer (pH = 5.0) at 37 °C. The control experiment was performed by
dialyzing free DOX against PBS (pH = 7.4). The data are expressed as mean + S.D. (n = 3).

Figure 4. Flow cytometric analysis of KB-HFAR and KB-HFAR cells treated with different
materials. (a) and (b) represents the mean fluorescence and population (%) of cells uptaken with
G5.NHAc-DOTA(Gd)-mPEG/DOX (1) and G5.NHAc-DOTA(Gd)-PEG-FA/DOX (2) complexes.
The DOX concentration for all materials was set at 5 uM, and all cells were treated with different
materials for 3 h.

Figure 5. Confocal microscopy images of KB-HFAR and KB-LFAR cells treated with different
materials at the DOX concentration of 5 uM for 3 h, respectively.

Figure 6. MTT viability assay of KB-HFAR cells after treatment with free DOX, G5.NHAc-
DOTA(Gd)-PEG-FA/DOX complexes and G5.NHAc-DOTA(Gd)-PEG-FA dendrimers at different
DOX concentrations for 24 h. The data are expressed as mean = SD ( n= 3).

Figure 7. The viability of KB-HFAR and KB-LFAR cells after treatment with the G5.NHAc-
DOTA(Gd)-PEG-FA/DOX and G5.NHAc-DOTA(Gd)-mPEG/DOX complexes at the DOX
concentration of 1 uM for 3 h, followed by incubation of the cells in fresh regular DOX-free
medium for 24 h. The KB-HFAR cells treated with PBS were used as control. The data were
expressed as mean = SD (n = 3).

Figure 8. T MR images (a) and linear fitting of inverse T; (1/T;) (b) of G5.NHAc-DOTA(Gd)-PEG-

FA/DOX complexes as a function of Gd concentration. The color bar from blue to red indicates the
9
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gradual increase of T; MR signal intensity.

Figure 9. T,-weighted MR images (a) and MR SNRs (b) of KB-HFAR and KB-LFAR cells
incubated with the G5.NHAc-DOTA(Gd)-PEG-FA/DOX complexes at different Gd concentrations
for 3 h (n=23).

Figure 10. ICP-OES analysis of the Gd uptake in KB-HFAR and KB-LFAR cells after treated with

the G5.NHAc-DOTA(Gd)-PEG-FA/DOX complexes at different Gd concentrations for 3 h.
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