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Abstract: A multiple supramolecular
assembly, in which a folic acid-modified
p-cyclodextrin (1) acted as a target
unit, an adamantanyl porphyrin (2)
acted as a linker unit, and graphene

Yu Liu*?

spectroscopies, and electron microsco-
py- Significantly, the graphene oxide
unit could associate with the anticancer
drug doxorubicin through m—rm interac-
tions, and the folic acid-modified B-cy-

clodextrin unit could recognize the
folic acid receptors in cancer cells.
Owing to the cooperative contribution
of these three units, the resulting multi-
ple supramolecular assembly, after as-

oxide acted as a carrier unit, was suc-
cessfully fabricated through non-cova-
lent interactions and comprehensively
investigated by means of UV/Vis, fluo-
rescence, and X-ray photoelectron

Introduction

Structurally well-organized nanoarchitectures with biocom-
patible and optoelectronic functionalities based on the con-
trol of weak bonding interactions provide critical insight
into the topic of bottom-up molecular manipulation. In par-
ticular, bioactive nanosupramolecules constructed from mul-
tifunctional components through noncovalent driving forces,
such as liposomes,""! inorganic nanoparticles,” polymeric mi-
celles,! and carbon nanomaterials,™ have found applications
in delivering therapeutic drugs and diagnostic agents into
tumors at the cellular and in vivo levels, mainly due to their
advantages of controllable release, on-demand delivery, and
enhanced therapeutic efficacy in cells and tissues. Compared
with traditional drug-delivery systems that have little or no
specificity, supramolecular biotechnology demonstrates the
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sociation with doxorubicin, exhibited
better drug activity and much lower
toxicity than free doxorubicin in vivo.

power to remarkably increase the bioavailability of clinically
relevant drugs at active sites and avoid multidrug resistance
to a great extent.”! Graphene oxide (GO), a “rising star”
material with a thickness of one atom and a large two-di-
mensional structure,’® can strongly bind with various organic
or biological molecules through chemical modifications and
thus promote practical innovations in biological systems,
such as nanometer-sized carriers of drugs and genes. GO is
also much more efficacious than other carbonaceous nano-
materials by virtue of its large specific surface area and ex-
tended m-conjugated system.’! For instance, Dai and co-
workers have reported single-walled carbon nanotubes and
GO modified with polyethylene glycol, targeted agents, and
chemotherapeutic drugs through non-covalent interactions,
and implemented specific cell-killing and antitumor activity
in living systems.”*! Moreover, the cytotoxicity of two anti-
cancer drugs on the surface of functionalized nanoscale GO
was significantly higher than a single drug on GO in cancer
cells, which highlights the enhanced therapeutic efficacy and
potential clinical advantages of graphene-based nano-
carriers.”!

Herein, a molecular-recognition strategy and noncovalent
nanotechnology were used to construct an integrated multi-
functional system by a supramolecular surface modification
of GO with folic acid (FA) through a synthetic bifunctional
molecule that contains a planar porphyrin moiety as a bind-
ing group and an adamantane moiety that is encapsulated in
the cavity of cyclodextrin. By taking advantage of the
mutual cooperation of FA-modified f-cyclodextrin 1 (FA-
CD), adamantane-grafted porphyrin 2, and GO, the structur-
al integrity of GO was preserved and the resultant supra-
molecular assemblies could specifically carry doxorubicin
(DOX) into folate-receptor-positive malignant cells without
imparting an enhanced toxicity (Scheme 1).
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Scheme 1. Synthesis of 1/2/DOX/GO from graphene oxide, DOX, ada-
mantane-modified porphyrin, and folic acid modified cyclodextrin.

Results and Discussion

Synthesis: Compound 1 was synthesized in 31 % yield by an
amide condensation reaction between FA and mono-6-
deoxy-6-ethylenediamino-f-CD, and was comprehensively
characterized by 'H and “C NMR spectroscopy, MALDI-
MS, and elemental analysis (Schemes S1-S2 and Figures S1-
S6 in the Supporting Information). The 2D ROESY spec-
trum of 1 in D,O exhibited obvious NOE correlations be-
tween the interior protons of CD and the neopterin ring of
FA, which suggests the formation of an intramolecular self-
inclusion complex in 1 (Figure S7 in the Supporting Infor-
mation). Due to the low solubility of 2 in water, sodium ada-

FULL PAPER

mantane carboxylate was chosen as a reference to demon-
strate the binding mode in the presence of an adamantanyl
moiety. As shown in Figures 1 and S8 (in the Supporting In-
formation), the introduction of the adamantane molecules
drives the neopterin ring out of the CD cavity, which facili-
tates an intermolecular interaction between the FA moiety
and folate-receptor-positive malignant cells.

Next, the nanosupramolecular assembly of DOX/2/GO
was conveniently constructed through a m—m interaction be-
tween DOX, porphyrin, and GO. From a calculation of the
binding constant between -CD and adamantanecarboxylic
acid™ and the concentrations of host and guest molecules,
about 7% of 2 in DOX/2/GO could be converted to a 1/2
complex under our experimental conditions. This surface
coverage of DOX/2/GO by 1 is within the optimal cell trans-
fection coverage of 5-9 %.M

Spectroscopic and thermogravimetric studies: The photo-
physical behavior of DOX/2/GO was fully investigated by
means of UV/Vis and fluorescence spectroscopy. In the UV/
Vis spectrum of 2/GO (Figure S9 in the Supporting Informa-
tion) and DOX/2/GO (Figure 2) assemblies, the Soret and Q
bands of the porphyrin unit showed large bathochromic
shifts of around 18 and 13 nm, respectively, which indicates
that the phenyl groups and the porphyrin ring of 2 adopted
a more coplanar conformation to enhance the m conjugation
and to firmly interact with GO.'”! Compared with the char-
acteristic absorption of DOX at 41=490 nm, the UV/Vis
spectrum of DOX/GO (Figure S10 in the Supporting Infor-
mation) showed a bathochromic shift of about 8 nm, which
indicates complexation between DOX and GO.® The load-
ing ratio (the weight ratio of loaded drug to carrier)® of
DOX on the surface of GO was calculated to be 168 % ac-
cording to the photometric standard curve of DOX at A=
490 nm and GO at =680 nm (Figure 3), which is consistent
with the reported value of 150 %."!
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Figure 1. a) Schematic representation of the intermolecular interaction between 1 and the adamantanyl moiety. b) and c) Partial '"H NMR spectral
changes for the neopterin ring of 1 (5 mm) b) in the absence and c) in the presence of sodium adamantane carboxylate (83 mm) in D,0O at 25°C.
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Figure 2. UV/Vis spectra of DOX/GO (+++++), 2/GO (-----), and DOX/2/
GO (—) in aqueous solution.
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Figure 3. a) UV/Vis spectra of DOX at 5.05, 10.1, 30.3, 50.5, 101 um. In-
set: Standard curve of DOX with absorption at A =490 nm vs. concentra-
tion. b) UV/Vis spectra of GO at 0.005, 0.01, 0.03, 0.05, 0.10 mgmL . In-
set: Standard curve of GO with absorption at 1 =490 and 680 nm vs. con-
centration.

As illustrated in Figure S11 in the Supporting Informa-
tion, the fluorescence intensity of DOX and 2 after loading
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onto GO was decreased by 93 and 97 %, respectively, due to
n—m stacking interactions that result in photoinduced elec-
tron and/or energy transfer to the acceptor graphene
oxide.'>™] FT-IR spectroscopy and thermogravimetric anal-
ysis (TGA) were also carried out to further characterize the
DOX/2/GO assembly, and jointly demonstrated the multidi-
mensional nanoarchitectures of 1/2/DOX/GO (Figure S12—
S13 in the Supporting Information).

X-ray photoelectron spectroscopy: As an effective technique
for surface analysis, X-ray photoelectron spectroscopy
(XPS) was performed to quantitatively determine the sur-
face element composition in GO, 2/GO, and DOX/2/GO.[¥
As seen in Figure 4a and Figure S14 in the Supporting Infor-
mation, the asymmetric Cls spectrum of GO can be typical-
ly assigned to three components (284.6, 286.9, and
288.6 V). The peak at 284.6 eV was attributed to sp>hy-
bridized graphene carbon atoms and those bound to hydro-
gen atoms." The peak at 286.9 eV was assigned to C-O,
whereas the peak at 288.6 eV was assigned to C=0O and
COOH groups.!'"”! The Cls and Nls spectra of 2/GO (Fig-
ure 4b and Figure S15-S16 in the Supporting Information)
could also be divided into characteristic peaks of functional
groups for each component, but were not simple mixtures of
the peaks of GO and 2. Furthermore, all the corresponding
peaks of associated elements were observed in the XPS
survey spectrum of DOX/2/GO, which confirmed the forma-
tion of supramolecular architecture (Figure 4c). That is, the
Cls spectrum of DOX/2/GO consisted of four components
(284.6, 286.3, 288.0, and 291.0 eV; Figure S17 in the Support-
ing Information). Besides the graphene carbon atoms at
284.6 eV, peaks at 286.3, 288.0, and 291.0 eV were assigned
to C-O (C=N and C—NH), C=0 (CO—-NH and COOH),
and an sp’-hybridized carbon m*«m shake-up, respectively.
The appearance of C=N, C—NH, and C—NH, at 286.3 eV
and CO—NH at 288.0 eV also further indicate the successful
loading of DOX and 2 onto GO. Additionally, the N1s spec-
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Figure 4. XPS spectra of a) GO, b) 2/GO, and ¢) DOX/2/GO.
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trum of DOX/2/GO was composed of three components, in
which the peaks at 397.6, 399.6, and 401.7 eV were assigned
to C=N, C-N, and CO-NH (C—NH,), respectively (Fig-
ure S18 in the Supporting Information).'®! It should be
noted that the sodium atoms were introduced as carboxy-
lates on the surface of GO. The loading ratios of 2 and
DOX in 2/GO, DOX/GO, and DOX/2/GO systems were de-
rived from the content ratio of C, O, and N atoms and are
listed in Table S1 in the Supporting Information. The con-
tent change in these systems can be explained as follows.
Due to the poor solubility in water, compound 2 may exist
as a self-aggregate on the surface of GO; this was further
confirmed by AFM images of 2/GO (see below). If both 2
and DOX are loaded onto GO, the competition between
DOX and 2 through n—m stacking could have potent inhibi-
tory effects on the self-aggregation of porphyrins and thus
decrease the content of DOX in DOX/2/GO assembly to
some extent.

HR-TEM and AFM images: The morphology of DOX/2/
GO assembly was directly obtained by high-resolution trans-
mission electron microscopy (HR-TEM) and atomic force
microscopy (AFM). As seen in the HR-TEM image (Fig-
ure 5a), the DOX/2/GO assembly showed a tendency to
self-aggregate at a relatively high concentration
(0.13 mgmL™), and the surface dimensions were measured
to be around 400 to 500 nm.

Figure 5. Typical a) TEM and b) AFM images of DOX/2/GO.

In a control experiment, the AFM images of free GO in
a dilute solution showed a monodisperse sheet-like mor-
phology with lateral dimensions ranging from hundreds of
nanometers to micrometers and an average height of 0.8 to
1.0 nm (Figure 6a), assigned to totally exfoliated GO single
layers. When loading 2 and/or DOX onto GO, repeated
ultrasonication of the samples cracked the GO into sheets
of 300 to 400 nm, which would be suitable for biological ap-
plications.' In addition, the AFM images of 2/GO indicat-
ed that 2 was loaded onto GO as both monomers and mo-
lecular aggregates. Herein, the GO sheet zone functional-
ized by monomers of 2 showed an average height of 2.5 nm
(Figure 6b), which is consistent with the sum of the height
of the monolayer of GO, the n—n stacking distance, and the
diameter of the adamantanyl group. In the AFM images of
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Figure 6. AFM images of a) GO, b) 2/GO, ¢) DOX/GO, and d) photo-
graphs of GO, 2/GO, DOX/GO, and DOX/2/GO.

DOX/GO, the cross-section analysis showed that the height
of the DOX/GO assembly was 3.1 nm (Figure 6c), which in-
dicates attachment of DOX molecules on both sides of the
GO sheets. In sharp contrast, the AFM images of the DOX/
2/GO assembly reveal a height of 4.2 nm (Figure 5b), which
is approximately equal to the sum of the height of mono-
layer GO, the n—m stacking distance, and the height of DOX
and 2 attached to both sides of GO sheets mainly as mono-
mers. Moreover, the quantities of uniform distribution pro-
tuberances of DOX/2/GO indicated that a large amount of
DOX and porphyrin were loaded onto GO. Additionally, it
is worth noting that this successful loading process showed
characteristic color changes that could be readily distin-
guished by the naked eye (Figure 6d).

Photodynamic effects in vitro: Considering the good photo-
dynamic properties of both GO and porphyrin, we investi-
gated the DNA cleavage ability of 2/GO and 1/2/GO sys-
tems under visible-light irradiation. The agarose gel electro-
phoresis assay of plasmid DNA is illustrated in Figure 7. In
the absence of light, neither 2/GO nor 1/2/GO displayed any
DNA cleavage ability. However, GO showed an ability to
cleave DNA with an efficiency of 69 % under visible-light ir-
radiation (Figure 7, line 1). The cleavage mechanism of GO
may be similar to that of light-activated agents, such as sp*
carbonaceous nanomaterials,"” phthalocyanine,” and por-
phyrin derivatives,?" in which the singlet oxygen (‘O,) spe-
cies (type II mechanism) is responsible for DNA damage.
Significantly, the 2/GO and 1/2/GO systems exhibited higher
DNA photocleavage activity of up to about 80% (Figure 7,
lines 2-3) under light irradiation, and most of the closed su-
percoiled DNA (form I) was cleaved to the nicked circular
DNA (form IT). The improved DNA cleavage ability could
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Figure 7. Photocleavage of pMD19-T plasmid DNA (6 nguL™") by GO
(lane 1, 0.09 mgmL™), 1/2/GO (lane 2, [GO]=0.09 mgmL~", [1]=[2]=
63.2 pM, the coverage of 1 in 1/2/GO was calculated as 54 %), and 2/GO
(lane 3, [GO]=0.09 mgmL™', [2]=63.2 um) in the presence (+) and ab-
sence (—) of visible light. Lane 4 is the blank control.

be attributed to photoinduced electron transfer from por-
phyrin to GO, in which the oxygen molecules accept elec-
trons through a charge separation state (2°¥/GO™) to gener-
ate radical products (type I mechanism),” such as superox-
ide radicals anions (O,”) and hydroxyl radicals (‘OH).
These highly active radicals are major species that interact
with DNA through the free-radical reaction and presumably
damage the DNA.

Intracellular uptake in vitro: By taking advantage of the
strong hydrophobic interaction between the CD cavity and
adamantane moiety, FA-modified 3-CD 1 was easily intro-
duced to the DOX/2/GO system to improve the biocompati-
bility and target effect. Consequently, the resulting nanosu-
pramolecular assembly could specifically recognize folate re-
ceptor-positive tumor cells owing to the very high affinity
between folic acid and folate receptors (K;=10"""m).”?
Moreover, it is well-documented that DOX can be released
from GO under acidic condition, which is attributed to the
increased hydrophilicity and solubility of DOX and reduced
hydrogen-bonding interactions between DOX and GO.®’
Because the microenvironments of tumor tissues are acidic,
this pH-controlled release process is significant in drug-de-
livery applications.”! As shown in Figure 8, the anticancer
activity tests showed that DOX and 1/2/DOX/GO displayed
similar anticancer activity toward HeLa cell lines, a type of
human cervical carcinoma cell widely used as a model for
folate receptor-positive cells. In the absence of 1, the anti-
cancer activity of DOX/2/GO decreased by 52% as com-
pared with that of 1/2/DOX/GO. Moreover, if the folate re-
ceptors of the HeLa cells were shielded by excessive FA,
the anticancer activity of 1/2/DOX/GO was also dramatical-
ly decreased. These results revealed that FA-modified 3-CD
1 plays a very important role in the anticancer effect of the
nanosupramolecular assembly. More interestingly, cellular
toxicity tests with OCT-1 cell lines (mouse osteoblasts,
folate receptor-negative) as model cells showed that the rel-
ative cellular viability of 1/2/DOX/GO reached 97 % within
24 h, which was much higher than that of DOX (57 %). This
result undoubtedly indicates that the 1/2/DOX/GO nano-
supramolecular assembly is almost non-toxic to normal cells
over a period of 24 h, as compared with the obvious cellular
toxicity of DOX. In addition, the morphology of cancer cells
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Figure 8. Relative cellular viability of a) HeLa and f) OCT-1 24 h after
treatment with DOX, 1/2/DOX/GO, 1/2/DOX/GO +excess FA, DOX/2/
GO, and 1/2/GO. Photos of Hela cell lines treated with b) blank, c)
DOX, d) 1/2/DOX/GO, e) 1/2/GO, and OCT-1 cell lines treated with g)
blank, h) DOX, i) 1/2/DOX/GO, j) 1/2/GO are shown.

and normal cells in the presence of DOX, 1/2/DOX/GO,
and 1/2/GO showed that DOX and 1/2/DOX/GO presented
similar damage towards cancer cells (Figure 8c, d), but the
toxic effect of 1/2/DOX/GO towards normal cells was much
lower than that of DOX (Figure 8h, i). This result is consis-
tent with that of the cell-counting experiment. Therefore,
we can deduce that the 1/2/DOX/GO nanosupramolecular
assembly shows no obvious difference in therapeutic effects
against cancer cells as compared with DOX, but shows
much lower toxicity towards normal cells. A possible explan-
ation may be that the strong affinity between folic acid and
the folate receptor facilitates the enrichment of 1/2/DOX/
GO on the surface of cancer cells and thus favors the
uptake of the drug into living cells. This process was imped-
ed in OCT-1 cells to a significant extent due to the lack of
folate receptors.

Tumor-growth inhibition experiments in vivo: Subsequently,
to validate the practical application of 1/2/DOX/GO in
cancer treatment, in vivo anticancer experiments were car-
ried out on a BALB/c nude mice model that contained
HeLa cancer cells. As shown in Figure 9, mice with tumors
were divided into three groups, one of which was untreated
(the control) and two of which were injected with DOX or
assembly 1/2/DOX/GO by the tail vein. The tumor volumes
of mice in the untreated group increased steadily over the
entire experiment period. Owing to the good anti-tumor
effect of doxorubicin, tumor growth was suppressed in the
DOX group, with a tumor-growth inhibition of 46% by

Chem. Eur. J. 2012, 18, 4208 -4215
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Figure 9. Tumor growth curves for BALB/c nude mice with HeLa cancer
cells treated with DOX (m), 1/2/DOX/GO (e), and blank control (A).
The injected dose was normalized to be 1 mgkg™' DOX. A=the point at
which mice in the DOX group started to die (day 21). The asterisks indi-
cate P <0.05, DOX versus 1/2/DOX/GO, differences are considered stat-
istically significant.

day 20. However, the side-effects of DOX resulted in both
loss of body weight and low survival (Figure 10a, b) of mice
in later stages of the study because of the high toxicity of
DOX toward normal cells and tissues. From day 21 the mice
started to die, and less than 30% of the mice survived after
day 27.

In sharp contrast, 1/2/DOX/GO showed a much higher
tumor-growth inhibition of 71% on day 20. Significantly,
compared to DOX alone as drug, no death of the mice
could be found even after four weeks. This desired treat-
ment effect might be attributed to the specific binding be-
tween the folic acid and the folate receptor expressed on
the surface of tumor cells, allowing the assembly 1/2/DOX/
GO to accumulate in the malignant tumor issues and to in-
hibit the growth of the tumor. Because of this targeting
effect, the concentration of assembly in the normal tissues
might maintain at lower level, thereby reducing side effects
(Figure 10a). Moreover, the anti-cancer activity and side-ef-
fects of DOX and 1/2/DOX/GO could be distinguished visu-
ally from the physical appearance of the mice in terms of
tumor size and body weight (Figures S20-S21 in the Sup-
porting Information).

Conclusion

We have constructed a nanosupramolecular assembly by
FA-modified -CD and GO noncovalently linked by an ada-
mantane-grafted porphyrin. The resulting quarternary supra-
molecular nanoarchitecture benefits from strong s—m stack-
ing between the porphyrin and GO and the high hydropho-
bic affinity between CD and adamantane, and can be em-
ployed as a targeted delivery system to efficiently carry the
drug molecules to specific sites with low toxicity to normal
cells under physiological conditions. Considering that it is
convenient to rationally develop novel modified CDs and
expand the use of known CD complexes to recognize other
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Figure 10. a) Body weight curves for BALB/c nude mice with HeLa
cancer cells after treatment with DOX (m), 1/2/DOX/GO (e), and blank
control (a). A=the point at which mice in the DOX group started to die
(day 21). The asterisks indicate P <0.05, DOX versus 1/2/DOX/GO, and
differences are considered statistically significant. b) Survival curves for
BALB/c nude mice with HeLa cancer cells after treatment with DOX
(m), 1/2/DOX/GO (@), and blank control (a).

receptor-positive tumors through noncovalent interactions in
this modular system, the results shown herein may act as
a general protocol for a large library of multifunctional
supramolecular biomaterials and could provide a new poten-
tial pathway to comprehensively understand the applicabili-
ty of bioactive nanoscale materials.

Experimental Section

Materials preparation: All chemicals were reagent grade unless noted. -
Cyclodextrin was recrystallized from water twice and dried in vacuo at
90°C for 24 h before use. 1-Adamantanemethylamine, folic acid, and
doxorubicin were purchased from commercial resources and used as re-
ceived. Mono-6-deoxy-6-ethylenediamino-B3-CD™! (3), 5-(4-carboxyphen-
y1)-10,15,20-triphenylporphyrin®! (4), and graphene oxide!®' were pre-
pared according to procedures reported in the literature. Crude DMSO
and DMF were stirred with CaH, for 3d and then distilled under re-
duced pressure prior to use. Column chromatography was performed on
200-300 mesh silica gel.

Instruments: NMR spectra were recorded by using a Bruker AV400 in-
strument. UV/Vis spectra were recorded in a conventional quartz cell
(light path 10 mm) by using a Shimadzu UV-2401PC spectrophotometer
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equipped with a Thermo HAAKE-SC100 temperature controller to keep
the temperature at 25°C. Fluorescence spectra were recorded in a con-
ventional quartz cell (10x10x45 mm) at 25°C by using an Edinburgh
Analytical Instruments FL900CD spectrometer. X-ray photoelectron
spectroscopy (XPS) was recorded by using a Kratos Axis Ultra DLD
spectrometer equipped with a monochromatic Alg, X-ray source (hv=
1486.6 eV), hybrid (magnetic/electrostatic) optics, and a multichannel
plate and delay line detector (DLD). For the AFM measurements,
a drop of sample suspension was dropped onto newly clipped mica and
then air-dried, then examined by using an atomic force microscope
(Veeco Company, Multimode, Nano Illa) in tapping mode in air under
ambient conditions. HRTEM (JEOL JEM-2100F) images were obtained
at an operating voltage of 200 kV, and the samples were prepared by
placing a drop of suspension onto a carbon-coated copper grid. FT-IR
spectra were obtained by using a Bio-Rad FTS 6000 Fourier-transform in-
frared spectrometer. The samples were prepared as tablets by using spec-
troscopic-grade KBr. The thermogravimetric analysis (TGA) was record-
ed by using a PTC-10A TG-DTA type instrument with a heating rate of
10°Cmin' from RT to 800°C.

Mono-6-deoxy-6-(folic acid-y-ethylenediamino)-p-cyclodextrin (1): 1-
Ethyl-3-(3-dimethylaminopropyl)-carbodiimide (EDC; 38.3 mg,
0.2 mmol) and N-hydroxysuccinimide (NHS; 23 mg, 0.2 mmol) was added
to a solution of folic acid (88.3 mg, 0.2 mmol) in dry DMSO (15 mL) and
the mixture was stirred in the absence of light at 30°C under an N, at-
mosphere for 1 h, then compound 3 (235.4 mg, 0.2 mmol) in dry DMSO
(20 mL) was added. The pH of the reaction mixture was adjusted to 9 by
adding triethylamine (0.5 mL). The reaction took place in the absence of
light at 30°C under an N, atmosphere for 48 h. The mixture was then
poured into acetone (500 mL) and the yellow precipitate was filtered.
The crude product was purified by column chromatography (silica gel)
by using nPrOH/H,0/25% NH;H,O (6:3:1 v/v/v) as the eluent. The
product obtained was further purified by MPLC (reversed phase) with
a water/ethanol (95:5 v/v) eluent, then compound 1 was obtained as
a yellow solid (31% yield). 'HNMR (400 MHz, D,0, TMS): 6=1.85-
1.88 (m, 2H; H of FA), 2.25 (t, J=5.8 Hz, 2H; H of FA), 2.69-2.84 (m,
4H; NH-CH,CH,-NH), 3.11-3.98 (m, 42H; H of C3, C5, C6, C2, C4 of
B-CD), 426-4.37 (m, 1H; H of FA), 4.89-5.09 (m, 7H; H of CI of p-
CD), 6.56-6.66 (m, 2H; H of FA), 7.55-7.57 (d, 2H; H of FA), 8.47-
8.55ppm (m, 1H; H of FA); "CNMR (400 MHz, [D6]DMSO, TMS):
0=28.5, 32.3, 43.4, 44.8, 46.0, 48.7, 53.7, 60.0, 70.4, 72.1, 72.5, 73.2, 81.6,
83.2, 102.0, 111.4, 122.1, 128.0, 128.7, 148.4, 150.7, 154.8, 156.4, 162.0,
165.6, 172.7, 175.6ppm; elemental analysis caled (%) for
Cs3HosNgO309H,O: C 42.93, H 6.35, N 7.15; found: C 42.97, H 6.34, N
7.30; MALDI-TOF MS: m/z: 1600.56 [M+H]", 1622.56 [M+Na]*,
1638.51 [M+K]".

Adamantane-modified porphyrin (2): 5-(4-Carboxyphenyl)-10,15,20-tri-
phenylporphyrin (4; 4553 mg, 0.69 mmol) and 1-hydroxybenzotrizole
(HOBt; 112.1 mg, 0.83 mmol) were dissolved in dry DMF (100 mL) and
stirred in an ice-bath for 0.5 h. A solution of 1-adamantanemethylamine
(285.6 mg, 1.728 mmol) and N,N'-dicyclohexylcarbodiimide (DCC)
(171.1 mg, 0.83 mmol) in dry DMF (10 mL) was then added dropwise.
The reaction mixture was stirred in the absence of light at 0°C under an
N, atmosphere overnight, and then stirred at RT for another 48 h. The
mixture was filtered and the filtrate was dried under reduced pressure to
remove the solvent. The residue was dissolved in chloroform (100 mL)
and washed with water (3x100 mL), then the organic phase was dried
over MgSO,. The solvent was removed under reduced pressure and the
crude product was washed with hexane and then purified by column
chromatography (silica gel; chloroform eluent) to give 2 as a purple solid
(47% yield). '"HNMR (400 MHz, CDCl,;, TMS): 6=-2.77 (brs, 2H; H
of porphyrin), 1.73-1.83 (m, 12H; H of adamantane), 2.09 (s, 3H; H of
adamantane), 3.35 (d,, J=6.3 Hz 2H; CH,), 6.47 (t, /=6.8 Hz, 1H; H of
C=0-NH), 7.73-7.81 (m, 9H; H of porphyrin), 8.16 (d, J=8.1 Hz, 2H; H
of porphyrin), 822 (d, J=6.1 Hz, 6H; H of porphyrin), 8.31 (d, J=
8.1 Hz, 2H; H of porphyrin), 8.80-8.87 ppm (m, 8H; H of porphyrin);
BC NMR (400 MHz, CDCl;, TMS): 6 =28.4, 34.3, 37.1, 40.6, 51.7, 118.8,
120.5, 120.7, 125.4, 126.9, 127.9, 134.5, 134.68, 134.8, 142.2, 145.6,
168.0 ppm; ESI-MS: m/z: 828.37 [M+Na]"; elemental analysis calcd (%)
for C5sH,;7NsO: C 83.45, H 5.88, N 8.69; found: C 83.26, H 6.00, N 8.46.

www.chemeurj.org

4214 ——

© 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Complex 2/GO: Compound 2 (22.3 mg) was dissolved in DMSO (10 mL)
and then added dropwise to an aqueous suspension of GO (0.2 mgmL™,
50mL), then deionized water (40 mL) was added. The mixture was
stirred for 24 h, then filtered through a 450 nm filter and the residue was
dispersed in deionized water (100 mL) by ultrasonication to remove
DMSO. Then the suspension was centrifuged at 4000 rpm for 5 min to
remove undissolved porphyrin and large pieces of GO. The process was
repeated a further nine times to obtain a suspension of 2/GO; the result-
ing complex was stored at 4°C.

Complex DOX/GO: DMSO (10 mL) was added to an aqueous suspen-
sion of GO (0.2 mgmL™', 50 mL), then DOX-HCI (45 mg in 40 mL de-
ionized water) was added, then the pH value of the final mixture was ad-
justed to 8 by using triethylamine and stirred for 24 h. The mixture was
then filtered through a 450 nm filter and the residue was dispersed in de-
ionized water (100 mL) by ultrasonication to remove DMSO and free
DOX. The suspension was then centrifuged at 4000 rpm for 5 min to
remove large pieces of GO. The process was repeated a further nine
times to give a suspension of DOX/GO; the resulting complex was
stored at 4°C.

Complex DOX/2/GO: Compound 2 (22.3 mg) was dissolved in DMSO
(10 mL) and then added dropwise to an aqueous suspension of GO
(0.2 mgmL~, 50 mL). DOX-HCI (45 mg) in deionized water (40 mL) was
added, then the pH value was adjusted to 8 by using triethylamine and
the final mixture was stirred for 24 h. The mixture was filtered through
a 450 nm filter and the residue was dispersed in deionized water
(100 mL) by ultrasonication to remove DMSO and free DOX. Then the
suspension was centrifuged at 4000 rpm for 5 min to remove undissolved
porphyrin and large pieces of GO. The process was repeated a further
nine times to give a suspension of 2/DOX/GO; the resulting complex was
stored at 4°C.

Cytotoxicity experiments: Human cervical carcinoma (HeLa) cells and
OCT-1 mouse osteoblasts were cultured in Dulbecco’s modified Eagle’s
medium (DMEM) supplemented with 10% fetal bovine serum (FBS)
and gentamicin (80 uygmL™") in 24-well plates (2x10*cellsmL ™', 1 mL
per well) for 24 h. The cells were incubated with DOX, 1/2/DOX/GO, 1/
2/DOX/GO+FA, DOX/2/GO, and 1/2/GO ([DOX]=3 um, [1] and [2]=
2 uMm in each sample) for 4 h. Then all the cells were transferred into
fresh cell medium. After incubation for a further 24 and 48 h, the relative
cellular viability was measured by using a cell-count assay.

Animal model experiment: All experimental procedures were approved
and in accordance with China’s National Code of Animal Care for Scien-
tific Experimentation. The experiment was also assessed by the Animal
Experimentation Ethics Committee of Nankai University. Four-week-old
female BALB/c nude mice (n=21) were fed with folic acid-deficient
chow during the whole experiment period. The HeLa tumor models were
generated by subcutaneous injection of 5x10° HeLa cells in DMEM
(100 pL) into the left groin of each mouse. When the tumor volume
reached 50-100 mm® (ca. 13 days after tumor implantation), the mice
were divided into three groups (seven mice per group). Two of the
groups of mice were injected with 200 uL of DOX or 1/2/DOX/GO
through the tail vein every four days. The doses were set at 1 mgkg ™'
DOX. The tumor volumes (V) were measured by using a caliper every
4d and calculated by using the following formula: V=0.5x (tumor
length) x (tumor width)?. The relative tumor volumes were calculated as
VIV, (Vy is the tumor volume when drug injection began).

Statistical analysis of the data was carried out by using Student’s t-test.
Differences were considered statistically significant if the P value was
<0.05.
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