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ABSTRACT: A versatile gold nanoparticle-based multifunc-
tional nanocomposite AuNP@CD-AD-DOX/RGD was con-
structed flexibly via host—guest interaction for targeted cancer
chemotherapy. The pH-sensitive anticancer prodrug AD-Hyd-
DOX and the cancer-targeted peptide AD-PEG4-GRGDS were
modified on the surface of AuUNP@CD simultaneously, which
endowed the resultant nanocomposite with the capability to
selectively eliminate cancer cells. In vitro studies indicated that
the AuNP@CD-AD-DOX/RGD nanocomposite was prefer-
entially uptaken by cancer cells via receptor-mediated
endocytosis. Subsequently, anticancer drug DOX was released
rapidly upon the intracellular trigger of the acid microenviren-

ment of endo/lysosomes, inducing apoptosis in cancer cells. As the ideal drug nanocarrier, the multifunctional gold nanoparticles
with the active targeting and controllable intracellular release ability hold the great potential in cancer therapy.
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1. INTRODUCTION

There has been increased interesting in design of nano-
technology-based drug delivery system for cancer therapy since
functional nanoparticles (magnetic nanoparticles, silica nano-
particles, and gold nanoparticles) are urgently expected to
overcome the nonselectivity of chemotherapeutic agents, avoid
the undesirable side effects, and improve the therapeutic
outcomes of cancer therapy.' > Inspired by the easy fabrication
and convenient surface functionalization, gold nanoparticles
(AuNPs) with excellent biocompatibility have been extensively
used as nanocarriers for drug and gene delivery and diagnostic
agents for imaging and sensing.*~° Especially, despite that the
ultrasmall gold nanoparticles (2—4 nm) are expected to be
rapidly excreted via kidney, they have been demonstrated to
possess unique advantages, such as increasing cancer cells
uptake and improving tumor permeability, which are beneficial
to potentiate the therapeutic effect of anticancer drugs.”” '
Although the functionalized AuNPs have achieved encouraging
therapeutic effects in vitro and in vivo, the fabrication of
ingenious drug carriers based on AuNPs with specific targeting
and controllable release capability is still a critical challenge.
To realize the specific targeting delivery, the traditional
strategy is to employ active targeting ligands to functionalize
the carriers for specifically binding receptors overexpressed on
the membrane of cancer cells.'"' ™" To controllably release the
drug, the sophisticated strategy is to trigger the release of drug
at pathological sites in response to the particular stimuli, such as
pH, light, temperature, enzymes, and so on."”~"* Among these
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stimuli, pH-responsive drug delivery systems exhibit great
promising to optimize the therapeutic efficacy of anticancer
drugs and prevent the inevitable off-target release of drug since
the pH values in cancerous tissues (pH 6.5) and intracellular
endo/lysosomes (pH 4.0—6.0) are intrinsically lower than that
in blood and normal tissues (pH 7.4)."”~>* However, it is
difficult and complicated to introduce multiple functional
moieties into a single gold nanoparticle without losing
individual specialties of each component.

Recently, it is well-known that supramolecular chemistry,
based on the modularized and specific noncovalent interaction,
can connect host and guest molecules together and form stable
inclusion complexes efficiently.”>™>® More importantly, the
convenient and flexible host—guest interaction has been
recognized as an important approach to improve and expand
the design of functional delivery systems, which provides a great
opportunity to construct multifunctional nanoparticles.””*
Based on the host—guest interaction, the different functional
moieties can assemble into one carrier conveniently. For
instance, cyclodextrin-modified gold nanoparticles have been
applied to construct versatile platform via host—guest
interaction for targeted drug delivery conveniently.”"**

Herein, a multifunctional nanocomposite based on f-
cyclodextrin-modified gold nanoparticle (AuNP@CD) was
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delicately designed and fabricated for cancer-targeted therapy
with intracellular pH-triggered drug delivery. As shown in
Scheme 1, the peptidic derivative adamantane—PEGg—glycine—

Scheme 1. Schematic Hlustration of the Formation of
Multifunctional Nanocomposite and Cancer-Targeted
Intracellular Drug Delivery”
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“(A) The AD-PEGy-GRGDS and AD-Hyd-DOX were flexibly self-
assembled on the surface of AuNP@CD via host—guest interaction
and facilely constituted the cancer-targeted nanocomposite AuNP@
CD-AD-DOX/RGD. (B) The multifunctional nanocomposite was
selectively uptaken by cancer cell via the active targeting strategy and
the acid microenvirenment of endo/lysosomes triggered the rapid
release of anticancer drug for cancer therapy.

arginine—glycine—aspartic—serine (AD-PEGg-GRGDS) and
the adamantane conjugated anticancer drug doxorubicin with
hydrazone bond linkage (AD-Hyd-DOX) were decorated on
the surface of AuNP@CD via host—guest interaction
simultaneously, forming multifunctional nanocomposite
AuNP@CD-AD-DOX/RGD. Since RGD peptide sequence
can target cancer cells with overexpressed a,f; integrin,sg”"’4
AuNP@CD-AD-DOX/RGD would preferentially enter into
cancer cells and significantly enhance cellular uptake for cancer-
targeted drug delivery via receptor-mediated endocytosis. Once
internalized in cancer cell and localized in endo/lysosomes, the
anticancer drug would be released rapidly from AuNP@CD-
AD-DOX/RGD due to the cleavage of acid—labile hydrazone
linkage between adamantane and doxorubicin. Then the cancer
cells were selectively eliminated by the activated drug. The
designed multifunctional nanocomposite AuNP@CD-AD-
DOX/RGD would effectively enhance anticancer efficacy due
to the combination of promoted cellular uptake and subsequent
rapid intracellular drug release.

2. EXPERIMENTAL SECTION

2.1. Materials. N-Fluorenyl-9-methoxycarbonyl (Fmoc) protected
L-amino acids (Fmoc-Gly-OH, Fmoc-Arg(Pbf)—OH, Fmoc-Asp-
(OtBu)—OH, and Fmoc-Ser(tBu)—OH, 2-chlorotrityl chloride resin
(100—200 mesh, loading: 0.4 mmol/g, 1% DVB), benzotriazol-1-yl-
oxytripyrrolidinophosphonium hexafluorophosphate (PyBOP), o-
benzotriazole-N,N,N’,N’-tetramethyluroniumhexafluorophosphate
(HBTU), 1-hydroxybenzotriazole (HOBt), triisopropylsilane (TIS),
and piperidine were purchased from GL Biochem. Ltd. (Shanghai,
China) and used as received. Diisopropylethylamine (DIEA) was

acquired from GL Biochem. Ltd. (Shanghai, China) and used after
distillation. Fmoc-PEGg-COOH was provided by Zhoubei Technology
Co. Ltd. (Hangzhou, China). Trifluoroacetic acid (TFA), anhydrous
ether, ninhydrin, sodium borohydride (NaBH,), and gold(III) chloride
trihydrate were obtained from Shanghai Chemical Co. (Shanghai,
China) and used directly. Mono-6-ethylenediamine--CD was
synthesized according to our previous literature procedures.*®
Adamantane chloride was purchased from Aladdin Reagent Co. Ltd.
(Shanghai, China). N,N-Dimethylformamide (DMF), dimethyl
sulfoxide (DMSO), methanol, and dichloromethane (DCM) were
provided by Shanghai Chemical Co. (Shanghai, China) and distilled
prior to use.

Doxorubicin hydrochloride was purchased from Zhejiang Hisun
Pharmaceutical Co. (Zhejiang, China). 3-[4,5-Dimethylthiazol-2-yl]-
2,5-diphenyltetra-zolium bromide (MTT), fetal bovine serum (FBS),
penicillin streptomycin, trypsin, molecular probe (Hoechst 33342),
and Dulbecco’s phosphate buffered saline (PBS) were purchased from
Invitrogen (USA). All other reagents and solvents were of analytical
grade and used directly.

2.2. Synthesis of the Peptide Derivative Adamantane—
PEGg—Glycine—Arginine—Glycine—Aspartic—Serine (AD-PEGg-
GRGDS). The peptide derivative adamantane—PEGg—glycine—argi-
nine—glycine—aspartic—serine was synthesized by standard Fmoc solid
phase peptide synthesis.*® Briefly, peptide chains were grown on 2-
chlorotriyl chloride resin. The coupling of the first residue used 4 equiv
(relative to the substitution degree of resin) of Fmoc-protected amino
acid and 6 equiv of DIEA in a DMF solution for 2 h. Other amino acid
couplings were implemented with 4 equiv of Fmoc-protecting amino
acid, 4 equiv of HBTU, and 6 equiv of DIEA in a DMF solution for 4
h. During the synthesis, Fmoc protected groups were deprotected by
20% piperidine/DMF (v/v) for twice and every time for 15 min. At
the end of the synthesis, adamantane chloride was conjugated to the
peptide segments. After the completion of the synthesis, the resin was
finally washed with DMF (four times) and DCM (four times) and
dried under vacuum for 24 h. Cleavage of the expected peptide and the
removal of side chain protected groups from the dried resin were
performed by suspending the resin in a cleavage cocktail containing
TFA (95%), TIS (2.5%), and H,O (2.5%) for 2 h. The filtration was
concentrated to a viscous solution by rotary evaporation. After
precipitating in cold ether, the crude product was collected and
vacuum-dried. Then the crude product was dissolved in distilled water
and freeze-dried. The molecular weight of AD-PEG4-GRGDS was
determined by ESI-MS (Finnigan LCQadvantage). The calculated
molecular mass of AD-PEGg-GRGDS was 1075.6 and the ESI-MS
result found to be 1075.5 (Figure S1). The structure of AD-PEG,-
GRGDS was confirmed by 'H NMR (Figure S7) and *C NMR
(Figure S8). 'TH NMR (DMSO-d, 300 MHz, Figure S7) 5 0.81—0.87
ppm (s, 2H), 1.04—1.79 ppm (m, 16H), 1.88—2.03 ppm (m, 4H),
3.03—3.21 ppm (m, 4H), 3.58—3.88 ppm (m, 32H), 4.10—4.33 ppm
(m, SH), 4.52—4.62 ppm (s, 2H), 7.14—7.46 ppm (m, 2H), 7.77—8.37
ppm (m, 3H). °C NMR (DMSO-d,, 300 MHz, Figure S8) & 25.2
ppm, 28.2 ppm, 29.5 ppm, 35.9 ppm, 36.6 ppm, 42.3 ppm, 50.2 ppm,
52.6 ppm, 55.6 ppm, 61.6 ppm, 67.2 ppm, 70.1 ppm, 157.1 ppm, 169.8
ppm, 170.9 ppm, 172.4 ppm, 177.4 ppm. In the "H NMR spectrum of
AD-PEGg-GRGDS, the characteristic signals at 6 1.04—1.79 ppm
belonging to AD and the abundant proton signal of PEG (5 3.58—3.88
ppm) were clearly detectable. Simultaneously, the '*C signals (5 < 40
ppm) attributed to AD and the *C signals of PEG skeleton (§ 70.1
ppm) as well as the *C signals of the amino acid skeleton (5 169.8
ppm, 170.9, 1724, and 177.4 ppm) were detected in the *C NMR
spectrum of AD-PEGg-GRGDS. These results indicated that AD-
PEGg-GRGDS have been synthesized successfully.

2.3. Synthesis of Adamantane Hydrazone Bond Linked
Anticancer Drug Doxorubicin (AD-Hyd-DOX). First, AD-NH-
NH, was synthesized according to the established procedure with
some minor modifications.”” In brief, hydrazine (0.5 mL, 99%) was
dissolved in 15 mL of dry tetrahydrofuran. Subsequently, 10 mL of dry
tetrahydrofuran containing 1.0 g of adamantane chloride was dropwise
added in the above solution and then stirred another 12 h. After
removed the solvent, the crude product was purified by dissolving in S
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mL of dichloromethane and then washing with DI water three times.
The organic phases were collected and dried overnight by MgSO,,
filtered, and evaporated to obtain 0.4 g of AD-NH-NH,. As shown in
Figure S2B, the 'H NMR spectrum indicated the AD-NH-NH, was
successfully prepared.

To synthesize AD-Hyd-DOX, AD-NH-NH, (134 mg) and
doxorubicin hydrochloride (100 mg) were dissolved in S0 mL of
dry methanol. Then, trifluoroacetic acid (50 uL) was added as a
catalyst. The mixture was refluxed at 50 °C for 2 days in dark. Finally,
the solution was concentrated by rotary evaporation and precipitated
in ethyl acetate three times. The product was collected by
centrifugation and dried under vacuum to obtain red AD-Hyd-DOX
(102.5 mg). The molecular weight of AD-Hyd-DOX was determined
by ESI-MS (Finnigan LCQadvantage). The calculated molecular mass
of AD-Hyd-DOX was 719.3, and the ESI-MS result found to be 720.2
(Figure S3). As shown in Figure S2A and Figure S9, the '"H NMR
spectrum and *C NMR spectrum indicated that AD-Hyd-DOX was
successfully prepared. "H NMR (DMSO-d,, 300 MHz, Figure S2A) §
0.79—0.90 ppm (s, 3H), 1.08—1.51 ppm (m, 8H), 1.58—2.02 ppm (m,
12H), 3.93—4.05 ppm (s, 3H), 4.11-4.25 ppm (s, 2H), 4.48—4.64
ppm (s, 2H), 4.88—5.16 ppm (m, 3H), 5.20—5.35 ppm (s, 1H), 5.42—
5.52 ppm (s, 1H), 6.25—6.39 ppm (s, 1H), 7.58—7.98 ppm (m, SH).
BC NMR (DMSO-dg, 300 MHz, Figure S9) & 14.3 ppm, 17.3 ppm,
21.3 ppm, 27.8 ppm, 35.2 ppm, 36.2 ppm, 47.2 ppm, 57.0 ppm, 58.6
ppm, 66.7 ppm, 72.3 ppm, 77.9 ppm, 99.8 ppm, 110.7 ppm, 116.4
ppm, 120.2 ppm, 135.1 ppm, 136.8 ppm, 154.8 ppm, 158.2 ppm, 161.2
ppm, 186.3 ppm. In the 'H NMR spectrum of AD-Hyd-DOX, the
characteristic signals at 6 7.25 ppm belonging to —NH, in the AD-
NH-NH, (Figure S2B) disappeared, and the proton signal of AD
located at 6 1.5-2.0 ppm of AD-Hyd-DOX enhanced significantly,
indicating the conjugation of AD-NH-NH, onto DOX. This was
reconfirmed by the *C NMR spectrum, showing the signals (§ < 40
ppm) attributed to AD. These results confirmed that AD-Hyd-DOX
have been prepared successfully.

2.4. Synthesis of Lipoic Acid Modified -CD. According to
previous literature procedure,® the lipoic acid modified f-CD was
prepared with some minor modifications. In brief, 0.33 g of mono-6-
ethylenediamine-$-CD was added to a solution of DMF containing
lipoic acid (0.35 g), PyBOP (0.85 g), and DIEA (0.42 mL). The mixed
solution was stirred for 1 day at the room temperature in a nitrogen
round-bottom flask. Then the solution was concentrated and
evaporated under reduced pressure. The residue was precipitated in
acetone. After filtration, the product was collected and vacuum-dried.
Then the product was dissolved in distilled water and freeze-dried. The
molecular weight of the lipoic acid modified f-CD was determined by
ESI-MS (Finnigan LCQadvantage). As displayed in Figure S6, the
calculated molecular mass of the one lipoic acid molecule modified j-
CD was 1365.3, and the ESI-MS result was found to be 1366.3. The
calculated molecular mass of the two lipoic acid molecules modified j-
CD was 1553.6.3 and the ESI-MS result was found to be 1554.7. As
shown in Figure S4 and Figure S10, the '"H NMR spectrum and *C
NMR spectrum indicated the lipoic acid modified pS-CD was
successfully prepared. 'H NMR (DMSO-dg, 300 MHz, Figure S4) &
0.76—1.92 ppm (m, 8H), 1.97—2.75 ppm (m, SH), 2.98—3.73 ppm
(m, 42H), 4.47—-4.94 ppm (m, 14H), 5.65—5.89 ppm (m, 7H). *C
NMR (DMSO-dq, 300 MHz, Figure S10) & 23.9 ppm, 24.9 ppm, 262
ppm, 28.2 ppm, 34.6 ppm, 35.9 ppm, 38.2 ppm, 46.6 ppm, 57.6 ppm,
60.3 ppm, 72.9 ppm, 73.7 ppm, 82.0 ppm, 102.0 ppm, 110.0 ppm,
118.1 ppm, 123.7 ppm, 172.9 ppm. In the '"H NMR spectrum, the
characteristic signals at 5 0.76—1.92 ppm belonging to lipoic acid were
clearly detectable, indicating the conjugation of lipoic acid onto $-CD.
This was also reconfirmed by the *C NMR spectrum, showing the
signals at 6 23.9 ppm, 24.9 ppm, 26.2 ppm, 28.2 ppm, 34.6, 35.9, and
38.2 ppm attributed to the lipoic acid. This evidence indicated that
lipoic acid have been conjugated with S-CD successfully.

2.5. Synthesis of f-Cyclodextrin-Modified Gold Nano-
particles (AUNP@CD). In brief, 60 mL of DMSO solution containing
HAuCl,.3H,0 (150 mg) was quickly added into the mixed solution
with 60 mL of DMSO containting 65 mg of lipoic acid modified #-CD
and 240 mg of NaBH,. The solution changed deep brown immediately

and was stirred another 24 h at room temperature. Then 60 mL of
CH;CN was added to result in a black precipitate. The product was
collected by centrifugation (12000X r, 20 min), washed with 60 mL of
CH,CN:DMSO (V:V = 1:1) and 60 mL of ethanol, and dried under
vacuum overnight.

2.6. Preparation of the Multifunctional Nanocomposite
AuNP@CD-AD-DOX/RGD. Due to the strong host—guest interaction
between AD and #-CD, the peptide derivative AD-PEGg-GRGDS and
AD-Hyd-DOX were easily conjugated on the surface of AuNP@CD to
form the multifunctional nanocomposite AuNP@CD-AD-DOX/RGD.
To select optimal feed ratio, the concentration of the AD-Hyd-DOX
was fixed at S yM and then increased the concentration of AuNPs
from 1 to 15 ug/mL in the complex solution. After stirring 24 h at the
room temperature, the fluorescence intensity of AD-Hyd-DOX was
measured and observed that the fluorescence of AD-Hyd-DOX was
completely quenched by AuNPs at 15 ug/mL. Therefore, in the
progress of preparing AuNP@CD-AD-DOX/RGD, to ensure the
fluorescence of AD-Hyd-DOX completely quenched by AuNPs, we
preferentially conjugated the AD-Hyd-DOX (S yM) with AuNPs (20
ug/mL) before adding excess AD-PEGg-GRGDS (1 uM) to modify
the AuNP@CD. All of the reactions were done under the nitrogen
atmosphere and in the dark. After the complete of reactions, the
complex solution was dialysized (MWCO: 3500 Da) against DI water
for 2 days and lyophilized; then the functional AuNP@CD-AD-DOX/
RGD was prepared. Moreover, through the fluorescence spectra
standard curves of AD-Hyd-DOX, the amount of DOX loaded on
AuNP@CD-AD-DOX/RGD was 10.8 wt % as analyzed by RF-530/
PC spectrofluorophotometer after digesting AuNP@CD-AD-DOX/
RGD by aqua regia. To examine the stability of DOX in aqua regia, the
free DOX was treated with different amount of aqua regia, and then
the fluorescence of DOX was detected by RF-530/PC spectrofluor-
ophotometer. Specifically, 10 uL (0.1 mg/mL) free DOX solutions
were added: 0, 10, 20, 30, 40, and S0 L freshly prepared aqua regia,
respectively. Then the mixtures were diluted to 1 mL by adding DI
water and analyzed by RF-530/PC spectrofluorophotometer. As
shown in Figure S11, the fluorescence of DOX almost unchanged in
the presence of aqua regia, indicating that DOX was stable in the
presence of aqua regia.

2.7. Characterization of AUNP@CD and AuNP@CD-AD-DOX/
RGD. UV—vis spectrophotometer (Lambda Bio40, PerkinElmer) and
RF-530/PC spectrofluorophotometer (Shimadzu) were employed to
monitor the reaction process of preparing AuNP@CD-AD-DOX/
RGD. Morphologies of AuNP@CD and AuNP@CD-AD-DOX/RGD
were observed by transmission electronic microscopy (TEM, JEOL-
2100).

2.8. Study of the Fluorescence of AuNP@CD-AD-DOX/RGD
Recovered by Acid Stimulation. To study the fluorescence
recovery of AuUNP@CD-AD-DOX/RGD upon the acid stimulation,
AuNP@CD-AD-DOX/RGD was incubated with pH 5.0 acetate buffer
and pH 7.4 PBS buffer, respectively. The fluorescence of released
DOX was monitored by RF-530/PC spectrofluorophotometer
(Shimadzu) at given time intervals. The emission and excitation slit
widths were set at S nm with A, = 480 nm. To directly observe the
recovered fluorescence of DOX, the Photographs were taken under
white-light or illumination by an UV lamp.

2.9. Cell Culture. U87 cancer cells (Human glioblastoma cells)
and COS7 normal cells (African green monkey kidney fibroblast cells)
were incubated in DMEM medium with 10% FBS and 1% antibiotics
(penicillin-streptomycin, 10000 U/mL) at 37 °C in a humidified
atmosphere containing 5% CO,.

2.10. Studying the Cancer-Targeted Ability of AUNP@CD-
AD-DOX/RGD. U87 cancer cells and COS7 normal cells were seeded
respectively in a glass bottom dish at a density of 1 X 10° cells/well for
24 h. As the negative control, U87 cells and COS?7 cells were incubated
with excess free RGD peptide (50 #M) for 4 h in advance. Thereafter,
AuNP@CD-AD-DOX/RGD (containing 2 ug of DOX) dispersed in
DMEM containing 10% FBS and 1% antibiotics were added, and the
cells were incubated at 37 °C for another 3 or 6 h. After removing the
medium and washing with PBS three times, the nuclei were stained
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with Hoechst 33342 at 37 °C for 15 min. Then the cells were observed
by confocal laser scanning microscopy.

2.11. Quantitative Analysis of Cellular Uptake DOX by Flow
Cytometry Assay. U87 cancer cells and COS7 normal cells were
seeded in 24-well plates at a density of 5 X 10* cells/well and cultured
with 1 mL of DMEM containing 10% FBS for 1 day. As the negative
control, U87 and COS7 cells were incubated with excess free RGD
peptide (50 uM) 4 h in advance. Then all cells were treated with
AuNP@CD-AD-DOX/RGD (containing 2 yg of DOX) for another 3
or 6 h. After that, the medium was removed, and the cells were washed
three times with PBS. Then all the cells were digested by trypsin and
collected in centrifuge tubes by centrifugating at 1200 rpm for 3 min.
The supernatant was discarded, and the cells were washed with PBS
three times to remove excess AUNP@CD-AD-DOX/RGD. Then the
suspended cells were filtrated and detected for red fluorescence of
DOX (PE-A) by flow cytometry (BD FACSAria TM III, USA). Cells
without AuNP@CD-AD-DOX/RGD treatment were used as the
negative control. The fluorescence scan was performed with 1 X 10*
cells.

2.12. Quantitative Evaluation of Intracellular Uptake Gold
Content by ICP-MS Assay. To quantitatively detect the intracellular
gold content, U87 cancer cells and COS7 normal cells were incubated
with AuNP@CD-AD-DOX/RGD (containing 2 yg of DOX) for 3 and
6 h, respectively. To examine the blocking function of free RGD
peptide, U87 cancer cells were incubated with excess free RGD
peptide (50 uM) for 4 h in advance. After washed by PBS three times,
the cells were counted and collected for ICP-MS analysis (model
Agilent 7500a, Hewlett-Packard, Japan). Then the cell samples were
digested by aqua regia, and each samples were coincubated with H,0,
(2 mL 30%, w/w) at 150 °C for 3 h. After the solution volume diluted
with water to 10 mL, the gold content was analyzed by ICP-MS. The
cells without treatment were used as the negative control.

2.13. Investigation of the Intracellular Drug Release
Mechanism by Confocal Laser Scanning Microscopy. U87
cancer cells were seeded in a glass bottom dish at a density of 1 X 10°
cells/well and cultured with 1 mL of DMEM containing 10% FBS for
1 day. Then the cells were treated with AuNP@CD-AD-DOX/RGD
(containing 2 ug of DOX) for 12 or 24 h, respectively. Since the drug
release is upon the acid condition of endo/lysosomes, we used NH,Cl
(20 mM) to block the acidification progression and neutralize the
endo/lysosome pH. After that, the medium was removed, and the cells
were washed three times with PBS. The nuclei were stained with
Hoechst 33342 at 37 °C for 15 min. Then the cells were observed by
confocal laser scanning microscopy.

Moreover, the release of anticancer drug DOX from lysosomes was
examined by confocal laser scanning microscopy. When U87 cancer
cells were incubated with AuNP@CD-AD-DOX/RGD (containing 2
ug of DOX) for 24 h in the presence of NH,Cl (20 mM) or in the
absence of NH,Cl (20 mM), the cells were washed with PBS three
times. Then the lysosomes were stained by LysoTracker Green DND-
26 for 30 min and the nuclei were stained with Hoechst 33342 for 15
min. After these treatments, the cells were observed by confocal laser
scanning microscopy. As shown in Figure S12, when the cells without
NH,CI treatment, the red fluorescence of DOX was mainly detected at
nuclei (Figure S12B1) since the DOX quickly escaped from the endo/
lysosomes via free diffusion and entered the cell nuclei. However, the
DOX was mainly observed in the lysosomes (Figure S12A3) in the
presence of NH,Cl treatment, whereas the green fluorescence of
lysosomes has not changed (Figure S12B2 compared to Figure
S12A2). These results indicated that DOX was released from the
lysosomal compartment without the damage of lysosomes, which was
the typical free diffusion process not due to the lysosome membranes
disrupted by gold nanoparticles. Furthermore, the endo/lysosomal pH
acidification protocol was performed by acridine orange staining
according to the literature.” Briefly, U87 cancer cells were seeded in a
glass bottom dish at a density of 1 X 10° cells/well and cultured with 1
mL of DMEM containing 10% FBS for 1 day. Then the cells were
treated with NH,Cl (20 mM) to block the acidification progression
and neutralize the endo/lysosome pH. The cells without treament
were as the control. Then all of the cells were stained by acridine

orange (1 pg/mL) for 10 min, then washed with PBS for three times,
and finally observed by confocal laser scanning microscopy. In term of
acridine orange staining assay, red fluorescence was stained with acidic
organelles, whereas green fluorescence was associated with high pH.
As shown in Figure S13, when U87 cancer cells were treated with
NH,CI (20 mM), the red fluorescence decreased remarkably, while the
green fluorescence increased significantly. These results indicated that
NH,CI could neutralize the endo/lysosomes pH and delay the endo/
lysosomal acidification progress.

2.14. Observing Intracellular Distribution of AUNP@CD-AD-
DOX/RGD by TEM. U87 cancer cells and COS7 normal cells were
treated with AuNP@CD-AD-DOX/RGD (containing 2 ug of DOX)
for 24 h. To examine the blocking function of free RGD peptide, U87
cancer cells were incubated with excess free RGD peptide (50 uM) for
4 h in advance. Then all cells were washed with PBS three times,
collected, and fixed with 1 mL general fixative (containing 2.5%
glutaraldehyde in 0.1 M PBS) at 4 °C and overnight. Cell samples
were prepared for TEM observation according to standard procedures
and then observed by electronic microscopy (TEM, JEOL-2100).

2.15. Evaluation of Therapeutic Effect of AuNP@CD-AD-
DOX/RGD in Vitro. In vitro cytotoxicity was performed with U87
cancer cells and COS7 normal cells by MTT assay. Briefly, U87 and
COS7 cells were seeded in 96-well plates at a density of 6000 cells/
well, and then the cells were incubated in 100 uL of DMEM
containing 10% FBS and 1% antibiotics for 1 day prior to adding
AuNP@CD-AD-DOX/RGD with or without the addition of NH,Cl
(20 mM). After coincubation for 2 days, the medium was replaced
with 200 L of fresh medium. Then 20 L MTT solutions (S mg/mL)
was added to each well and further incubated for 4 h. After that, the
medium was removed, and 200 uL of DMSO was added. The
absorbance was measured at 570 nm using a microplate reader (Bio-
Rad, model 550, USA). The relative cell viability was calculated as cell
Vlablht}’ = (OD570 (samples)/ODS’/O (contml)) X 100%, where OD57O (control)
was obtained in the absence of AuUNP@CD-AD-DOX/RGD with or
without the addition of NH,Cl (20 mM), and ODsy, (samples) WAs
obtained in the presence of AuNP@CD-AD-DOX/RGD with or
without the addition of NH,Cl (20 mM). Each value was averaged
from four independent experiments.

2.16. Statistics Analysis. The quantitative data collected were
expressed as mean + SD. Statistical significance was analyzed by
Student’s test. The statistical significance was inferred at a value of P <
0.0S.

3. RESULTS AND DISCUSSION

3.1. Preparation and Characterization of the Multi-
functional Nanocomposite. In this study, the p-cyclo-
dextrin-modified gold nanoparticles were synthesized via the
classical NaBH, reduction method according to the reported
protocol.”®*’ As displayed in Figure S5, the simple AuNP@CD
showed the favorable monodispersion and uniform spherical
shape as an individual nanoparticle. Due to the strong host—
guest interaction between S-CD and AD, AD-PEGg-GRGDS
and AD-Hyd-DOX were conveniently assembled on the surface
of AuNP@CD. As shown in Figure 1A and B, the
multifunctional AuNP@CD-AD-DOX/RGD also dispersed
well and had the narrow size distribution with the mean
diameter of about 3.3 nm. UV—visible spectroscopy presented
in Figure 1C indicated that AuNP@CD-AD-DOX/RGD was
stable in aqueous solution, and no aggregation occurred after
the surface incorporation of AD-PEGg-GRGDS and AD-Hyd-
DOX.

Moreover, it is well-known that gold nanoparticles have been
served as ultraefficient quenchers of a chromophore when
modified on the surface of AuNPs.*'~* When AD-Hyd-DOX
conjugated on the surface of gold nanoparticles via host—guest
interaction, the fluorescence of AD-Hyd-DOX was quenched
by AuNP@CD as expected. As shown in Figure 2A, the
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Figure 1. Characterizations of the multifunctional nanocomposite
AuNP@CD-AD-DOX/RGD by transmission electron microscopy
(TEM) and UV-—visible spectroscopy. (A) TEM image of AuNP@
CD-AD-DOX/RGD. (B) Size distribution of AuNP@CD-AD-DOX/
RGD. (C) Normalized UV—visible spectroscopy of AuNP@CD and
AuNP@CD-AD-DOX/RGD.
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Figure 2. Evaluation of the fluorescence quenching ability of AuUNP@
CD and investigation of the acid-sensitive of AuNP@CD-AD-DOX/
RGD. (A) Fluorescence emission spectra of AD-Hyd-DOX (S5 uM)
with the addition of different amounts of AuNP@CD. Fluorescence
emission spectra of AuNP@CD-AD-DOX/RGD upon incubating in
pH 5.0 acetate buffer (B) and pH 7.4 PBS buffer (C) for different
periods. (D) Photograph taken under white light and (E) photograph
taken under illumination by an UV lamp. From left to right are (1) the
pure AuNP@CD; (2) AuNP@CD-AD-DOX/RGD incubated in pH
7.4 PBS buffer for 1 h; (3) AuNP@CD-AD-DOX/RGD incubated in
pH 5.0 acetate buffer for 1 h, and (4) free DOX solution.

fluorescence intensity of AD-Hyd-DOX decreased markedly
when gradually increased AuNP@CD concentration from 1 to

15 pug/mL, and the calculated maximum quenching efficacy of
AuNP@CD was 97.2 + 0.2%. The quenched fluorescence can
be recovered under the trigger of acid stimulation, which
contributed to monitor the intracellular release of drug. As the
smart drug nanocarrier, AuUNP@CD-AD-DOX/RGD was able
to release DOX quickly upon the trigger of acid microenviron-
ment of endo/lysosomes. As shown in Figure 2B, when
AuNP@CD-AD-DOX/RGD was incubated with the pH 5.0
buffer, the fluorescence of DOX enhanced significantly and
increased with the prolonging time. Upon treating with the acid
stimulus, the hydrazone linkage between AD and DOX would
be cleaved and triggered the release of DOX, resulting in
disappearance of the nanosurface fluorescence energy reso-
nance transfer (FRET) effect between AuNP@CD and DOX.**
Synchronously, the fluorescence of DOX was recovered, which
can be further used to track the intracellular drug release. In
contrast, at the normal physiological pH, there was negligible
fluorescence recovered (Figure 2C), and nearly no DOX was
released since the hydrazone bond was stable at pH 7.4. To
directly observe the drug release from AuNP@CD-AD-DOX/
RGD upon the trigger of intracellular acid microenvironment of
endo/lysosomes, the red fluorescence of AuNP@CD-AD-
DOX/RGD was detected after incubating with the pH 5.0
buffer for 1 h. As shown in Figure 2D and E, the remarkable red
fluorescence of DOX was observed at the acid condition, but
the negligible fluorescence was found at the normal
physiological pH. These results demonstrated that AuNP@
CD-AD-DOX/RGD was stable at normal physiological
conditions and could rapidly respond to intracellular acid
microenvironment to trigger intracellular drug release for
cancer treatment.

3.2. Cancer-Targeted Internalization and Intracellular
Drug Release of AuNP@CD-AD-DOX/RGD. Cancer-tar-
geted drug delivery contributes to selectively destroy cancer
cells and reduce adverse effects to normal cells. To confirm the
specific selectivity of the multifunctional nanocomposite, U87
cancer cells (Human glioblastoma cells) with overexpressed
a,f; integrin receptor on the cell membrane and a,f; integrin
receptor-negative COS7 normal cells (African green monkey
kidney fibroblast cells) were chosen to coincubate with
AuNP@CD-AD-DOX/RGD, respectively. As shown in Figure
3, the significant red fluorescence of DOX was observed in U87
cancer cells, and the red fluorescence enhanced with increasing
incubation time. However, in COS7 normal cells, only weak red
fluorescence was detected (Figure 3D—F). With the aid of
RGD peptide moiety, AuNP@CD-AD-DOX/RGD could
actively target to cancer cells and increase the cellular uptake
via receptor-mediated endocytosis. However, when the a,f;
integrin was blocked by free RGD peptide in advance, the
cellular uptake would be remarkably inhibited (Figure 3C),
which confirmed that the selective uptake of AuNP@CD-AD-
DOX/RGD was owing to the active targeting ability of RGD.
Furthermore, flow cytometry analysis was employed to evaluate
the intracellular fluorescence intensity of DOX quantitatively.
As indicated in Figure 4A and B, the cellular content of
anticancer drug DOX in U87 cancer cells was more than that in
COS7 normal cells at each time point, and stronger
fluorescence was observed in U87 cells. If the a,f; integrin
was blocked by excess free RGD peptide, the cellular
internalization of DOX was dramatically decreased in U87
cancer cells. Semiquantitative fluorescence intensity analysis
also confirmed that mean integrated photoluminescence
intensity of DOX in U87 cancer cells were 2.4- and 3.5-fold
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Figure 3. Evaluation of the cancer-targeted uptake ability of AuNP@CD-AD-DOX/RGD. Confocal laser scanning microscopy (CLSM) images of
U87 cancer cells incubated with AuUNP@CD-AD-DOX/RGD for 3 h (A—A,), 6 h (B—B,), and 6 h for U87 cancer cells pretreated with excess free
RGD peptide in advance (C—C,). And CLSM images of COS7 normal cells incubated with AuNP@CD-AD-DOX/RGD for 3 h (D-D,), 6 h (E—
E,), and 6 h for COS7 normal cells pretreated with the excess of free RGD peptide in advance (F—F,). (A—F) red fluorescence images of
doxorubicin; (A;—F,) blue fluorescence images of nuclei; (A,—F,) the merged images of red and blue fluorescences.
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Figure 4. Quantitative flow cytometry analysis of the cellular DOX red
fluorescence in U87 cancer cells (A) and COS7 normal cells (B). The
cells without treatment (blank line), treated with AuNP@CD-AD-
DOX/RGD for 3 h (blue line), 6 h (red line), and 6 h (green line) for
cells pretreated with excess free RGD peptide in advance, respectively.
The mean integrated photoluminescence (PL) intensity of DOX in
U87 cancer cells (C) and COS7 normal cells (D) at different
incubation conditions.

0

higher than that of COS7 normal cells when incubated with
AuNP@CD-AD-DOX/RGD for 3 or 6 h, respectively (Figure
4C and D). These results confirmed that AuNP@CD-AD-
DOX/RGD has strong ability to promote the cellular uptake in
cancer cells with the overexpressed a,f; integrin receptor.
Furthermore, the gold content of cells incubated with AuNP@
CD-AD-DOX/RGD was examined quantitatively by using
inductively coupled plasma-mass spectrometry (ICP-MS). As
shown in Figure S, the internalized gold content increased
remarkably with the prolonged incubation time of U87 cancer
cells. In contrast, there was only a little gold was uptaken by
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Figure 5. Quantitative analysis of gold content by ICP-MS in U87
cancer cells and COS7 normal cells treated with AuNP@CD-AD-
DOX/RGD 3 and 6 h, respectively. To examine the blocking function
of free RGD peptide, U87 cancer cells were incubated with the excess
free RGD peptide (50 uM) for 4 h in advance. The cells without
treatment were used as a negative control.

COS7 normal cells. When coincubated with AuNP@CD-AD-
DOX/RGD, the uptake content of gold in U87 cells was 8.6-
fold and 9.5-fold higher than that in COS7 cells, which was
consistent with CLSM observations. Moreover, when the a,f;
integrin was blocked by excess RGD peptide in advance, the
cellular internalization of gold was dramatically decreased in
U87 cancer cells.

3.3. Study on Intracellular Drug Release Mechanism
of AUNP@CD-AD-DOX/RGD. 1t is well-known that efficient
intracellular delivery of anticancer drug into the target organelle
could potentiate the therapeutic effect. Therefore, to achieve
satisfactory therapeutic effect, it is critically important to
efficiently deliver the active anticancer drug to final target
destination where drugs exert the functions. As the promising
candidate of drug carrier, ultrasmall (2—4 nm) gold nano-
particles have demonstrated unique advantages to penetrate
cancer cells and achieve high accumulation in the tumor site for
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Figure 6. Study on the intracellular drug release mechanism of AuNP@CD-AD-DOX/RGD. CLSM images of U87 cancer cells incubated with
AuNP@CD-AD-DOX/RGD for 12 h (A), 24 h (C), and 24 h (E) in the presence of NH,Cl (20 mM). B, D, and F are the line-scan profiles of
fluorescence intensity from A, C, and E, respectively. The blue and red curves in the line-scan profiles represent the fluorescence intensities from

Hoechst and DOX, respectively. The scale bars are 30 ym.

targeted therapy.®*>*® As shown in Figure 6, when U87 cancer

cells were treated with AuNP@CD-AD-DOX/RGD for 12 and
24 h, the red fluorescence of DOX was detected in the nucleus
and exhibited favorable overlap with the Hoechst-stained
nuclei. After the specific uptake by cancer cells, DOX was
rapidly liberated from AuNP@CD-AD-DOX/RGD since the
hydrazone bond was destructed by the acidic endo/lysosomes
and subsequently diffused to the nuclei. It has been reported
that the NH,Cl treatment could increase the pH of endo/
lysosomes and inhibit the acidification of endo/lysosomes."”**
To determine this controllable drug release mechanism, NH,Cl
was introduced to neutralize the endo/lysosomes pH and
inhibit the release of drug.49 As shown in Figure 6E and F,
when treated with NH,Cl, the majority of red fluorescence
from DOX was observed in the cytoplasm, and very little red
fluorescence distributed in the nucleus. In the NH,Cl-treated
cells, the endo/lysosome acidification was blocked to some
extent, leading to the delay of the DOX release and thereafter
impeding the diffusion of anticancer drug into the nucleus. The
NH,CI treatment confirmed that the acidifying intracellular
microenvironment was beneficial for AuNP@CD-AD-DOX/
RGD to trigger drug release for cancer therapy. It is well-known
that DOX has been demonstrated to be stable in the lysosomal
compartments,” which is favorable for developing the
intelligent drug delivery system to respond the acidic lysosomal
microenvironment for intracellular drug release.

To precisely detect the intracellular localization of AuNP@
CD-AD-DOX/RGD nanocomposite, the cells treated with

AuNP@CD-AD-DOX/RGD were analyzed by transmission
electron microscope (TEM). As shown in Figure 7A, the
uptake of AuUNP@CD-AD-DOX/RGD in U87 cancer cells was
much more than that in COS7 normal cells (Figure 7E),
indicating that the nanocomposites were quickly endocytosed
by cancer cells. This was due to the active targeting ability of
RGD peptide in nanocomposite, which selectively improved
the uptake of cancer cells via the receptor-mediated
endocytosis. The internalization of AuNP@CD-AD-DOX/
RGD was significantly reduced when the cells were pretreated
with excess free RGD peptide in advance (Figure 7C). Since
the a,f; integrin integrated with free RGD, the internalization
of AuNP@CD-AD-DOX/RGD was inhibited.

3.4. Study of the Anticancer Effect of AUNP@CD-AD-
DOX/RGD in Vitro. In order to investigate the anticancer
effect of multifunctional nanocomposite AuNP@CD-AD-
DOX/RGD, the cell cytotoxicity was evaluated by 3-[4,S-
dimethylthiazol-2-yl]-2,5-diphenyltetra-zolium bromide (MTT)
assay. As displayed in Figure 8, the cell viability of U87 cancer
cells decreased dramatically to 30% when treated with AuNP@
CD-AD-DOX/RGD for 48 h. However, the COS7 normal cell
viability was more than 70%. Obviously, the growth of U87
cancer cells was selectively inhibited by the multifunctional
nanocomposite. The specific targeting ability of AuNP@CD-
AD-DOX/RGD promoted the increased uptake of cancer cells
and subsequent intracellular release of anticancer drug
potentiated the therapeutic effect, inducing the death of cancer
cells. As expected, when the way of intracellular drug release
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Figure 7. Evaluating the intracellular distribution of AuNP@CD-AD-
DOX/RGD by TEM observation. (A) Representative TEM image of
U87 cancer cells incubated with AuNP@CD-AD-DOX/RGD for 24 h.
(B) The enlarged TEM image from the circled area in (4,). (C) TEM
image of U87 cancer cells incubated with AuNP@CD-AD-DOX/RGD
for 24 h and the cells pretreated with excess free RGD peptide in
advance. (D) Enlarged TEM image from the circled area in C,. (E)
TEM image of COS7 normal cells incubated with AuNP@CD-AD-
DOX/RGD 24 h. (F) Enlarged TEM image from the circled area in
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Figure 8. Study the anticancer effect of AuNP@CD-AD-DOX/RGD
in vitro. The cell viability of U87 cancer cells (A) and COS7 normal
cells (B) after incubated with the multifunctional nanocomposite
AuNP@CD-AD-DOX/RGD in the absence or in the presence of
NH,Cl (20 mM) for 48 h. The statistical significance in difference was
analyzed using student’s T-test: ¥p < 0.05 and **p < 0.01.

was blocked by NH,CI treatment, the cell cytotoxicity reduced
markedly, especially at the high DOX concentrations of 2.0 and
4.0 pg/mL. These results confirmed that the active targeting
and controllable cellular release ability of drug carrier was
beneficial to eliminate cancer cells specifically and reduce the
damage to normal cells.

4. CONCLUSION

In summary, a versatile gold nanoparticle-based multifunctional
nanocomposite AuNP@CD-AD-DOX/RGD was constructed
via host—guest interaction for targeted cancer chemotherapy.
The RGD peptide moiety could increase cancer cell uptake via
the receptor-mediated endocytosis, and then the anticancer
drug was triggered release by the intrinsic acid condition of
endo/lysosomes in cancer cells, inducing the significantly
enhanced cell growth inhibition for cancer cells. The

construction of multifunctional AuNPs by host—guest inter-
action for targeted cancer therapy with reduced side effect
opens a window of designing versatile multifunctional drug
delivery systems, which have great potential in cancer therapy.
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