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ABSTRACT: For drug delivery systems, the most important
factors are biocompatibility and stability. To achieve excellent
biocompatibility, learning from naturally occurring systems
may be the best choice. Herein, a series of pH-sensitive
metallo-supramolecular nanogels (MSNs) were prepared by
the metallo-supramolecular coordinated interaction between
histidine and iron-meso-tetraphenylporphin, which mimicks the
way that hemoglobin carries oxygen. With the excellent
biocompatibility and special supramolecular pH sensitivity,
MSNs had been exploited to load and release anticancer drug
doxorubicin (DOX). In vitro drug release profiles showed that
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only a small amount of the loaded DOX was released in PBS solution at pH 7.4, while up to about 80% of the loaded DOX could
be quickly released at pH 5.3 due to the pH-dependent disassembly of MSNs. Confocal laser scanning microscopy (CLSM) and
flow cytometry were used to verify the cellular uptake and intracellular drug release behaviors of DOX-loaded MSNs toward
MCE-7. Efficient cellular proliferation inhibition against MCF-7 and HeLa cells was also observed by a 3-(4,5-dimethyl-thiazol-2-
y1)-2,5-diphenyl tetrazolium bromide (MTT) assay. These features suggested that MSNs could be of great potential as intelligent

drug delivery systems.
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1. INTRODUCTION

Cancer is now the leading cause of morbidity and mortality in
the world. In clinics, the principal cancer treatment is still
chemotherapy.' However, many hydrophobic clinical antitumor
drugs, such as doxorubicin (DOX) and paclitaxel (PTX), have
limited clinical efficacy because of their low solubility, fragile
stability, and the serious side effects caused by nonspecific
biodistribution in the body. To solve these problems, the
nanocarriers such as polymeric micelles, vesicles, > lip-
osomes,”> and nanogels’ have been adopted to deliver
antitumor drugs. Due to the accumulation in tumors via the
electron paramagnetic resonance (EPR) effect, nanodrug
delivery systems will improve the therapeutic efficiency and
eliminate the adverse effects of the organism.

For a drug delivery system, its biocompatibility and stability
in vivo are crucial factors. Coating materials may be a good
strategy to improve the stability of the delivery system.
Poly(ethylene glycol) (PEG) is the most commonly used
coating material with nonfouling property.”® PEGylated drug,
protein, liposome, and nanoparticles had been studied widely
and some had been used in clinical therapy or proceeded into
the clinical phase. To achieve the best biocompatibility, learning
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about and choosing natural biocompatible materials such as
proteins and polysaccharides as carriers may be the best way.
Among these polysaccharides, dextran as a homopolysaccharide
of glucose is similar to PEG. Due to its excellent
biodegradability and nonfouling property, dextran has been
widely used as a polymeric carrier.”
constructed supramolecular microcapsules (SMCs) based on
the self-assembly between polyaldenhyde dextran-graft-ada-
mantane (PAD-g-AD) and carboxymethyl dextran-graft-f-CD
(CMD-g--CD) on CaCO; particles via host—guest interaction.
Then, SMCs were used to load adamantine-modified
doxorubicin (AD-Dox) for cancer therapy." Jin and coauthors
designed a nanohybrid by 7—r interaction between nanoscale
graphene oxide (NGO) and hematin-terminated dextran
(HDex), which could effectively kill the drug-resistant MCF-
7/ADR cells."> Compared with PEG, dextran is easier to
modify because there are about 5% branching structure and
abundant functional hydroxyl groups. The pH-sensitive
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polymer acetylated dextran (Ac-DEX) with highly tunable
degradation kinetics has been developed. The biocompatibility
of acetylated dextran-type polymers has been enhanced, which
has been used in high volume clinical applications such as
multiple dosing and tissue engineering.'?

The supramolecule plays an important role in naturally
occurring systems such as various proteins driven by metallo-
supramolecular assembly in vivo."*™'® Tt is known that
hemoglobin can efficiently carry oxygen driven by the
metallo-supramolecular interaction between oxygen, iron-
porphyrin, and histidine. Histidine exhibits pH-sensitive
metallo-coordinated interaction with iron-porphyrin (Fe-
Por)."” At the physiological normal environment pH (~7.4),
two histidine moieties can bind to one Fe-Por via metallo-
coordinated interactions. Under acidic conditions (pH < 6, the
range of endosomal/lysosomal compartments), histidine will be
protonated and the binding constant of histidine/Fe-Por will
disassemble dramatically, resulting in the dissociation of Fe-Por
from the histidine stalk. Taking advantage of this pH-sensitive
metallo-supramolecular coordinated interaction, intracellular
pH-responsive metallo-supramolecular nanogels based on
dextran-g-cholesterol, histidine, and Fe-Por have been prepared.
Dextran was chosen as the hydrophilic backbone due to its
excellent biocompatibility and biodegradability. Cholesterol, as
one of component of the cell membrane, is hydrophobic and
beneficial to endocytosis.”® The amphiphilic dextran-g-choles-
terol copolymer was first synthesized and then modified by
histidine. By the metallo-supramolecular coordinated inter-
action between histidine and Fe-Pro, intelligent MSNs have
been successfully prepared finally. MSNs showed not only pH-
sensitive property but also excellent biocompatibility and
stability, hoping to be used as a potential drug deliverer for
cancer therapy.

2. EXPERIMENTAL SECTION

2.1. Materials. Dextran (Dex, M, = 40 kDa, Sigma), Boc-His-OH
(Sigma), and cholesteryl chloroformate (98%, Sigma) were used
directly. Doxorubicin hydrochloride (DOX-HCI) was bought from
Zhejiang Hisun Pharmaceutical Co., Ltd. 3-(4,5-Dimethyl-thiazol-2-
yl)-2,5-diphenyl tetrazolium bromide (MTT) was obtained from
Sigma-Aldrich. Benzaldehyde, propionic acid, and pyrrole were bought
from Aladdin, and pyrrole was used after distilling.

2.2. Characterizations. 'H NMR spectra were collected on a
Bruker AV 400 NMR spectrometer. Fourier transform infrared (FT-
IR) measurements were performed on a Bio-Rad Win-IR spectrom-
eter. Transmission electron microscopy (TEM) images were taken by
a JEOL JEM-1011 transmission electron microscope. The size and
distribution of particles were tested by a WyattQELS dynamic laser
scattering (DLS) instrument. Confocal laser scanning microscopy
(CLSM) was performed by Olympus FluoView 1000. A Bio-Rad 680
microplate reader was used to conduct MTT assay.

2.3. Synthesis of meso-Tetraphenylporphin (TPP). meso-
Tetraphenylporphin (TPP) was prepared as in previous literature.”">>
Freshly distilled pyrrole (80 mM, 5.6 mL) and benzaldehyde (80 mM,
8 mL) were added to propionic acid (300 mL). After refluxing for 30
min, the solution was cooled to room temperature and filtered, and
then the filter cake was washed thoroughly with methanol. After
washing using hot water, the resulting purple crystals were dried finally
in vacuo to remove adsorbed water. Then the crude product was
purified by recrystallization using chloroform (CHCl;) and ethanol.

2.4. Synthesis of Iron-meso-tetraphenylporphin (Fe-Por).
Iron-meso-tetraphenylpor};hin (Fe-Por) was synthesized according to
the previous literature.”> TPP (1.6 mM, 1 g) was dissolved in
dimethylformamide (DMF), and FeCL,-4H,0 (6.5 mM, 1.3 g) was
added three times over 30 min. Then the above mixture was refluxed,
and the reaction process was monitored by thin-layer chromatography
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(TLC). The resulting mixture was cooled to S0~60 °C, and then HCl
was added to the mixture. After filtrating, the resulting solid was
vacuum dried.

2.5. Synthesis of Dextran-g-cholesterol (DC). Dex (0.025 mM,
1 g) and triethylamine (TEA) (1.2 mM, 0.2 mL) were dissolved in dry
20 mL of dimethyl sulfoxide (DMSO) in a flask under N, protection at
25 °C. Cholesteryl chloroformate (0.6 mM, 0.28 g) was dissolved in
dry 10 mL of chloroform (CHCl;) and added dropwise slowly into the
solution. The reaction was stirred at 0 °C for 48 h. After removing
CHCl,, the solution was dialyzed against deionized water for 3 days,
and the product was collected by lyophilization.

2.6. Synthesis of Boc-His-OH Modified Dextran-g-cholester-
ol (HDQ). DC (0.02 mM, 1 g), Boc-His-OH (1.5 mM, 0.37 g), 1-
ethyl-3-(3-dimethyllaminopropyl) carbodide hydrochloride (EDC-
HCI) (3.0 mM, 0.57 g), and 4-dimethylaminopyridine (DMAP) (0.3
mM, 0.04 g) were added into 20 mL of DMSO in a glass flask. Then
the solution was stirred at 25 °C for 48 h. The solvent and unreacted
substances were removed by dialysis against deionized water for 72 h.
The solution was lyophilized.

2.7. Synthesis of pH-Sensitive Metallo-Supramolecular
Nanogels (MSNs). HDC (0.0035 mM, 0.5 g) and Fe-Por (0.5
mM, 0.4 g) were dissolved in 10 mL of DMSO. The mixture was
stirred at 25 °C for 48 h. Then, the solvent and unreacted substances
were removed by dialysis against deionized water for 72 h. The
products were obtained by lyophilization.

2.8. In Vitro Drug Loading, Release, and Cell Assay. In vitro
drug loading, release, and cell assay experiments were preformed
according to our earlier work** The detailed procedure could be
found in the Supporting Information.

3. RESULTS AND DISCUSSION

3.1. Preparation and Characterization of meso-
Tetraphenylporphin (TPP). Meso-tetraphenylporphin
(TPP) was synthesized as in previous literature"** as shown
in Scheme SIA (Supporting Information). The chemical
structures of TPP were characterized by '"H NMR, FT-IR,
UV—vis, and elemental analysis. As shown in Figure SI
(Supporting Information), the peaks at 8.9 ppm (1), 8.2 ppm
(2), and 7.9 ppm (3, 4) and —2.7 ppm (S) assigned to TPP
indicated the successful synthesis of TPP. In addition, the peaks
at 2.7 ppm betrayed the formation of the porphyrin macrocycle.
FT-IR analysis of TPP was also conducted (Figure S2,
Supporting Information). The peaks appearing at 3038, 3060,
and 3316 cm™" further suggested the successful synthesis of
TPP. The peaks at 3316 cm™' assigned to N—H also
demonstrated the structure of a porphyrin macrocycle. The
UV—vis spectrum of TPP was shown in Figure S3A
(Supporting Information). There the peaks appearing at 412
nm (1), 514 nm (2), 550 nm (3), 590 nm (4), and 644 nm (S)
also confirmed the structure of TPP. The elemental analysis of
TPP was also conducted with a result of N (%) 2.1490, C (%)
85.90, and H (%) 4.952. All of these results suggested the
successful synthesis of TPP.

3.2. Preparation and Characterization of Iron-meso-
tetraphenylporphin (Fe-Por). Iron-meso-tetraphenylporphin
(Fe-Por) was synthesized according to the previous literature*
as shown in Scheme SIB (Supporting Information). The
chemical structure of Fe-Por was confirmed by UV—vis. As
shown in Figure S3B (Supporting Information), the UV—vis
spectrum of Fe-Por was different from that of free base TPP.
Compared with free base TPP, some peaks at the Q-band of
Fe-Pro disappeared, and the peaks at the S band had slightly
shifted. The change of the UV—vis indicated the successful
synthesis of TPP.

3.3. Preparation and Characterization of Histidine-
Modified Dextran-g-cholesterol (HDC). Herein, histidine-
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modified dextran-g-cholesterol (HDC) was synthesized as
shown in Scheme S1C (Supporting Information). The chemical
structures of HDC were assured by 'H NMR and FT-IR. As
shown in Figure 1, the peak appearing at 5.8 ppm (11) was
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Figure 1. '"H NMR spectrum of HDC in DMSO-ds.

assigned to cholesterol, and the peaks at 6.9 ppm (12), 7.6 ppm
(13), 43 ppm (14), and 1.4 ppm (Boc) that belonged to
histidine demonstrated the successful synthesis of HDC. FT-IR
analysis of HDC also acted as shown in Figure 2A. The peaks at
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Figure 2. FT-IR spectra of HDC and MSN-1.

1736 cm™" assigned to HDC further indicated the successful
synthesis of HDC. The grafted ratios were calculated by the
integration ratio between the protons of hydroxyl groups from
dextran appearing at 4.5 ppm and the peak of cholesterol
appearing at 6.0 ppm and the peak of histidine appearing at 8.2
ppm in Figure 1, according to the following eq 1

grafting ratios of hydroxyl groups (mol %)

= I,,(I,,)/I; X 100 (1)
The grafting ratios of cholesterol and histidine were 12% and
28%, respectively.

3.4. Preparation and Characterization of Metallo-
Supramolecular Nanogels (MSNs). MSNs were prepared as
shown in Scheme 1. By adjusting the feed ratio, we synthesized
MSN-1 and MSN-2 as listed in Table S1 (Supporting
Information). The chemical structures of MSNs were
confirmed by FT-IR and UV—vis. As shown in Figure 2, the
peak at 939 cm™' was assigned to Fe—N on MSNs. As seen
from in Figure S3C (Supporting Information), the UV—vis
spectrum of MSNs changed obviously which is completely
different from that of Fe-Por. These results indicated the
successful preparation of MSNs.

To confirm the self-assembly of MSNs, Nile Red was used as
a probe to investigate the critical micelle concentration (CMC)
value.”® Tracking the fluorescence intensity of Nile Red as a
function of MSN concentration, the CMC could be calculated.
Expectedly, the fluorescence intensity increased with the
enlargement of MSN concentration. As listed in Table S1
(Supporting Information), the CMC values were impacted by
the cross-linking ratios of MSNs. Following the increasing
cross-linking ratios of MSN, the CMC value was investigated
and became lower, which implied that the hydrophobicity of
MSNs would increase.

The size of MSNs in PBS at different pH value was
monitored by DLS measurement and TEM (Figure 3) to
further certify the pH-sensitivity. Notably, the Ry values of
MSN-1 gradually increased from 78 + 10 to 233 + 118 nm
because of the disassembly between histidine and Fe-Por at
lower pH value. As shown in Figure 3B and C, both the size
and the polydispersity index (PDI) of MSN-1 tend to be larger
at pH 5.3 than at pH 7.4. It was attributed to the decrease of
hydrophobicity resulting from the disassembly of Fe-por and
histidine.

Scheme 1. Synthetic Route for MSNs

Fe-Por
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Figure 3. Hydrodynamic radii (R,) of MSN-1 in PBS at pH 7.4 and
pH 5.3 (A). TEM micrographs of MSN-1 at pH 7.4 (B) and pH 5.3
(C), respectively.

3.5. In Vitro DOX Loading and Triggered Release.
Doxorubicin (DOX), a kind of antineoplastic drug, is
commonly used in the therapy of cancers, such as cervical
cancer, leukemia, lung cancer, liver cancer, and so on. Herein,
to demonstrate the feasible application of the pH-sensitive
MSNs for antitumor drug delivery, DOX was entrapped into
MSNs as a model drug (Scheme 2). The drug loading content
(DLC) of MSN-1 and MSN-2 were 4.63% and 7.32%,
respectively, while the DLC of HDC was 3.21% as listed in
Table S1 (Supporting Information). The result verified that the
DLC was enlarged after the assembly between histidine and Fe-
Por. The in vitro release behaviors were performed at pH $.3,
6.8, and 7.4, respectively. A desirable release profile of DOX
loaded in HDC and MSN-1 versus time is described in Figure
4. The cumulative release percentage of DOX from DOX-
loaded HDC and MSN-1 reached to about 80% in PBS at pH
5.3 in 48 h, while the DOX release rate of MSN-1 was
obviously lower at pH 7.4 than that of HDC. This indicated
that MSNs were more stable than the HDC micelle at pH 7.4.
Further, the DOX release rate at pH 5.3 was obviously higher
than at pH 7.4, which was rooted in the disassembly of MSN at
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Figure 4. In vitro DOX release profiles for DOX-loaded MSN-1 and
HDC in PBS at 37 °C at pH 5.3, 6.8, and 7.4, respectively.

low pH value. These phenomena implied that MSNs could
effectively conceal the release of the loaded drug in normal
physiological environments while improving the drug release in
answer to lower pH value at the cancer cell. These properties
imply that pH-sensitive MSNs have great capacity for drug
delivery for antitumor drugs.

3.6. Intracellular DOX Release and Cellular Prolifer-
ation Inhibition. CLSM and flow cytometry were used to
detect the cellular uptake and intracellular drug release
behaviors of DOX-loaded MSNs in MCE-7 cells. After
incubation with MSNss for 2 h, the intracellular red fluorescence
was not discovered in the MCF-7 cells (Figure SA).
Intracellular DOX fluorescence in cells incubated with DOX-
loaded MSN-1 was higher than that incubated with DOX-
loaded DC (Figure SD and A), which was ascribed to the
disassembly of MSN-1 response to lower pH in cancer cells. On
the contrary, the fluorescence intensity of DOX incubated with
DOX-loaded HDC was slightly different from that incubated
with DOX-loaded MSN-1 because of the pH sensitivity of
HDC (Figure SC and D). Compared with cells treated with
DOX alone, the DOX fluorescence in cells incubated with
DOX-loaded MSN-1 was similar (Figure SD and Figure S4,
Supporting Information). As shown in Figure 6A and 6B, along
with the increase of incubation time with DOX-loaded MSN-1,
the intracellular DOX fluorescence intensity tended to be
higher. In addition, compared with cells incubated for 2 h, the
fluorescence intensity of DOX in cells incubated for 24 h had
little difference, which may be attributed to the stability of
MSNs. Flow cytometric analyses were also used to monitor
drug release triggered by the intracellular environment. As
shown in Figure 7B, the flow cytometric histogram for the cells

Scheme 2. Schematic Illustration of DOX Loading and Intracellular Microenvironment Triggered Release from DOX-Loaded

MSNs

Fe-porphyrin ‘{»/:'

(%)
¢
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histidine
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Figure 5. Representative CLSM images of MCF-7 cells incubated with
MSN-1 (A), DOX-loaded DC (B), DOX-loaded HDC (C), and DOX-
loaded MSN-1 (D) for 2 h. For each panel, the images from left to
right show a differential interference contrast (DIC) image, cell nuclei
stained by DAPI (blue), DOX fluorescence in cells (red), and overlays
of the three images.

Figure 6. Representative CLSM images of MCF-7 cells incubated with
DOX-loaded MSN-1 for 15 min (A), 2 h (B), and 24 h (C). For each
panel, the images from left to right show a differential interference
contrast (DIC) image, cell nuclei stained by DAPI (blue), DOX
fluorescence in cells (red), and overlays of the three images.

incubated with DOX-loaded MSN-1 transferred obviously to
the high fluorescence intensity position. The clear observation
of DOX fluorescence within the MCF-7 cells may be attributed
to a pH-triggered disassembly of MSN-1.

The in vitro cytotoxicity of MSNs toward MCF-7 and HeLa
cells was estimated using a MTT assay. As shown in Figures S5
and S6 (Supporting Information), the viabilities of MCF-7 and
HeLa cells which were incubated with MSNs for 72 h were over
85% at all test concentrations, even as high as 10 g L. This
was proof that MSNs were biocompatible and slightly cytotoxic
to cells.

7820

300

A

0

?0

2
|||1f1||1
S——

Counts
2

150

[N

0

?

kS

s iy

i

(RNt

0

B

0

Counts

10,200 A 0

0 1

PPN

&)
[RIN1

—

o~

1

Fluorescence Intensity

Figure 7. Flow cytometry profiles of MCF-7 cells incubated with PBS
(A) and MSN-1 (B) for 2 h.

MTT assay was also used to evaluate in vitro cytotoxicity of
DOX-loaded MSN-1 toward MCF-7 and HeLa cells. As shown
in Figure 8 and Figure S7 (Supporting Information), DOX-
loaded MSN-1 betrayed obvious cytotoxicities to both MCE-7
and Hela cells at 24, 48, and 72 h, which were slightly lower
than those of free DOX. These results certified that DOX
release from the DOX-loaded MSN-1 may be triggered by the
acidic endosomal microenvironment, which demonstrated the
MSNs had a promising application as intelligent drug delivery
agents.

B CONCLUSION

In summary, mimicking the way that hemoglobin carries
oxygen, a series of pH-responsive metallo-supramolecular
nanogels were successfully fabricated by the metallo-supra-
molecular coordinated interaction between histidine and iron-
meso-tetraphenylporphin. MSNs showed excellent intracellular
pH-sensitivity and could be used as an intelligent drug delivery
agent. The acid-sensitive metallo-supramolecular nanogels were
researched for rapid intracellular release of doxorubicin (DOX).
The DOX release from DOX-loaded MSNs was sped up in acid
environments triggered by the endosomal/lysosomal con-
ditions. The strong intracellular DOX release was discovered
in MCF-7 cells. DOX-loaded MSNs displayed high cellular
proliferation inhibition toward MCEF-7 and HeLa. Therefore,
with the excellent biocompatibility and stability, MSNs could
act as a potential smart platform for drug delivery system.
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Figure 8. Cytotoxicity of DOX-loaded MSN-1 and MSN-2 toward
MCEF-7 cells after incubation for 24 h (A), 48 h (B), and 72 h (C).
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