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a b s t r a c t

Poor tumor accumulation remains a serious challenge for nanomedicines to achieve ideal antitumor out-

comes. The different size preferences for systematic circulation, tumor retention and deep permeation

have attracted great attention when designing antineoplastic nano-delivery system. Herein, we developed

a nano-system which can shrink its size in tumor microenvironment to achieve better tumor retention

and penetration. In this work, the cationic bovine serum albumin-protected, doxorubicin-loaded gold nan-

oclusters (CAuNC-DOX) and amino-functionalized mesoporous silica nanoparticles (MSN) are connected

by Fe2+ and are further coated with hyaluronic acid (HA) to obtain a core-satellite MSN-Fe-CAuNC-

DOX@HA nano system (MFADH). When reaching the tumor site, the HA shell, which endows the system

with both good biocompatibility and preferable tumor targeting ability, was disintegrated, followed by

acid-stimulated release of small-sized pharmacological unit—CAuNC-DOX for further tumor penetration.

As demonstrated in both in vitro and in vivo results, MFADH showed excellent antitumor effect, providing

a proof of concept for the feasibility of shrinkable nanoplatforms in tumor treatment.

© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Nanoplatform based drug delivery systems have sparked great

interest due to its ability in improving tumor targeting, bioavail-

ability and efficacy of chemotherapeutics [1]. However, the deliv-

ery efficacy has severely impaired due to the complex tumor envi-

ronment such as high interstitial fluid pressure and abnormal vas-

culature [2–4]. Numerous researches have revealed that the size

of nanomedicine largely dictates their biodistribution, tumor pene-

tration, and systematic clearance, thus affecting overall therapeu-

tic efficacy against cancers [5,6]. Small-sized nanoparticles (less

than 30–50 nm) were believed to exhibit better tumor penetration

compared with their large counterparts [7–10], but they also suf-

fered from insufficient tumor accumulation due to rapid systematic

clearance [11]. By comparison, relatively large-sized ones (60–200

nm) showed optimal passive tumor targeting ability by utilizing

both enhanced permeability and retention (EPR) effect and pro-
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longated circulation [12–15]. Considering all above-mentioned in-

gredients, shrinkable nano-systems that can transformed from the

original large size to smaller ones in response to tumor microenvi-

ronment (pH, enzymes, light and etc.) have been widely proposed

[16–21]. This strategy can solve the dilemma between circulation,

penetration and accumulation, which not only endows the inte-

grated nano-system with longer blood circulation and suitable size

for EPR effect, but also allows the shrunken nanoparticles to pene-

trate deep in tumor, so as to improve drug delivery efficiency and

antitumor effect [14].

Bovine serum albumin protected gold nanoclusters (AuNC@BSA)

with several nanometers possess good biocompatibility and red

fluorescence, and are easy to conjugate drugs on the surface, which

are commonly served as tracer carriers for cancer therapy [22]. Re-

cent researches confirmed that the cationic AuNC@BSA (CAuNC)

has high drug-loading capacity and tumor permeability, result-

ing in efficient drug delivery in tumor [23]. CAuNC has abundant

amino groups on the surface, so it can be coupled with the anti-

tumor drug doxorubicin (DOX) to form doxorubicin-loaded CAuNC
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Fig. 1. The characterization of MFADH. (a) SEM images of MSN-NH2 (Scale bar: 100 nm). (b) Zeta potentials of different nanoparticles. (c) SEM images of MFA (Scale bar:

100 nm). (d) XPS image of MFA and the characteristic peak of Fe. (e) TEM image of MFAH (Scale bar: 50 nm). (f) Cumulative DOX release curve of CAuNC-DOX in pH 5.0, pH

6.5 and pH 7.4 in 72 h.

(CAuNC-DOX) by acid-responsive hydrazone bond, which allow the

DOX released in acidic tumor microenvironment to exert antitu-

mor effect. However, individual CAuNC can be quickly cleared from

bloodstream due to the small size. To extend the blood circulation

time, CAuNC could be carried on larger platform to increase the

size so as to reduce the renal clearance.

Mesoporous silica nanoparticles (MSN) have high specific sur-

face area, controllable particle size, good biocompatibility and can

be easily modified on the surface [24,25]. Functionalized MSN has

been shown to responded to various stimuli to release drugs, such

as pH, redox, enzyme and light [26–28], which endow functioned

MSN the ability to realize stimuli responsive of CAuNC. Since Fe2+

can coordinate with amino groups under neutral conditions and

dissociate under acidic conditions, we chose amino-functionalized

MSN to link with CAuNC via Fe2+.
Herein, we constructed a core-satellite structure nano-system

MSN-Fe-CAuNC (MFA) composed of amino-functionalized MSN and

CAuNC, in which Fe2+ served as the bridging ion coordinating with

amino groups. The ion-ligand is sensitive to acidic pH [29], so that

the core-satellite structure could disassociate in tumor microen-

vironment to achieve size reduction. To further improve blood

circulation and tumor targeting, hyaluronic acid (HA), a negative

charged ligand of CD44 receptor [30], which could also shield the

positive charge of MFA and prevent non-specific protein adsorp-

tion, was introduced. When the HA-coated nanosystem MSN-Fe-

CAuNC-DOX@HA (MFADH) arrived at tumor, HA was degraded by

the over-expressed hyaluronidase in tumor microenvironment and

MFAD was exposed. Then acidic tumor microenvironment triggered

broken of the iron-amino coordination structure, and the small

sized CAuNC-DOX was dissociated, which could penetrate deeply

into the tumor and released DOX to improve the effectiveness of

antitumor therapy.

MSN were prepared by a typical sol-gel process [31], and scan-

ning electron microscopy (SEM) was applied to characterize the

morphology of MSN and MSN-NH2 (Fig. 1a and Fig. S1 in Support-

ing information). Both of them showed spherical morphology with

uniform size. According to dynamic light scattering (DLS) analysis,

the hydrodynamic diameter of MSN was 192.9 ± 6.1 nm (Fig. S2

in Supporting information). The zeta potential of MSN increased

from −21.9 ± 1.7 mV to 28.1 ± 0.2 mV after amino-functionalized

(Fig. 1b), indicating the successfully amino-modification of MSN.

The hydrodynamic diameter of CAuNC was 17.67 ± 0.71 nm, and

its zeta potential was 27.0 ± 2.5 mV. The red fluorescent emission

suggested the successfully synthesis of CAuNC (Fig. S3 in Support-

ing information). The immobilization of CAuNC on the MSN-NH2

with Fe2+ linker and the attached HA was extensively character-

ized. As shown in SEM images (Fig. 1c), the MFA NPs were spher-

ical with a non-hydrodynamic size of approximately 150 nm, and

presented a granular surface fully covered by individual CAuNC. X-

ray photoelectron spectroscopy (XPS) of MFA showed characteris-

tic peak of Fe, Au, Si (Fig. 1d), also manifested the MSN-NH2 and

CAuNCs were successfully linked by Fe2+. The peaks at 711 eV and

725 eV indicated that both Fe2+ and Fe3+ existed in MFA, indi-

cated that part of Fe2+ was oxidized to Fe3+ during the process

of synthesis, so that the characteristic peak of Fe3+ also existed

in the spectrum. The transmission electron microscopy (TEM) of

MFAH showed lower electron density on the edge (Fig. 1e), which

might cause by the adsorption of HA on the surface. The hydrody-

namic diameter of MFA increased from 220.2 ± 6.12 nm to 237.9 ±
8.7 nm after the adsorption of HA, with the zeta potential changed

from 31.5 ± 0.2 mV to −33.5 ± 0.9 mV, also represented the suc-

cessfully synthesis of MFAH NPs.

DOX had a drug loading efficiency of 10.7% on CAuNC by cova-

lently binding Shiff base reaction. The Schiff base bonds are unsta-

ble under acidic condition, so that DOX could release from CAuNC

in acidic environment. As shown in Fig. 1f, the cumulative release

of DOX was increased with time, and when the pH got lower, DOX

released faster. In the condition of pH 5.0, approximately 70% DOX

released from CAuNC in 72 h. However, in the condition of pH 7.4

and pH 6.5, only 38.5% and 48.5% DOX could release at the time

point of 72 h, indicating that the release of DOX from CAuNC-DOX

was both acid-response and time-dependent, which could reduce

the side-effect of DOX but enhance the antitumor effect after in-

ternalized into tumor cells.
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Fig. 2. (a) Cellular uptake of 4T1 after preincubated with or without HA followed by incubated with FITC-labeled MFAH, detected by flow cytometry. (b) CLSM images of

cellular uptake of 4T1 after preincubated with or without HA followed by incubated with FITC-labeled MFAH (Scale bar: 100 nm). (c) Cytotoxicity of MFAD and MFADH

on 4T1 cells, the concentration represents the loaded DOX in the preparations. (d) Flow cytometric analysis of apoptotic cells after different treatments: PBS (blank), DOX,

MFAD, MFADH. (e) Penetration of different nanoparticles into tumor spheroids (Scale bar: 100 nm).

To investigate the uptake activity of MFAH by 4T1 cells,

FITC-labeled nanoparticles were incubated with 4T1 and HA-

preincubated 4T1. The flow cytometry result showed HA-

preincubated 4T1 cells internalized less FITC-labeled MFAH (Fig.

2a). That is because preincubation with HA could saturated the

CD44 receptor, thus reducing the specific binding between CD44

and MFAH. The images of confocal laser scanning microscopy

(CLSM) showed similar results (Fig. 2b).

Following this, the cytotoxicity of nanocarriers on RAW264.7

were detected by MTT assay. As showed in Fig. S4 (Supporting in-

formation), CAuNC and MSN-NH2 showed no obvious toxicity to

RAW264.7. However, the toxicity of MFA to RAW264.7 increased

with increasing concentration, which probably due to the aug-

ment of iron ion in the nanoparticles. After coating by HA, MFAH

reversed the toxicity, that might be attributed to the changed

surface-charge of nanoparticles and the reduced iron ion release,

suggesting that MFAH possess good biocompatibility. Then the cell

viability and cell apoptosis of 4T1 was investigated. As shown

in Fig. 2c, the cell viability of 4T1 decreased with the increase

of preparation concentration, and both of the MFAD and MFADH

showed high toxicity on 4T1 cells. Next the effect on cell apoptosis

of the preparations. As shown in Fig. 2d, 4T1 treated with MFADH

displayed higher apoptosis rate compared with free DOX, indicat-

ing that MFADH possessed better killing effect on 4T1 cells. These

results preliminarily proved that MFADH had the ability to inhibit

4T1 cell growth.

Then the tumor spheroids penetration ability was detected by

CLSM to confirm the size-reduced capacity of formulations. The

CLSM images showed small-sized positively charged CAuNC could

penetrate into tumor spheroids deeply (Fig. 2e), which displayed

stronger fluorescence intensity in the spheroids than MFAH. How-

ever, after incubated with hyaluronidase, MFAH could penetrate

much deeper and displayed stronger fluorescence intensity, and

even comparable with CAuNC, demonstrated that hyaluronidase

could degrade HA on the surface of MFAH and promote CAuNC

disassociation from MSN, which considerably improved the pen-

etration capacity.

Furthermore, the in vivo tumor-targeting ability and distribu-

tion of CAuNC and MFAH in 4T1-tumor bearing BALB/c mice were

evaluated. The animal study was reviewed and approved by the
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Fig. 3. In vivo distribution of CAuNC and MFAH. (a) In vivo fluorescent imaging of ICG signal at different time points, the unit of radiant efficiency is

[(p/sec/cm2/sr)/(μW/cm2)]. (b) Ex vivo imaging of CAuNC signal of organs and tumors (left to right are respectively heart, liver, spleen, lung, kidneys and tumor). (c) Semi-

quantification of average radiant efficiency of ex vivo organs and tumors. (d) The slices of ex vivo tumors imaged by CLSM, blue represents nucleus stained by DAPI, red

represents the signal of CAuNC, and orange represents blood vessels marked by Cy3-conjugated anti-CD34 antibody. The scale bar represents 100 μm.

Fig. 4. In vivo antitumor efficacy investigation. (a) Tumor growth curves measured every 2 days. (b) Weights of ex vivo tumors. (c) Body weight curves measured every 2

days. (d) TUNEL and H&E staining of tumor slices. The scale bar represents 100 μm.

Institutional Animal Care and Use Committee (IACUC) of Chengdu

University of Traditional Chinese Medicine. ICG was adsorbed with

CAuNC and used for tracer to visualized nanoparticle distribution

in vivo. As shown in Fig. 3a, both nanoparticles could target to

tumor tissue. But under the same injected dose of ICG, the fluo-

rescence signal in tumor site of MFAH NPs got stronger than that

of CAuNC NPs, represented that MFAH NPs had better tumor re-

tention efficacy in 24 h. The ex vivo images and the fluorescence

semi-quantitative result displayed that CAuNC NPs had more dis-

tribution in liver and lung and less distribution in tumor com-

pared with MFAH NPs (Figs. 3b and c). The same conclusion could

be drawn from the slices of ex vivo tumors (Fig. 3d). The tumor

slices from MFAH NPs group displayed stronger fluorescence than

that of CAuNC NPs group, and the fluorescence not only distribute

around the blood vessel, but also penetrate to other area. These re-

sults demonstrated the MFAH nanocarriers had considerable higher

tumor-targeting accumulation, so they might enhance the bioavail-

ability of loading drugs.

Finally, the antitumor effects of MFADH were evaluated in 4T1-

tumor bearing BALB/c mice in vivo. As shown in Fig. 4a, the aver-

age tumor volume of mice in PBS group increased to 700 mm3 at

the end of the treatment. Without big size nanocarriers to delivery

antitumor drugs, the groups of DOX and CAuNC-DOX showed cer-

tain therapeutic efficiency but not as well as the groups of MFADH

group, which was consistent with the tumor weight showed in Fig.

4b. Changes in body weight of the mice could reflect the systemic

toxicity of drugs. As shown in Fig. 4c, the mice of MFADH group

got slightly body weight reduction during the treatment, however,

the body weight of the mice in DOX group decreased faster than

that of MFADH group, which corroborated that MFADH could re-

duce the toxicity of DOX. The TUNEL and H&E of tumor slices also

confirmed that MFADH group had the highest tumor cell apoptosis

and had the most prominent damage in the tumor tissue (Fig. 4d).

The H&E of major organs indicated that BALB/c mice treated with

MFADH showed no obvious histopathological damage in the major

organs compared to the PBS treated mice (Fig. S5 in Supporting

information), which proved that MFADH possessed ideal biological

safety. All the result above indicated that MFADH had the possibil-

ity to inhibit tumor growth and the size reduction strategy could

enhance the efficiency of drug delivery and improve antitumor ef-

fect.

In conclusion, a core-satellite structure MSN-Fe-CAuNC-

DOX@HA was fabricated, which could sequentially respond to

the tumor microenvironment and release small-sized CAuNC-DOX

to increase drug penetration in the tumor. The prepared nanopar-

ticles exhibited the ability to target to tumor cells, increase the

accumulation of CAuNC in the tumor site, and the binding CAuNC

could disassociate from MSN in response to the tumor microen-

vironment to increase the penetration depth, which achieved

good antitumor effect in vitro and in vivo. Considering the fact

that MFADH had good biocompatibility and antitumor efficacy,

this size-reduced strategy has great potential to become a highly

effective cancer treatment modality.
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