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 ABSTRACT 

A universal platform with Mn doping and hyaluronic acid (HA) modification, based

on mesoporous silica (mSiO2), was designed and used as a basic multifunctional

material with magnetic resonance (MR) imaging. Furthermore, we added flexible

functions through the addition of functional molecules. Specially, two typical 

compounds, hydrophobic perfluorooctyl bromide (PFOB) and hydrophilic

doxorubicin (DOX), were loaded into the channels to obtain PFOB@Mn@mSiO2@HA

(PMMH) or DOX@Mn@mSiO2@HA (DMMH) nanoparticles for dual-mode imaging

or imaging and therapy, respectively. The PMMH and DMMH nanoparticles

were highly targeted to the lymph system in vitro and in vivo. MR and ultrasound

imaging of PMMH nanoparticles were performed in the lymph system, while MR

imaging and chemotherapy of DMMH nanoparticles was used to detect cancer.

These results showed that both PMMH and DMMH nanoparticles can be designed

with high lymph targeting efficiency. PMMH nanoparticles are a dual-mode 

contrast agent for both ultrasound and MR imaging for the lymph system and

DMMH nanoparticles are powerful agents for the combined diagnosis and therapy

of cancer in vivo. 

 
 

1 Introduction 

Rapid developments in nanotechnology have enabled 

the development of various functional nanomaterials 

with multiple discrete function-related components 

integrated into one nanoparticle. These have allowed 
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for applications in biomedical imaging and therapy 

to overcome limitations related to nanoparticles with 

single functions [1, 2]. These multifunctional nano-

materials can be used in the biomedical sciences in 

areas such as diagnosis, drug delivery, hyperthermia, 

stem cell therapy, and tissue engineering. Therefore, 

it is interesting to design a multifunctional nanoprobe 

for combined imaging, because each imaging modality 

has its own limitations and advantages. For instance, 

numerous nanoprobes used in luminescent imaging 

[3–5], computed tomography (CT), and magnetic 

resonance (MR) imaging (MRI) [6–8] have been applied 

for cancer diagnosis to improve sensitivity and accuracy 

[3–8]. Additionally, it is also meaningful to develop a 

multifunctional nanoarchitecture for combined therapy 

or diagnosis and therapy by encapsulating functional 

materials within a designed nanoparticle system. For 

example, combined chemotherapy and imaging or 

photothermal therapies and chemotherapies has been 

reported previously [3, 9–12]. However, despite the 

extensive applications of these multifunctional nano-

architectures, their functions are restricted once the 

architectures are fabricated. Therefore, it is difficult to 

add or change the functions of these multifunctional 

nanoarchitectures. The development of a more universal 

platform is necessary, which can be conveniently 

endowed with varies properties by different post- 

processing methods after synthesis per the specific 

diagnostic and therapeutic demands.  

To make this design feasible, a basic material with 

a sophisticated structure and fundamental function  

is needed. Mesoporous silica (mSiO2) has attracted 

considerable attention in recent years because of its 

advantageous structural properties such as high internal 

surface area, pore volume, tunable pore sizes, colloidal 

stability, and the possibility to specifically functionalize 

the inner pore system or the external particle surface. 

These highly attractive features make mSiO2 a promising 

and widely applicable platform for diverse biomedical 

applications including in bioimaging, biosensing, 

biocatalysis, bone repair, and scaffold engineering, 

and drug delivery. Numerous recent studies have 

attempted to create multifunctional nanoparticles 

comprising mSiO2 as the host material, such as the 

multistage delivery system and multimodal imaging 

system. Specially, some metal ions for magnetic 

resonance imaging, such as Mn2+ and Gd3+, have been 

doped into the framework of mSiO2, which contributes 

to the development of a platform that can be used 

with MR imaging. The platform further absorbed 

drug molecules to fabricate a multifunctional nanoar-

chitecture with drug delivery and MR imaging. Thus, 

a modified mSiO2 may be used as a basic material 

with a sophisticated structure and fundamental function 

to produce and change their multifunctional properties 

conveniently by absorbing different molecules. 

Hyaluronic acid (HA) is a well-known natural 

polysaccharide that is widely distributed in the 

extracellular matrix. Given its biocompatibility and 

diverse biological functions as a targeting ligand and 

signaling molecule, HA has been used as a superior 

biomaterial in the formulation of nanospheres, 

hydrogels, and scaffolds for drug delivery and tissue 

engineering [13]. In addition, because of the interaction 

between HA and the CD44 receptor, HA is widely 

used as a tumor vector for targeting procedures CD44 

is expressed in a variety of tumors such as breast, 

colon, intestinal, and brain tumors [14, 15]. Furthermore, 

lymphatic endothelial hyaluronan receptor-1 (LYVE-1), 

as a new homolog of the CD44 glycoprotein, is a 

lymph-specific receptor for HA that can bind both 

soluble and immobilized HA [16–18]. However, unlike 

CD44, LYVE-1 can colocalize with HA on the luminal 

face of the lymph vessel wall and is completely absent 

from blood vessels. Therefore, HA is highly promising 

as a lymphatic targeting carrier. In our preliminary 

report [19], a pure HA molecule was used as a targeted 

matrix to the lymphatic system. Our results showed 

that HA was capable of defining the structure of the 

lymphatic system and was highly targeted to the 

lymphatic system in vitro and in vivo. 

Here, we designed a universal and multifunctional 

platform from widely used materials, including mSiO2 

as the media, HA as the targeted matrix, and Mn for 

an MRI element. The platform is inexpensive, practical, 

and flexible. Based on this platform, we further 

developed a multifunctional probe for MR and ultra-

sound imaging to improve the sensitivity and resolution 

for lymph imaging and a multifunctional vehicle with 

accurate positioning and chemotherapy for targeting 

lymph tumors. According to previous reports, some 

nano-/micro-carriers prepared using perfluoroocty 
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bromide (PFOB) have been utilized as ultrasound 

contrast agents [20]. Therefore, in the present study, 

PFOB was loaded into Mn@mSiO2@HA (MMH) nano-

particles to obtain PFOB@Mn@mSiO2@HA (PMMH) 

nanoparticles, in which PFOB could enhance sound 

reflection function and further improve the ultra-

sound contrast signal. Doxorubicin (DOX, a general 

chemotherapeutic drug) was also loaded onto MMH 

nanoparticles to obtain DOX@Mn@mSiO2@HA (DMMH) 

nanoparticles. Thus, two typical compounds, hydro-

phobic PFOB and hydrophilic DOX, were used as 

models to obtain PMMH or DMMH nanoparticles for 

dual-mode imaging as well as imaging and therapy, 

respectively. We found that the PMMH and DMMH 

nanoparticles were highly targeted to the lymph 

system in vitro and in vivo. We also conducted MR 

and ultrasound imaging of PMMH nanoparticles in 

the lymph system and MR imaging and chemotherapy 

of DMMH nanoparticles in cancer. We also describe 

the use of our new universal platform for additional 

applications.  

2 Experimental 

2.1 Preparation of manganese-doped mesoporous 

silica (Mn@mSiO2, MM) nanoparticles 

MM nanoparticles were synthesized as follows: 

1.2 mmol of cetyltrimethyl ammonium bromide was 

dissolved in 180 mL of double-distilled water at room 

temperature. Next, 6 mmol of NaOH was added to 

the solution, followed by 10 mmol of triethoxysilane 

under rigorous stirring. Subsequently, 0, 0.1, 0.5, 1, 

and 5 mmol MnCl2·4H2O were added rapidly. The 

obtained precipitates were recovered by filtration 

after 24 h of rigorous stirring, washed, and refluxed 

in 7.2 mg·mL−1 ammonium nitrate ethanol solution to 

remove the cetyltrimethyl ammonium bromide. 

2.2 Preparation of Mn@mSiO2@HA nanoparticles 

The preparation of MMH nanoparticles included the 

surface modification of MM nanoparticles with 3- 

aminopropyl triethoxysilane and the conjugation of 

HA. In a typical experiment, 0.1 g of MM nanoparticles 

was reacted with 110 μL of 3-aminopropyl triethox-

ysilane in 10 mL toluene. The amino-modified MM  

nanoparticles were washed with methanol and  

water, centrifuged, and dried at 60 °C for 12 h. Next, 

HA was activated using N-hydroxysuccinimide and 

N-ethyl-N’-[3-(dimethylamino)propyl] carbodiimide 

hydrochloride. Specifically, 1.25 g of HA and the obtained 

amino-modified MM nanoparticles were dissolved in 

200 mL double-distilled water. Subsequently, 0.23 g of 

N-ethyl-N’-[3-(dimethylamino)propyl] carbodiimide 

hydrochloride and 0.14 g of N-hydroxysuccinimide 

were added into the solution and stirred for 24 h at 

room temperature. Finally, the resulting products were 

collected by centrifugation, washed with ethanol and 

water three times, and dried at 60 °C. 

2.3 Preparation of PFOB@Mn@mSiO2@HA and 

DOX@Mn@mSiO2@HA nanoparticles 

First, 0.1 g of MMH nanoparticles was dispersed into 

30 mL double-distilled water, and then 500 μL of 

2 mg·mL−1 DOX or 100 μL of PFOB was injected. After 

stirring for 24 h, PMMH or DMMH were fabricated 

and separated. To remove the free PFOB and DOX in 

the solutions of nanoparticles, PMMH and DMMH 

were washed with double-distilled water approximately 

5 times until the supernatant liquid was clear. 

2.4 Characterization 

Powder X-ray diffraction (XRD) patterns were recorded 

on the Rigaku D/MAX-2250V diffractometer (Tokyo, 

Japan) using Cu-Ka radiation (40 kV and 40 mA). The 

morphology of the samples was determined using   

a high-resolution transmission electron microscope 

(HRTEM, JEOL, JEM-2100F) and a field-emission 

scanning electron microscope (FESEM, S-4800, Hitachi, 

Tokyo, Japan), respectively. The Fourier transformation 

infrared (FT-IR) spectra were recorded on a Nicolet 

6700 FT-IR spectrometer (Thermo Fischer, Waltham, 

MA, USA). The UV–vis spectra were investigated using 

a PerkinElmer Lambda 950 UV-vis spectrophotometer 

(Waltham, MA, USA). The Brunauere-Emmette-Teller 

surface area and pore size were measured using a 

Micromeritics ASAP 2020 instrument (Norcross, GA, 

USA). X-ray photoelectron spectroscopy (XPS) was 

performed using a VG Scientific ESCLAB 220iXL 

X-ray photoelectron spectrometer (Uppsala, Sweden). 

The average hydrodynamic sizes were measured using 
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a Malvern Zetasizer Nano ZS (Malvern Instruments 

Ltd., Malvern, Worcestershire, UK) based on dynamic 

light scattering. The contents of Mn were analyzed by 

inductively coupled plasma optic emission spectro-

metry (ICP-MS) using a PLASMA-SPEC-II instrument 

(Horiba Jobin Yvon, Inc., Kyoto, Japan). Fluorine 

content was determined by high-performance ion 

chromatography (Dionex 500, Sunnyvale, CA, USA) 

with conductivity detection through oxygen flask 

combustion (separating column: IonPac AG14-AS14; 

eluent: 0.0010 M NaHCO3 + 0.0035 M Na2CO3). Based 

on the results, the loading content of PFOB in PMMH 

nanoparticles was calculated. 

2.5 Cell viability experiments 

HCT116 cells (5 × 103 cells·well−1) in log phase were 

incubated into 96-well flat-bottomed plates. The cells 

were incubated for 24 h at 37 °C under 5% CO2. The 

obtained PMMH nanoparticles at concentrations of  

0, 25, 50, 75, 100, and 125 g·mL−1 in phosphate-buffered 

saline (PBS) were added to the wells of the treatment 

group. The cells were incubated for 4, 8, and 12 h   

at 37 °C under 5% CO2. Next, all nanoparticles were 

removed from the medium and 10% CCK/PBS solution 

was added to each well and incubated at 37 °C for 4 h. 

The amount of cell proliferation was measured by 

reading the optical density value at 450 nm using   

a plate reader. The following formula was used to 

calculate cell viability: viability (%) = (mean of absor-

bance value of treatment group/mean absorbance value 

of control) × 100%. The results were expressed as an 

average over five nominally identical measurements. 

2.6 Confocal imaging of cells 

Confocal imaging of cells was performed using a 

Leica laser scanning confocal microscope (Wetzlar, 

Germany). HCT116 cells (1 × 106 cells·mL−1) were 

incubated with fluorescein isothiocyanate (FITC)- 

labeled nanoparticles (MM, MMH, and PMMH) for 

2 h for confocal imaging, fixed with 4% parafor-

maldehyde for 30 min, and stained by DAPI for 8 min. 

All cells were washed twice with PBS before confocal 

imaging. Imaging of FITC-labeled nanoparticles was 

carried out at 488 nm laser excitation, with emission 

collected from 550 to 570 nm. 

2.7 MRI in vitro 

All MRI scans were carried out with a 3.0 T whole 

body system (3.0 T Intera Achieva, Philips Medical 

Systems, Best, The Netherlands) with a brain crossed 

coil. Different mass concentrations of PMMH nano-

particles were placed in a series of PE tubes for 

T1-weighted MR imaging using a standard spin echo 

sequence. The sequence parameters were TR/TE, 

4.6/2.4 ms; flip angle, 12°; FOV, 26 cm; matrix, 320 × 

256; effective slice thickness, 0.6 mm. The 3D MRIs 

were then reconstructed from the original data set at 

each time point using maximum-intensity projection. 

2.8 Ultrasound imaging in vitro 

Ultrasound imaging was performed using the Acuson 

Sequoia 512 linear transducer (Siemens, Mountain 

View, CA, USA). A dilute solution (1 mg·mL−1) of 

PMMH nanoparticles was placed in dialysis cassettes 

and examined using a Siemens Acuson Sequoia 512 

with a 3.5 MHz linear transducer. 

2.9 MRI in vivo 

Animal experiments were approved by local govern-

mental authorities. Experiments were carried out on 

New Zealand White Rabbits with weights of 3–3.5 kg, 

which were anaesthetized by intraperitoneal injection 

of 3% pentobarbital solution. During this process,  

the rabbit body temperature was maintained at a 

physiological level. PMMH nanoparticles (400 μL, 

0.10 mg·mL−1) and gadopentetate (400 μL) were injected 

into the right and left knee popliteal fossa, respectively. 

The injection sites for the contrast agents were carefully 

disinfected. After injection, the injection sites were 

gently massaged for approximately 30 s to improve 

lymph drainage. The MR imaging area of interest was 

from the upper thigh to the shank. Similarly, a nude 

mouse weighing 28.4 g was anaesthetized and injected 

in the tumor region with 150 μL DMMH (0.10 mg·mL−1), 

and MR images were collected using a small animal 

crossed coil. 

All MR imaging was performed on a 3.0-T super-

conductive whole-body scanner (Signa HDXt GE 

Healthcare, Little Chalfont, UK), using a dedicated 

six-channel phased array sensitivity encoding coil for 

optimized signal reception with the rabbits in the  
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supine position. The conventional gradient system 

with an amplitude of 40 mT·m−1 and a slew rate of 

150 mT·m−1·ms−1. For interstitial MRI, a fast T1-weighted 

3D gradient-echo sequence in the coronal plane was 

acquired after gadopentetate dimeglumine injection. 

To assess all phases of lymph node enhancement, we 

began acquiring images immediately after subcutaneous 

administration of two contrast agent every 10 min. 

The sequence parameters were TR/TE, 4.6/2.4 ms;  

flip angle, 12°; FOV, 26 cm; matrix, 320 × 256; effective 

slice thickness, 0.6 mm. The 3D MRIs were then 

reconstructed from the original data set using maximum- 

intensity projection. During the acquisition, the position 

the rabbit being examined rabbit remained unchanged.  

2.10 Ultrasound imaging in vivo 

Animal experiments were approved by local govern-

mental authorities. Experiments were carried out using 

New Zealand White Rabbits with weights of 3–3.5 kg, 

which were anaesthetized by intraperitoneal injection 

with 3% pentobarbital solution. During the process, 

the rabbit body temperature was maintained at a 

physiological level. Furthermore, the skin of leg knee 

popliteal area was shed using 6% NaS. PMMH nano-

particles (400 μL, 0.10 mg·mL−1) were injected into the 

right knee popliteal fossa, before which primary gray 

scale sonography was conducted to locate lymph 

nodes in the leg knee popliteal area. All ultrasound 

imaging was performed using a High-Resolution In 

Vivo Ultrasound Micro-Imaging System with ECG 

2500mv and Resp 2590mv. 

2.11 Immunofluorescent antibody staining analysis 

Rabbit anti-human LYVE-1 polyclonal primary antibodies 

were optimized and validated in formalin-fixed 

paraffin. Tissues in the knee popliteal fossa region, 

which were imaged successfully by ultrasound and 

MR imaging, were removed from the rabbit, fixed in 

PBS containing 4% paraformaldehyde, and embedded 

in paraffin wax. Prior to staining, the tissues were 

fixed, dehydrated, wax-impregnated, embedded, and 

sliced. Primary antibody dilutions (1:50) were incubated 

with tissue slides for 90 min at room temperature. 

Lymph vessels from the rabbit leg knee popliteal 

fossa were used as positive control tissues to validate 

LYVE-1. The slides were viewed using a Zeiss Axioskop 

fluorescence microscope with fluorescent illumination. 

2.12 DOX loading and in vitro drug release 

First, 50 mg of MMH nanoparticles was added into 

50 mL 1 mg·mL−1 DOX aqueous solution. After stirring 

for 24 h, the DMMH nanoparticles with loaded drugs 

were fabricated and separated. Next, 5 mg of DMMH 

nanoparticles was immersed in 10 mL PBS (pH 5.5), 

which was introduced into dialysis cassettes (width 

of 44 mm, MW cut-off is 8,000–14,000) as the drug donor. 

The bag was placed in 100 mL PBS as the release 

medium (receiver). The release medium (10 mL)  

was removed for the determination of UV spectra at 

approximately 490 nm at given time intervals and 

replaced with the same volume of fresh buffer solution. 

The curve showing the release rate for DOX was 

obtained from the relationship between the cumulative 

release amount and time t. Additionally, the standard 

curve of the DOX aqueous solution was obtained 

from the relationship between the absorbance and 

the DOX concentration. 

2.13 Growth inhibitory effect of DMMH nano-

particles on tumor cells  

The growth inhibitory effect of DMMH nanoparticles 

on HCT116 tumor cells was evaluated in a CCK assay 

as described previously [21–23]. The cells were seeded 

into a 96-well plate (5,000 cells in 100 μL·well−1) and 

cultured for 24 h. The medium was then substituted 

with a series of concentrations of free DOX and 

DMMH nanoparticles. Two days later, the formulations 

were removed and CCK solution was added and 

incubated for 4 h. Next, the CCK solution was removed 

and PBS was added to the wells. The absorption, 

representing cell viability, was detected using a 

microplate reader (iMark/xMark Bio-Rad, Hercules, 

CA, USA) to determine the cell viability at 450 nm. 

2.14 Growth inhibition of DMMH nanoparticles 

on tumors in vivo 

Male specific pathogen-free nude mice, age 4–5 weeks 

and weighing 18–20 g were supplied by the Department 

of Experimental Animals, Shanghai Jiaotong University, 

and maintained under standard housing conditions. 
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All animal experiments were carried out in accordance 

with guidelines evaluated and approved by the ethics 

committee of Shanghai Jiaotong University. 

YAC-1 (mouse lymphoma cells) tumor bearing 

mice were established by subcutaneous injection of  

2 × 106 cells suspended in 200 μL PBS. Three groups of 

mice (n = 6), for a total of 18 mice, were subcutaneously 

injected with PBS, free DOX, and DMMH nano-

particles (0.1 mg·mL−1) with the same dosage of free 

DOX inside, respectively, until the diameter of tumor 

was around 8–10 mm, after which all mice were 

returned to animal housing. The tumor volumes were 

tracked every 2 days using vernier calipers. Tumor 

volumes were calculated using the formula V ＝ 1/2 

(L × W 2), where L and W were the length (longest 

dimension) and width (shortest dimension). On the 

23th day, all animals were euthanized and the tumors 

were dissected and weighed. 

2.15 Tissue distribution 

The short-term distribution of MMH nanoparticles in 

mice was determined as follows: 18 mice were divided 

into six groups with three mice in each group. Three 

mice were used as control group. Based on the pre-

liminary experiment, the dosage in this experiment 

of MMH nanoparticles was 0.1 mL 250 mg·kg−1. Three 

mice in each group were sacrificed and anatomized at 

4, 6, 8, 10, and 12 h after being injected by MMH 

nanoparticles in the enterocoelia except the control 

group that had not been injected. Approximately 

100 μL of blood sample was obtained in each group. 

Furthermore, the liver, lung, spleen, brain, heart,  

and kidney were collected. Organs were weighed 

and homogenized. After subjecting the sample to a 

digestion process, the Mn content was determined  

by ICP-MS.  

The long-term distribution of MMH nanoparticles 

in mice was determined as follows: Nine mice were 

divided into three groups, with three mice each group, 

and three mice used as a control group. Based on the 

preliminary experiment, the dosage in this experiment 

of MMH nanoparticles was 0.1 mL 250 mg·kg−1. Three 

mice from each group were sacrificed and anatomized 

at 1, 2, and 3 days after being injected with MMH 

nanoparticles in the enterocoelia. The control group 

received no injections. Beginning on day 1, all three 

mice in each group were intravenously injected once 

daily for 3 consecutive days. The injections were 

tolerated well and no adverse effects were observed 

during the entire experiment. On days 1, 2, and 3, 

approximately 100 μL of blood sample was obtained 

in each group before the liver, lung, spleen, brain, 

heart, and kidney of the treatment-groups were 

collected at 12 h after injection. Organs were weighed 

and homogenized. After subjecting the sample to a 

digestion process, the Mn content was determined  

by ICP-MS.   

2.16 Statistical analysis  

The results are expressed as the mean ± standard 

deviation (SD). Statistical analysis was conducted using 

Student’s t-test. Differences were considered significant 

at P < 0.05. 

3 Results and discussion 

MM nanoparticles were obtained by mesoporous silica 

material doping Mn ions via a co-assembly process, 

which may be used as basic multifunctional materials 

for MR imaging. Furthermore, the surface grafting of 

MM nanoparticles by HA resulted in the development 

of a multifunctional platform for targeted delivery to 

specific tumor cells and organisms. In order to evaluate 

the flexibility of the multifunctional platform, hydro-

phobic PFOB and hydrophilic DOX molecules were 

loaded into the platform for dual-mode imaging  

with MR and ultrasound imaging for the lymph system 

and combined diagnosis and therapy with MR imaging 

and sustained release near a lymph tumor. The pro-

cedure is schematically illustrated in Fig. 1. Figure S1 

in the Electronic Supplementary Material (ESM) shows 

that the multifunctional platform included 5 mmol 

Mn ions, which produced a surface area of 503 m2·g−1. 

Moreover, the platform was used to absorb hydrophobic 

PFOB to prepare PMMH nanoparticles for dual-mode 

imaging, and PFOB loaded in the MMH nanoparticles 

was determined to be 11.2 mg·g–1. 

Similar to the results of Shi et al. [24], the driving 

force of the hydrophobic PFOB molecule in MMH nano-

particles may have been the hydrophobic interaction  
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Figure 1 Schematic illustration of the formation of PMMH and 
DMMH nanoparticles. 

between PFOB and the HA molecule in mesoporous 

pores. The morphology and structure of PMMH 

nanoparticles were characterized. Scanning electron 

microscopy (SEM) and transmission electron micros-

copy (TEM) images of the PMMH nanoparticles   

are presented in Figs. 2(a) and 2(b), respectively. 

Figure 2(a) shows that the PMMH nanoparticles were 

well-dispersed with uniform sizes and an average 

diameter of approximately 150 nm, which is in 

accordance with the results for the average hydrody-

namic size shown in Fig. S2 (in the ESM). Furthermore, 

regular hexagonal arrays of uniform pore openings 

were observed in TEM images of as-synthesized 

PMMH nanoparticles (Fig. 2(b)). The small-angle 

XRD patterns revealed the same results. As shown in 

Fig. 2(c), the main (100) diffraction peak of typical 

mesoporous silica materials is shown, indicating  

that mesoporous silica was maintained, although 

the channel frameworks may have been destroyed by 

doping with Mn ions. A typical type IV isotherm with 

a steep capillary condensation step also indicated an 

excellent quality mesoporous material with a surface 

area of 374 m2·g−1 (Fig. 2(d)) and pore size of 3.0 nm 

(Fig. S3 in the ESM), although the mesoporous pores 

were filled with PFOB molecules. Moreover, as shown 

in Fig. S4 (in the ESM), the decrease in surface area 

may have resulted from HA modification and PFOB 

absorption, which was further characterized by the 

FT-IR spectra of PFOB, HA, and PMMH nanoparticles. 

As shown in Fig. 2(e), the typical peaks of PFOB, such 

as 1,245 and 1,218 cm–1, were monitored, and these 

peaks were attributed to characteristic asymmetric 

stretching vibrations of the –CF2 group [12, 25, 26].  

Furthermore, typical peaks of HA, such as 1,610 and 

1,040 cm–1, were found, resulting from the characteristic 

stretching vibrations of C=O and bending vibration of 

N–H, respectively. Compared to the main characteristic 

peaks of PFOB and HA, all peaks were found in the 

FT-IR spectra of the PMMH nanoparticles in addition 

to 1,150 cm–1, the characteristic stretching vibration of 

C–N. These results indicate that PFOB and HA were 

added to MM nanoparticles successfully, which was 

further supported by XPS results, analysis of the 

elemental composition, and their chemical environment 

in PMMH nanoparticles. The desired elements, such 

as Si, C, N, O, Mn, and F, are encapsulated in PMMH 

nanoparticles, and the Mn (2p) feature centered at 

641.2 eV, which is the typical binding energy of the 

metal–silicate (Mn–O–Si) [27–29]. Furthermore, EDX 

revealed that the Mn content was approximately 

5.6% in the PMMH nanoparticles. The above results 

demonstrate the development of a universal platform 

with Mn doping and HA modification based on 

mSiO2 with absorbed hydrophobic PFOB for use as a 

multifunctional platform. 

To evaluate the targeting specificity of the PMMH 

nanoparticles to the lymph system, the cellular uptake 

efficiency of the PMMH nanoparticles was observed 

by confocal laser scanning microscopy. Based on 

previous studies [16, 30–32], receptor-mediated endo-

cytosis, particularly an interaction between HA and 

the CD44 receptor, was identified as the principal 

cellular uptake mechanism of HA-based nanoparticles. 

Furthermore, the amino acid sequence in the extra-

cellular domain of LYVE-1, a lymphatic endothelial- 

specific marker in the lymph system, and CD44 share 

43% homology as homologs [33]. Therefore, some 

cells showing wide expression of CD44 were used to 

simulate the interaction between the lymph system 

and HA-based nanoparticles. Thus, in the present 

experiment, HCT116 cells were used as high CD44 

receptor-expressing cells, while HEK293 cells were 

regarded as control groups because of their low 

expression of endogenous ligand receptor [34], and 

FITC, a near-infrared fluorescence dye, was used to 

detect the cellular uptake and distribution of the 

nanoparticles. 

As shown in Fig. 3, HCT116 and HEK293 cells with 

blue fluorescence were dyed with DAPI and green  
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Figure 2 (a) SEM, (b) TEM, and (c) XRD pattern of PMMH nanoparticles, (d) N2 adsorption/desorption isotherm ((1): MMH 
nanoparticles and (2): PMMH nanoparticles), (e) FT-IR spectra and (f) XPS spectra of PMMH nanoparticles. 

 

Figure 3 Laser scanning confocal microscopy images of HCT116 and HEK293 cells incubated with MM, MMH, and PMMH
nanoparticles. All images were acquired under identical instrumental conditions and presented at the same intensity scale. 
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FITC-labeled nanoparticles. In HCT116 cells, HA-based 

MMH nanoparticles embraced the cells largely and 

were tightly distributed around the cells (Fig. 3(f)), 

which differs from the results of MM nanoparticles 

(Fig. 3(c)), which showed general cellular uptake of 

the nanoparticles. This result revealed that MMH has 

strong affinity towards HCT116 cells. Furthermore, 

the addition of PFOB in MMH nanoparticles had 

little influence on the targeting specificity (Fig. 3(i)). 

However, in HEK293 cells, all MM, MMH and PMMH 

nanoparticles showed poor phagocytic activity in the 

cells (Figs. 3(c’), 3(f’) and 3(i’)). These results indicate 

that the CD44 receptor was overexpressed, giving the 

developed HA-based nanoparticles high lymph 

targeting efficiency. 

The MR and ultrasound imaging of the PMMH 

nanoparticles were conducted to evaluate their 

multifunctional diagnosis abilities. The MR imaging 

signals of the PMMH nanoparticles were measured 

in vitro. Different mass concentrations of PMMH 

nanoparticles in the centrifuge tubes, as well as pure 

water for the background signal, were measured to 

determine the T1 relaxation time using a 3T MR 

imaging scanner. The T1-weighted maps in Fig. 4(a) 

show that the T1-weighted MR imaging signal intensity 

was continuously enhanced, resulting in brighter 

images with increasing mass. Furthermore, as shown 

in Fig. 4(b), the longitudinal proton relaxation rate as 

a function of PMMH nanoparticle concentration led 

to an r1 relaxivity of 13.6 mM–1·s–1, which was much 

larger than that of Magnevist (r1 = 4.5 mM–1·s–1) [35]. 

Additionally, ultrasound imaging experiments in vitro 

were performed. The results are shown in Figs. 4(c) 

and 4(d), which shows the ultrasound images of the 

dialysis bag (labeled in the blue frame) with H2O and 

PMMH nanoparticles in the cross-section. As shown 

in Fig. 4(c), the weak signal was equal to that of the 

H2O medium outside of the dialysis bag. However, 

PMMH nanoparticles showed relatively strong 

ultrasound signals in contrast to the H2O medium 

outside of the dialysis bag because of the large 

differences in acoustic impedances between per-

fluorocarbons and water (Fig. 4(d)). In contrast, 

Fig. S5 in the ESM shows the MMH nanoparticles, 

which were slightly different. The results indicate 

that PMMH nanoparticles can be used for biomedical 

engineering in molecular imaging, including MR and 

ultrasound imaging. 

Lymph ultrasound administration of the dual-mode 

contrast agent was performed in vivo in rabbit (Fig. 5). 

An attempt was made to locate lymph nodes in the 

knee popliteal fossa regions using primary gray scale 

sonography before PMMH nanoparticles were injected, 

which was helpful for observing the change in the 

lymph nodes after PMMH nanoparticle administration. 

After PMMH nanoparticle infusion, the increase in 

 

Figure 4 (a) T1-weighted maps of various Mn concentrations in vitro, (b) the linear relationship between relaxation rates (1/T1) and 
Mn concentrations and ultrasound images in vitro of (c) pure H2O and (d) PMMH nanoparticles in a dialysis bag. 
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lymph nodes signal intensity was observed gradually 

(labeled by circle). When the enhancement time was 

15 min (Fig. 5(c)), the lymph node was imaged clearly. 

When the time was increased to 35 min, the lymph 

node was the brightest (Fig. 5(e)). Next, the signal 

decreased significantly at 55 and 65 min (Figs. 5(g) 

and 5(h)). Furthermore, closer observation revealed 

that lymph vessels around the lymph nodes were 

also imaged (labeled with an arrow). With increasing 

enhancement time, a larger number of lymph vessels 

gradually became clear. Maximum signals for the 

PMMH nanoparticles were reached at 35 min, followed 

by a decreased in the signals. These results show that 

the PMMH nanoparticles can be returned to the 

lymph nodes within 15 min through lymph vessels 

after hypodermic injection and retained for at least 

30 min (from 15 to 45 min). Therefore, the PMMH 

nanoparticles may be used in ultrasound imaging in 

vivo with a slower metabolism, enabling more careful 

diagnosis without causing human body damage. 

Furthermore, the MR imaging ability of the dual- 

mode contrast agent was evaluated. Based on the 

results of the ultrasound imaging, the injection site 

was chosen and the MR images were collected from 

15 to 45 min. As shown in Fig. 6(a), the left lymph 

node (labeled with yellow arrow), imaged using 

commercial Gd-DTPA, clearly appeared within 15 min 

whereas the right lymph node (labeled with red arrow),  

 
Figure 6 T1-weighted MR images in vivo of commercial 

Gd-DTPA (left leg) and PMMH nanoparticles (right leg) injection 
in rabbit knee popliteal fossa. Scanning time after hypodermic 
injection: (a) 15, (b) 25, (c) 35, and (d) 45 min. 

imaged using the PMMH nanoparticles, remained 

blurry. Closer observation revealed some vessels 

 

Figure 5 Ultrasound images in vivo of PMMH nanoparticles injection in rabbit knee popliteal fossa. Scanning time after hypodermic
injection: (a) 0, (b) 5, (c) 15, (d) 25, (e) 35, (f) 45, (g) 55, and (h) 65 min. 
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around the lymph node in the right leg (labeled with 

white arrow). With increasing of enhancement time, 

the signal intensity of the left lymph node was weaker, 

while that of the right node was stronger (Figs. 6(b) 

and 6(c)). Additionally, these vessels were imaged 

gradually. With an enhancement time of 45 min, the 

lymph node of the left leg was almost not visible, 

suggesting that Gd-DPTA had begun to metabolize, 

but that of the right node remained clear, which was 

similar to the result of ultrasound imaging. These 

results illustrate that the enhancement caused by 

PMMH nanoparticles was higher than that of the 

commercial Gd-DPTA. Thus, the dual-mode contrast 

agent is useful for both ultrasound and MR imaging 

in vivo. 

Immunofluorescence analysis of ultrasound or MR 

imaging tissue at 35 min post-injection of the PMMH 

nanoparticles was performed to demonstrate the 

ability of PMMH nanoparticles to penetrate into the 

lymph system. As shown in Fig. 7, the yellow cells, 

colocalized with the anti-human LYVE-1 polyclonal 

primary antibodies, revealed that the tissue abundantly 

expressed LYVE-1. Furthermore, the fluorescence image 

indicated that the zone encircled by yellow cells should 

be lymph vessels or lymph capillaries (labeled with 

white arrows). These results suggest that the imaged 

tissue expressed clear lymph characterization, where 

the PMMH nanoparticles penetrated through so as  

to enhance their imaging effect. Thus, the dual-mode 

contrast agent was shown to have good lymph system- 

targeted abilities in vivo. 

Cytotoxicity was also investigated to examine the 

feasibility of the obtained PMMH nanoparticles for 

biomedical application. As shown in Fig. 8, the effect 

of different PMMH nanoparticles on cell proliferation 

was assessed in HCT116 cells using the CCK-8 assay. 

Using the viability of untreated cells as the control, 

the cellular viabilities decreased with increasing con-

centrations of PMMH nanoparticles, and approximately 

80% cell viabilities were maintained even up to a 

relatively high dose of 125 g·mL−1 after exposure for 

12 h. Upon incubation with the PMMH nanoparticles 

at different concentrations, less than 20% of cells  

had died after 4, 8, and 12 h. Therefore, the results 

demonstrate that the obtained nanoparticles have low 

cytotoxicity. 

 

Figure 7 Immunohistochemical characterization of lymphatic 
markers. 

 

Figure 8 The CCK-8 assay results of the obtained PMMH 
nanoparticles. 

In addition to the preparation of the PMMH nano-

particles for dual-mode imaging of the lymph system, 

the platform was also loaded with hydrophilic DOX 

to obtain DMMH nanoparticles for combined diagnose 

and therapy with MR imaging and sustained release 

for lymph tumors. As shown in Fig. 9(a), SEM imaging 

revealed that the DMMH nanoparticles were likely 

coated with organic nanoparticles compounds, with 

an average hydrodynamic size of 210 nm (Fig. S7   

in the ESM). Compared to the TEM images of MMH 

nanoparticles (Fig. S6 in the ESM), the surface of 

DMMH nanoparticles were blurrier (Fig. 9(b)). The N2 

adsorption/desorption isotherm curve further con-

firmed that the surface area was 284 m2·g−1 (Fig. 9(c)) 

and the average pore size of DMMH nanoparticles 

was 2.6 nm (Fig. S8 in the ESM), indicating the more 

DOX absorption occurred in MMH nanoparticles 

than in PFOB. Furthermore, TEM image confirmed the  
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above speculation. DOX loading in MMH nanoparticles 

was determined to be as high as 43.7 mg·g−1. The 

loading amount was much lower than that of reported 

manganese oxide/MSNs composite (382 mg·g−1), but 

was similar to that of ZnO quantum dots modified 

with mesoporous silica (40 mg·g−1) [36]. The difference 

may be that the mesoporous channels were pre-filled 

with HA molecules, increasing the difficulty of DOX 

absorption. The loading content was much higher 

than that of PFOB in MMH nanoparticles, which may 

have resulted from the driving force among the 

hydrophilic and hydrophobic molecules penetrating 

into our mesoporous silica. As shown in Fig. 2, the 

driving force of the hydrophobic PFOB molecule in 

MMH nanoparticles may have resulted in a hydro-

phobic interaction between PFOB and HA molecules 

around HA in mesoporous pores. However, similar 

to the results of a previous study, the driving force of 

the hydrophilic DOX molecule in MMH nanoparticles 

were the molecular interactions between DOX and 

HA molecules around HA molecule inside and/or 

outside the mesoporous pores, such as hydrogen 

bonds and Van der Waals forces [37, 38]. The results 

were in accordance with the decrease in the specific 

surface area, from 486 m2·g−1 of the MMH nano-

particles to 374 m2·g−1 of PMMH nanoparticles and   

to 284 m2·g−1 of DMMH nanoparticles (Fig. 9(c)). 

Furthermore, we investigated the drug loading and 

release behavior of the DMMH nanoparticles. The 

UV–vis absorption spectra of DOX at 0.1 mg·mL−1 of 

the DMMH nanoparticles are shown in Fig. S9 (in the 

ESM). The absorption spectra of DOX in DMMH 

showed characteristic absorption peaks at 490 nm, 

which were similar to those reported in the literature 

[10, 39–42]. Figure 9(d) further shows the release 

behavior of DOX from the DMMH nanoparticles in 

PBS (pH 5.5), which is related to the acidic tumor 

environment. The final release was observed to be 

31.8% at 80 h (Fig. 9(d)) and 49.1% on the 10th day 

(Fig. S10 in the ESM), demonstrating that the DOX 

inside the channels of DMMH could be released 

slowly. The drug release curve showed sustained release 

behavior and the drug was progressively released by 

desorption and diffusion to the PBS solution. These 

results indicate that the DMMH nanoparticles have 

favorable DOX release properties. 

To examine the feasibility of the obtained DMMH 

nanoparticles for in vitro growth inhibition on tumor 

cells, their cell cytotoxicity and uptake on HCT116 

cells were investigated. As shown in Fig. 10(a), growth 

inhibition of the cells was observed after incubation 

with free DOX and DMMH nanoparticles. These results  

 

Figure 9 (a) SEM and (b) TEM of DMMH nanoparticles, (c) N2 adsorption/desorption isotherm ((1): MMH nanoparticles and (2): DMMH
nanoparticles)) and (d) DOX release curve from DMMH nanoparticles. 
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indicate the dose-dependent cytotoxicity behavior, 

revealing that the DMMH nanoparticles had remarkably 

higher anticancer efficiency than that of free DOX. 

Furthermore, the IC50 values are 7.9 g·mL−1 DOX in 

the DMMH nanoparticles and 10.6 g·mL−1 free DOX 

also indicated that DMMH nanoparticles increased 

the in vitro growth inhibitory effect. The enhancement 

of anticancer efficiency may have resulted from the 

high combining ability of HA and CD44, possibly 

enhancing their antitumor effects. Because of the 

excellent MR imaging in vitro and in vivo and targeting 

specificity of the universal platform, we further explored 

the potential of using the DMMH nanoparticles for 

diagnosis and treatment of a xenografted tumor 

model. As shown in Fig. 11(a), the tumor-bearing nude 

mice with tumor volumes of approximately 123.5 mm3 

were intratumorally injected with 0.2 mL 0.10 mg·mL−1 

DMMH nanoparticles. Before and after 5 and 10 min 

post-injection, the nude mice were imaged by MR 

(Fig. 11(a)). Compared to before injection, the single 

of tumor region clearly increased in a typical T1- 

weighted MR image at 5 and 10 min after injection. 

 

Figure 10 (a) Inhibitory effect of DMMH nanoparticles and free DOX on HCT116 cells as examined by CCK-8 assay and (b) laser 
scanning confocal microscopy images of HCT116 cells incubated with DMMH nanoparticles. 

 

Figure 11 (a) Photograph of the tumor-bearing nude mice for MR imaging and MR images at different scanning time, (b) Mean tumor
volume of the mice in different groups after treatment, (c) photograph of the tumors from different groups after treatment and (d) mean 
body weights of the mice in different groups after treatment. Data represent the mean ± standard deviation of seven mice. P < 0.05 was 
considered to be statistically significant difference and shown by asterisks. 
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Closer observation revealed subtle structures in the 

tumor region. These results suggest that intratumoral 

injection of the DMMH nanoparticles lead to the 

uniform distribution of the particles within the tumor 

region, allowing for effective MR imaging of the 

whole tumor and showing that the obtained DMMH 

nanoparticles have great potential to be used as a 

contrast agent for in vivo tumor MR imaging. 

To investigate the therapeutic efficacy of the DMMH 

nanoparticles in vivo, comparative studies of the 

effectiveness of tumor inhibition were conducted. 

Eighteen tumor-bearing nude mice were randomly 

distributed into three groups, including the PBS, free 

DOX, and DMMH nanoparticles groups, which were 

administered the same dosage of free DOX. After two 

weeks of feeding, the three groups of nude mice were 

intratumorally injected with DMMH nanoparticles 

(0.2 mL, 0.1 mg·mL−1), free DOX, and PBS (0.2 mL), 

respectively. No mice died and their volume was 

measured during the course of therapy. As shown in 

Fig. 11(b), the mean tumor volume of the DMMH 

nanoparticle group increases most rapidly among the 

three groups, indicating that the DMMH nanoparticles 

have considerable growth inhibitory effect on tumors.  

Furthermore, on day 23, the mice were sacrificed  

and tumors were excised and weighed. The tumor 

photograph and mean tumor weights in each group 

after treatment are shown in Figs. 11(c) and 11(d). The 

DMMH nanoparticles group also showed enhanced 

inhibition activity compared to the PBS and free  

DOX groups. The mean tumor weight in the DMMH 

nanoparticles group (0.618 ± 0.137 g) was smaller 

than that of the PBS group (1.270 ± 0.109 g) and free 

DOX group (0.978 ± 0.098 g, P < 0.05). The results 

indicate that treatment with the DMMH nanoparticles 

significantly enhanced antitumor activity over the 

long-term, which was attributed to DOX chemotherapy 

released from DMMH nanoparticles [10, 40, 41, 43, 44]. 

The above results reveal that the DMMH nanoparticles 

are a powerful agent for the combined diagnosis and 

therapy of cancer in vivo. 

The short-term and long-term distribution of the 

universal platform (MMH nanoparticles) in mice was 

determined to evaluate their safety. As shown in 

Fig. 12(a) of the single injection of MMH nanoparticles, 

Mn could be detected in all organs besides the blood, 

but not detected in any organ in the control group, 

where the maximum concentration was found in  

the liver. Furthermore, the concentration-time curves 

revealed a rapid decline in Mn concentration for 12 h 

after injection. At 12 h, a high Mn concentration was 

observed in the liver, spleen, and kidneys, while 

organs besides the blood were at lower levels. The 

results showed that MMH nanoparticles were distri-

buted mainly to the liver, followed by the spleen and 

kidneys. Furthermore, repeated administration resulted 

in accumulation in the liver, spleen, and kidneys, 

indicating that these organs target organs for the 

excretion of MMH nanoparticles [45]. The above results 

indicate that the MMH nanoparticles distribute in 

most of internal organs through blood flow and were 

finally metabolized in the liver, spleen, and kidneys.  

4 Conclusions 

In summary, a new universal platform of MM nano-

particles with MR imaging was designed by doping 

Mn2+ into the framework of mesoporous silica. HA- 

 

Figure 12 Mean Mn concentrations (mg/kg) per gram organ over time after one single injection (a) and consecutive injection (b), error
bars represent standard deviations. 
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modified MM nanoparticles can be used for in vitro 

and in vivo targeting of the lymph system to produce 

MMH nanoparticles. Two standard compounds, 

hydrophobic PFOB and hydrophilic DOX, were 

loaded into channels to obtain PMMH or DMMH 

nanoparticles for dual-mode imaging and imaging 

and therapy, respectively. We demonstrated that the 

PMMH and DMMH nanoparticles were highly targeted 

to the lymph system in vitro and in vivo, and the MR/ 

ultrasound imaging of PMMH nanoparticles in the 

lymph system, and MR imaging and therapeutic 

ability of DMMH nanoparticles in cancer is highlighted. 

Furthermore, nanoparticles were distributed and 

excreted mainly in the liver followed by the spleen 

and kidneys. The Mn@mSiO2-based nanoparticles are 

promising for many applications in biomedicine, 

including multimodality imaging, cell tracking, and 

cancer therapies. Our results provide a new universal 

platform that can be used in further studies and has 

great potential for use in biological applications. 
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