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 ABSTRACT 

Human health is severely threatened by bacterial infections, which fuel urgent 

demand for the development of novel theranostic agents that are suitable for

diagnosing and combating bacterial infections. To meet this goal, we synthesized

a new kind of theranostic probes, made of vancomycin (Van)-modified fluorescent 

silicon nanoparticles (SiNPs-Van). The new probes feature good selectivity for 

Gram-positive bacterial infections, favorable fluorescence, strong resistance to

photobleaching (e.g., 12% loss of fluorescence intensity during 40 min continuous

laser excitation in the presence of Staphylococcus aureus (S. aureus)), and good 

biocompatibility (e.g., cell viability > 95% during 24 h treatment). Because of

these benefits, the probes were effective at prolonged (i.e., 8-day) fluorescence 

tracking of S. aureus infections in vivo, thus providing a visible and accurate 

way to evaluate treatment efficacy. Moreover, the resultant SiNPs-Van with a 

minimum inhibitory concentration (MIC) of ca. 0.5 μg/mL exhibited high

antibacterial efficiency of 92.5%, superior to that (76.5%) of free Van with higher 

MIC of ca. 1 μg/mL.  

 
 

1 Introduction 

Public health has been overwhelmed by bacterial 

infections [1–5]. A consensus has been reached that 

the lethality could be greatly decreased if bacterial 

infections could be effectively diagnosed and treated 

at an early stage. Numerous techniques, such as 

bacterial culture, polymerase chain reaction (PCR), 

and sequencing, have been utilized for the analysis 

of pathogens to date [6–8]. Although these techniques 

are workable, they are to some extent time-consuming 

(e.g., several hours to days for bacterial culture and 

detection), and often involve tedious procedures [6–8]. 

To address these issues, targeted optical imaging of 

bacteria based on fluorescent dyes, proteins, or inorganic 

nanomaterials (e.g., rhodamine-modified vancomycin, 

green fluorescent protein, gold nanoparticles, and 

carbon nanotubes) has been intensively explored for 
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preclinical and clinical applications owing to their 

short duration of data acquisition, facile manipulations, 

and low cost [9–18]. At present, a promising concept, 

that is optical-imaging-guided treatment of bacterial 

infections, fuels urgent demand for the fabrication of 

novel multifunctional theranostic probes, which allow 

for simultaneous detection and treatment of early- 

stage bacterial infections in vivo [19–21]. Furthermore, 

for estimating the efficacy of antimicrobial therapy in 

real time in an accurate manner, extensive efforts are 

required for designing new tools capable of lengthy 

tracking the development of bacterial infections during 

the therapeutic process [19–21].  

On the other hand, silicon, as an abundant, low-cost, 

and environmentally friendly resource, has played 

key roles in myriad fields since the last century. 

Accompanied with significant advancement of nano-

technology, functional silicon nanostructures have 

attracted intensive research attention, among which 

fluorescent silicon nanoparticles (SiNPs) are of parti-

cular interest due to their unique optical characteristics 

[22–24]. Recent years have witnessed giant achieve-

ments in the fabrication of SiNPs featuring strong 

and stable fluorescence. For example, recent studies 

have demonstrated that under the same UV irradiation, 

SiNPs could retain nearly unchanged fluorescence 

during 180 min UV treatment, which is in sharp 

contrast to rapid (~ 10 min) fluorescence quenching 

of organic dyes (e.g., FITC) [24]. By virtue of these 

optical merits, SiNPs have been used in optoelectronic 

devices (e.g., light-emitting diodes (LEDs) and photo-

detectors) [25]. On the other hand, small (diameter 

< 10 nm) SiNPs have been employed in a first-in- 

human clinical trial owing to their outstanding bio-

compatibility [26, 27]. These exciting achievements 

suggest that the biocompatible and fluorescent 

SiNPs are high-performance optical probes, holding 

great promise for various biological and biomedical 

applications [28–38].  

Herein, we present a new kind of fluorescent- 

SiNP-based theranostic probes whose surface are 

modified with vancomycin (Van, a clinical antibiotic 

for specifically and effectively treating Gram-positive 

bacterial infections). Because of SiNPs and Van, the 

resultant probes are capable of actively targeted, 

noninvasive, and prolonged fluorescence imaging, as 

well as high-efficacy treatment of Staphylococcus aureus 

(S. aureus) infections. Typically, the probes with small 

size (diameter ~ 3 nm) and strong green fluorescence 

(e.g., quantum yield ~ 25%) could be suitable for 

real-time and prolonged (e.g., 8 days) tracking of   

S. aureus infections in vivo. In addition, the newly 

developed theranostic probes feature an antimicro-

bial effect with an antibacterial rate of ca. 92.5%, much 

better than that of free Van (ca. 76.5% antibacterial 

rate). 

2  Experimental 

2.1  Preparation of Van-modified fluorescent silicon 

nanoparticles (SiNPs-Van) 

The amine-terminated fluorescent SiNPs (NH2-SiNPs) 

were prepared by a previously reported protocol [39]. 

To obtain purified SiNPs, 1,8-naphthalimide was remo-

ved by centrifugation at 6,000 rpm for 15 min, and excess 

silicon precursor (3-aminopropyl)trimethoxysilane 

(C6H17NO3Si, APTMS) was eliminated by dialysis 

(MW cutoff (MWCO): 1,000, Spectra/Pro). Next, to 

prepare SiNPs-Van, 5 mg of vancomycin powder was 

mixed with 100 μL of N-(3-(dimethylamino)propyl)- 

N-ethylcarbodiimide hydrochloride (EDC; 50 mg/mL) 

and 25 μL of N-hydroxysuccinimide (NHS; 50 mg/mL) 

at 4 °C with gentle shaking for 15 min in that order. 

After that, the activated vancomycin was further 

incubated with 50 μL of NH2-SiNPs for 12 h at 4 °C 

with gentle shaking in the dark to synthesize SiNPs- 

Van. To remove the excess unreacted Van, the resulting 

mixture was transferred into Nanosep centrifugal 

devices (MWCO, 10 kDa; Millipore) and washed 

with phosphate buffered saline (PBS) several times 

with centrifugation at 7,500 rpm for 15 min. The final 

mixture was stored at 4 °C in the dark. The loading 

amounts of Van on SiNPs (0.617 mg Van per mg of 

SiNPs) could be calculated based on the calibration 

absorption curves of Van (Fig. S1 in the Electronic 

Supplementary Material (ESM)).  

2.2  Bacterial culture 

Gram-negative Escherichia coli (E. coli) and Gram-positive 

S. aureus were selected as experimental models in our 

study. Bacterial cells were grown in the Luria–Bertani 
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(LB) medium with shaking at 250 rpm and 37 °C. After 

that, the bacterial cells were collected via centrifugation 

at 10,000 rpm and 4 °C, then washed with PBS two 

times and resuspended in PBS. Prior to analysis, the 

collected bacterial suspensions were diluted with the 

culture medium to the desired concentrations, which 

were determined by counting colony-forming units 

(CFUs) or by measuring optical density (OD) of the 

medium at 600 nm (OD600). 

2.3  SEM characterization of the bacteria treated 

with SiNPs-Van 

The morphological features of E. coli and S. aureus  

(5 × 109 CFU/mL) treated with SiNPs-Van (15.2 mg/mL) 

were directly examined using scanning electron 

microscopy (SEM). After 1.5 h treatment, the bacteria 

were harvested and processed for visualization, and 

then fixed with 4% paraformaldehyde (PFA) for 20 min 

at room temperature, followed by several dehydration 

steps in a series of ethanol solutions of different 

concentrations (e.g., 50%, 70%, 80%, 90%, 95%, and 

100%, each for 10 min). 

2.4  A bacterial imaging assay 

Next, 20 μL of a bacterial suspension (5 × 109 CFU/mL) 

was treated with SiNPs-Van (15.2 mg/mL) for 1.5 h in 

a shaking incubator (200 rpm) at 37 °C. Then, the bac-

terial cells were centrifuged at the speed of 8,000 rpm 

for 10 min and washed twice with PBS to remove 

excess SiNPs-Van. After that, 20 μL of the obtained 

solution was placed onto a microscope slide, covered 

with a coverslip, and then imaged under a confocal 

microscope (Leica, TCS-SP5). The region of interest 

(ROI) was analyzed by the software (Leica LAS AF 

Lite). 

2.5  Prolonged imaging of S. aureus infection 

To construct a mouse model of S. aureus infection, 50 μL 

of S. aureus (109 CFU/mL) was subcutaneously injected 

into the right caudal thigh. Accordingly, 50 μL of PBS 

was subcutaneously injected into the left caudal thigh 

to set up the control group. At 24 h after injection, 

the SiNPs-Van nanoprobes in the same amounts     

(7.86 mg/mL) were subcutaneously injected into the 

infected sites and control sites. An IVIS Lumina  

imaging system was employed to obtain fluorescence 

images. On the other hand, the mice injected only into 

the right caudal thigh were subcutaneously injected 

with SiNPs-Van (7.86 mg/mL). Fluorescent images 

were captured at scheduled time points (0 and 0.5 

days, 1 day, 1.5, 2, 4, 6, and 8 days). Meanwhile, the 

mice treated at each time point were euthanized and 

the infected tissues were excised from the mice. After 

that, the tissues were homogenized in sterile PBS 

(according to the weight of tissues, 0.01 g/mL). The 

bacteria collected from the infected tissue dispersions 

were cultured on an agarose medium for 16 h, and 

corresponding numbers of colonies were obtained 

via the classic plate counting method. 

2.6  The antibacterial effect of SiNPs-Van in vivo 

At 24 h postinfection with S. aureus, the infected mice 

were injected with 75 μL of PBS, Van, or SiNPs-Van 

subcutaneously into infected sites three times every 

24 h. The infected wounds of mice were imaged 

every 2 days. After 4-day treatment, the mice of each 

group (n = 3) were euthanized, and infected tissues 

were excised from mice; the tissues were homogenized 

in sterile PBS (according to the weight of tissues,  

0.01 g/mL). Aliquots of diluted homogenized infected 

tissues were plated on agar, where the grown colonies 

were counted. The antibacterial rate was calculated 

based on the following formula: Antibacterial rate (%) = 

(Ncontrol  Nexperiment)/Ncontrol × 100%, where Ncontrol and 

Nexperiment stand for the numbers of bacterial colonies 

in PBS (control) and Van (or SiNPs-Van) (experiment) 

treated samples, respectively. The other mice were 

euthanized, and infected tissues were excised on the 

8th day, fixed in a 4% formaldehyde solution for 24 h 

at room temperature, then embedded in paraffin, and 

cut into 5-μm-thick sections for hematoxylin and 

eosin (H&E) staining. H&E assays were performed 

according to the standard protocols. 

2.7  Biocompatibility of SiNPs-Van 

An 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 

bromide (MTT) assay was used to evaluate in vitro 

cytotoxicity of SiNPs-Van. For the MTT assay, MDA-MB- 

231 and HREC cells were used as the representative 

cancer cells and normal cells. They were incubated with 
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SiNPs, SiNPs-Van, or Van at different concentrations 

in culture media for 24 h. The treated cells were 

then incubated with MTT (5 mg/mL) at 37 °C for 4 h, 

followed by cell lysis with acidified sodium dodecyl 

sulfate (SDS). The microplate reader (Bio-Rad 680, 

USA) was used to measure the absorbance of cell 

lysates at 570 nm. Next, to evaluate the biosafety of 

SiNPs-Van in vivo, the distribution of SiNPs-Van and 

the corresponding histological evaluation were carried 

out. First, the infected mice were injected with 75 μL of 

SiNPs-Van. Next, various organs of the mice including 

the heart, liver, spleen, lungs, and kidneys were 

excised at 6 h and 8 days postinjection. The organs 

were imaged using an IVIS Lumina imaging system, 

in which the measured fluorescence signals from these 

organs were employed to describe the biodistribution 

of SiNPs-Van. In addition, the main organs were 

also stained with H&E after 8-day treatment with 

SiNPs-Van. 

2.8  Statistical analysis 

Error bars represent standard deviation obtained 

from three independent measurements. All the 

statistical analyses were performed in the Origin 

software. The statistical significance of differences 

was determined by one-way ANOVA. P < 0.05 (*), 

p < 0.01 (**), and p < 0.001 (***) were used to indicate 

statistical difference. 

3  Results and discussion 

3.1  Preparation and characterization of SiNPs-Van 

As schematically illustrated in Fig. 1(a), fluorescent 

SiNPs were first synthesized based on a previously 

reported method [39]. Related transmission electron 

microscopy (TEM), UV, and photoluminescence (PL) 

procedures for characterization of SiNPs are provided 

in Fig. S2 (in the ESM). The surface of the as-prepared 

SiNPs is terminated with amino groups (–NH2), which 

can be covalently coupled with carboxyl groups 

(–COOH) of Van molecules by EDC coupling 

chemistry [35, 39–41]. The loading amounts of Van on 

SiNPs (0.617 mg Van per milligram of SiNPs) could 

be calculated based on the calibration absorption 

curves of Van (Fig. S1 in the ESM). Figure 1(b) describes  

 

Figure 1  The synthetic route of SiNPs-Van (a) and the corre-
sponding Gram-positive bacteria-targeted imaging and therapeutic 
mechanism (b). 

the mechanism for specifically monitoring and killing 

Gram-positive bacteria in vivo by SiNPs-Van. As 

previously reported, there exists a strong binding 

affinity between Van and Gram-positive bacteria 

ascribed to the formation of five-hydrogen bond 

networks between the heptapeptide skeleton of Van 

and the D-alanyl (Ala)-D-Ala moiety in the cell wall 

of Gram-positive bacteria [40–42]. Therefore, the 

resultant SiNPs-Van can selectively distinguish Gram- 

positive bacteria due to the strong affinity of Van for 

Gram-positive bacteria. Due to the high surface-to- 

volume ratio of nanoparticles, abundant Van ligands 

can be linked to SiNP surface, enhancing the interaction 

between probes and bacteria [28, 40, 43]. By virtue of 

their strong and stable fluorescence as well as high 

antibacterial efficiency, such SiNPs-Van probes enabled 

prolonged and noninvasive tracking of Gram-positive 

bacterial infections, and moreover, displayed superior 

antibacterial efficiency compared to free Van.  

Figure 2(a) presents the TEM and high-resolution 

TEM (HRTEM) images of resultant fluorescent SiNPs- 

Van, which appear as spherical particles. Figure 2(b) 

displays the size distribution of SiNPs-Van, calculated 

by measuring 200 particles in a TEM image. The 

average size of SiNPs-Van was ~ 2.8 nm, slightly 

larger than that (~ 2.5 nm) of pure SiNPs (Fig. S3 in the 

ESM). Dynamic light scattering (DLS) measurement 

of the SiNPs-Van in an aqueous solution was also 

performed (Fig. 2(c)), revealing that pure SiNPs had a 

DLS diameter of ~ 3.8 nm, relatively smaller than that 

(~ 5.8 nm) of SiNPs-Van. These data indicate successful  
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Figure 2  Characterization procedures for the as-prepared 
SiNPs-Van. (a) TEM and HRTEM (inset) images of SiNPs-Van. 
(b) Size distribution of SiNPs-Van. (c) DLS spectra of SiNPs (red 
curve) and SiNPs-Van (blue curve). (d) UV absorbance and    
(e) PL spectra of Van (black curve), SiNPs (red curve), and 
SiNPs-Van (blue curve) (λex = 405 nm). (f) Zeta potential of 
SiNPs and SiNPs-Van.  

loading of Van onto the SiNPs [44]. The modification 

by Van was next confirmed by UV–vis absorbance 

spectra and Zeta potential. As depicted in Fig. 2(d), 

the SiNPs-Van show two typical peaks at 280 and 380 nm, 

which were assigned to Van and SiNPs, respectively 

[39, 42, 45]. The PL spectrum of SiNPs-Van was similar 

to that of pure SiNPs, as revealed in Fig. 2(e). During 

excitation at 405 nm, both SiNPs-Van and SiNPs dis-

played the characteristic emission peak at 480 nm. As 

for Zeta potential, when Van was linked to the SiNP 

surface, Zeta potential climbed from 0.93 to 3.7 mV 

(Fig. 2(f)). Besides, no significant fluorescence quen-

ching was observed for the as-prepared SiNPs-Van 

during 35-day storage in PBS (Fig. S4 in the ESM). 

3.2  Distinguishing Gram-positive and Gram-negative 

bacteria 

To validate the feasibility of selective recognition of 

Gram-positive bacteria by SiNPs-Van, in vitro bacterial 

imaging of SiNPs-Van for various bacteria was per-

formed. The bacterial suspension was treated with 

SiNPs-Van (Fig. S5 in the ESM) and imaged by means 

of a confocal microscope. Figure 3(a) shows that 

distinct green fluorescence was observed in the 

presence of Gram-positive S. aureus bacteria, whereas 

no significant fluorescence was detected in the group 

of Gram-negative E. coli bacteria, suggesting that 

SiNPs-Van were able to selectively stain Gram-positive 

bacteria. In comparison, pure-SiNP-treated bacteria 

(control group) displayed weak fluorescence with  

S. aureus and E. coli. Additionally, SiNPs-Van probes 

could discriminate S. aureus from E. coli in the mixture 

group containing two species of bacterial cells (Fig. S6 

in the ESM). The selectivity of SiNPs-Van for Gram- 

positive bacteria was next confirmed by SEM data. 

As shown in Fig. 3(b), the rough and wrinkled cell 

wall of bacteria was observed only in the SiNPs-Van- 

treated S. aureus group, whereas the smooth cell wall  

 

Figure 3  Selectivity of SiNPs-Van for Gram-positive bacteria. 
(a) Confocal fluorescence images and (b) SEM images of E. coli 
and S. aureus incubated with SiNPs or SiNPs-Van. (c) Confocal 
fluorescence images of S. aureus stained with Hoechst or 
SiNPs-Van under the continual excitation for 40 min. The final 
concentration of SiNPs-Van nanoprobes in the mixtures was   
7.6 mg/mL (4.7 mg/mL SiNPs and 2.9 mg/mL Van) and the final 
concentration of SiNPs was 4.7 mg/mL. 
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was seen in other (control) groups, suggesting that 

the surface of S. aureus bacteria was abundantly 

surrounded by SiNPs-Van; this finding is well consistent 

with the above-mentioned confocal imaging data. 

Notably, green fluorescence signals from SiNPs-Van 

were stable and bright (e.g., intensity decreased by 

12% under 40 min continual laser irradiation) due to 

excellent photostability of SiNPs [32–39]. In comparison, 

the blue fluorescence signals of Hoechst, a conventional 

fluorescent organic dye, rapidly vanished after 5 min 

continuous irradiation (e.g., an 80% decrease in 

intensity; Fig. 3(c)). These data indicated that this 

kind of SiNP-based photostable probes is suitable for 

prolonged imaging of bacteria. 

3.3  Prolonged tracking of S. aureus infections in 

vivo 

Taking advantage of their excellent selectivity, strong 

photostability, and good sensitivity, we next employed 

the newly developed SiNPs-Van probes for prolonged 

in vivo tracking of S. aureus infections. To construct a 

mouse model of S. aureus infection, 50 μL of (109 CFU/mL) 

S. aureus was subcutaneously injected into the right 

caudal thigh. As a control, the left caudal thigh of the 

mice was injected with PBS. The SiNPs-Van nanoprobes 

in the same amount (7.86 mg/mL) were then sub-

cutaneously injected into both the infected site and 

control site. As revealed in Fig. 4(a), the distinct and 

stable signal of probes became detectable up to 24 h 

in the infected site, while the signal of probes quickly 

disappeared in the control site within 9 h. Additionally, 

as shown in the corresponding time-dependent fluo-

rescence intensity profiles from two sites (Fig. 4(b)), 

the fluorescence intensities in the infected sites 

changed only a little (dropped by 23% at 24 h pos-

tinjection), whereas the intensities in the control sites 

declined rapidly (a 34.5% decrease in intensity at 9 h 

postinjection) and the fluorescent signal was hardly 

observed at 24 h postinjection. Of particular signifi-

cance, by virtue of good photostability and specificity 

of SiNPs-Van, the developed probes had the ability to 

image S. aureus infections in vivo for an extended 

period (up to 8 days), suggesting lengthy retention of 

SiNPs-Van in the infected sites. As displayed in Fig. 4(c), 

the fluorescence signals greatly decayed by the 8th 

day, probably because of the enhanced therapeutic  

 

Figure 4  Long-term tracking of S. aureus infection in vivo.   
(a) In vivo imaging of infected sites (right, as the red arrow 
indicates) and uninfected sites (left, as the white arrow indicates) 
treated with SiNPs-Van in same amounts (7.86 mg/mL, 50 µL) at 
various time points and (b) corresponding time-dependent FL 
intensity profiles of infected sites and uninfected sites (* p < 0.05, 
** p < 0.01 and *** p < 0.001). (c) Long-term in vivo imaging of S. 
aureus-infected mice 8 days after SiNPs-Van injection (7.86 mg/mL, 
50 µL) and (d) corresponding time-dependent FL intensities and 
numbers of S. aureus colonies (counts) at infected sites. The 
bacteria collected from the infected tissue dispersions were 
cultured on an agarose medium for 16 h, and the corresponding 
numbers of colonies were obtained via the classic plate counting 
method. Excitation wavelength: 460 nm; emission wavelength: 
520 nm. 

effect of SiNPs-Van. The relation between fluorescence 

intensities and numbers of S. aureus cells in the 

infected sites is revealed in Fig. 4(d). Specifically, the 

fluorescent signal intensities declined along with the 

decrease in cell numbers at the infected sites. On the 

contrary, for the previously reported bacteria-targeted 

fluorescent probes (e.g., a deep-red fluorescent squa-

raine rotaxane scaffold with two appended bis(zinc(II)- 

dipicolylamine) (bis(Zn-DPA))), fluorescence quickly 

disappeared at the infected site within 21 h [46]. The 

SiNP-assisted real-time tracking of S. aureus infections 

in tissues by SiNPs-Van provided a visible and 

accurate way to evaluate the efficacy of antimicrobial 
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therapy for an extended period. 

3.4  The antibacterial test of SiNPs-Van in vitro 

and in vivo 

The antibacterial activity of SiNPs-Van in vitro was 

tested in the agar plate experiments (Fig. 5(a)) and 

liquid-medium turbidity assays (Figs. 5(b) and 5(c); 

for more details: see Refs. [47, 48]). As shown in Fig. 5(a), 

nearly no bacterial colonies were found in the group 

treated with SiNPs-Van for 7 h, indicating excellent 

antibacterial efficacy of SiNPs-Van in vitro. In contrast, 

compared to the control group, a 65% decrease in the 

number of bacterial colonies could be observed in 

free-Van-treated group under the same conditions, 

implying incomplete antibacterial efficacy of free Van 

against S. aureus. In addition, there was no significant 

difference in the numbers of bacterial colonies 

between the SiNP-treated group and control group, 

suggesting that pure SiNPs could not inhibit the 

growth of S. aureus. On the other hand, as shown in 

the turbidity of a bacterial suspension in Fig. 5(b), the 

LB liquid medium treated with SiNPs-Van was 

pellucid after 7 h incubation, whereas the medium 

without treatments and the medium treated with Van  

 
Figure 5  The test of antibacterial effects in vitro. (a) Photographs 
of the agar plates of S. aureus treated with SiNPs-Van at 1.31 μg/mL, 
Van at 0.5 μg/mL, or SiNPs at 0.81 μg/mL for 7 h. The agar plate of 
S. aureus without any treatment was set up as the control group. 
(b) The turbidity of bacterial suspensions treated with SiNPs- 
Van at 1.31 μg/mL, Van at 0.5 μg/mL, or SiNPs at 0.81 μg/mL 
for 7 h. The bacterial suspension without any treatment was set 
up as the control group. (c) OD600 values of bacterial suspensions 
treated with free Van or SiNPs-Van at various concentrations 
(*** p < 0.001). 

or SiNPs for 7 h become turbid because of the rapid 

growth of S. aureus. For further quantitative evaluation, 

OD600 values of bacterial suspensions treated with 

free Van or SiNPs-Van at various concentrations were 

measured, and the values of OD600 against concen-

trations are plotted in Fig. 5(c). The corresponding 

minimum inhibitory concentration (MIC) of SiNPs-Van 

was 1.31 μg/mL (0.5 μg/mL Van), whereas the MIC 

of Van was 1 μg/mL. Moreover, the antibacterial rate 

of the newly developed SiNPs-Van probes stayed at 

greater than 90% during 8-day storage in PBS (Fig. S7 

in the ESM). 

To further evaluate the antibacterial effect of 

SiNPs-Van in vivo, S. aureus-infected mice were 

subdivided into three groups: injected with 75 μL of PBS, 

Van, or SiNPs-Van every 24 h three times, respectively. 

Corresponding photographs of the mice treated 

within 8 days are exhibited in Fig. 6(a). Typically, 

obvious ulceration and infected wounds were still 

observed on the 8th day in the PBS-treated group. In 

stark contrast, wound healing and scarring happened 

earlier and were faster in Van- and SiNPs-Van-treated 

groups. Additionally, as shown in histological images 

of infected skin tissues stained with H&E (Fig. 6(b)), 

hair follicles and blood vessels could be observed in 

SiNPs-Van- and free-Van-treated groups, manifesting 

the normal morphology of wound healing. In contrast, 

a significant number of extravasating neutrophils 

was observed in the PBS-treated group, pointing to 

the disrupted morphology in infected wounds. 

Besides, bacteria collected from the infected sites 

after 4-day treatment were counted by the bacterial 

culture method to further evaluate the efficacy of 

antimicrobial therapy in vivo. As displayed in Fig. 6(c), 

compared with the numerous bacterial colonies in 

the PBS-treated group, much fewer bacterial colonies 

were observed in the Van-treated group and almost 

no bacterial colonies were found in the SiNPs-Van 

group, indicating the superior antimicrobial activity 

of SiNPs-Van. Quantitatively, the antibacterial rate of 

SiNPs-Van was calculated and found to be 92.5%, 

greater than that (76.5%) of free Van. The SiNPs-Van 

tended to accumulate at the infected sites, and in this 

case, the local concentration of Van on the bacterial 

surface was higher than that with free Van owing to  
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Figure 6  The in vivo antibacterial test of SiNPs-Van. (a) Repre-
sentative photographs of the S. aureus (5 × 107 CFU)-infected mice 
at 8 days postinjection in three treatment groups (PBS, Van, and 
SiNPs-Van). (b) Corresponding histological images of the infected 
skin tissues of mice in the three treatment groups. (c) Corresponding 
photographs of bacterial cultures from the skin tissues of infected 
mice in three treatment groups. 

the multivalence effect of nanocarriers, thus producing 

superior antibacterial activity [28, 40, 43].  

3.5  In vitro and in vivo safety tests 

The MTT assay was conducted to evaluate in vitro 

cytotoxicity of SiNPs-Van. As indicated in Figs. 7(a) 

and 7(b), the viability of MDA-MB-231 and HREC 

cells treated with SiNPs-Van at different concentrations 

for 24 h remained above 95%, indicating negligible 

cytotoxicity of SiNPs-Van. Ultimately, we also inves-

tigated the biocompatibility of SiNPs-Van in vivo. 

Next, the biodistribution of SiNPs-Van was evaluated. 

As indicated in Fig. 7(c), besides high accumulation 

at the infected sites, bright fluorescence was observed 

in kidneys, while no fluorescence was seen in other 

organs at 6 h postinjection; the fluorescence in kidneys 

was undetectable at 8 days postinjection, indicating 

that SiNPs-Van were efficiently eliminated from the  

 

Figure 7  Biosafety assessment of SiNPs-Van in vitro and in vivo. 
Viability rates of MDA-MB-231 (a) and HREC cells (b) treated 
with different doses of PBS, vancomycin, or SiNPs-Van. (c) Bio-
distribution of SiNPs-Van in various organs including the heart 
(He), liver (Li), spleen (Sp), lungs (Lu), and kidneys (Ki) at 6 h 
and 8 days postinjection. The mice treated with PBS under the 
same conditions served as the control group. (d) Histological 
evaluation of different organs (the heart, liver, spleen, lungs, and 
kidneys) from mice treated with PBS, vancomycin, or SiNPs-Van. 

mice through renal clearance owing to the small size 

of SiNPs-Van (~ 2.8 nm) [32]. The main organs resected 

from SiNPs-Van-treated (7.86 mg/mL) mice, including 

the heart, liver, spleen, lungs, and kidneys, were 

stained with H&E. As presented in Fig. 7(d), normal 

morphological features were observed in biopsy 

sections of all organs, indicating only weak toxicity 

of SiNPs-Van in vivo.  

4  Conclusions 

In summary, a new kind of high-performance ther-

anostic probes made of Van-modified SiNPs (SiNPs- 

Van) was developed for prolonged imaging and 
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efficient therapy of S. aureus infections. Based on 

several desirable characteristics including distinct 

fluorescence parameters, good photostability, bio-

compatibility, and high selectivity for Gram-positive 

bacteria, the resultant SiNPs-Van enable prolonged 

tracking (8 days) and high-efficacy treatment (ca. 

92.5% antibacterial rate) of S. aureus infections in vivo. 

Of note, if SiNPs-Van enter clinical practice in the 

future, this treatment may not be suitable for lactating 

mothers because some beneficial Gram-positive 

bacteria (e.g., Lactobacillus reuteri) might be killed as 

well. It is worthwhile to mention that there still  

exist major challenges for detecting the infection  

in deep tissues using the SiNPs-Van probes because 

of the short excitation and emission wavelengths of 

SiNPs. Therefore, future studies should focus on the 

development of near-infrared-light-emitting SiNP- 

based probes for improving the penetration depth of 

tissues in vivo; this task might be accomplished by 

doping SiNPs with phosphorus (P) or coupling SiNPs 

with erbium (Er) [49–51].  
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