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Sustained drug release of long duration is a desired feature of modern drugs. Using double-

loaded self-decomposable SiO2 nanoparticles, we demonstrated sustained drug release in a 

controllable manner. The double load of the drugs was achieved using two different 

mechanisms—the first one via a co-growth mechanism, and the second one by absorption. A   

two-phase sustained drug release was firstly revealed in the in vitro system, and then further 

demonstrated in mice. After a single intravenous injection, the drug was controllably released 

from the nanoparticles into blood circulation with the Tmax at about 8 hrs, afterwards a long 

lasting release pattern was achieved to keep drug systemic exposure with a plasma elimination 

half-life at approximately 28 hrs. We disclosed that the absorbed drug molecules contributed to 

the initial fast release for quickly reaching the therapeutic level with relatively higher plasma 

concentrations, while the “grown-in” drugs were responsible for maintaining the therapeutic 

level via the later controlled slow and sustained release. The present nanoparticle carrier drug 

configuration and the loading/maintenance release mechanisms provide a promising platform 

that ensure prolonged therapeutic effect by controlling drug concentrations within therapeutic 

window—a sustained drug delivery system with great impact on improving the management of 

chronic diseases. 
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Introduction 

Nanoparticles (NPs) serve as promising carriers for various cargos such as drugs due to their 

many advanced properties including enhanced cellular uptake,
1-2

 and easiness to be equipped 

with multiple functionalities.
3 

One of the most important issues in nanoparticle-carrier drugs is 

the release of the drug molecules from the carrier. In particular, sustained release is a critical 

feature that is desired in modern drug design. It aims to prolong therapeutic effect and avoid 

systemic toxic effect caused by burst release. Unlike conventional therapies, which show a saw-

tooth type of drug concentration evolution in plasma, sustained drug delivery system is 

designed to maintain therapeutic levels during the treatment period.  

     Over the years, a number of NP systems, including liposomes,
4 

polymer NPs,
5-6 

and inorganic 

NPs
7 

have been investigated in order to understand the drug release pattern from the NP 

carriers, aiming at sustained delivery of the drugs they carried. It has been found that the drug 

release is closely related to both the property of the drug carrier and the how the drugs were 

loaded to the NP carriers. In the case of liposome, drug molecules could be either housed in its 

hollow center or inserted into the lipid membrane. The gradual release of the drug molecules 

from liposome is mainly driven by diffusion. Typically, the drug molecules need to diffuse out 

through the membrane. The drug release rate is determined by the physicochemical properties 

of the liposome, and the strategies utilized for drug loading, as well as the characters of the 

loaded drugs. A challenge with the liposome based drug originates from its easily 

deformed/destroyed lipid bilayer in bio-environment, causing rapid premature drug release 

from the carrier in the biological system.
8-9

 Another major category of drug carrier is polymeric 

NPs, the most representative of which is known as biodegradable poly (lactic-co-glycolic) acid 

(PLGA) NPs. Drug molecules are uniformly embedded in the polymeric matrix or reside inside 

the polymeric shells. The rate of drug release can be manipulated by tuning the polymer 

degradation rate.
10

 Such degradation results from hydrolysis of polymer,
11 

and the rate of this 

process is highly dependent on the polymeric matrix’s property (e.g. accessibility of water to 

PLGA matrix). Moreover, the degradation process involves NPs erosion that reduces the sizes of 

the NPs. This may cause NPs’ quick clearance from the biological system, leading to incomplete 

release of drugs in vivo. Inorganic NPs, such as mesoporous silica NPs, carbon NPs and iron 

oxide NPs
 
have also been employed as drug carrier to realized sustained drug release.

12-16
 The 

drug molecules are resided in the pores or hollow center of the NPs. The sustained release of 

drugs can be controlled by manipulating the pore morphologies and/or applying surface 

capping. However, the non-decomposable inorganic NPs may have a risk of increasing potential 

toxicity at system level, as the NP carriers may accumulate in organs (i.e. the mononuclear 

phagocytic system-related organs such as the liver and the spleen) and their excretion from bio-

system need a long time. In view of this fact, some degradable NP systems were developed, 
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such as mesoporous organosilica, porous silicon, calcium phosphate, zinc sulfide, zinc oxide, 

magnesium phosphate and manganous phosphate NPs.
17-21

 However, these systems either 

involve other organic materials during relatively complicated synthesis, or face the problem of 

quick degradation and premature drug release, which requires further development of surface 

coating/capping. 
 

     In the present work, we designed a double loading scheme using a specific type of NP, and 

achieved two-phase sustained release with a fast initial release to reach the therapeutic level 

followed by a long lasting release pattern. We have employed amorphous silica NP as the drug 

carrier, as it is generally accepted as non-toxic,
22-23 

and provides a versatile platform for drug 

delivery.
24 

We double loaded the SiO2 NPs with the same drug molecules but via different 

loading mechanisms, i.e., “grown-in” and “absorbed”. The first load of the NPs was realized by 

introducing the drug molecules during the SiO2 NP growth, and the second was carried out by 

soaking the first-loaded NPs into the solution containing the same drug molecules. As a result, 

the “absorbed” drug molecules ensured high therapeutic level at the beginning of the 

treatment, while the “grown-in” drug molecules were responsible for maintaining the 

therapeutic level for longer durations. Combining the two generates an ideal two-phase 

sustained drug release profile, i.e. an initial fast reaching to the therapeutic level, and the drug 

plasma concentration maintenance afterwards, showing great advantage to the pure drug 

counterpart. By varying the synthetic parameters during the NP growth, we were able to 

manipulate the release profiles of the drug in a large range. In addition, the “grown-in” drug 

molecules are also responsible for the self-decomposable feature of such NP-carrier drugs—

after the drug molecules are completely released from the NPs, they can be decomposed into 

small fragments < 5nm, and were easily excreted from the renal system,
25

 significantly reducing 

the system toxicity. 

Experimental 

Fabrication of the nanoparticles and different drug loading methods 

SiO2-drug NPs (A Model: NPs with drug grown in SiO2 matrix) were first synthesized using 

modified Stöber method that has been reported elsewhere.
25

 Bleomycin-A5 (BLM) or 

methylene blue (MB) were used as the model drug molecules. In a typical procedure of Model 

A, a certain amount of drug was added to a mixture of 75 mL ethanol and 3.4 mL 25% 

ammonia-water solution, and after that a certain amount of tetraethyl orthosilicate (TEOS) was 

added. The SiO2-drug NPs were obtained after 24 hours’ stirring, and washed several times 

before their being dried. The actual drug amount grown into the NPs was calculated from the 

absorbance spectra changes before and after reaction process, that is,  Grown-in drug amount 

in the NPs = Total reactant drug amount - drug amount in supernatant after NPs’ separation 
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and washing. Calibration of the drug amount dependence on its absorbance spectra can be 

found in supplementary information (Fig. S1†). 

     In A Model, two series of samples were prepared. In the first series, the TEOS amount 

(denoted as T) were kept the same (T--= 0.15 mL), while the “grown-in” drug amount (denoted 

as CIn) were changed from CIn-= ~ 1 µmol for sample ACIn-, T-- , to CIn= ~ 2.2 µmol for sample ACIn, 

T-- , and to CIn+= ~ 3.7 µmol for sample ACIn+, T-- . In the second series, the drug amount were 

kept at ~2.2 µmol, while the TEOS amount were changed from T--= 0.15 mL for sample ACIn, T-- , 

to T-= 0.2 mL for sample ACIn, T- , and to T= 0.23 mL for sample ACIn, T .   

     Dual loaded NPs with grown-in MB and absorbed BLM (B model) were obtained by 

immersing SiO2-MB NPs in BLM solution and stirred for 24 hours in order to absorb BLM. The 

actual BLM amount absorbed into the NPs was calculated by the equation: Absorbed BLM 

amount in the NPs = Total BLM amount in solution - BLM amount in supernatant after NPs’ 

separation and washing. Two series of samples were prepared. In the first series, both TEOS 

and grown-in MB amounts of SiO2-MB NPs were kept the same (T-- = 0.15 mL, CIn= ~ 2.2 µmol), 

while the absorbed BLM amount (denoted as CAb) was changed from CAb- = ~ 0.5 µmol for 

sample BCIn, T--, CAb- , to CAb = ~ 0.8 µmol for sample BCIn, T--, CAb , and to CAb+ = ~ 1.0 µmol for 

sample BCIn, T--, CAb+ . In the second series, both the grown-in MB and the absorbed BLM amounts 

were kept the same (CIn = ~ 2.2 µmol and CAb = ~ 0.8 µmol), while the TEOS amount was 

changed from T-- = 0.15 mL for sample BCIn, T--, CAb , to T- = 0.2 mL for sample BCIn, T-, CAb , and to T 

= 0.23 mL for sample BCIn, T, CAb . 

     Double loaded NPs with both grown-in BLM and absorbed BLM (D model) were synthesized 

by immersing SiO2-BLM NPs in BLM solution and stirred for 24 hours in order to absorb BLM. 

Both the grown-in BLM and the absorbed BLM amounts were kept the same (CIn = ~ 2.2 µmol 

and CAb = ~ 0.8 µmol), while the TEOS amount was changed from T-- = 0.15 mL for sample DCIn, 

T--, Cab , to T- = 0.2 mL for sample DCIn, T-, Cab , and to T = 0.23 mL for sample DCIn, T, Cab . 

     All samples were washed several times before their being dried. The dried BLM-SiO2-BLM 

NPs, BLM-SiO2-MB NPs, SiO2-BLM NPs and SiO2-MB NPs were then stored for the further drug 

release study. 

In vitro studies of drug release and carrier decomposition process 

The drug release was examined by dispersing 15 mg NPs in 5 mL deionized water and 

incubating at 37 
o
C for certain amount of time. The supernatant was separated from NPs by 

centrifugation (12000 rmp) every day to measure the day-by-day drug release amount using a 

Hitachi U-3501 UV-vis-NIR spectrophotometer. Then the separated NPs were re-dispersed in 5 

mL fresh deionized water to continue the drug release process. Such measurement was 

repeated every day until the drug was completely released from NPs. All measurements were 
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conducted in triplicate and the mean values with standard deviations were reported. The 

cumulative release amount of drug was calculated by summing up everyday’s drug release 

amount. The degradation of SiO2 carriers were monitored by morphology investigation using 

transmission electron microscopy (TEM, Philips CM120).  

In vivo studies of drug release from NPs 

Double loaded NPs (e.g. BLM-SiO2-BLM NPs, T= 0.23 mL, CIn= ~ 2.2 µmol, and CAb= ~ 0.8 µmol) 

were used to evaluate the drug release profile in vivo. Male Sprague-Dawley (SD) rats (160 ± 

10 g) were supplied by the Laboratory Animal Service Center, The Chinese University of Hong 

Kong. Animals were housed under standard conditions of temperature, humidity and light. 

Food and water were provided ad libitum. Rats in two groups (n = 3 in each group) were 

injected intravenously with 0.2 mL of pure BLM or BLM-SiO2-BLM NPs, respectively, at the same 

BLM dose (2.67 mg/kg) through tail vein. Blood (~1 mL) was drawn from rats and put into 

heparinized Eppendorf tubes at different time intervals (0.5, 4, 8, 24, 48, 72, and 80 hours after 

injection). The blood sample was centrifuged at 4 
o
C, 8000 rpm immediately and 0.5 mL of 

plasma was harvested. Each plasma sample (0.5 mL) was mixed with 0.5 mL of 20% 

perchloric acid, votexed, and centrifuged at 15000g for 5 min. The supernatant was collected to 

measure the BLM concentrations using the above mentioned UV-vis-NIR spectrophotometer.  

     The in vivo drug release profiles of A model (e.g. SiO2-BLM NPs, T= 0.23 mL, CIn= ~ 2.2 µmol) 

and B model (BLM-SiO2-MB NPs, T= 0.23 mL, CIn= ~ 2.2 µmol, and CAb= ~ 0.8 µmol) were also 

evaluated using the same experimental protocol. Rats were injected with NPs or pure BLM, at 

the same BLM dose (A Model: 1.95 mg/kg, B Model: 0.72 mg/kg).  

     All experiments and animal care were conducted in accordance with the International 

Guiding Principles for Biomedical Research Involving Animals and the Hong Kong Code of 

Practice for Care and Use of Animals for Experimental Purposes, and were approved by Animal 

Experimental Ethics Committee of the Chinese University of Hong Kong. 

 

Results and Discussion 

Double loading of the NPs was achieved via two different mechanisms. The first load was 

realized by introducing the drug molecules during the growth of SiO2 NPs.
25

 In such NPs, drug 

was most concentrated in the center of the nanoparticle with a radial concentration gradient, 

which feature made the NPs self-decomposable.
25 

We name this part of the drug as “grown-in”. 

The second load of the NPs was then achieved by absorbing the same drug onto self-
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decomposable NPs. We name this part of the drug as “Absorbed”.  A schematic to illustrate the 

configuration of the double-loaded NPs was shown in Fig. 1a. 

     Taking bleomycin-A5 (BLM) as a model drug, double loaded BLM-SiO2-BLM NPs were 

synthesized (D model). Fig. 1b showed morphology of such NPs, which were spherical in shape 

and had an average diameter of ~80 nm. Successful loading the BLM into the SiO2 NPs were 

suggested by the optical absorption spectra taken at different stages of the loading process. In 

Fig. 1c, the first load (grown-in BLM) gave an obvious optical absorption peak at 290 nm, 

matching that of pure BLM and being absent in the case of pure SiO2. The second load 

(absorbed BLM) led to a jump in the BLM optical absorption intensity, suggesting additional 

loading of BLM to the NPs.  

     The release profile of BLM from the BLM-SiO2-BLM NPs (named as D-profile) (Sample DCIn, T, 

CAb: NPs synthesized with tetraethyl orthosilicate (TEOS) amount: T= 0.23 mL; The grown-in drug 

amount: CIn= ~2.2 µmol, and the absorbed drug amount: CAb= ~0.8 µmol) was examined by 

immersing them in deionized water at 37 
o
C. Optical absorption spectra were taken from the 

supernatant to measure the amount of BLM released every day. Fig. 1d and 1e plotted the BLM 

release profiles in both day-by-day and cumulative styles (e.g. “Profile DCIn, T, CAb” represents the 

D-profile taken from sample DCIn, T, CAb). In Fig. 1d, after an initial quick rise in the amount of 

drug released at Day 1, an obvious plateau appeared in the profile and lasted from Day 2 to Day 

7, disclosing the stable amount of drug release daily and showing the maintenance of stable 

drug concentration level for 6 days. Such characteristic of long sustained release can also be 

observed in the cumulative release profile, as shown in Fig. 1e.  

     Together with the drug release, continuous morphological evolution of the BLM-SiO2-BLM 

NPs was also observed using transmission electron microscopy (TEM) (Fi. 1f,g,h,i). Most of the 

NPs remained intact at day 1 (Fig. 1f), while obvious hollow features appeared in the center of 

many of the NPs after 4 days immersion in deionized water (Fig. 1g). At the same time, the 

structure appeared porous. Such uniform center-hollow feature continued to enlarge in the 

following days, leaving a spherical shell with thinner and thinner shell thickness. At day 10, 

some of the nanoshells appeared as partially damaged (Fig. 1h), and even longer duration (after 

16 days) led to complete collapse of the nanoshell structure to scattered fragments (Fig. 1i). 

Such self-decomposable feature was not observed in pure SiO2 NPs (Fig. S2†). The center-out 

release pattern of the “grown-in” BLM enabled the maintenance of the carrier size integrity 

until all drug molecules were released, avoiding incomplete drug release before carrier 

excretion. 

     Furthermore, the sustained drug release profile of BLM-SiO2-BLM NPs was investigated in 

the rats treated with a single intravenous injection of BLM-SiO2-BLM NPs or BLM at the same 

dose of BLM. As depicted in Fig. 2, the BLM-SiO2-BLM NPs demonstrated a controllable release 
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of BLM to reach the maximum plasma concentration at about 8 hrs. Afterwards, a sustained 

release feature was observed for 3 days. The plasma elimination half-life was determined to be 

27.96±3.60 hrs after reaching the peak concentration. These results further confirmed the 

prolonged release profile in vivo. On contrast, after intravenous injection of BLM, its plasma 

concentration rapidly dropped to an undetectable level within 24 hrs with a normal first-order 

kinetic elimination profile. In the present study, the in vivo sustained release effect of BLM-

SiO2-BLM NPs is remarkable when compared to dosing BLM alone, indicating a promising 

application of BLM-SiO2-BLM NPs in drug delivery. It is noted that although the release patterns 

were the same, the rate of release of BLM from NPs was faster in the in vivo than in the in vitro 

system (Fig. 1d and Fig. 2). This phenomenon was expected, because unlike in the in vitro 

situation, the BLM released in the plasma would be immediately cleared through different 

elimination processes including rapid distribution into different compartments, its metabolism 

and excretion. Subsequently, the lower concentration of BLM in the vicinity of the NPs would 

facilitate the further release of the remaining BLM in BLM-SiO2-BLM NPs.  

 

     In order to understand such sustained release behavior, we carried out a number of control 

experiments in a systematical manner, and studied the release profiles of both the first-loaded, 

and the second-loaded BLM from the NPs.  

     The investigation of the first-loaded BLM was carried out in a NP model with BLM introduced 

only during the NP growth (A Model), i.e., with exactly the same synthetic parameters as those 

of the BLM-SiO2-BLM NPs described above but only first-loaded (grown-in) BLM involved. Fig. 

3a illustrated the configuration of such SiO2-BLM NP (Sample ACIn, T with CIn= ~2.2 µmol and T= 

0.23 mL). Its morphology can be found in the TEM image shown in Fig.3b (sample ACIn, T). Similar 

to the BLM-SiO2-BLM NPs, they were spherical in shape with an average diameter of ~80 nm. 

Successful incorporation of BLM into the NPs was suggested by the optical absorption spectrum 

taken from the NP sample. The characteristic absorption of BLM at 290 nm was clearly 

observed in the SiO2-BLM NPs but not in the pure SiO2 NPs (Fig. 3c).  

     The release profile of BLM from the SiO2-BLM NPs (A-profile) was also examined in the 

deionized water at 37
 o

C. Fig. 3d and 3e plotted the BLM release profiles in both day-by-day and 

cumulative styles (e.g. “BLM Profile ACIn, T” represents A-profile of drug BLM taken from sample 

ACIn, T). A slow rise was observed in the first few days for the amount of BLM released into the 

supernatant. A peak release amount appeared at Day 6 (Fig. 3d), and ~100% (2.15/2.2 µmol) 

drug release were achieved at last (14 days) (Fig. 3e).   

     The peak position (i.e., the peak release of the drug) in Fig. 3d was found to be affected by 

two experimental parameters. One is the concentration of BLM loaded. This was demonstrated 

by the results obtained from three SiO2-BLM samples with different BLM loading amount (i.e., 
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sample ACIn-, T-- , ACIn, T-- , ACIn+, T-- , with CIn-= ~ 1 µmol, CIn= ~ 2.2 µmol, and CIn+= ~ 3.7 µmol) but 

the same TEOS amount (T--= 0.15 mL). The corresponding peak position appeared at Day 3, Day 

3, and Day 2 (Fig. S3a†). The drug amount was found to affect the release rate of BLM—a higher 

BLM amount led to faster BLM release from the NPs. Such a trend can be clearly seen in the 

corresponding cumulative profiles in Fig. S3b†. 

     The other parameter affecting the position of the peak BLM release was the amount of TEOS 

introduced during the NP growth. This was demonstrated by the three BLM release profiles 

taken from SiO2-BLM samples (i.e., sample ACIn, T , ACIn, T- , and ACIn, T--) with decreasing TEOS 

amount (T= 0.23 mL, T-= 0.2 mL, and T--= 0.15 mL), BLM amount were all kept at CIn~2.2 µmol). 

The corresponding peak position appeared at Day 3 for sample ACIn, T-- , Day 4 for sample ACIn, T- , 

and Day 6 for sample ACIn, T (Fig. S4a†). The TEOS amount affected the density of the SiO2 

hosting network for BLM—a higher TEOS amount led to denser SiO2 network and thus slower 

BLM release from the NPs. Such a trend can be clearly seen in the corresponding cumulative 

profiles in Fig. S4b†. 

    Similar results were obtained when one replaced BLM with a different drug, e.g. methylene 

blue (MB) (Fig. S5a†). TEM image and optical absorption spectrum taken from SiO2-MB NPs 

were shown in Fig. S5b† and S5c†, respectively. Successful incorporation of the MB into the NPs 

was suggested by the optical absorption spectrum taken from the NPs. The characteristic 

absorption of MB at 660 nm (for monomer) and 600 nm (for dimer) were clearly observed in 

the SiO2-MB NPs but not in the pure SiO2 NPs (Fig. S5c†). The day-by-day and cumulative MB 

release profiles were plotted (Fig. S5d† and S5e†), and the adjustable peak position of MB 

release amount was also shown (e.g. “MB Profile ACIn, T” represents A-profile of drug MB taken 

from sample ACIn, T). In these samples, the same amount of MB (molar) was incorporated into 

the SiO2 at exactly the same synthetic condition as those of SiO2-BLM NPs (sample ACIn, T-- , ACIn, T-

 , and ACIn, T). The similar release pattern of the drug molecules observed from both SiO2-MB and 

SiO2-BLM NPs suggested that the drug release from the NPs which only involved first-loaded 

(grown-in) drug (A-profile) was dependent on the drug molar amount. 

     The in vivo studied was also conducted for the A model, and the BLM release profile could be 

found in Fig. S6a†. The SiO2-BLM NPs demonstrated a slow release of BLM to reach the 

maximum concentration at about 24 hrs and to be eliminated from the body with the half-life 

of about 16 hrs. 

     The investigation of the second-loaded (absorbed) BLM was carried out in a NP model by 

dual loading of MB (grown-in) and BLM (absorbed) in the same NP (B Model). Specifically, the 

SiO2-MB NPs (A Model, the same parameter as sample ACin, T , CIn= ~ 2.2 µmol and T= 0.23 mL) 

was synthesized first and the BLM was then loaded via absorption (named as BLM-SiO2-MB NP, 

B Model, sample BCIn, T, CAb , with CAb representing the absorbed BLM amount, here CAb= ~0.8 
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µmol). The release profile of the absorbed BLM was named as B-profile (e.g. “Profile BCIn, T, CAb” 

represents B-profile taken from sample BCIn, T, CAb). To differentiate the MB release profile from 

that in A Model, here we name the MB release profile in this B Model as DA-profile (e.g. 

“Profile DACIn, T, CAb” represents DA-profile taken from sample BCIn, T, CAb). Illustration of the BLM-

SiO2-MB NP configuration was shown in Fig. 4a. MB was concentrated in the center and had a 

concentration gradient along the NP’s radial direction. BLM was mostly absorbed in the vicinity 

of NP’s surface region. The morphology of the as-synthesized BLM-SiO2-MB NPs was revealed in 

Fig. 4b, being very similar to the NPs described earlier. Successful incorporation of both BLM 

and MB in the NPs was suggested by the optical absorption spectra taken from the BLM-SiO2-

MB NP sample (Fig. 4c).  

     Being different from A-profile (release of the grown-in BLM) in A Model, the B-profile 

(release of the absorbed BLM) showed a high initial burst of release followed by a quick drop, 

i.e., a sharp peak was observed at Day 1 in the day-by-day plot and the amount of drug released 

quickly went down afterwards (Fig. 4d). The initial release burst was caused by the diffusion of 

the BLM loaded in the surface/subsurface layer of NPs.
26-27

 

     The peak position in Fig. 4d was not sensitive to the amount of BLM incorporated (Fig. S7a†), 

as suggested by the day-by-day release profiles taken from three BLM-SiO2-MB NP samples 

with all other parameters the same but different amount of BLM (samples BCIn, T--, CAb- , BCIn, T--, CAb 

and BCIn, T--, CAb+ with CAb- = ~0.5 µmol, CAb = ~0.8 µmol, and CAb+ = ~1.0 µmol, respectively). 

The corresponding cumulative release profiles of BLM were shown in Fig. S7b†. One can easily 

identified the initial burst release and then quickly achieved 100% (0.47/0.5 µmol, 0.75/0.8 

µmol and 0.94/1.0 µmol) release afterwards in all of the samples. 

    The peak position in Fig. 4d was also not sensitive to the TEOS amount during NP growth (Fig. 

S8a†), as suggested by day-by-day release profiles taken from the three BLM-SiO2-MB NP 

samples (sample BCIn, T--, CAb , BCIn, T-, CAb , and BCIn, T, CAb) with all other parameters the same but 

different TEOS amount (T--= 0.15 mL, T-= 0.2 mL, and T= 0.23 mL). The corresponding 

cumulative release profiles of BLM were shown in Fig. S8b†. One can easily identified the initial 

burst in release and then quickly achieved 100% (0.75/0.8 µmol) release afterwards in all three 

samples. 

     On the other hand, the load of BLM (absorbed) into the SiO2-MB NPs was found to affect the 

release pattern of MB. Fig. 4f and g compared the DA-profile (release profile of MB from the 

BLM-SiO2-MB NPs, sample BCIn, T, CAb) to the A-profile (release profile of MB from the SiO2-MB 

NPs, sample ACIn, T), with MB amount and TEOS amount the same in the two samples. In a sense, 

the release of MB was “delayed” by the presence of the absorbed BLM. This was not surprising 

as the absorbed BLM molecules in the outer layer of NPs block the way of MB releasing. 

Nevertheless, the amount of absorbed BLM (CAb-, CAb, and CAb+ in Fig. S7†) did not further 
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affect the release profile of the delayed MB profile taken from BLM-SiO2-MB NPs (Fig. S9†). 

That is likely due to the fact that the absorbed BLM have a high initial release at Day 1. After a 

substantial amount of the surface absorbed BLM was cleared, the blocking effect from the rest 

of the absorbed BLM became trivial.  

     The in vivo BLM release profile could be found in Fig. S6b†. The BLM-SiO2-MB NPs (Fig. S6b†) 

showed a relatively quick initial drug release with the Tmax at about 8 hrs, and a rapid 

elimination with the half-life of about 11 hrs. On the other hand, we also examined MB release 

profile in the B model, illustrating a slow release of MB with the Tmax at about 24 hrs and a zero-

order kinetic elimination in the next two days (Fig. S10†). This result excluded the possibility of 

quick elimination of the NPs themselves (when the grown-in drugs were not released) from the 

circulation (Fig. S10†).  

     By summing the DA-profile (MB release from BLM-SiO2-MB NPs, sample BCIn, T, CAb in Fig. 4f) 

and the B-profile (BLM release from BLM-SiO2-MB NPs, in Fig. 4d), one can largely reproduce 

the D profile (BLM release from the BLM-SiO2-BLM NPs, sample DCIn, T, CAb in Fig. 1d). This is 

shown in Fig. 5a and b. Therefore the release of BLM from BLM-SiO2-BLM NPs can be roughly 

understood as the summation from two release process, i.e., leaving of the absorbed BLM, and 

escape of the grown-in BLM, while the absorbed BLM indeed affect the release pattern of the 

grown-in one. 

     The role of the grown-in BLM was revealed by the characterizations of the A model. One can 

observe a rather slow release profile of A model (Fig. 3e)—it took a while for the drug release 

to peak at day 6 and then gradually decreased. Together with the drug release, carriers 

underwent decomposition (Fig. S11†). The carrier decomposition was actually triggered by the 

drug release process. This was supported by experimental evidence from a control experiment, 

i.e., by dispersing the SiO2-BLM NPs into acetone, in which BLM was not soluble, neither the 

BLM release nor the SiO2 NP decomposition occurred (Fig. S12†). In fact, the SiO2-BLM NP was 

very stable after being dried—neither BLM escape nor SiO2 decomposition occurred after 

months when they were stored in the powder form. 

     The adsorbed drug’s retardation effect on the release of the grown-in drugs could be 

observed in Fig. 4f. The DA-profile (release profile of MB from the BLM-SiO2-MB NPs, sample 

BCIn, T, CAb) was compared to the A-profile (release profile of MB from the SiO2-MB NPs, sample 

ACIn, T), with MB amount (CIn) and TEOS amount (T) the same in the two samples. It was 

observed that the release of inner MB was “retarded” by the presence of the absorbed BLM—

the peak release of ACIn, T at day 6 was suppressed, followed by increased MB release after day 6 

in DACIn, T, CAb. 
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     Manipulating the release profile of the drug can be realized by varying the TEOS amount 

during the synthesis of NPs. For example, Fig. 5c and d showed the change in the BLM release 

profile taken from BLM-SiO2-BLM NPs (D-profiles) when the TEOS amount is changed from T--= 

0.15 mL to T-= 0.2 mL, and to T= 0.23 mL. The sustained release profile with a longer plateau 

was realized by increasing TEOS amount. A closer look at the D-profile suggested the existence 

of three distinctive zones, namely the burst release, the stable release, and lastly complete 

release of drug. The first relatively high release rate was attributed to the diffusion of the 

absorbed BLM from the SiO2 surface/subsurface layers. The stable release resulted from the 

grown-in BLM escaping the NPs from the center to the outside through SiO2 network. Then the 

decrease in drug release was observed after the NPs degraded into small pieces which allowing 

the completed drug release. Such sustained drug release profile provided an ideal solution for 

building “efficacy” and “safety” therapeutic mechanism.  

Conclusion 

In conclusion, the long-term sustained drug release can be realized through double loading of 

drug in a special type of silica NP carrier. The first loaded “grown-in” drug molecules enabled 

gradual release and triggered carrier decomposition, and the second loaded “absorbed” drug 

molecules gave a sufficient drug level at the beginning of release. The “absorbed” drug 

molecules also have a delaying effect on the release of inner “grown-in” drug molecules. On the 

other hand, the release rate of “grown-in” drug was sensitive to the NP growth parameters, i.e., 

TEOS amount that determined the compactness of the silica matrix as well as the “grow-in” 

drug concentration. In our work, by controlling the initial release amount of “absorbed” drug 

and manipulating the release rate of “grown-in” drug by varying synthetic parameters during 

NP growth, we are able to manipulate the drug release profiles and achieved both initial fast 

release and maintenance of the drug levels with long duration. This is highly desired and has 

great impact on improving the management of chronic diseases, which require long-term 

medication.  
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Fig. 1 (a) A schematic to illustrate the loading process of the double-loaded NPs (D model); (b) 

Low magnification TEM image of the as-synthesized NP. The scale bar is 100 nm; (c) Optical 

absorption spectra taken from pure SiO2, pure BLM, SiO2-BLM NPs, and BLM-SiO2-BLM NPs; (d, 

e) Day-by-day and cumulative profiles of BLM release from BLM-SiO2-BLM NPs. TEM images of 

the BLM-SiO2-BLM NPs after being immersed in deionized water at 37 
o
C for (f) 1, (g) 4, (h) 10, 

and (i) 16 days. The scale bar is 100 nm. The corresponding high resolution images are inserted 

respectively in the upper right corner. The experimental data shown in these figures were 

obtained from BLM-SiO2-BLM NP (sample DCIn, T, CAb) synthesized with TEOS amount of 0.23 mL, 

first-loaded BLM amount ~ 2.2 µmol, and second-loaded BLM amount ~ 0.8 µmol. 
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Fig. 2 The BLM concentration in plasma after the injection of pure drug and BLM-SiO2-BLM NPs. 

Each data point represents the mean ± SD of three rats. 
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Fig. 3 (a) Illustration of the SiO2-BLM self-decomposable NP (A Model); (b) Low magnification 

TEM image of the as-synthesized SiO2-BLM NP (sample ACIn, T). The scale bar is 100 nm; (c) 

Optical absorption spectra taken from pure SiO2, pure BLM, and SiO2-BLM NPs; (d, e) Day-by-

day and cumulative release profiles of BLM in deionized water from A Model NPs at 37 
o
C. The 

experimental data shown in this figure were obtained from the SiO2-BLM NP (sample ACIn, T) 

synthesized at TEOS amount of T= 0.23 mL, first-loaded (grown-in) BLM amount ~ 2.2 µmol. 
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Fig. 4 (a) Illustration of the BLM-SiO2-MB NP configuration (B Model); (b) Low magnification 

TEM image of the as-synthesized BLM-SiO2-MB NPs. The scale bar is 100 nm; (c) Optical 

absorption spectra taken from pure SiO2, pure BLM, pure MB, and BLM-SiO2-MB NPs; (d) Day-

by-day and (e) cumulative release profiles of BLM from NPs; (f) Day-by-day and (g) cumulative 

release profiles of MB from SiO2-MB and BLM-SiO2-MB NPs (A profile and DA-profile). The 

sample BCIn, T, CAb synthetic parameters were: grown-in MB amount CIn=~2.2 µmol, TEOS 

amount T= 0.23 mL, and absorbed BLM amount CAb= ~0.8 µmol. 
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Fig. 5 (a) Day-by-day and (b) cumulative release profile of DCIn, T, CAb profile compared to the 

summation of Profile DACIn, T, CAb + Profile BCIn, T, CAb (CIn=~ 2.2 µmol, CAb= ~0.8 µmol, and T= 0.23 

mL). (c) Day-by-day and (d) cumulative release profiles of BLM taken from three BLM-SiO2-BLM 

NP samples at the same BLM load amount (CIn=~ 2.2 µmol, CAb= ~0.8 µmol) but different TEOS 

amount (T--= 0.15 mL, T-= 0.2 mL, and T= 0.23 mL).  
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