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Introduction

Tilmicosin (C
46

H
80

N
2
O

13
, 20-deoxo-20-(3,5-dimethyl-

1-piperidinyl)desmycosin) is a 16-membered ring, 
semisynthetic macrolide antibiotic drug1, and its molec-
ular structure is shown in Figure 1. Tilmicosin is recom-
mended for treatment and prevention of pneumonia and 
mastitis in cattle, sheep, and pigs. But it has properties 
with a distribution volume large and serum long half-
life2. After subcutaneous administration, tilmicosin rap-
idly accumulates in bovine macrophages and mammary 
gland epithelial cells3, and has long elimination half-life 
and high concentration in milk4,5. Furthermore, high 
dose of tilmicosin has some side effects such as cardio-
toxic effect, anaphylaxis, collapse, and transient swelling 
at the injection site6–9. To solve these problems, it was 
formulated to release tilmicosin in a designed controlled 
fashion to achieve and maintain concentrations above 
the lung minimum concentration inhibitory (MIC), fol-
lowing a single 10 mg/kg body weight (BW) after subcu-
taneous injection. Zhou and colleagues developed the 

hydrogenated castor oil (HCO)–solid lipid nanoparticle 
(SLN) system as tilmicosin carrier for controlled and sus-
tained release2. One disadvantage of this approach is that 
oil only rarely provides the solubilizing power to dissolve 
the required dose in a reasonable quantity of oil. This 
limits the option of using a simple drug/oil formulation 
system10.

In this study, a silica sol consisting of spherical silica 
nanoparticles dispersed in aqueous solution was used as 
the carrier for controlled tilmicosin release. This system 
includes many advantages of silica carriers, such as high 
levels of chemical and thermal stability, easily modified 
surface properties, large surface area, good biocompat-
ibility, and favorable tissue response11–20. In addition, the 
silica nanoparticles are conventionally made by using 
a sodium silicate solution called water glass as starting 
material and it is very cheap. Finally, the huge specific 
surface of silica nanoparticles will not be wasted as a 
result of conglomeration since they are well-dispersed 
in aqueous solution.
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the release of tilmicosin from silica nanoparticles was well-controlled by adjusting the drug loading. Finally, kinetics 
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Materials and methods

Materials
Silica sol with a silica concentration of 25 wt% was sup-
plied by Zhengzhou Jingwei Composite Material Co. 
Ltd. Tilmicosin (>200 nm) was supplied by Henan Biyun 
Days Animal Pharmaceutical Co. Sodium dihydrogen 
phosphate (NaH

2
PO

3
) and sodium hydrogen phosphate 

(Na
2
HPO

3
) were of analytical grade and were used as 

received.

Drug loading
In a typical drug-loading process, tilmicosin was first dis-
solved in ethanol to a concentration of 37.5 wt%. A known 
volume of silica sol was added drop wise into the solution 
of tilmicosin, which was stirred continuously by a mag-
netic follower at room temperature. A milk-white suspen-
sion appeared and the process was allowed to continue 
for 20 min to ensure maximum drug loading. The white 
material was collected by centrifugation, washed with 
water, dried in air at 37°C for 24 h, and finally ground to a 
white powder in a ceramic pestle and mortar. The theo-
retical drug-loading weight was calculated according to 
the following equation.

Theoretical drug-loading

weight
  = 

x

x

×
× + ×

37 5

37 5 25

. %

. % %y

 Here, x is the mass of tilmicosin solution and y is the 
mass of silica sol. By changing the input amounts of 
tilmicosin and silica sol, the theoretical drug-loading 
weight of the silica nanoparticles in the three samples 
named TS1, TS2, and TS3 was 20, 40, and 60 wt%, 
respectively.

Characterization
The zeta potential and size distribution of tilmicosin-
loaded silica nanoparticles were measured with a zeta-
sizer Nano-ZS90 laser particle size analyzer. TS1 was 
observed by transmission electron microscopy (TEM) 
with a JEM 2100 instrument. The actual drug-loading 
weight was determined with an American Diamond 
thermal gravimetric analyzer (TGA). Colloidal particles 
of silica sol were collected by centrifugation and dried 
for comparison. The samples were heated at a rate 
of 10°C/  min in a stream of nitrogen gas. The Fourier 

transform infrared (FTIR) spectrum was obtained with a 
CARY Eclipse FTIR spectrophotometer.

In vitro release studies
A known amount of tilmicosin-loaded nanoparticles was 
suspended in 2 mL of phosphate-buffered saline (PBS, 
pH 7.4) in a dialysis bag and dialyzed against 30 mL of 
PBS at 37°C, which was stirred continuously by a mag-
netic follower. The amount of drug-loaded nanoparticles 
depended on the loading weight in order to ensure the 
drug content was 0.24 g. To determine the amount of 
tilmicosin that diffused through the dialysis bag, samples 
(0.5 mL) were withdrawn from the receiver solution and 
the same amount of fresh medium was added to the 
receiver at fixed time points. The sample was diluted 200-
fold with PBS. The concentration of tilmicosin released 
into solution as a function of time was determined from 
measurement of the absorbance at 291 nm (CARY 300 
spectrophotometer), the characteristic absorption wave-
length of tilmicosin in PBS21. Tilmicosin standards were 
prepared by dissolving weighed amounts of the drug in 
PBS. For comparison, dissolution of tilmicosin alone was 
investigated under the same conditions and all experi-
ments were done in triplicate. The in vitro method is to 
learn from reference15.

Results and discussion

Size and zeta potential
Table 1 shows the size and zeta potential of tilmicosin-
loaded silica nanoparticles and silica nanoparticles alone 
as determined by a zetasizer laser particle size analyzer. 
Silica nanoparticles were negatively charged and have an 
average diameter of ~6.8 nm. The high absolute value of 
the zeta potential (44.80 mV) confered good stability to 
the silica nanoparticles. After adsorption of tilmicosin 
molecules, the silica nanoparticles increased in size from 
13.4 to 25.7 nm, and the absolute value of the zeta poten-
tial decreased (from −30.62 to −6.78 mV) with increased 
drug-loading weight.

The significance of zeta potential is that its value can 
be related to the stability of colloidal dispersions. Colloids 
with high zeta potential (negative or positive) are electri-
cally stabilized because of the large repulsion between 
adjacent, similarly charged particles in dispersion. 
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Figure 1.  Molecular structure of tilmicosin.
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According to the zeta potential of the three samples, the 
stability of the drug-loaded particles in the aqueous solu-
tion decreases as drug-loading weight increases; that is, 
TS1 has the moderate stability, whereas the other two 
samples are unstable and tend to congregate and pre-
cipitate. TEM image of TS1 was investigated to demon-
strate the results as shown in Figure 2. It was found that 
the sample TS1 has the moderate stability and there is no 
serious congregation occurring.

Drug adsorption
The FTIR spectrum of tilmicosin-loaded silica nanopar-
ticles was obtained and compared with that of pure tilmi-
cosin, tilmicosin after the same treatment without the 
carrier, and the silica nanoparticles alone (Figure 3). The 
characteristic peaks of drug-loaded silica nanoparticles 
are identical with those of silica and tilmicosin alone22–24, 
except for the overlapping region at lower wave numbers 
between 1000 and 1400 cm−1, where a broad absorption 
peak is found that might be the integrated adsorption of 
silica and tilmicosin. In addition, the FTIR spectrum of 
the drug following the same treatment without the car-
rier is identical with that of the original drug as shown 
in Figure 3. These results indicate that the drug has been 
adsorbed onto the carrier and no degradation of drug 
occurred during the loading procedure.

The loading weight percentage (W) of tilmicosin 
loaded onto silica nanoparticles was determined by TGA 
(Figure  4). From the TGA profile of tilmicosin alone, 
it is clear that the drug molecules were totally decom-
posed at a temperature >800°C. For silica nanoparticles 

alone, the TGA profile showed no significant weight 
loss at a temperature >200°C. Therefore, the weight loss 
of tilmicosin-loaded silica particles between 200°C and 
800°C can be determined approximately as the loading 
weight percentage (W) of tilmicosin in the silica nano-
particles. The experimental loading weight percentage 
was 29 wt% for TS1, 42 wt% for TS2, and 64 wt% for TS3. 
In addition, it was found that the drug decomposed more 
slowly with reduced drug-loading weight. This phe-
nomenon indicates that a stronger force, for example, a 
hydrogen bond, might exist between tilmicosin and the 
silica carrier.

Based on the above results, tilmicosin molecule might 
be adsorbed via the interactions of hydrophile groups 
(–OH and−C=O groups as shown in Figure 1) of drug 
and−OH groups on silica nanoparticles. These silica 

Table 1.  The size and zeta potential of tilmicosin-loaded silica 
particles and silica sol as determined by zetasizer laser particle 
size analyzer.
Sample Silica sol TS1 TS2 TS3
Zeta potential −44.80 mV −30.62 mV −18.65 mV −6.78 mV
Average size ~6.8 nm ~13.4 nm ~21.2 nm ~25.7 nm

100 nm

Figure 2.  Transmission electron microscopic (TEM) image of TS1.
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Figure 3.  The Fourier transform infrared (FTIR) spectra of 
tilmicosin, tilmicosin after the same treatment without the carrier, 
silica nanoparticles, and tilmicosin-loaded silica particles (TS2).
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Figure 4.  Thermal gravimetric analyzer (TGA) profiles of 
tilmicosin, silica nanoparticles, and tilmicosin-loaded silica 
particles.
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nanoparticles acted as seeds to attract more drug mol-
ecules to grow on their surface, and they became unsta-
ble and tend to congregate and precipitate. Therefore, 
the drug-loaded particles became larger and larger 
with increased drug-loading weight, and their stability 
decreases as drug-loading weight increases

Drug release
In vitro release profiles of tilmicosin from samples TS1, 
TS2, and TS3, as well as the pure drug are shown in 
Figure 5. For TS1, the release curve showed a slow and sus-
tained drug release, reaching 44% after 72 h. The release 
rate rose with increased loading weight. The cumulative 
release of TS2 reached 64% after 72 h. Tilmicosin alone 
showed a burst release within the first 17 h, reaching 66%, 
followed by a sustained release, reaching 91% after 50 h. 
In the case of TS3, the release rate of tilmicosin from the 
carrier was faster than the rate of the drug alone. The 
burst release was more obvious, reaching 84% in 17 h, fol-
lowed by a sustained release. It is clear from these results 

that the release of tilmicosin from silica nanoparticles is 
well-controlled by adjusting the drug-loading weight.

The releasing rate might be related with two spects. 
The first is the adsorption of the carrier, and the second 
is the surface area of the nanoparticles. When it comes 
to the drug molecules directly adsorbed by silica nano-
particles, the release fluid must moist the carrier caus-
ing desorption of the drug molecules before the drug is 
released from the surface of the silica nanoparticles and 
diffuses away. This spect lowers the releasing rate. While 
for drug molecules on the surface of the drug-loaded 
particles, their dissolution is related to the surface area 
to a larger extent. The larger the surface area, the faster 
the dissolution rate. The sample with the lowest drug-
loading weight, that is, TS1, released tilmicosin at a low-
est rate because the drug molecules directly adsorbed 
on silica nanoparticles are major. The sample with the 
highest drug-loading weight, that is, TS3, released at a 
faster rate because drug molecules adsorbed on the 
drug-loaded particles are major. Compared with the 
original drug particles (>300 nm), surface area of TS3 
increased greatly. Therefore, it released tilmicosin at a 
fastest rate.

To analyze the mechanism of drug release from 
silica, data obtained from the drug-release studies 
were analyzed according to equations of the zero-order 
model, first-order model, and the Ritger–Peppas order, 
respectively. The regression functions and correlation 
coefficients of the first-order model used to fit the experi-
mental data over the full release duration are given in 
Table 2. The correlation (R2) was used as an indicator 
of the best fitting for each of the model considered. It 
is found that the first-order kinetics model performed 
better than the other models, indicating that the results 
are in accordance with the commonly used description 
of a diffusion-controlled process. The pharmaceutical 
preparation follows this dissolution profile, releasing the 
drug in proportion to the amount of drug remaining in its 
interior, such that the amount of drug released per unit 
time decreased25.
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Figure 5.  In vitro release profiles of tilmicosin released from three 
samples and tilmicosin alone. Error bars represent the standard 
deviation.

Table 2.  The functions and the correlation coefficients of zero-order model, first-order model, and the Ritger–Peppas order to fit the 
experimental data.

Sample
Zero order first order Ritger–Peppas

Functions R2 Functions R2 Functions R2

Tilmicosin M

M∞

= 0.0135t+0.4079
0.6322 M

M∞  

= 0.88961− 0.96943e−t/12.16559
0.98989 M

M∞  

= 0.132t0.5641
0.8566

TS1 M

M∞

= 0.0049t+0.1347
0.8741 M

M∞  

= 0.91188− 1.07432e−t/7.526429
0.98618 M

M∞  

= 0.0575t0.4922
0.9824

TS2 M

M∞

= 0.0069t+0.265
0.8235 M

M∞

= 0.66317− 0.54515e−t/20.63939
0.98633 M

M∞

= 0.1229t0.4193
0.9674

TS3 M

M∞

= 0.0166t+0.2415
0.7875 M

M∞  

= 0.43776− 0.38534e−t/24.7717
0.98236 M

M∞

= 0.0532t0.0.8141
0.9112

M

M∞  

is the fraction of tilmicosin released.
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Conclusions

First, the antibiotic tilmicosin was successfully loaded 
onto silica nanoparticles. Second, the release of tilmi-
cosin from the silica nanoparticles was well-controlled by 
adjusting the drug loading. The greater the drug-loading 
weight, the faster the release rate. Finally, the kinetics 
analysis suggested that drug release from the silica sol 
was mainly a diffusion-controlled process.
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