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INTRODUCTION
Antibiotics

The antibiotics were produced by microorganisms to inhibit or kill other microorganisms at low concentrations. Widely-used 
antibiotics, according to the chemical structure of sub-categories can be divided into beta-lactam, quinolone, tetracycline (TC), 
aminoglycosides, macrolides and sulfonamides. For a long time, antibiotics are largely utilized for the cure of diseases of humans 
and animals. They are also added to animal feeds for animal disease prevention and promoting growth. As most of the antibiotics 
cannot be absorbed by organisms completely, about 90% of antibiotics as prototype or metabolites were released via the manures 
or urine of patients and livestock into the environments, such as soil and water, resulting in some degrees of contamination. 
Currently, the problems of antibiotics pollution have become an important environmental issue in many advanced countries (such 
as the European Union and the United States) and related researches are rapidly developed.

Because antibiotics are usually used in medical and animal husbandry, antibiotics in the environment are mainly derived 
from the medicinal and agricultural drugs. Human consumption of animal food which has antibiotic residues, usually manifested 
chronic poisoning, further cause the deformities, mutations, cancers, and embryo toxicity [1]. Many antibiotics are water-soluble, 
with about 90% excreted from body via urine and 75% via feces [2]. Therefore, some of the first howls of pain are likely to be heard 
in contamination of aquatic environment. However, until the late 1990s, there had been no systematic studies to investigate the 
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ABSTRACT

Tetracycline’s (TC) are widely used in the treatment of animal diseases, as 
well as additives in animal feed as a sub-therapeutic dose for animal disease 
prevention and promotion of animal growth. Due to their extensive use and wide 
prevalence and persistence in the environment, there might be unforeseeable 
consequences. The long-term application of livestock excreta can cause the 
accumulation of antibiotics in the soil, have a negative effect on the ecological 
environment and result in TC residues. Detection of antibiotics in rivers and 
lakes has been reported widely. However, a systematic review on discussing 
the residual conditions in a variety of environmental and behavior of TC, as well 
as various factors affecting TC adsorption and retention in the environment, is 
needed and presented here. In the same breadth, the resistance research on 
animals, plants, and microorganisms and resistant mechanisms and substitutes 
was also discussed. A holistic overview of the existing detection technologies and 
the evaluation of environmental impact caused by TC and the latest studies to 
demonstrate the environmental impact by drug have also been summarized.
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residues of antibiotics in the aquatic environment and contamination problems. Recent studies showed that more than eighty 
kinds of antibiotic drugs, such as macrolide, sulfonamide, and TC were detected in the waters in Austria, Germany, UK, Italy, Spain, 
Switzerland, the Netherlands, the United States, and Japan [3-5].

Source of TC

Antibiotics in the environment mainly come from the medical and animal husbandry. The medical antibiotics include: 
(1) discarded expired antibiotics in hospital; (2) antibiotic residues in the vials and equipment’s; (3) discharged prescription 
antibiotics via the feces and urine of patients. Animal husbandry antibiotic may include: (1) loss of the veterinary drug production 
process or the expired drugs abandon; (2) the residues from used drugs; (3) the residues in urine or feces from animals that 
had added sub-therapeutic doses over long-term feeding. Untreated animal manures as agricultural organic fertilizer were one 
of the major pathways of antibiotics into the soil environment. In recent years, with an increase in animal husbandry as well as 
the development of feed industry, TC, macrolides, penicillin, sulfonamides antibiotics as feed additives were more widely used in 
livestock farming and aquaculture [6]. According to statistics, the usage of antibiotics in animal farming was about 11,000 tons 
each year in the United States, accounting for about 70% of the total amount of antibiotics consumption [7]. The same estimation 
was also made for EU and China [8]. In veterinary antibiotics, oxytetracycline (OTC) and TC are the most widely used ones.

Although antibiotics as veterinary drugs and feed additives to prevent disease and growth promotion played an important 
role in fighting against livestock and poultry diseases, the antibiotics via oral or intramuscular injection into the animals cannot 
be absorbed completely; therefore most of them were excreted with urine and feces. It was estimated that amounts of antibiotics 
as prototype or metabolites form excreted with urine or feces were about 40 - 90% of the dose admitted [2,9-11]. The amount of 
chlortetracycline (CTC) at the treatment pool of pig’s manure could be up to 1.0 mg kg-1 [12], while the amount of TC in liquid organic 
fertilizer could reach to 20 mg kg-1 [13]. Thus, when employing manures as organic fertilizers containing untreated antibiotics to 
farmland, these antibiotics become the major sources of veterinary antibiotics in the soil environment [14].

Why tetracycline

TC antibiotics were made by separation from Streptomyces spp., such as S. viridifaciens, or S. aureofaciens [15]; CTC 
by separation from S. aureofaciens [16]; and OTC by separation from S. rimosus [17]. On medicinal use, TC had inhibitions in 
leptospirosis, actinomycetes, rickettsial, mycoplasma and large virus, thus, is called broad-spectrum antibiotics [15,18]. TC is by far 
the most frequently used antibiotics in the animal husbandry with the largest in global production and sales [19]. With agricultural 
application of livestock manure directly into the soil environment, TC may cause ecological health and safety impact [2], and thus 
the research on the fate and transport of TC in the environment received special attention.

The use of antibiotics can induce pathogen resistance, especially due to the long-term use of large doses of antibiotics in 
feeds. In addition, antibiotics can lead to the generation of antibiotic resistance genes that can be passed between different 
bacteria [20]. Once these resistance genes were transferred to pathogenic bacteria, the potency of threat to human health will 
be increased. In addition, other effects of TC include superinfection, liver toxicity, TC stained teeth, renal toxicity, gastrointestinal 
reactions and allergic reactions [20,22-24].

The impact on plant growth and development may be even worse, when antibiotics containing animal manure and municipal 
sewage were applied to farmlands. There were about 0.009 ~ 0.012 mg L-1 TC in animal manure product used for liquid cultures 
of X'mas flower. The antibiotics effect on plant growth depends on its chemical nature, dose of usage, soil adsorption capacity, and 
plant species. Therefore, from the above-mentioned health problems, resistance and inhibition of plant growth, the research on 
how to remove the antibiotics contamination from water, especially drinking water and groundwater, will be a momentous issue.

More details on tetracycline

 TC has three pKa values with pKa1, pKa2, and pKa3 at pH 3.3, 7.7, and 9.7, respectively (Figure 1) [25,26]. It has a molecular 
weight of 444.44 g mol-1. The pKa1 is due to the protonation of the oxygen bound in the C3 position, the pKa2 is from the 
protonation of the dimethyl amine functional group, while the pKa3 originated from the protonation of the oxygen bound in C10 
and C12 positions [26]. A later study confirmed that pKa2 was due to the protonation of oxygen bound in C10 and C12 positions and 
pKa3 was due to the protonation of dimethyl amine functional group bound in the C4 position (Figure 1) [27]. At pH < 3.3, TC exists 
in a cationic form; at pH = 3.3 ~ 7.7, TC exists as a zwitterions. Wherein, almost nearly electrically neutral at pH = 5.5. As the pH 
increases, the proportion of the negative charge in the TC molecule increases. When pH reaches to 7.0, the TC molecule 25% of 
the TC is in anionic form [25]. At pH > 7.7, TCs exist as anion (monovalent anion, + — — and divalent anion, 0 — —). 

In addition, its log Kow (distribution coefficient between octanol and water) value was -2.2 to -1.3 and its solubility was about 
1.7 g L-1 [28,29].As the Kow value represents the adsorption of hydrophobic organic matters in the soil, the low Kow value of TC 
indicates that it is more hydrophilic, which could be confirmed from its high solubility and low adsorption capacity on the activated 
carbon [30]. In addition, the solid-liquid distribution coefficient kd is 300 ~ 2000 L kg-1 [31].

The name of TC originated from its four basic rings (A, B, C, D) (Figure 1). TC has a higher solubility in alcohols such 
as methanol and ethanol, but its solubility was low in other organic solvents such as ethyl acetate, acetone, and acetonitrile 
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[32]. The precise distribution of the dissociation constant is still unclear [33]. Under alkaline conditions, hydrogen bonds between 
N-4 and OH-12a were present in the structure of TC (Figure 1) [34]. Under acidic and neutral conditions, due to protonation on 
N-4, the original bond is broken, the structure is damaged, and the hydrogen-bonding interactions occur in the O-3[35]. TC often 
contains a small amount of impurities (such as degradation products). The main impurities of TC are epitetracycline (ETC) and 
anhydro-tetracycline (ATC). At pH = 2~6, the epimerization of TC to formed ETCs will occur, mainly in the C-4 [36,37]. When TC is 
extracted from environmental samples using Mcllvaine buffer solution under pH 4, the formation of ETC can be negligible [38]. 
Under solution pH 2 extraction using Mcllvaine buffer for TC extraction from animal feed, only ETC was found and OTC or TC 
epimerization did not occur [39]. Under strong acidic conditions, there is a proton transfer at O-11/O-12. The H at C-5a and OH at 
C-6 on ATC were from dehydration reaction with most of ATCs stable [31,40]. In the case of the unidentified degradation products, it 
proved that significant degradation (degradation rate > 90%) of TC occurred under strong acidic conditions (1 mol L-1 HCl) after 
4 days, while the degradation rate was 40% for OTC. For CTC the original structure was still maintained with a degradation rate 
of 6% [41]. Because TC is very easy to be degraded into its 4-isomers, in order to obtain well reproducibility, under extraction and 
measurement conditions, the inspection of degradation possibility is very important.

Figure 1. Molecular structure of TC on an planar view (a) and speciation under different pH (b). 

TC has 64 different tautomers. However, in general, there are two common structures, one is extended (Figure 2a), wherein 
the dimethyl amine functional group is below the surface of four rings; compared to the twisted (Figure 2b), in which the functional 
group is above the surface of four rings. The former is present in the alkaline solution, while the latter present in acidic to neutral 
solutions [42-44] 

Figure 2. Conformation of TC in twisted (a) and extend form (b).

RESIDUAL OF TETRACYCLINE IN THE ENVIRONMENTS
The antibiotics are frequently detected in surface water, groundwater, and wastewater, and have strong adsorption onto 

sediments as studied in recent years [44-53]. These studies have confirmed the widespread existence of the antibiotics in soils, 
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surface waters, ground waters, sediments, urban sewages, and manures. Because of its low price, large-scale and persistence 
use in many countries resulted in residues in the environment. When TC enter the human or animal body, changes of these drugs 
made their physiochemical properties and ecological toxicities varied due to oxidation, reduction, hydrolysis, and conjugated 
bonding (Gibson and Skett, 1986), but after discharge, the metabolized substances may restore its parent compounds [54].

Water

The use of antibiotics and growth hormones on human and animals have a major impact on the surface water and 
groundwater. Twenty years ago, Wattes first described antibiotic residues in surface water, and their research team detected 
sulfonamides and TCs content of 1 μg L-1 in rivers of the United Kingdom, followed by more antibiotics being found in surface 
water. Detected in 139 rivers in the United States in 1999 and 2000, The concentrations of TC, macrolides, sulfonamides, and 
fluoroquinolones ranged between 0.06 and 0.69 μg L-1, and 95 known organic wastewater contaminants (OWCs) were detected in 
82 rivers with the concentrations of antibiotics in the range between 0.01 ~ 150 μg L-1 [55]. The TC and its decomposition products 
were examined in the soil and groundwater of long-term application of manure, the concentration of each substance was less 
than 0.5 mg L-1 [56]. In Korea, the antibiotics were detected in over 80% of the surface water, drinking water, and wastewater [57].

In addition, the use of antimicrobial drugs resulted in discharges of them into the domestic sewage and eventually into the 
wastewater treatment plants. TC was still detected after wastewater treatment process in eight wastewater treatment plants of 
five cities in Canada with the maximum concentration up to 0.01 μg L-1 [58]. Samples from several wastewater treatment plants in 
Wisconsin showed 80% detection of TC and OTC in the influent waters with concentrations of 48 ± 3 and 47 ± 4 μg L-1, respectively. 
After wastewater treatment process, their concentrations were still 3.6 ± 0.3 and 4.2 ± 0.4 μg L-1, respectively [59]. In addition to 
the contamination of the environment, the wide presence of antibiotics in the environment may increase the spread of bacterial 
resistance [19,47].

The pollution of antibiotics on the environment is global problem; such substances generally possessed high biological 
activity and persistence, which determines its inevitable potential ecological environmental risks. Especially, with the rapid 
development of modern animal husbandry, the threat of antibiotics to the ecosystem as well as human health is increasing. 
Although, the emerging pollutants such as the pharmaceuticals and personal care products (PPCPs) caused more problems of 
ecological and environmental, and attracted more and more attentions, the study of PPCPs to environmental contamination is 
still in great need [44,60-62].

Soil

Numerous studies have shown that antibiotic residues in the soil or manure soil reached 11 - 300 µg kg-1, and its content 
is close to the standard of other pesticides in the soil [14,13,63-67]. There are some discrepancies among researches’ results. The 
contents of CTC, OTC, and TC in animal manures were up to 46, 29 and 23 mg kg-1, respectively [68]. In Italy and Turkey, the contents 
of OTC and CTC in manure soil were up to 500 μg kg-1 [69,70]. In Germany, Denmark and Canada, OTC, CTC and TC contents were 
lower than 100 μg kg-1 [63,70,71]. These results were related to the climatic factors of different geographic areas such as temperature 
and humidity which affect the environmental behavior of antibiotics in the soil; usually high temperature and high humidity are 
conducive to the degradation of antibiotics [72]. In addition, there are other important control factors, such as manure species 
(pig manure, chicken manure, etc.), fertilization methods, and sampling time after fertilization. Soil characteristics and farming 
conditions both will affect the antibiotics content in manure soil, and these factors may be interact each other. The antibiotic 
contents in manure soil may have great changes with time [73].

Animal manure as organic fertilizer was applied to the soil to provide nutrients. The residual antibiotic in the fecal will be 
accumulated in soil during long-term use of manure. In the research of two different soils in German from 2001-2003, it was 
found that TC was more persistent in the sandy loam which contain manure, and its concentration was maintained at 150 μg kg-1 
[13]. Meanwhile, there were about 330 grams of TC and 7 grams of CTC derived from the manure per hectare of soil (at the depth 
of 0 to 30 cm) investigated from 2000 to 2002. The highest average TC concentration was 400 μg kg-1 (0 to 10 cm of agricultural 
surface soil), 86.2 μg kg-1 (0 cm to 10 cm), 198.7 μg kg-1 (10 cm to 20 cm), 171.7 μg kg-1 (20 cm to 30 cm), respectively. On 
the other hand, the CTC concentration was 4.6 to 7.3 μg kg-1 in the three sublayers at the depth of 30 to 90 cm and no CTC 
was detected in groundwater, which suggested that TC can be strongly adsorbed onto soil with a poor mobility [13] found A TC 
concentration of 52 μg kg-1 was found in soil in Canadian [63]. The research on the migration of TC in the system of animals - feces 
- soil also suggested that long-term application of antibiotic-containing manure can lead to antibiotic residues in the soil, and that 
cow’s manure applied to the soil had 281.34, 67.25, and 3.60 mg kg-1 of TC after 22, 70 and 114 days at the depth of 0-5 cm soil 
[73]. The above studies illustrate wide use of TC in the world also resulted in slow degradation in the field, and accumulation of TC 
in the manure soil caused a great deal of potential threat to the soil environment.

Manure

The antibiotics could not be completely absorbed by the organisms. About 30 to 90% TC came out as prototype effluent 
with urine or feces, and are persistence long-term in the soil. Analyses of 54 samples of chicken’s manures and 28 samples of 
cow’s manures collected from eight cities in China, showed the detected OTC concentration of 59060 and 59590 μg kg-1 and 
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CTC concentration of 21060 and 27590 μg kg-1 in chicken’s and cow’s manure, respectively [74]. Analyses of 30 pig manure, 20 
chicken, and 30 soil samples collected from Australia reveled the maximum concentrations of CTC, OTC, and TC at 46000, 2900,0 
and 23000 μg kg-1 [68]. In intensive livestock farms, studies showed that 21% OTC residues in sheep feces, 17 to 75% CTC residues 
in the bull’s feces [75]. In a five-day oral experiments, the additional of 60000 μg kg-1 dosage of OTC onto the fifty simmentaler 
resulted in a half-life of 30 days, and the OTC residues was still detected 5 months later with a content of 820 μg kg-1 [13].

Visceral and muscle tissues of animals and the others

There are 100 beef and chicken samples collected from the southern part of Taiwan, which have 41 and 27 valid samples, 
respectively [76]. Thirty-five out of 41 beef samples have TC residues, 6 of 41 have TC and CTC residues. 27 chicken samples had 
the CTC residues. In Japan, during an observation from May 1985 to March 1998, among the 424 samples (147 bovine kidney 
and 277 pig kidney) 131 samples contained TC, CTC, OTC, and doxycline (DC) residues [77]. In an investigation in Belgium in 1998, 
using the enzyme immunoassay (ELISA) method, 12 and 19 samples were positive out of 19 pork and 21chicken, respectively 
[78]. Further measurement by high-performance liquid chromatography (HPLC) revealed 10 and 18 samples containing doxycline, 
respectively. In Belgium in 2001, among the 250 samples (228 broilers and 27 turkey thigh), 16 had doxycline detected [79]. In 
addition, several reports revealed antibiotic residues in animal bones [37,80,81].

INFLUENCE FACTORS OF TETRACYCLINE ADSORBED IN THE ENVIRONMENT
The adsorption is a critical factor affecting in residues, distribution, migration, transformation, and final destination of 

antibiotics. So, many studies have focused on the antibiotics adsorption behavior. These studies include OTC adsorption on soils 
and in combination of clay minerals and organic matters [25], on clay mineral [47], on aluminum and iron oxide [49], on metal oxide-
rich soil [48], on many soils [48,53,82,83]. Under natural conditions, many factors influenced antibiotics adsorption behavior from water, 
including the physical and chemical properties of antibiotics as well as environmental factors such as temperature, pH value, ionic 
strength, multivalent metal ions, hydrogen bonds, coordination bonds, and cation dipole bond.

Temperature

Normally, the adsorption process of contaminants on soil or clay minerals was either exothermic or endothermic. The research 
of thermodynamic behavior of norfloxacin adsorption on soil showed that the adsorption process was an exothermic reaction [84]. 
On the other hand, the results showed that the adsorption on clay minerals such as illite and palygorskite was endothermic [45,46], 
but exothermic on kaolinite [62].

pH

The pH has significant impact on the adsorption by changing the charge state of the antibiotics and adsorbents. OTC, for 
example, exist as a cation OTC+ at pH < 3.6; as a neutral species OTC0 at neutral 3.6 < pH < 7.5; and as an anion OTC- at pH > 
7.5. When the adsorbents such as clay minerals with a large number of exchangeable cations on the surface, OTC+ adsorption will 
increase with a decrease in pH due to an increased CEC [47]. When the adsorbent is a metal oxide, because the strong variability 
of surface charges with pH changes, OTC and metal oxide could be repulsion due to the same charge of their surface in the acidic 
and alkaline solutions, thus, resulting in a lower amount of adsorption. The maximum amount of adsorption occurs at neutral pH 
[48,49]. When the adsorbent is organic matter, because it contains several functional groups, especially for deprotonated species 
(such as:-COOH). The degree of deprotonation of functional groups were small in the low pH condition, OTC could be combined 
with organic matters by hydrogen bonding. As pH increased, -COO- increased with deprotonated enhancement, the hydrogen 
bonding weakens, resulting in attractive or repulsive interactions of OTC+ or OTC- with -COO- through electrostatic interaction [50;86].

TC can exist as the form of cationic, zwitterion, and anionic respectively in different pH conditions. Under acidic conditions, 
TC exists as cationic form and adsorption on soil or clay mineral by cation exchange or electrostatic adsorption with a negatively 
charged of clay mineral surface. Under alkaline conditions, the TC majority exists in anionic form, which will cause the electrostatic 
repulsion with negatively charged clay mineral or soil surface, thereby reducing adsorption. Therefore, the amount of adsorption 
will gradually decrease with pH increase.

Cation exchange capacity (CEC)

Generally, the surface area of swelling clays can be divided into the internal and the external surface area. Usually, adsorbents 
with high CEC values can enhance the adsorption. The TC adsorption on rectorite [86], illite (IMt-2) [44], palygorskite (PFl-1) [45] and 
montmorillonite (MMT) [44] suggested that the order of the adsorption capacity was MMT > PFl-1 > rectorite > IMt-2, in agreement 
with their CEC values. 

Ionic strength and metal charges

A monovalent metal ion like Na+ and K+ can affect the adsorption due to competitive with antibiotic as cationic form on 
adsorption sites. Therefore, based on cation exchange, the increase of the ion concentration will lead to competitive adsorption, 
thus reducing the amount of adsorption. The adsorption coefficient Kd value is significantly reduced for OTC adsorption on 
montmorillonite when the NaCl concentration increased from 10 mM to 510 mM [47]. The same trend happened in TC adsorption 
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on clay minerals [45,46,62,87]. A high ionic strength could significantly reduce the TC adsorption on the humic acid and hydrated ferric 
oxide [50,88].

The presence of multivalent metal ions (such as Ca2+, Mg2+, Cu2+, Al3+, and Fe3+) is an important factor to control the 
adsorption behavior of some antibiotics. At high pH, these cations can play a bridging role, connecting the negatively charged 
part of the antibiotic and the negative adsorption sites of solid surface by covalent bonds, to form complexes of antibiotics and 
metal ion, thus contributing to adsorption [86]. Addition of Ca2+ or Cu2+ under alkaline condition would considerably promote the 
TC adsorption capacity on montmorillonite [72,89]. Simultaneous adsorption and desorption of cadmium and TC on cinnamon soil 
showed a concurrent increase in TC adsorption in the presence of Cd and the increase was attributed to bridging the TC and soil 
surface in the presence of Cd [83]. On the other hand, the presence of Cu(II) in the soil solution suppressed the adsorption of TC 
on soils at pH less than 4.7, due to the competition of Cu2+ against TC, TC–Cu complexes in aqueous phase, and the increased 
positive surface charge of soil by Cu(II) adsorption [90]. Adsorption of TC on Al2O3 was involved in the formation of complexes [40]. 
Meanwhile, coating of hydrous Al oxide (HAO) with soil humic acid significantly suppressed TC adsorption, attributable to altered 
HAO surface charge characteristics and/or direct competition between Elliott soil humic acid and TC for potential sorption sites [91].

Organic matter and dissolved organic matter

The presence of soluble organic matter is another important factor to control antibiotic-solid interactions. Many functional 
groups, such as deprotonated −COO− in organic matter, offer the possibility of adsorption sites for antibiotic [92]. Hydrogen bonding 
between antibiotics and the polar functional groups of organic matter could contribute further to antibiotic adsorption [50]. Generally, 
the content of organic matter on soil was very low, and it could be utilized to cover the adsorption sites on clay mineral surfaces 
[91]. At low concentrations, co-adsorption of dissolved organic matter (DOM) could promote further adsorption of antibiotics on 
the montmorillonite [25]. On the contrary, the significant solubilization of power of DOM when present in high concentration will 
facilitate removal of antibiotics from sorbents.

Hydrogen bonding

Hydrogen bond is an important mechanism for the adsorption of organic molecules on the surface of clay minerals. It can 
be regarded as a dipole-dipole interaction. Since hydrogen atoms as a bridge between two electronegative atoms, one caught by 
covalent bond, another attracted by electrostatic interaction. The organic molecules may form hydrogen bonds with oxyl group or 
hydroxyl group on the surface of the soil minerals and could be adsorption by water bridging.

BEHAVIOR OF TETRACYCLINE IN THE ENVIRONMENT
Once the antibiotics are effluent into the environments through a variety of ways, they will present different behaviors like 

adsorption, migration, degradation, and accumulation in a variety of environmental media like soil, water, sediment, and plants. To 
grasp the migration, transformation, plant uptake, and cumulative characteristics of TC, analyses of their environmental behavior 
comprehensively could provide efficacious removal of TC from the environments.

Adsorption and migration

Adsorption has an important influence on the migration, activity, and bioavailability of antibiotics, which depends largely 
on antibiotics and soil characteristics. Furthermore, the adsorption studies of TC, CTC and OTC on different soil properties, such 
as different pH, clay contents, soil types, cation exchange, anion exchange and organic carbon contents, showed Their strong 
adsorption on soil (especially for acidic and high viscosity soils) [7]. The study of TC and CTC adsorption on potassium- and calcium-
saturated soil clays, humic substances and clay-humic complexes indicated that strongly adsorption occurred on soil clays, 
followed by humic substances, and then on clay-humic complexes [53]. In addition, the results suggested that the adsorption 
mechanism was cation exchange and the adsorption capacity of Ca-saturated soil was greater than that of the K-saturated one. 
Humic substances could weaken the adsorption of TC on the soil, especially on soil that has high organic matter content [50]. Using 
the method of rainfall simulation plots to investigate the outflow trend of several antibiotics include the TC, CTC, the sulfathiazole 
work (STZ), sulfamethazine (SMZ), erythromycin (ERY), tylosin (TYL), and monensin (MNS) by runoff [93] found that the TC and 
CTC concentrations did not significantly reduce after runoff for 1 hour. As a consequence, further confirmed the TCs have a high 
adsorption capacity on soil. The study suggests that the minerals and organic matters of soil were the main adsorption sites for 
antibiotics, while hydrophobic property, cation exchange, cation bridging, surface complexation and hydrogen bonding play an 
important in the process of adsorption [31]. TC adsorption decreased with the reduction of organic matter on cinnamon soil [82]. 

TCs may be absorbed by plants and aquatic organisms. Some antibiotics did not combine with solid materials, making them 
easy to enter the aquatic environments, posing a threat to groundwater. In the soil, when TC is leaching into nearby rivers, it will 
affect the organisms in the river even in the marine ecosystems ultimately. The migration of TC depended on the nature of the 
different kinds, different metabolic pathways and different doses in the environments. 

As for adsorption, our research team used seven clay minerals to uptake TC [44-46,87] under different environment factors like pH 
value, temperature, or ionic strength. The objectives of these sequential studies were to look for the adsorption mechanisms. One 
of the most important results showed that the maximum adsorbed amount was 1053 mmol kg-1 at pH 1.5 for SAz-1, which is close 
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to its CEC (Table 1). The cation exchange was the major adsorption mechanism expect for SYn-1 and SWy-2 at low concentration 
(Table 2). Besides, the isotherm studies demonstrated that Langmuir model was suitable to express the experiment data of seven 
(Table 2 and Figure 3). To further understand the mechanism of cation exchange, surface complexation or hydrogen bonding, 
the other clays should be conducted (Table 3). According to published papers, all of the mechanisms were determined by virtues 
of ionic analysis under unadjusted pH condition (Table 3), the solution pHs were maintained in the range of cation or zwitterion 
forms after adsorption [45-47,62,87,94]. Thus, the slope of adsorbed and desorbed cations can be used to decipher the adsorption 
mechanism. Besides, we cannot acquire the mechanism under alkaline or acidic condition but can obtain it from FTIR data [48;95]. 
On the other hand, not all of the maximum TC adsortion happened when TC was a cation or zwitterion form under the mechanism 
of cation exchange. Take palygorskite for instance. The Sm was 223 mmol/kg at pH 8.7 when TC was in an anion form (Table 3). 
The pH adsorption edge effect showed that H+ strongly competed against TC on adsorption sites on clay surface to reduce the 
adsorption capacity when TC exists as a cation form (Figure 1) [45] It seems that, if adsorption mechanism was cation exchange, 
the maximum adsorption amount is not necessarily located at the same pH condition, it is still determined by other effects like 
pH or ionic strength effect. As for surface complexation, if the slope of linear between desorbed and adsorbed cations is very low 
and the adsorbate have no lone pairs like hydrogen, oxygen or fluorine, the mechanism should be surface complexation instead of 
hydrogen bonding such as TC adsorption on Syn-1 [94], in which the mechanism was attributed to surface complexation (Table 3).

Clay minerals Rectorite PFl-1 SWy-2 SAz-1 SYn-1 SHCa-1 IMt-2
Highest initial
 concentration (mg/L) 1000 800 3000 3000 2000 2000 2000

Point of zero charge
 (pHpzc)a 4.2 (100) 4.1 (101) 8.35 (102) 

8.45 (103)
8.44 (103) 5.88 (104) 
8.0 (105) 10.54 (106) None 8.3 (107) 2.4 (108) 

3.5 (109)

Original CEC (meq/kg)a 410 (110) 165 (111) 195b 850 (111) 
764 (112) 1200 (100) 1230 (111) 700~1400 

(100) 66 (111) 140 (112)

Sm at pH 1.5 (mg/g) 131 61 404 468 217 330 —
CEC at Sm (mmol/kg) 295 137 910 1053 489 743 —
Sm at pH 4~6 (mg/g) 140 56 340 422 170 350 32
CEC at Sm (mmol/kg) 315 126 766 950 383 788 72
Sm at pH 8.7 (mg/g) 107 99 210 302 122 375 —
CEC at Sm (mmol/kg) 241 223 473 680 275 845 —
Sm at pH 11 (mg/g) 54 23 140 86 59 227 —
CEC at Sm (mmol/kg) 122 52 315 194 133 511 —

aData from Chen et al. (2012) [275] (100), Alexander and Arieh (2000) [276] (101), Panagiota et al. (2007) [277] (102), Stadler and Schindler (1993) 
[278] (103), Charlet (1993) [231] (104), Zysset (1992) [279] (105), Goldberg and Glaubig (1986) (106), Tombácz (2004) [97] (107), Xia et al. (2009) 
[280] (108), Lan et al. (2007) [281] (109), Hong et al. (2008) [282] (110), Borden and Giese (2001) [283] (111) and Kahle and Stamm (2007) [284] (112).
b Data from http://www.clays.org/SOURCE%20CLAYS/SCdata.html.
Sm=Maximum adsorption amount.

Table 1. Maximum adsorption capacities and CEC values of clay minerals at four pH values.

Clay minerals Rectorite PFL-1 IMt-2 SAz-1 SWy-2 SHCa-1 SYn-1
Kinetic model Pseudo-second-order model Elovich model Pseudo-second-order model
Equilibrium time (h) 24 2 8 2 8

Adsorption model Langmuir model Freundlich 
model Langmuir model

Maximum adsorption 
amount (mg/g)

pH = 4~6 pH = 8.7 pH = 5~6 pH = 1.5 pH = 1.5 pH = 8.7 pH = 1.5
140 99 32 468 404 375 217

Adsorbed TC / desorbed 
cations 1 : 2.5 * 1 : 1.5 1 : 0.9 1 : 1.5 1 : 1.7 1 : 0.2

Major desorbed cation Ca2+ Ca2+ Ca2+ Ca2+ Ca2+, Na+ Ca2+, Na+ Na+
Swelling amount of 

d-spacing 17.3 Å at pH 11 0 Å 10.3 Å at pH 8.7 & 11 11 Å at pH 5~6 0 Å

Clay crystallinity Descend Unchange Descend Unchange
Interaction between clays 

and TC (FTIR band shift 
in cm-1 

Strong interaction Medium interaction Strong 
interaction

Medium 
interaction

+ 5~20 + 10~15 + 20~50 + 6 Unchange + 16 Unchange
TC decomposition 

temperature 410 °C 205 °C — — — — —

Adsorption mechanism Cation exchange Cation exchange
urfacecomplexation 
(< 800 mg/L); cation 

exchange (> 800 mg/L)

Cation 
exchange

Surface 
complexation

* Non-linear but positive relation; — data not available.

Table 2. Adsorption behaviors of tetracycline on clay minerals.

http://www.clays.org/SOURCE CLAYS/SCdata.html
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Figure 3. TC adsorption on seven clay minerals. Lines are Langmuir fit to the observed data expect to 
IMt-2 is Freundlich.

Sm=maximum adsorption amount ; data not available.

TC

rectorite 315 4~6 +/-
Langmuir 0.1 g/20 mL

Cation exchange, +/-

[88]
palygorskite 223 8.7 - [52]

illite 72 5~6 +/- Freundlich 0.1 g/10 mL [50]
SAz-1 1053 1.5 +

Langmuir
0.1 g/20 mL

[51,89]
SAz-2 1010 6 +/- [95]
SWy-2 910 1.5 + [51,89

SHCa-1 845 8.7 - [51,89]
SYn-1 489 1.5 + surface complexation, +/- [51,89]

kaolinite 9 5~6 +/- 1.0 g/10 mL
cation exchange, +/-

[60]
OTC SWy-2 800 1.5, 5 +, +/- Freundlich 1.0 g/1 L [96]

OTC Na-kaolinite 30

5.5
+/- Langmuir

4.76×10-3 
kg/1 L

Cation exchange & surface 
complexation, +/- [97]OTC

Na-montmorillonite
7

4×10-4 kg/1 LTC 112
CTC 167

OTC
goethite 2.8×10-4 

(mmol/m2)
0.1 g/10 mL

surface complexation, +/-
[98]

hematite 4.2×10-4 
(mmol/m2)

TC
Na bentonite 108

4.55
—

[99]
Ca bentonite 280 —

Adsorbate Adsorbent Sm(mmol/kg) pH TCform Isotherm model Solid/water Mechanism, TC form Reference

Table 3. The properties of adsorption between clay and iron-oxide minerals and TCs at various pHs. 

Point of zero charge (PZC) is an important parameter for characterization of surface charge properties of clay minerals. 
When the solution pH is lower than PZC, the surface of clay mineral is positively due to protonation; when the solution pH > PZC, 
that is negatively charged; the solution pH = PZC, that is uncharged surface. Therefore, the positively charged of clay mineral 
surface is by virtues of the adhesion of H+ from the acid solution on clay surfaces. With the pH value increase, the concentration 
of H+ deceased and the surface returned to neutral. Once the solution pH is alkali, the surface is negatively charged. For SAz-1 
montmorillonite (Table 1), at pH < pHpzc, both of the surface of clay mineral and TC were positively charged; while pH > pHpzc, that 
is negatively charged. Under these two conditions, it should be mutually exclusive between clay surface and TC and the adsorption 
amount should be low. But the experimental results showed moderate adsorption in acid or alkali solution (Table 1). Obviously, the 
adsorption cannot be simply interpreted as electrostatic adsorption, but may be ascribe to other mechanisms such as hydrogen 
bonding, Van de Waals, and intermolecular charge distribution, polar functional groups complexation and hydrophobic interaction.

From this investigation, we also confirmed that adsorption ability not only depends on the CEC value of clays (Table 1), [96-98], 
but also on the function groups of TC or pH values [45,46,87]. For example, the maximum adsorption was 210 mmol kg-1 at pH 8.7 
under which TC was in its anionic form TCH- [45], the presence of positively charged functional group of dimethyl ammonium played 
a significant role, thus, enhance the adsorption capacity. In this case, the swelling or unswelling property of clays seems not played 
an important role. On the other hand, the correlation between adsorbed TC and desorbed metals (Figure 4) better illustrated the 
adsorption mechanism. Furthermore, the extra desorbed amounts (Table 2) suggested that other mechanisms like hydrogen 
bonding; cation bridging or complexes also played a second role on TC adsorption. 

Degradation

Different antibiotics in the environment may undertake hydrolysis, photo degradation, and microbial degradation, which are 
related to their chemical properties such as water-soluble, temperature, light, pH value, and the doses [1]. Hydrolysis is the main 
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behavior in aquatic environments. The photo degradation processes can affect antibiotic activity in water, and will occur on the 
surface layer of the soil and manure surface, but the role of influence played by the photo degradation process was relatively weak 
compared to the others. Microbial degradation is the most important way of degradation in the environments.
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Figure 4. Desorption of exchangeable cations as affected by TC uptake by seven clay minerals. The 
lines are straight line regression against the total cations desorbed.

The TC has different degradations at different environments with a half-life from a few days to hundreds days [99]. At a lower 
temperature (4°C), the degraded product was stable, but degrade accelerated at a higher temperature (43°C), the half-life was 
0.26 ± 0.11 days. On the other hand, light exposure can cause photochemical degradation of OTC. In addition, OTC was stable 
at pH 3.0, its half-life was 46 ± 5 days, but rapidly degraded in alkaline conditions with a half-life of 9 ± 4 days. In the presence 
of an absorbent such as bentonite, a 17% decrease in OTC concentrations within 5 min of contact was observed, and addition of 
organic matter (fish feed) along with the substrate, decreased the OTC concentration by 41% within 5 min of contact [100]. Under 
exposure to light, the half-life of TC was 32, 2, and 3 days in non-steriled, distilled, river and wetland water, respectively. While it 
will be 83, 18 and 13 days with no light exposure. In contrast, the half-life was 9, 1, and 1 day for distilled, river and wetland water 
respectively in sterile water (exposed to light) and they were 18, 11 and 7 days (no light exposure). In natural sunlight conditions, 
when ultraviolet radiation (UV) was present, TC half-life was 26, 17, and 18 min, respectively, in comparison to 39, 28, and 32 min 
in the absence of UV. The experimental study indicated that the matrixes, light, and UV play an important role in catalyzing the 
removal of TC from waters. The effects of light on TC may be considerably reduced in deep waters and in systems where sunlight is 
highly attenuated [100]. A study of the degradation of TC in water and liquid manure indicated that TC degradation rate accelerated 
more markedly under ventilated than unventilated conditions within 8 days and suggested that TC may oxidize during degradation 
[40]. The temperature substantially influenced the degradation of OTC of compost. In the study of rapid degradation of OTC in the 
calves manure, it was found that levels of extractable OTC in the compost decreased from 115 μg g-1 ± 8 μg g-1 dry weights to 6 μg 
g-1 ± 1 μg g-1 dry weight within the first 6 days under incubation at 25°C, resulting in a degradation rate of 95% [101]. Besides, the 
levels of extractable OTC incubated in room temperature and sterilized mixtures decreased only 12–25% after 37 and 35 days, 
respectively. The metabolites of OTC in pore water in the soil are very stable except for dehydroxytetracycline, for which the half-
life could rise to 270 days [102]. In a laboratory simulation test, an increase in moisture content can accelerate the degradation of 
OTC, but at water-saturated manure, it became very durable and the degradation slowed significantly [72]. On the other hand, the 
moisture is the important factor in TC degradation in manures; a possible reason was when the moisture increased, conducive 
to the activities of microorganism’s increased [99]. The concentration of the drugs and its activity in the feces may increase with 
accretion of moisture, while adsorption surface area decreased and conduced to the degradation of the drug in the feces [103].

Influence of plant growth and microorganism activity 

Antibiotics that bind strongly to soil usually have long half-lives, and these drugs could be taken by plants and affect the 
microorganism activities [104,105]. The degree of absorption mainly depends on the type of plant and antibiotic. Crops such as corn, 
green onion and cabbage could absorb OTC [8]. Among nine antibiotics applied to plants only three were absorbed by lettuce in 
detectable amounts while four were absorbed by carrots, and the concentrations were much lower than FDA acceptable daily 
intake levels [104]. Thus, the uptake of antibiotics by plants as a result of spreading livestock manure does not pose an appreciable 
human health risk [104].

The microorganisms have a certain impact caused by accumulated TC in soil environment. The study indicated that when the 
residual amount of sulfadiazine in the soil was up to 0.003 mg kg-1 the reduction capacity of soil microbes for Fe3+ decreased by 
50% [105]. However, the inhibition on soil microbes depends on the species of microbes, too. The study of the influence of antibiotics 
on the soil and water microorganisms showed that only 7 kinds of antibiotics within 36 typical microorganisms are sensitive, and 
their growth was significantly inhibited [106]. The activity of the Euphorbia pulcherrima is inhibited when the concentration of TC 
up to 0.009 ~ 0.012 mg kg-1 [107]. The impact of five major categories of commonly used antibiotics interfered with protein, DNA 
/ RNA synthesis of Vibrio fischeri during growth due to strong toxicity of antibiotics to these bacteria [108]. Plants treated with TC 
at the concentrations of 400 mg L-1 restricted in branching for more than 20 weeks [109]. Similarly, the inhibition on the growth of 
Medicago sativa L. when the OTC concentration in the culture medium is higher than 0.002 mm [110]. The results of investigation 
on the concentrations of antimicrobials that occur in the final effluents of WWTPs in Canada showed that the concentrations 
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were unlikely to be high enough to impact the growth and survival of plants or bacteria [58]. Overall, a significant inhibition of TC on 
microorganisms in the environment and the growth of plants can be absorbed by plants. Thus, the residual antibiotics like TC can 
enter the plants and cause a threat to human health through the food chain [8,111].

ECOLOGY TOXICITY
The antibiotics generally have high biological activity and are persistent, which make an inevitable outcome for the humans 

and the organisms in the environments to have potential health threatening [112]. Particularly, with the rapid development of 
modern animal husbandry, the antibiotics exposed to the environments cause a grave threat to the ecosystem and human health. 
Although the ecological and environmental problems caused by the drugs and PPCPs pollutants draw more and more attentions, 
the research on the environmental pollution caused by the pollutants as TCs is still limit, especially its pollution mechanism 
and Eco toxicity research is still in the beginning phase [19,60]. Therefore, it’s necessary to study the ecotoxicology. At present, 
the researches on the toxic reaction of aquatic organisms caused by antibiotics contamination almost focus on the short-term 
and acute toxic test and mainly to discuss the growth, death and reproduction conditions caused by antibiotics. The researches 
on the physiological and biochemical properties of the aquatic organisms caused by antibiotics exposure to the low-dose and 
long-term pollution are in great need, too. Moreover, many laboratory studies were carried out, but most of them used the higher 
concentration (mg kg-1) of antibiotics exposure to the organisms, that’s very different from the real residual concentration in water 
environment and difficult to explain the toxic effects and its mechanism on the organisms that exist in the real environments. In 
addition, it is worth mentioning that the effects of antibiotics on bacteria and algae are generally found 2 to 3 orders of magnitude 
below the toxic values for higher trophic levels [113]. For instance, one experiment was carried out that antibiotic adsorption on 
a variety of plants resulted in bioaccumulation at a higher sulfadimethoxine content (13 ~ 2000 mg kg-1) and the cumulative 
effect on root was significantly higher than on stem [114]. However, no absorption effect of the antibiotics was tested in the field 
conditions [9]. Although the antibiotic is not TC, it’s visibility that the Eco toxicological properties of antibiotic of laboratory works 
must correlate with practice pollution status in the environments, the conclusions of laboratory studies may throw some new lights 
on the practical application.

Toxicity in aquatic plants

The studies on the Eco toxicity of plants, in particular the aquatic plants and terrestrial plants, caused by TC were mainly 
focused on the simulated conditions in the laboratory. The effect of inhibition on plants by TC showed that the peptide elongation 
activity of the S-30 fraction of pea chloroplasts of a higher plant was inhibited in a dose-dependent manner, the (p)ppGpp synthase 
activity of pea chloroplast extracts in vitro was also affected [107,115]. 

Toxicity in aquatic animals

Compared with the aquatic plants, the reports of Eco toxicity on aquatic animals attracted more attention. TC can suppress 
the activity of a variety of enzymes within aquatic animals. The acute and chronic toxicity study of 9 antibiotics (including TC) to 
Daphnia magna indicated that toxicities (as 48-h EC50 values) were 1,000 and 44.8 mg L-1, respectively [113]. Besides, the NOECs 
value was 340 mg L-1, the effect of reproductive output occurred generally at concentrations range of 5-50 mg L-1, which was at 
least one order of magnitude below the acute toxic levels. One interesting study showed that the OTC could significantly inhibit 
the antibody levels, so that the decline in the number of lymphocytes, but no significant effect on the survival rate of fish [116]. In a 
study, 14 antimicrobials in WWTP effluents were detected in samples in Canada with the concentrations less than 0.9 µg L-1, which 
is unlikely to induce acute toxicity in aquatic animals near sewage discharge [58]. Even though another study suggested that it can’t 
be ruled out that chronic exposure of bacteria and other microorganisms to antimicrobials will contribute to the development of 
antibiotic resistance in the environment [117].

Toxicity in aquatic microorganism

 TC is used to inhibit the growth and development of the bacteria, so the researchers in recent years have done extensive 
studies into the ecotoxicity of bacteria, fungi and microalgae caused by TC. Generally, the toxicity caused by TC on prokaryotes 
(such as cyanobacteria) was higher than that on the single-cell eukaryotes (such as microalgae), the sensitivity of single-cell 
organisms to antibiotics is higher than multi-cellular organisms. For example, the study on the toxicity of Vibrio fischeri showed 
that EC50 value of TC was 0.025 mg kg-1 [108]. The inhibition of the growth of Tetraselmis chuii and Artemia caused by OTC results 
showed that Artemia was 70 times more sensitive to TC than Tetraselmis chuii [118]. This trend was identified with many similar 
experiments [119-121]. The toxicity of microalgae caused by TC is mainly reflected in the inhibition of the protein synthesis and 
chloroplast generation of microalgae, ultimately resulting in the inhibition of the growth of the microalgae. In addition, the protein 
synthesis of Microcystis aeruginosa and Selenastrum capricornutum were also suppressed by TC [119,120].

Toxicity in soil microorganism

The microbe is an important parts of the soil ecosystem, ecological balance disorders may be caused by the selective 
pressure of TC ultimately affect the quality and fertility of the soil. The study on the toxicity effects of OTC on microorganisms was 
conducted in in two different soil surfaces, with the soil microbial and fungal biomass determined by the fumigation extraction 
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and ergosterol methods [122]. In addition, there are some measurement methods of microbial biomass like basal respiration (BR), 
the dehydrogenase activity (DHA), the substrate-induced respiratory (SIR), and Fe (III) reduction. The results show that at the 
OTC content up to 1000 μg g-1, the BR and DHA were not affected. In addition, the effect on microorganisms by OTC was related 
to contact time; the determination of a short period of time may give inaccurate results. OTC reduced the biomass in the soil 
significantly, leading to increase of fungi / bacteria ratio of the soil. At actual environmental concentrations, OTC can also produce 
selective pressure on microorganisms in the soil. At the OTC concentrations of 0.01, 1, and 100 mg kg-1, no significant mortality of 
Eisenia foetida S. was observed after 7 h and 21 h, although a decrease in seed germination rate was observed, but sporadically 
[123]. Obviously, there were no significantly dose/response effects. At the OTC concentrations of OTC of 100 and 1,000 mg kg-1, the 
respiration rate of soil microbial was inhibited about 16 - 25% and 28 – 38%. Manure can greatly change the ecotoxic effects of 
OTC in a multi-species-soil system [123].

The lack of research on the ecological toxicity of TC attributes to the research conducted mainly on the cells and individuals 
such as soil animals and aquatic microorganisms in acute toxic research. Although reports of chronic toxic have been published, 
little was focused on the influence of microorganism’s community even in the ecology system. In addition, the environmental 
factors like heavy metals or nutrients may affect the TC ecological toxicity. Differences in the culture medium may lead to large 
differences of the measurement results with the divalent and trivalent metal ions complexation with antibiotic may occur to 
increase IC50 values, and these factors are less considered [118]. 

TC RESISTANCE
Most of the drugs within the livestock excreta always have long-term half-life and very easy to be accumulated in the waters. 

If these drugs do not easily adsorb on the adsorbents, they will have high concentrations in waters and will be accumulated in 
aquatic animals which causes the chronic toxicity to organisms. Under this selective pressure of drugs, microbes exposed to the 
drugs over a long term may inhibit the activity of microorganisms and stimulate the pathogens’ resistance. The resistant bacteria 
may infect animals and humans, resistance genes may spread between bacteria, animal and humans [124-126]. There is a true case 
that one patient in China was riddled with multiple strains of drug-resistant bacteria [127]. 

In recent years, many antibiotics pollution on the marine environment and marine microbial resistance had been also 
reported [128,129]. A study showed the transfer of OTC-resistant isolates of Aeromonas salmonicida to Escherichia coli [130], but 
also transferred between Aeromonas spp. and Escherichia coli. [131]. In 2005, the first isolated resistant bacteria as C. jejuni 
was discovered. This bacterium has resistance in ciprofloxacin, erythromycin, and ceftriaxone [132]. Therefore, how to ward off 
calamitous outbreaks of drug-resistant has become a momentous issue.

Resistance on bacteria

 Unreasonable application of antibacterial drugs may cause some pathogenic bacteria resistant enhanced, the production 
of diversity and to form the resistant strains. This resistance will be obtained by bacteria and passed on to the next generation 
[133], and may result in the production of strong viability bacteria [134]. The related studies of bacteria resistant to TC [135-138] were 
focused on the use of medicine and animal husbandry. Lower concentration of antibiotics in the environment and co-existence in 
a variety of antibiotics, created favorable conditions of resistance bacteria especially for cross-resistance strain and have a certain 
impact on microbial communities [139]. Furthermore, the impact may occur through the food chain for advanced biological, thereby 
undermining the balance of the ecosystem [140].

 Symbiotic bacteria within animals, such as Salmonella, Urea plasma Urealyticum, Streptococcus suis and Escherichia coli as 
a repository of resistant indicator and resistance genes to understand their resistant properties and mechanisms have significant 
implications for the prevention and control of the disease. Salmonella in Enterobacteriaceae is a common important pathogenic 
spp. Salmonellas caused about 16 million infections worldwide each year, of which 0.6 million deaths [141]. The strains of antibiotics 
resistance increased with the rate of Salmonella resistance increased [142,143]. According to the reports of the U.S. centers for 
Disease Control and Prevention (CDC), Salmonella to TC resistance rates rose from less than 1% in 1979 to 34% in 1996 [144]. 
The mechanism of bacterial resistance has related to many factors such as plasmids. It can transmit between bacteria through 
conjugation, transformation, and transduction, so these plasmids transmit can cause resistance and even the spread of multi-
resistant [145]. Urea plasma Urealyticum (Uu) is one of the main pathogens infections of the genitourinary system. Understanding 
the infection of Uu and its sensitivity changes to drugs can better guide the clinical reasonable drugs used [146]. TC resistance of 
Uu and to the tetM plasmid genes were successively confirmed by the strong correlation between them [147]. Streptococcus suis 
(Su) is a zoonosis, not only cause the pig’s disease [148], but arise the humans death [149]. Therefore, understanding the sensitivity 
and resistance of Su to TCs and their relationship with resistance genes will have important implication for effective treatment of 
diseases and to prevent resistance. For healthy pigs in Canada and the United Kingdom, their TC-resistant rates of E. coli were 
83% and 78.7%, respectively [150; 151]. Although the TC resistance of E. coli from different countries and regions may be different, 
but the TC resistance of E. coli is the most serious for most of the antibiotics. While the resistance, the extensive use of growth-
promoting drugs in treatment and prevention are very closely linked and inseparable [152]. In addition, the TC resistance of E. coli 
within unhealthy pigs was substantially higher than that within healthy pig [151]. Studies showed that 78% of the E. coli within 
healthy pigs has resistance, but only 47% within chickens [153]. In addition, the resistance rates of the E. coli within healthy pigs and 
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chickens in Switzerland were 10.3% and 6.5%, respectively [154]. While the resistance rate of the E. coli within pork and chicken 
meat were 76% and 63%, respectively [155]. Bacterial resistance is not unique. Over the years, there are indications that the anti-
viral drug amantadine accused extensive appearance of drug-resistant H5N1 [156].

Antibiotics resistance genes

The application of manure as organic fertilizer containing TC-residues into the farms generate a selection pressure on the 
resistance of the microorganisms in the soil environment, inducible TC resistance gene (ARGs) generator [157]. It was first proposed 
ARGs as a new type of environmental pollutant by Pruden [158]. Because ARGs possess persistence in the environment and can 
be migrating, translating and disseminating between bacteria, thus, the damages will be greater than antibiotic itself [159-161]. 
The current methods are to cure ARGs having plasmid-curing [162-164]. Due to the peculiarity of the structure and physiology, the 
differences in cure mechanisms of ARGs of different strains are not universally applicable in resistant elimination. The newest 
research showed that copper was supposed to prevent horizontal dissemination [165]. They point out that rapid death of both 
antibiotic-resistant strains and destruction of plasmid and genomic DNA were observed on copper and copper alloy surfaces, 
which could be useful in the prevention of infection spread and gene transfer.

The ARGs can be detected by PCR-DGGE, but can’t be quantitative [166]. Therefore, more researched using real-time quantitative 
PCR technology to explore the change of ARGs in the environments and these quantitative results get more comprehensive and 
credible [158,167]. Other reports have also proven correlation between the use of antibiotics and ARGs [166-169].

The use of veterinary antibiotics caused the failure of clinical cure of Salmonella infection and resulted in human death [170]. 
DT104 vicious strain derived from pork was present inside of 5 patients through tracking of farms, slaughterhouses, and patients 
in Danish [170]. This finding supported that the livestock body strains could transfer ARGs to human. Other studies showed that 
resistant bacteria in the farm have been a way to enter the human body [171- 173].

China is the largest antibiotic manufacturing and consumption country in the world [127]. One group investigated the use 
of TCs of three large-scale pig farms in China [174]. A large number of TCs-resistant pathogens were found in the environment 
surrounding the farms due to large use of TCs without supervision. In all collected samples, a total of 149 types of high-resistance 
gene were identified, that can withstand all major antibiotics. The concentration of transposable enzyme in the sample increased, 
which promoted the spreading of ARGs. It means that the risk of the spread of TC-resistant bacteria in humans will increase. 
Meanwhile, the presence of arsenic, copper, and other heavy metals in the environment will also strengthen the resistance of 
microorganisms [174].

Resistance mechanism

 There were four current resistance mechanisms. They are efflux, ribosomal protection, enzymatic and an unknown 
mechanism [152]. Except the fourth mechanism that was only found in a gene tet(U), the others have already sequenced multiple 
resistance genes, with the total number up to 40, and these genes are located in conjugative plasmid or bonding transposing 
[175,176,]. Generally, it’s believed that efflux and ribosomal protection are the main mechanism of TC resistance, while the mainly 
mechanism of Gram-negative bacteria was efflux with the genes such as tet(A), tet(B) and tet(C). On the contrary, the mainly 
mechanism of Gram-positive bacteria was ribosomal protection with the genes such as tet(W), tet(K), tet(L), tet(M), and tet(O) [177- 179].

The newest study found a new "riboswitches" regulated by aminoglycoside antibiotic and the "switch" on the control of 
such antibiotics resistance for the first time in the antibiotic-resistant pathogens [180]. With the wide application of antibiotics, 
pathogens resistance was enhanced. Therefore, to find out how to form the new mechanism of resistance becomes the difficult 
problem. But the newly discovered riboswitches are expected to overcome this problem. The study proved that riboswitch was 
an aptameric which had regulation whereby small-molecule binding leading to the induction of antibiotic resistance and existed 
within nature bacteria or higher plants. It was located in specific noncoding genes [180]. This regulatory mechanism has been 
discovered, resulting in the immediate concern of scientists from scientists of various countries.

Substitute for antibiotics

 Although some scientists committed to the research and development of new antibiotics [85], the research team found that 
a critical antibiotic-resistant protein as TcaR, which was previously only restricted to the binding ability of double-strand DNA 
(dsDNA), could interact strongly with single-strand DNA (ss DNA), rewriting the former cognition. It also provides a new direction 
for antibiotic research and development. The result showed that as the concentration of ssDNA increased within bacteria, TcaR 
will combine with ssDNA not dsDNA through the analysis by electron microscopy, electrophoretic mobility shift assay and circular 
dichroism technologies [181]. 

The current researches are struggling to find and develop new additive or green feed additives to replace antibiotics, like 
probiotics [181,182]. These include the Chinese herbal medicine [183,184], the enzyme preparations [185,186], prebiotics [187,188], acidulant 
[189,190], garlic [191,192], and oregano essential oil [193-195]. In particular, probiotics can promote the growth of beneficial bacteria in the 
digestive system and inhibit the reproduction of harmful bacteria to ensure that the balance of intestinal flora with no residue, 
non-polluting, low-price, high efficiency characteristics.
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The latest research showed an antibiotic from peptides in human sweat that can fence off superbugs in the hospital and 
fatal strains of tuberculosis bacteria [196]. The chemical substance is called dermcidin that can be activated in a salty, slightly acidic 
perspiration and pierces the cell membrane of harmful microbes, eventually killing them. The scientists hope to use peptides to 
research and develop new drugs for the suppression of a series of bacteria. Antibacterial function of protein commonly found 
in the surface of the body, when bacteria attempt to invade the body, these natural antibiotics play a role of innating immune 
response, in order to prevent the bacteria intrude. However, the mechanism of how to kill bacteria of dermcidin remains a mystery 
[197]. 

THE DETECTION TECHNOLOGY OF TC IN ENVIRONMENTAL SAMPLES
The residual and cumulative of antibiotic in the environment can induce drug-resistant bacteria, which pose a potential 

threat to the ecosystem and human health [198,199]. The urban WWTPS are an important source of antibiotic contamination in the 
environment. In recent years, there has been the detection of antibiotics in municipal WWTPs [200-203]. Antibiotics in the WWTPs 
may be due to adsorption on activated sludge [204]. The remaining sludge applied to farmland may lead to migration of residues of 
antibiotics to the soil or groundwater, causing secondary contamination through the food chain and ultimately harm human health 
[205]. TC is one of them frequently detected in the final effluent of the WWTPs [206,207].

When studying the environmental behavior of the antibiotics, the first question is the detection limit. The concentrations 
were usually in ng L-1 [208-211]. But it may be up to several hundred µg kg-1 in soils or sediments [212].

Pre-treatment

During the pre-treatment process of HPLC detection, the extraction is an important step. Weakly acidic EDTA-Mcllvaine and 
citric acid buffer solution is often used to extract TC in the environment solid samples [73,205], and in the food [213]. However, when 
the pH < 2, the decomposition of TC will occur [18].

Solvent extraction includes liquid-liquid extraction, solid-liquid extraction and accelerated solvent extraction [13,209,214,215], 
lyophilization method [3,216] and solid-phase extraction (SPE) [216,217]. These are the common methods of separation and enrichment 
of antibiotics used in environmental samples. Because SPE possess the advantages of enriching the target to analyze and remove 
the interfering impurities [55,218], it is often used as the pre-treatment method of trace contaminants of environmental samples, 
but the NOMs (mainly humic acid) are usually high in waters, soils and sediments, and single column of SPE can’t remove them 
completely [219]. Therefore, it must eliminate the interference of organic matters when environmental samples were enriched 
[213,219]. Molecular imprinting solid phase extraction (MISP) was used to improve the selectivity of the SPE [220-222]. In addition, TC 
was easy to form complexes with metal ions [213], to avoid the complexation between metal ions in the matrix, care must be taken 
during extracting.

Detection methods

The mainly methods were microbiological method, thin-layer chromatography (TLC) [223], ELISA [73,224], HPLC [45,46,87,225] and 
liquid chromatography - mass spectrometry (LCMS) [226-228]. In addition, the research was also conducted on related detection 
technologies of TC residues or metabolites [229-231]. With the development of the detection method, the detection limit has been 
reached to 3-7 ng L-1 [211,233] and can detect TC higher than 0.01 µg L-1 in water. But in water within aquaculture field, antibiotics 
concentration could be up to 1~ 6 mg L-1 [210]. Both of the microbiological methods and immunoassays usually lack specificity. 
Compared to TLC, it has similar sensitivity but is much higher specificity and easily discriminate one TC antibiotic from another [233].

Microbial detection method

Microbial detection method is widely used in the TCs determination of biological samples, but is less reported for 
environmental samples such as soil, sediment or sludge because of its limited sensitivity and specificity [234,235]. The detection of 
the microbiological method takes a long time. It has poor sensitivity and specificity due to the interference from other antibiotics. 
However, the use of HPLC may cause miscarriage of justice due to similar peaks, thus, microbiological method is still worth 
considering [236,237]. Because TC-sensitive bacteria can’t distinguish between TC derivatives and various types, further supplements 
by TLC, HPLC, and ELISA to analyze the types of antibiotic residues are needed [238].

Thin layer chromatography

Thin layer chromatography (TLC) can be divided into two methods of a silica gel high performance thin layer chromatography 
(HPTLC) and reverse phase thin layer chromatography (RP-TLC) [239]. HPTLC usually uses silica gel, aluminum oxide and cellulose 
as adsorption layer with added Na2EDTA in order to eliminate the effect of metal ions in the solid/liquid system. For RP-TLC, oxalic 
acid was added in order to eliminate the complexation between TC and metal ions [239]. The TLC has the advantages of simple, 
fast and no complex fittings but can’t be quantitative. Therefore, the method is suitable for the rapid qualitative identification of 
TC antibiotics mixture.

Immunoassay

Researches were also conducted on the analysis of the radioimmunoassay (RIA) [66], ELISA [73,240], fluore immunoassay (FIA) 
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and immunoaffinity chromatography, etc... TCs residues in milk were detected by RIA and further confirmed by LC/MS technology 
with a detection limit of 1 µg L-1 [66]. The technology is the effective for antibiotics preliminary detection in water. TCs and sulfonamide 
in water and wastewater was monitored routinely by SPE-RIA technology [241]. The detection limits of TC and tylosin in surface 
water and groundwater by ELISA, were 0.05 and 0.10 µg L-1, respectively [240]. The low cost, the fast detection can be used to the 
preliminary detection of TC, CTC, and tylosin in water.

HPLC-UV/HPLC-FD/HPLC-MS/MS

HPLC is the most commonly used method of detecting TC residues. It is efficient, fast, high sensitivity, but the pre-treatment 
was more complex and instruments were expensive. HPLC-ESI-MS-MS technology was used to detect the TC in the river samples 
with a detection limit at ng L-1 [242]. HPLC-MS was used to detect the TCs and quinolones residues in the inlet and outlet water of 
WWTPs with a detection limit of 4.0 ~ 6.0 ng L-1 [243]. The same technology was used to detect TC residues in groundwater and 
sewage from livestock farms with a detection limit of 0.3-3.8 µg L-1 [244]. Solid-Phase Extraction (SPE)-HPLC-DAD (photodiode 
array detector) was used to analyze variety of antibiotics in wastewater with a detection limit of 0.1~ 40 µg L-1 [200]. This result 
also suggested that this method can be a useful tool to determine the amount of pharmaceuticals discharged from WWTPs to 
the aquatic environment and to evaluate the effect of conventional WWTPs in the elimination of pharmaceutical compounds in 
wastewater [200]. Compared to HPLC-MS, HPLC-UV and HPLC-FD detection technologies were less used in recent years for the TC 
detection in environmental samples [204,245], mainly because these two methods need derivatization reagent [246]. The conventional 
photoelectric diode array detector (PDA) needs to be completely separated, and it has relatively low sensitivity of determination, 
the requirement of sample pre-treatment. Under the ESI model, the sensitivity of TC could be affected by matrix. On the contrary, 
there was no effect under APCI model. ESI was more suitable to polar, nonpolar and thermally unstable compounds than APCI 
model, so ESI applied to detect the TC residues in the environments was more commonly and widely used [247,248]. Even if this, the 
study indicated that OTC had splendid detection result and sensitivity under ESI and APCI models, in particular ESI [132].

LC-MS/LC-UV/LC-FD

The analysis of HPLC-MS was widely effective in reducing background interference, high sensitivity and the results are 
accurate and reliable; therefore, it’s very widely used [73]. Likely, reversed-phase liquid chromatography (RP-LC) [249,250] with different 
detection modes, such as spectrophotometry [251], fluorescence [252], fast-atom-bombardment mass spectrometry (FAB-MS) [253] and 
MS–MS [254,255] was also prevailed. LC/MS-ESI(+)(-)/-APCI(+)(-) was used to detect TC and sulfonamides residues in groundwater 
and surface water with a detection limit of 0.05-5.0 ng L-1 [133]. LC-MS has good sensitivity and selectivity, and the analyte can 
be qualitative and quantitative without complete separation. However, for very complex matrix such as wastewater and sludge, 
matrix effects are very large, so that the intensity of the analyte ionization became weak or strong affecting the reproducibility and 
accuracy. In order to improve the sensitivity, some of the mobile phase was modified to contain ethyl acetate [206], formic acid [13], 
citric acid [13], oxalic acid [206] or formic acid [13,71,244]. But, the non-volatility compounds like oxalic acid or citric acid in the mobile 
phase could be blocked in the interface or precipitation within the column [206]. The liquid chromatography-fluorescence detection 
(LC-FD) and liquid chromatography ultraviolet detection (LC-UV) are usually only used for the detection of several antibiotics, thus 
limiting their application and the sensitivity is relatively low. With the development of MS and LC-MS technologies, especially 
electrospray ionization (ESI) and atmospheric pressure chemical ionization (APCI), the areas of application of LC-MS were widened, 
not only in the detection range, high sensitivity, but also with strong anti-interference ability.

HILIC

The hydrophilic interaction chromatography (HILIC) [256] was the chromatographic patterns of a separation of strongly polar 
and hydrophilic compounds developed rapidly in recent years [257- 260]. Since the low viscosity of mobile phase, The separation 
performance of polar compounds in HILIC is better than RPLC [261]. Another reason was the compatibility of the mobile phase of 
HILIC and MS [262]. Some polar organic pollutants have a characteristic absorption spectrum in the ultraviolet region. Therefore, 
HILIC-UV could be quantitatively used to analyze the TC in wastewater [263]. The experiments confirmed that unbounded silica gel 
column can be used for determination of TC compounds; overthrowing the existing literature that silicone column can’t be used 
in the determination of these compounds [264].

Aptamer biosensor and others

A novel aptameric biosensor was investigated for the rapid determination of TC [265,266]. Aptamers are oligo-nucleotides 
that are discovered by systematic evolution of ligands by exponential enrichment (SELEX) in vitro. It can bind protein or other 
small molecules with high specificity and affinity [267,268]. Aptamer biosensor, compared with the conventional biosensor, has the 
following advantages [269]: 1) a very high affinity for their targets by incorporating small molecules into their nucleic acid structure 
or integrating into the structure of larger molecules such as proteins [270]; 2) a high binding specificity; 3) aptamers are isolated 
by in vitro methods that are independent of animals; 4) aptamers are produced by chemical synthesis and purified to a very high 
degree by eliminating the batch-to-batch variation; 5) aptameric structure is simple, and sensor layers based on aptamers can 
be regenerated more easily than antibody-based layers; 6) more resistant to denaturation and have a much longer shelf life; 7) 
aptamers can be amplified during their selection procedure; 8) their nuclease sensitivity which is very critical for their use in ex 
vivo and in vivo applications [271], and can be improved by chemical modification [272]. Capillary electrophoresis was also used for 
the analysis of TC residues in milk, serum, and urine samples [273]
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ENVIRONMENTAL IMPACTS
The humans may touch the drug-resistant microorganisms through food, drinking water or contact with farm employees, 

causing a potential threat to human health [172]. In addition, the feces or soils containing drug-resistant bacteria may penetrate 
into the water bodies, or spread through the air as dust and the farm composting could be sold as green organic fertilizer. The 
drug-resistant microorganisms in the farm environment should be regarded as hazardous substances [173]. Using PCR technology 
provides strong evidence that OTC within septic tank caused the contamination of groundwater [165].

The latest research showed that consumption of anxiolytic drug (oxazepam) could make natural shy perch (Perca fluviatilis) 
become more bold [274]. All sewers in the world can find different drugs residues, since wastewater into the ecological cycle 
systems of water resources, at the long-term, may affect the ecological environment. This study aimed at the ecological effects by 
wastewater containing pharmaceuticals from sewers. The results indicated that the behavior of perch changed, not only leave the 
fish group, but the eating became gobble (increased feeding rate). This change of behavior and eating habits caused ecological 
impacts such as aquatic community compositions, consequently, the functioning of aquatic systems. Anyway, this research 
suggested that fish fitness and food-web structures are altered in oxazepam-contaminated waters [274]. Although this study only 
focused on oxazepam, it could be possible that different drug residues in sewer worldwide could become an urgent issue.
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