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A sensitive, rapid and reproducible method has been developed based on high performance liquid

chromatography with evaporative light scattering detection (HPLC-ELSD) for the simultaneous detection

of ten aminoglycoside antibiotics including apramycin, neomycin, amikacin, and gentamicin. The

influence of parameters of ELSD on the responses of aminoglycosides was investigated in detail. The

target analytes were separated well on a Hypersil BDS C18 column based on ion-pair chromatography.

The proposed method was applied to the determination of eight drugs in various animal feeds.

Calibration curves of eight aminoglycosides were linear (r $ 0.997) within the range of 2.00–200 mg

mL�1. The recoveries of eight aminoglycosides from 5 types of animal feeds ranged from 61.2% to

104.0% and the intra- and inter-day relative standard deviations were less than 15%. The limits of

detection of the eight aminoglycoside drugs were between 0.2 and 0.7 mg kg�1.
1. Introduction

Aminoglycoside (AG) antibiotics are a class of compounds
whose molecular structure consists of two or more aminosugars
participating in a glycosidic linkage to an aminocyclitol
component.1 The characteristics of AG antibiotics iznclude
a broad antibacterial spectrum for some Gram-positive and
Gram-negative bacteria.2,3 Therefore, numerous farmers tend to
employ AGs for the treatment of some parasites and bacterial
infections in animals. In recent years, adding antibiotics to
various feeds has become more and more popular because the
antibiotics can improve the conversion rate of the feed and
promote bulk absorption of nutrients for animals. The AGs that
have a broad antibacterial spectrum are favored by animal
husbandry and veterinary medicine as growth promoters and
feed additives.4,5 However, the long-term use of the AGs will
cause side effects, resulting in potential harm to human health.
Typically, AG drug residues in edible animal tissues enter the
human body through the food chain, and might cause severe
ototoxicity and nephrotoxicity.6 Although several countries have
banned antibiotics as feed additives, some aminoglycoside
ary Drug Residues (SCAU), College of

ral University, Guangzhou, Guangdong,

.edu.cn; Fax: +86 20 85284896; Tel: +86

terinary Pharmaceutics Development and

work.

hemistry 2017
antibiotics are still permitted as feed drug additives in China.
For example, the dosages of apramycin sulfate and spectino-
mycin sulfate used in pig's feed are 80–100 mg kg�1 and 22 mg
kg�1, respectively. The dosage of neomycin sulfate used in pig's
feed is 77 mg kg�1 and in the fowl's feed it is 154 mg kg�1.7

Consequently, it is indeed necessary to develop convenient,
effective and robust analytical methods for the detection and
monitoring of AG antibiotics in all types of feeds for animal
food safety.

The enzyme linked immunosorbent assays (ELISA) and
radioimmunoassay have been commonly used for the deter-
mination of aminoglycosides in kidney, milk and some bio-
logical samples.8–10 However, the aforementioned methods
could not provide satisfactory results for the multi-residue
quantitation of aminoglycosides. Chromatography is an effi-
cient separation method. Modern high performance liquid
chromatography (HPLC) with ultraviolet (UV) and/or uores-
cence (FL) detectors has been used to analyze drug residues in
animal-derived food.11–13 However, because the AGs and their
related compounds are without chromophores and uo-
rophores in their molecular structures, they were usually sub-
jected to pre- or post-column derivatization prior to LC
analysis.14,15 The derivatives are not always stable and harsh
reaction conditions are demanded. In fact, the strategy of liquid
chromatographic detection of AGs based on derivatization is
not an ideal choice. Liquid chromatography-mass spectrometry
(LC-MS) and liquid chromatography tandemmass spectrometry
(LC-MS/MS) analysis appear to be widespread methods for
RSC Adv., 2017, 7, 1251–1259 | 1251
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drugs in complex matrices owing to their high sensitivity and
selectivity.16–21 However, the determination of AGs in feed using
LC-MS and LC-MS/MS has rarely been reported. Furthermore,
an evaporative light scattering detector (ELSD) is a sensitive and
universal detector used in conjunction with HPLC and is
commonly used for the analysis of compounds such as sugars,
lipids and novel antibiotics (no UV absorbance) that cannot be
detected by a UV detector. Compared with an MS detector,
although the ELSD is lower in sensitivity, it is a convenient and
low-priced detector, and its sensitivity is enough for the detec-
tion of AGs in feeds. There have been some reports on the
determination of AGs via HPLC-ELSD.22–24 However, these
reports still focused on the analysis of single AG compounds
and did not apply it to the analysis of real samples. Therefore, it
is very important to use HPLC-ELSD for the simultaneous
detection of multi-aminoglycoside drugs in animal feeds.

In this study, we focused on the development of a simple,
efficient and reliable method for the simultaneous determina-
tion of ten aminoglycoside drugs (Fig. 1) using high perfor-
mance liquid chromatography coupled to an evaporative light
scattering detector. Finally, the proposed method was success-
fully applied to extract and determine eight aminoglycosides in
different types of feed samples.

2. Experimental
2.1. Materials and reagents

The standards of kanamycin (KAN) and apramycin (APR) were
obtained from the China Institute of Veterinary Drugs Control
(Beijing, China). Spectinomycin (SPC), hygromycin B (HYG),
streptomycin (STR), amikacin (AMK), ribostamycin (RIB),
tobramycin (TOB), gentamicin (GEN) and neomycin (NEO) were
purchased from Dr Ehrenstorfer GmbH Co. (Augsburg, Ger-
many). All of the proposed chemicals were analytical grade with
$87% purity.

Heptauorobutyric acid (HFBA) was supplied by Shanghai
ANPEL Scientic Instrument Co, Ltd. (Shanghai, China). Aceto-
nitrile (ACN) and methanol were of HPLC grade and purchased
from Fisher Scientic (Fair Lawn, NJ, USA). Methanol, glacial
acetic acid, concentrated hydrochloric acid (HCl), trichloroacetic
acid (TCA), ammonia (NH3$H2O), ethylenediaminetetraacetic
acid (EDTA) disodium salt dihydrate, and monopotassium
phosphate (KH2PO4) of reagent grade were supplied by the
Guangzhou Chemical Reagent Company (Guangzhou, China).
Deionized water was generated using a Millipore system from
Millipore (Molsheim France, HPLC grade).

The extraction solvent was 10 mmol L�1 KH2PO4 containing
0.4 mmol L�1 EDTA and 2% TCA.

The Bond Elut-C18 solid-phase extraction (SPE) cartridge
(500 mg, 5 mL) was provided by Agilent Technologies Co. (Santa
Clara, CA, USA). The Oasis MCX SPE cartridge (60 mg, 3 mL) and
Oasis HLB SPE cartridge (60 mg, 3 mL) were both bought from
Waters Co. (Milford, MA, USA).

Five types of typical animal feeds (A, B, C, D and E) collected
from local feed markets were ground and sieved ahead of time
(A and B: pig compound feed; C: poultry compound feed; D: pig
premix; E: feed additive).
1252 | RSC Adv., 2017, 7, 1251–1259
2.2. Preparation of standard solutions

To prepare the individual stock standard solutions (5 mg mL�1),
50 mg of each standard was accurately weighed into a 15 mL
polyethylene centrifuge tube. Each compoundwas dissolved with
10 mL of water. These solutions were stored at�20 �C and stable
for up to 1 month. A working solution of ten aminoglycosides
(500 mg mL�1) was prepared by mixing the stock standard solu-
tions and then diluting stepwise with water to prepare a series of
concentrations (50, 5.0 and 0.5 mg mL�1). These working solu-
tions were stable for at least two weeks at 4 �C.
2.3. Instrumentation and chromatographic conditions

Analysis was carried out on a Waters 2695 Alliance HPLC
(Waters Corp., Milford, MA, USA) system consisting of an online
vacuum degasser, a quaternary pump solvent management
system and an autosampler. The detector was a Waters 2424
ELSD equipped with a GA-10B air generator (Zhongxinghuili
Technology Development Co. Ltd., Beijing, China). Empower
Soware was used for the recording and processing of the
chromatographic data.

LC separation was performed on a Hypersil BDS C18 (250mm
� 4.6 mm i.d., 5 mm, Dalian Elite Analytical Instruments Co.,
Ltd., Dalian, China) reversed-phase chromatography column.
The mobile phase A was composed of acetonitrile/water (5 : 95,
v/v) and mobile phase B was composed of acetonitrile/water
(50 : 50, v/v), both containing 20 mmol L�1 HFBA. Chromato-
graphic separation of the AG analytes was conducted at room
temperature and the elution was carried out at a ow rate of 1
mL min�1 with gradient elution mode (Table 1). The injection
volume was 40 mL.

The parameters of the ELSD detector were optimized in
order to obtain the optimum conditions. The ELSD conditions
were as follows: nebulizer gas pressure of 20 psi, dri-tube
temperature of 60 �C; gain of 50 and nebulizer temperature of
36 �C. Moreover, the frequency of data collection was set at 1
and the time constant was set at slow speed.
2.4. Extraction

One gram of feed sample was accurately weighed into a 15 mL
polypropylene centrifuge tube. First, aliquots (5 mL) of the
extraction solution were transferred into the tube. Furthermore,
the tube was vortexed for 1 min and ultrasonicated for 10 min.
Subsequently, the mixture was centrifuged at 10 000 rpm for
10 min at 4 �C. The residues were re-extracted once in the same
way. The supernatant was combined into a new centrifuge tube.
Before the clean-up procedure, the pH of the supernatant was
adjusted to 5.5 � 0.5 using ammonia.
2.5. Cleanup

The MCX SPE cartridge was applied for further sample puri-
cation. The cartridge was previously conditioned with 3 mL of
methanol and 3 mL of 2% acetic acid. Then, the extracts were
carefully transferred onto the cartridge. The ow rate should be
slow to avoid weak retention when samples are loaded onto the
cartridges, thus a 1 mLmin�1

ow rate was roughly set. The SPE
This journal is © The Royal Society of Chemistry 2017
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Fig. 1 Chemical structures of ten aminoglycoside compounds.
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cartridges were then washed with 3 mL of 2% acetic acid and 3
mL of water. It was noteworthy that the cartridge should be
dried thoroughly. Finally, the target analytes were eluted with 5
This journal is © The Royal Society of Chemistry 2017
mL of 20% ammonia in methanol. The eluted solution was
collected into a 10 mL glass tube, followed by evaporating to
dryness at 45 �C under a nitrogen stream. A 1 mL aliquot of
RSC Adv., 2017, 7, 1251–1259 | 1253
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Table 1 The HPLC gradient elution program

Time (min) A (%) B (%) Curvea

0 65 35 6
22 65 35 8
23 30 70 6
26 30 70 6
27 65 35 6
35 65 35 6

a Gradient curve, 6 shows gradient rate unchanged and 8 shows the rate
gradually increased.
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20 mmol L�1 HFBA solution was employed in reconstituting the
residues. Aerwards, the redissolved solutions were vortexed for
1 min and ltered through a 0.22 mm membrane lter before
being injected onto the HPLC-ELSD system.

For the C18 cartridge, the SPE procedure was performed by
preconditioning the cartridge with 3 mL of methanol and 3 mL
of 20 mmol L�1 HFBA. Then, the cartridge was washed with
3 mL of 20 mmol L�1 HFBA and 3 mL of water aer loading the
sample. Finally, the analytes were eluted with 5 mL of acetoni-
trile-100 mmol L�1 HFBA (8 : 2, v/v). The eluate was blown to
dryness and redissolved in 20 mmol L�1 HFBA solution prior to
analysis by HPLC.

For the Oasis HLB cartridge, the cartridge was conditioned
with 3 mL of methanol and 3 mL of water. Sequentially, the
cartridge was washed with 3 mL of water aer loading the
sample. Aer drying, the analytes were eluted with 5 mL of 20%
ammonia in methanol (v/v). The eluate was blown to dryness
and redissolved in 20 mmol L�1 HFBA solution prior to analysis
via HPLC.
3. Results and discussion
3.1. Optimization of HPLC conditions

Aminoglycosides are a class of polar compounds that contain
several amino and hydroxyl groups in their molecular struc-
tures. These polar groups in AGs have posed to be a major
challenge for their retention on traditional chromatographic
stationary phases. Hydrophilic interaction liquid chromatog-
raphy (HILIC) has been a good alternative to realize the chro-
matographic retention of extremely polar compounds. There are
several literature studies that have reported on the determina-
tion of AGs using HILIC combined with tandem-mass spec-
trometry.18,25 Practically, the separation selectivity and stability
usually cannot entirely meet the determination of most analytes,
and sometimes a good peak shape is obtained only through the
introduction of a highly concentrated buffer solution, which
likely shortens the lifetime of the column; moreover, it is
incompatible with MS. However, for strongly polar basic AGs, it
is still a common practice to use ion pairing for better selectivity
and stability. Generally, the Hypersil BDS C18 column, which has
been applied extensively, can acquire good separation and
retention for AGs by means of the ion pair reagent. Moreover,
this type of column is cheaper than others. Thus, a Hypersil BDS
C18 column was selected as the analytical column.
1254 | RSC Adv., 2017, 7, 1251–1259
For the mobile phase, acetonitrile and water were the main
solvents.20 Moreover, HFBA, an acidic ion-pair reagent, played
an important role in the mobile phase. It formed an ion-pair
complex with AGs, which was retained well in the reversed-
phase chromatographic column. In our study, concentrations
of 5, 10, 15 and 20 mmol L�1 HFBA were tested as the ion-pair
reagent. As a result, when 20 mmol L�1 HFBA was used in the
mobile phase, all of the target analytes showed high responses
and good peak shapes. When the concentration of HFBA in the
mobile phase was lower than 20mmol L�1, there was no evident
peak for GEN and NEO. It also demonstrated that higher
concentration of HFBA was benecial to all target AG
compounds. However, for decreasing the HFBA damage to the
chromatographic column and corrosion of the instrument,
a concentration of 20 mmol L�1 HFBA was nally selected for
the mobile phase.

The gradient elution conditions were optimized in order
to obtain good separation and response. In the actual experi-
ments, we tried to adjust the initial and nal proportion of
mobile phase B (acetonitrile/water, 50 : 50, v/v). When the initial
proportion of B was set at 40%, the separation was poor for
HYG, STR, KAN and RIB (Fig. 2a). The response of SPC was also
low. A higher organic phase in the initial proportion of mobile
phase B might affect retention of target drugs in the chro-
matographic stationary phase. Thus, by decreasing the initial
proportion of mobile phase B to 35%, each compound could be
distinctly separated. Similarly, if the nal proportion of mobile
phase B was set at 75%, the KAN and RIB were not separated
well (Fig. 2b). This is because the selectivity decreased with
increases in the percentage of organic solvent in the mobile
phase. It was shown that a 70% proportion of mobile phase B
could achieve good elution.

The gradient duration and curve were further investigated.
When the proportion of mobile phase B changed from 35% to
70% within 15 min, the HYG and STR could not be completely
separated and the response of GEN was low (Fig. 2c). Until
20 min, the HYG and STR still showed poor separation (Fig. 2d).
Lastly, in order to realize the complete separation of ten ami-
noglycosides, a gradient run for 22 min was selected. As for the
gradient curve, if the mobile phase changed according to curve
7 during the 22 min period of the gradient run, the HYG, STR
and KAN, RIB could be barely separated and the responses of
some drugs presented a downward trend (Fig. 2e). However,
when the curve was increased to 9, meaning an acceleration in
the rate of change of the mobile phase, the peaks of APR and
TOB were not fully resolved from each other (Fig. 2f). Finally, we
found that curve 8 was the most suitable for good separation
and response of each target analyte. Therefore, curve 8 was
selected as the gradient curve. The typical chromatogram of ten
aminoglycosides and reagent blank are shown in Fig. 2g and h,
respectively.
3.2. Optimization of ELSD parameters

ELSD has a unique detection principle that can be simply
divided into the following steps. First, the effluent from the
chromatographic column was nebulized to form an aerosol
This journal is © The Royal Society of Chemistry 2017
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Fig. 3 Influence of drift-tube temperature on responses of ten
aminoglycosides.

Fig. 2 Influence of different gradient elution conditions on chromatographic separation of ten aminoglycoside compounds (each at 10 mgmL �1)
(a) the initial proportion of B was set at 40%; (b) the final proportion of B was set at 75%; (c) the proportion of B changed from 35% to 70% within
15 min; (d) the proportion of B changed from 35% to 70% within 20 min; (e) the proportion of B changed from 35% to 70% according to curve 7
during 22 min; (f) the proportion of B changed from 35% to 70% according to curve 9 during 22 min; (g) solvent blank; (h) the optimal separation
condition. B, mobile phase B (acetonitrile/water, 50 : 50, v/v). 1, SPC; 2, HYG; 3, STR; 4, AMK; 5, KAN; 6, RIB; 7, APR; 8, TOB; 9, GEN; 10, NEO.
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spray and then the solvent was evaporated in a heated dri tube.
Second, the remaining non-volatile solute particles were
detected in the pool of the light scattering detector. Therefore,
the accurate setting of ELSD parameters was very important for
the determination of the ten aminoglycosides. In our study, the
dri-tube temperature was preferentially optimized. The ten
aminoglycosides were analyzed under the dri-tube tempera-
ture range from 50 �C to 100 �C. As shown in Fig. 3, when the
temperature increased from 50 �C to 60 �C, the responses of all
compounds were correspondingly enhanced. While the
temperature continuously increased to 100 �C, the signal pre-
sented a decreasing trend for each compound. It might be that
the uniformity of particles or pure solute droplets was destroyed
once the dri-tube temperature became too high. Conversely,
recommendations were not given to set the dri-tube temper-
ature too low. On one hand, the baseline noise would rise; on
the other hand, the solvents that remained would inuence the
lifetime of the instrument. Consequently, keeping the dri-tube
temperature at 60 �C was extremely ideal for good sensitivity.
This journal is © The Royal Society of Chemistry 2017 RSC Adv., 2017, 7, 1251–1259 | 1255
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Fig. 4 Recoveries of eight aminoglycosides purified with SPE
cartridges (spiking 50 mg kg�1).
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The gain of the ELSD was proportional to the baseline noise,
and therefore it cannot be too high as it will negatively affect
quantitation. In our study, the gain was set at 50 based on
responses for all analytes. Furthermore, the data acquisition
rate and time constant were set at 1 and slow speed, respec-
tively. The purpose of this was to keep the sensitivity as high as
possible.

3.3. Extraction

Due to the strong polarity of aminoglycosides, some extraction
solvents such as TCA,16,20,26 HCl27 and phosphate buffer solu-
tion28,29 (containing EDTA and TCA) instead of pure organic
solvents commonly were used to extract the aminoglycosides
from various matrices. In this study, the extraction efficiencies
of 10 mmol L�1 KH2PO4 containing 0.4 mmol L�1 EDTA and 2%
TCA, 2% TCA, 5% TCA and 0.1 mol L�1 HCl were investigated
by spiking a 50 mg kg�1 level of ten aminoglycosides in feeds.
The experimental results showed that the recoveries of all target
analytes were very poor (below 40%) except for APR, TOB and
GEN (above 80%) when 0.1 mol L�1 HCl was used as an
extraction solvent. When the TCA solutions were used, accept-
able recoveries could be obtained (above 60% for each
compound). Moreover, weak higher recoveries were gained for
most aminoglycosides using 2% TCA solution than 5% TCA
solution. Fortunately, satisfactory recoveries (above 75%) were
obtained for all the analytes except AMK and NEO (above 66%)
when 10 mmol L�1 KH2PO4 containing 0.4 mmol L�1 EDTA and
2% TCA was used as the extraction solvent.

3.4. Cleanup

Considering the complex matrix of animal feed, an appropriate
purication was required in order to remove the impurities.
Bond Elut-C18,30,31 Oasis HLB20,32,33 and Oasis MCX26,34 were
tested to evaluate the retention of the analytes. For the C18

cartridge, through adding the ion-pair reagent, the retention of
analytes was enhanced. As shown in Fig. 4, the majority of
analytes obtained low recoveries (less than 65.8%), and there
was no retention of HYG on the C18 cartridge. For the Oasis HLB
cartridge, only APR, TOB, GEN and NEO could be retained. As
for the different pKas of AG compounds, it failed to achieve the
retention of multiple drugs on the HLB cartridge. Moreover,
once adjusting the pH of the extracts to above 6 (a limited pH
range), the loading sample solution was immediately turbid.
For the Oasis MCX cartridge, it is a mixed-mode sorbent that is
capable of retaining basic compounds. Recoveries of all target
analytes were above 80% except for AMK and NEO. It is probably
attributed to the AGs being weakly basic compounds. They
could easily carry a positive charge due to protonation when the
pH of the extracts was adjusted to 5.5.

Typical chromatograms of blank, spiked samples based on
pig compound feed with different SPE cartridges and standard
solution of the ten aminoglycosides are shown in Fig. 5. Severe
matrix interferences for SPC and STR were observed by cleanup
with the C18 SPE cartridge (Fig. 5A). Purication of the extracts
by the HLB SPE cartridge also resulted in a slight matrix inter-
ference for STR and KAN (Fig. 5B). Clearly, there was also
1256 | RSC Adv., 2017, 7, 1251–1259
inevitable matrix interference for SPC and STR even though the
extracts were puried by the MCX SPE cartridge. Two severe
interfering peaks were observed at the retention times of SPC
and STR (Fig. 5C). Their quantication was difficult. Therefore,
in order to obtain higher recoveries, better separation and
minimize matrix interference to the greatest extent, the MCX
cartridge was demonstrated to be the most suitable SPE
cartridge for purifying the comparatively complicated animal
feed samples.

As for the eluent solution, different concentrations of
ammonia in methanol were tested on the MCX SPE cartridge. In
general, the recoveries of target analytes gradually improved
with an increasing amount of ammonia in methanol. When the
eluent was 20% ammonia in methanol (v/v), the recoveries of all
the analytes were higher than 80% except AMK and NEO (above
68.5%). Continually increasing the amount of ammonia in the
eluent was not conducive to drying. Thus, 20% ammonia in
methanol was nally selected as the eluent.
3.5. Performance of the method

3.5.1. Selectivity. The selectivity was investigated by
analyzing 50 blank feed samples. There were interfering peaks
at the retention times of SPC and STR in most feed matrices.
Therefore, although ten AGs were separated well under optimal
chromatographic conditions, only eight of them were quanti-
ed in real samples. SPC and STR were neglected due to the lack
of a practical strategy to effectively remove endogenous inter-
ferences from feed matrices.

3.5.2. Linearity. Calibration curves were established via
analyses of spiked blank feed samples of compound feed and
feed additive at six concentrations. The results of eight analytes
are shown in Table 2. The calibration curves showed good
linearity in the range of 2.00–200 mg mL�1. Correlation coeffi-
cients (r2) were above 0.9970 for eight aminoglycoside drugs.

3.5.3. Recovery and precision. The recovery was deter-
mined by spiking eight analytes at three different concentra-
tions of 1.0 (1.5 or 2.0), 10 and 20 mg kg�1 to A, B, C, D and E
feed samples over three different days. The recoveries of A, B, C
and D were calculated according to the calibration curve
This journal is © The Royal Society of Chemistry 2017
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Fig. 5 Typical chromatograms of blank feed spiked at 50 mg kg �1 (a), blank feed (b); standard solution at 50 mg mL�1 (c). A, C18, B, HLB, C, MCX.
Peak identification is the same as in Fig. 2.
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of compound feed and E was calculated according to the
calibration curve of feed additive described in Table 2.
The results are shown in Table 3. The recoveries of eight
compounds spiked at three concentrations ranged from 61.2%
to 104.0%. The intra-day relative standard deviations (RSDs)
were between 0.4% and 9.7% and inter-day RSDs were between
1.1% and 12.2%.

3.5.4. Limit of detection (LOD) and limit of quantication
(LOQ). Two typical feeds (compound feed A and feed additive E)
This journal is © The Royal Society of Chemistry 2017
were selected to determine the LOD and LOQ of the proposed
method. The values of LOD and LOQ depend on the concen-
tration of eight aminoglycosides giving the signal-to-noise ratio
(S/N) of 3 and 10, respectively. As shown in Table 2, the LOD
and LOQ of A and E samples were in the range of 0.2 mg kg�1

(HYG) to 0.7 mg kg�1 (NEO) and 1.0 mg kg�1 (HYG) to 2.0 mg
kg�1 (NEO), respectively. This satised the requirements to
detect the aminoglycosides in real feed samples.
RSC Adv., 2017, 7, 1251–1259 | 1257
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Table 2 Linearity, LOD and LOQ for eight aminoglycosides

Analyte Feed
Calibration
curve

Correlation
coefficient (r2)

Linear range
(mg mL�1)

LODa

(mg kg�1)
LOQb

(mg kg�1)

Hygromycin B A y ¼ 0.6888x � 2.015 0.9990 2–200 0.6 2.0
E y ¼ 0.5526x � 1.459 0.9971 2–200 0.6 2.0

Amikacin A y ¼ 0.8113x � 2.941 0.9991 2–200 0.5 1.5
E y ¼ 0.5658x � 1.523 0.9984 2–200 0.4 1.0

Kanamycin B A y ¼ 0.7813x � 2.766 0.9992 2–200 0.5 1.5
E y ¼ 0.5717x � 1.689 0.9990 2–200 0.5 1.5

Ribostamycin A y ¼ 0.7844x � 2.719 0.9990 2–200 0.5 1.5
E y ¼ 0.6072x � 1.860 0.9991 2–200 0.4 1.0

Apramycin A y ¼ 0.7858x � 2.724 0.9990 2–200 0.2 1.0
E y ¼ 0.5806x � 1.797 0.9991 2–200 0.2 1.0

Tobramycin A y ¼ 0.8153x � 3.136 0.9991 2–200 0.4 1.0
E y ¼ 0.6715x � 2.606 0.9974 2–200 0.3 1.0

Gentamicin A y ¼ 0.7624x � 2.463 0.9990 2–200 0.7 2.0
E y ¼ 0.6251x � 1.950 0.9990 2–200 0.7 2.0

Neomycin B A y ¼ 0.7913x � 2.733 0.9990 2–200 0.4 1.0
E y ¼ 0.5963x � 1.927 0.9990 2–200 0.4 1.0

a LOD, limit of detection. b LOQ, limit of quantication. A and E represent compound feed and feed additive, respectively.

Table 3 Recovery and precision of eight aminoglycosides in five feed samples (n ¼ 3)a

Analyte

Spiking Average recovery (RSD), %

Level
(mg kg�1)

A B C D E

Intra-day Inter-day Intra-day Inter-day Intra-day Inter-day Intra-day Inter-day Intra-day Inter-day

Hygromycin B 2.0 75.9(7.5) 74.9(10.3) 81.5(3.0) 80.9(7.0) 84.9(8.4) 80.2(8.0) 78.7(1.3) 79.6(1.8) 91.3(3.6) 92.3(2.9)
10 90.6(7.2) 87.9(6.5) 81.0(6.2) 83.7(5.7) 89.0(5.8) 88.1(8.4) 80.8(0.4) 80.6(1.2) 76.1(6.2) 73.1(6.9)
20 87.9(2.6) 85.9(3.9) 86.1(3.1) 89.5(1.6) 84.4(4.1) 87.0(6.8) 83.5(7.6) 86.1(6.6) 75.6(5.1) 75.3(3.3)

Amikacin 1.0 76.3(1.2) 73.6(6.8) 66.5(5.8) 69.1(5.7) 68.2(2.6) 71.5(4.9) 70.6(1.6) 67.9(3.8) 77.8(1.5) 76.2(12.2)
10 69.5(9.0) 72.3(7.5) 71.0(0.9) 74.8(7.1) 73.2(2.7) 69.9(6.5) 73.4(0.6) 74.0(2.7) 80.5(2.0) 77.6(3.6)
20 81.1(1.8) 78.4(4.6) 69.5(7.5) 67.2(6.2) 73.7(5.4) 77.7(6.5) 78.4(2.0) 73.6(4.3) 69.2(4.9) 74.0(2.9)

Kanamycin B 1.5 77.0(3.8) 75.1(3.5) 80.7(5.6) 81.6(4.2) 83.4(3.4) 79.9(10.0) 89.9(6.7) 89.0(5.1) 96.9(0.6) 92.0(6.1)
10 79.9(9.0) 79.8(7.5) 72.3(3.1) 74.0(3.2) 77.8(3.1) 84.1(10.2) 84.0(0.8) 82.8(2.3) 79.8(4.7) 76.5(5.0)
20 81.1(7.3) 83.5(5.5) 78.9(2.7) 78.6(2.5) 75.3(8.1) 81.9(6.3) 74.1(4.0) 74.7(3.5) 72.0(6.9) 80.7(4.9)

Ribostamycin 1.0 77.3(9.7) 77.6(11.0) 71.0(2.8) 73.1(10.5) 80.4(4.6) 76.4(7.0) 87.5(0.5) 86.8(2.0) 92.0(4.2) 89.4(6.3)
10 71.0(1.3) 69.5(4.1) 71.4(5.1) 70.2(5.2) 87.5(0.8) 86.9(1.4) 76.3(3.2) 79.9(5.1) 85.9(2.2) 87.0(1.8)
20 83.8(1.9) 79.7(6.6) 81.3(5.4) 85.9(2.2) 86.0(6.1) 85.4(5.0) 83.7(1.2) 84.9(4.1) 96.0(4.8) 95.7(3.6)

Apramycin 1.0 66.0(2.2) 65.8(3.8) 82.9(1.0) 81.7(2.0) 84.5(5.5) 82.5(2.7) 80.8(1.6) 81.2(2.1) 73.4(4.5) 69.1(10.7)
10 97.5(2.2) 93.6(7.7) 79.4(5.9) 86.1(10.2) 86.1(2.7) 84.0(5.6) 97.6(1.0) 95.1(3.7) 97.4(8.0) 94.6(6.8)
20 78.8(4.9) 76.1(6.2) 88.0(7.3) 85.9(6.1) 91.5(3.3) 90.6(3.5) 97.8(4.1) 95.0(7.8) 75.0(5.5) 78.5(5.2)

Tobramycin 1.0 69.9(3.8) 68.7(3.1) 73.7(8.4) 72.4(7.1) 75.9(3.8) 73.7(3.9) 69.4(3.5) 75.9(11.5) 64.3(3.0) 63.6(2.4)
10 65.5(1.4) 69.0(5.8) 80.2(4.5) 81.5(3.6) 75.6(0.6) 75.4(1.8) 71.8(6.5) 75.7(11.0) 77.2(6.7) 73.2(7.1)
20 75.1(8.0) 79.3(6.9) 85.0(3.5) 85.3(2.6) 67.7(9.3) 70.4(3.3) 73.9(9.6) 70.7(6.6) 64.6(4.4) 61.8(6.0)

Gentamicin 2.0 104.0(4.4) 100.5(6.0) 93.1(5.3) 92.0(5.5) 84.6(4.5) 85.7(4.7) 88.8(2.0) 86.8(4.9) 85.7(4.3) 83.7(5.6)
10 84.7(4.6) 85.4(10.1) 98.9(7.0) 99.7(5.3) 84.7(4.2) 87.0(6.6) 93.3(7.0) 93.7(5.6) 81.4(3.9) 79.6(2.9)
20 94.2(4.8) 93.6(3.2) 96.7(2.5) 96.6(4.3) 88.4(4.5) 86.1(3.9) 87.3(0.5) 87.7(1.1) 86.1(5.9) 85.0(4.6)

Neomycin B 1.0 75.5(4.8) 77.7(4.2) 67.0(7.7) 66.1(5.8) 70.4(0.9) 66.9(4.4) 69.0(4.2) 68.0(5.1) 65.7(5.9) 64.3(5.5)
10 66.5(0.7) 68.7(5.8) 64.6(4.3) 65.7(5.3) 72.8(4.7) 68.4(6.2) 77.2(0.4) 72.9(4.8) 80.6(1.7) 76.5(4.9)
20 65.1(2.1) 65.7(3.6) 64.8(1.4) 64.5(1.5) 64.8(4.1) 67.5(5.0) 66.7(2.0) 71.6(5.6) 61.2(7.1) 64.2(5.7)

a A and B, pig compound feed; C, poultry compound feed; D, pig premix; E, feed additive. RSD, relative standard deviation.
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4. Conclusion

A simple and reliable method was successfully developed for the
simultaneous determination of ten aminoglycosides via HPLC-
ELSD. Compared with the reported method of aminoglycoside
1258 | RSC Adv., 2017, 7, 1251–1259
analyses, the proposed method could simultaneously deter-
mine multi-aminoglycoside drugs and was further successfully
applied to analyze eight aminoglycosides antibiotics in various
animal feed samples. The sensitivity of the method is sufficient
for the routine monitoring of aminoglycosides in animal feeds.
This journal is © The Royal Society of Chemistry 2017
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