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Abstract 21 

Residues of gentamicin in food pose threat to human health. Determination of 22 

gentamicin residues relies largely on adequate analytical techniques. Herein, a simple 23 

and high specific colorimetric method for the effective detection of this 24 

aminoglycoside antibiotic in milk based on gentamicin-induced collapse of Au-lipid 25 

capsule is first proposed. The strong interaction between gentamicin and 26 

phosphatidylcholine resulted in the collapse of Au-lipid capsule and consequently, the 27 

color of AuNPs changed from wine red to blue. The concentration of gentamicin 28 

could be determined with naked eye or a UV–vis spectrometer. Results showed that 29 

the absorption ratio (A664/A531) was liner with the gentamicin concentration in the 30 

range of 0 to 0.2 µM with a linear correlation coefficient of 0.99. The detection limit 31 

was 7.4 nM. The coexisting substances including L-arginine, guanidine hydrochloride, 32 

Tween-20, ammonium hydroxide, sodium chloride, potassium chloride, calcium 33 

chloride, glucose, and other common antibiotics such as streptomycin, amikacin, 34 

kanamycin, chloramphenicol, tetracycline, ampicillin, carbenicillin did not interfere 35 

with the determination of gentamicin in this method. Furthermore, the established 36 

method was successfully applied to qualitative and quantitative analysis of gentamicin 37 

in the pretreated milk products. 38 

Keywords: Au-lipid capsule; Gentamicin; Collapse; Specific 39 

 40 
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 3 

1. Introduction 42 

Gentamicin is an aminoglycoside antibiotic, which is used to treat many types of 43 

bacterial infections, particularly those caused by Gram-negative organisms.1, 2 This 44 

antibiotic has been widely used not only as an antibacterial drug in human therapy, but 45 

also as a veterinary drug in animal husbandry and a crop-protection agent in 46 

agriculture.3, 4 However, gentamicin shows comparatively narrow safety margin and 47 

may cause many side effects such as loss of hearing, toxicity to kidneys, and allergic 48 

reactions to drugs.5 Also, the residual amount of gentamicin found in the 49 

environments may also lead to antibiotic resistance from the pathogenic bacterial 50 

strains, which will pose a serious threat to human health.6 Apparently, it is of great 51 

importance to establish efficient, accurate and economical methods for the detection 52 

of genamicin residue in environmental media. 53 

 Several methods have been designed for the determination of residual antibiotics 54 

including genamicin in environments. Various immunoassays, such as enzyme linked 55 

immunosorbent assay (ELISA), fluorescence immunoassay (FIA), radioimmunoassay 56 

(RIA) and immunochromatographic assay (ICA) have been employed for the 57 

detection of antibiotics residues.7-12 However, due to the cross-reactions with 58 

complicated compounds in food, immunoassays are susceptible to be interfered in real 59 

sample analysis.13 High-performance liquid chromatography (HPLC) is another 60 

high-sensitive method which can provide reliable results. However, owing to the lack 61 

of chromophore group, post-column derivatization and fluorescence detection are 62 

required for trace level detection of gentamicin.14-16 Liquid chromatography–mass 63 
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 4 

spectrometry (LC–MS) is also employed for the detection of genamicin and other 64 

antibiotics with excellent performance,17, 18 while the complicated sample preparation 65 

and high cost restricts its applications.  66 

 In recent years, AuNPs-based colorimetric sensors have been proven as a versatile 67 

analytical tool with high sensitivity, due to their unique properties such as color, 68 

biocompatibility, stability and distance-dependent surface plasmon resonance (SPR) 69 

absorption.19, 20 Liposome is an artificially-prepared spherical vesicle composed of a 70 

lamellar phase lipid bilayer and this unique structure inherently provides liposome 71 

with a powerful capability for modified with AuNPs on its surface. In this study, we 72 

found that the collapse of Au-lipid capsule could be specifically induced by 73 

gentamicin. Subsequently, the color of AuNPs changed from wine red to blue. We 74 

demonstrated that this phenomenon was applied successfully to detect trace amount of 75 

gentamicin residue in milk samples effectively. 76 

77 
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2. Experimental 78 

2.1. Chemicals and materials 79 

Chloroauric acid (HAuCl4·3H2O) was purchased from Sinopharm Chemical 80 

Reagent Co., Ltd. (Shanghai, China). Sodium citrate tribasic dihydrate was from Bodi 81 

Chemical Factory of Tianjin (Tianjin, China). Phosphatidylcholine (soybean,>98%) 82 

containing alkyl chains of 16 carbon atoms was purchased from Aladdin, which is 83 

from soybean. Streptomycin sulfate, amikacin, chloramphenicol, tetracycline 84 

hydrochloride, kanamycin sulfate, carbenicillin disodium salt, ampicillin sodium salt 85 

and gentamicin sulfate are all USP grade and purchased from solarbio (Beijing, 86 

China). All other chemicals were of analytical grade as available. Ultrapure water 87 

(18.25 MΩ cm), obtained from a water purification system, was used in the whole 88 

experiment. All the glassware was cleaned with aqua regia and thoroughly rinsed with 89 

ultrapure water before use. 90 

2.2. Instrumentation 91 

The absorption spectra were recorded on an evolution 300 UV-Visible 92 

spectrophotometer (Thermo, USA) at room temperature (25°C). Scanning electron 93 

microscopy (SEM) measurements were performed on an S-4800 (Hitachi, Japan) at 94 

10 kV, Transmission electron microscopy (TEM) measurements were performed on a 95 

HT7700 (Hitachi, Japan) at 80 kV. 96 

2.3. Nanoparticle Synthesis 97 

Au particles were prepared by the citrate reduction of HAuCl4 according to 98 

previous report with necessary modifications.21 Typically, 200 µL 1% HAuCl4 was 99 

Page 5 of 28 RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



 6 

added to 20 mL ultrapure water (18.25 MΩ cm) that was brought to boil with 100 

vigorous stirring in a round-bottom flask fitted with a reflux condenser. 400 µL 1% 101 

trisodium citrate was then added rapidly to the solution, and the mixture was heated 102 

under reflux for another 30 min. The solution was cooled to room temperature and 103 

stored at 4 °C until further use. 104 

2.4. Preparation of Au-lipid capsule 105 

The phosphatidylcholine liposome was fabricated according to previous report 106 

with necessary modifications.22 The purchased phosphatidylcholine (soybean,>98%) 107 

(15 mg) was added into 10 mL ultrapure water (18.25 MΩ cm). Then it was vortexed 108 

vigorously to make phosphatidylcholine suspension. The phosphatidylcholine 109 

suspension with white color was heated at 60°C for 30 minutes to exceed the 110 

phase-transition temperature of the used phosphatidylcholine molecules, and then 111 

went through sonication at 25°C for 30 minutes to form the phosphatidylcholine 112 

liposomes. The AuNPs colloidal solution and the phosphatidylcholine liposomes 113 

aqueous solution were mixed at the volume ratio of 1:1, and then mixed immediately 114 

by pipetting to make Au-lipid capsule. 115 

2.5. Characterization of AuNPs and Au-lipid capsule 116 

The size and morphology of AuNPs and Au-lipid capsule were characterized by 117 

Hitachi S-4800 field emission scanning electron microscopy and Hitachi H-7700 field 118 

transmission electron microscopy, The SEM images were acquired by operating at an 119 

accelerating voltage of 10 kV. To obtain high resolution images from the SEM 120 

analysis, all samples were deposited on a silicon wafer and allowed to dry 30 min. 121 
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 7 

Then the excess liquid was absorbed from the edges with filter paper to prevent 122 

adhesion formation. Especially the collapse of Au-lipid capsule and aggregate of the 123 

AuNPs made by treating the solid supported drying the Au-lipid capsule solution 124 

treated by gentamicin. 125 

The TEM samples were prepared by placing a drop of the samples onto a 126 

Formvar-coated copper grid. The grid was then stained by placing a drop of 1% 127 

phosphotungstic acid on its coated-side for 20 sec. Excess stain on the grid was 128 

soaked away by touching a filter paper strip. The grid was then dried under a stream 129 

or nitrogen gas. All TEM images were taken under the electron accelerating voltage of 130 

80 kV. 131 

2.6. Sample preparation 132 

The liquid milk bought from local supermarket was pretreated to remove protein 133 

and fat.23 Typically, 1.2 mL of 300 g/L trichloroacetic acid was added into 3.0 mL of 134 

the spiked milk samples in a centrifuge tube. After thorough vortex, the mixtures were 135 

centrifuged at 10,000 rpm for 10 min, and the supernatant was adjusted to the original 136 

volume with trichloroacetic acid again. Finally, the solution was filtered using a 137 

syringe and 0.22 µm filter and then used for gentamicin determination. 138 

139 
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3. Results and discussion 140 

3.1. The mechanism of the sensing system 141 

To better understand the sensing strategy employed in this study, a schematic 142 

diagram for the detection of gentamicin by induced collapse of Au-lipid capsule is 143 

outlined in Scheme 1. The AuNPs existed on the outside of the liposome membrane to 144 

form an Au-lipid capsule. This was because the amine head groups at the outer layer 145 

of the phosphatidylcholine liposome could be capped with citrate-stabilized gold 146 

nanoparticles through electrostatic interactions.24 Liposome contributed to stable 147 

dispersion of AuNPs, preventing their aggregation. Gentamicin which carries five 148 

amino groups could establish electrostatic interactions with the phosphate group on 149 

the surface of phosphatidylcholine liposome. Due to the fluidity of the surface of 150 

liposome, it can be observed that the high-affinity interaction of gentamicin with 151 

phosphatidylcholine molecules on the liposomal surface and subsequently resulted in 152 

liposome collapsing and aggregation.25 As shown in Scheme 1, when the 153 

concentration of gentamicin was less than 0.2 µM, the Au-lipid capsules slightly 154 

collapse. When the gentamicin was above 0.2 µM, the Au-lipid capsules thoroughly 155 

collapse. The color of the suspension was accordingly changed to violet blue. These 156 

changes were easily readout by naked eyes. And subtle differences could be measured 157 

by spectrophotometer. Given that the strong binding affinity between 158 

phosphatidylcholine and gentamicin makes this method highly specific, this study 159 

essentially offers a simple but specific and rapid method for gentamicin detection. 160 

3.2. Characterization of AuNPs and Au-lipid capsule 161 
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Fig. 1A showed the surface plasma resonance of AuNPs (a) and Au-lipid capsule 162 

(b). In the absence of liposome, AuNPs were wine red and displayed an intense 163 

surface plasma band at about 531 nm. While in the presence of liposome, the 164 

absorbance of AuNPs at 531 nm slightly decreased, indicating the presence of AuNPs 165 

on the outer membrane of liposome surfaces without disturbing the spherical 166 

topography. The SEM in Fig. 1B, Fig. S3 and TEM image in Fig. S1 confirmed that 167 

AuNPs were present on the outer membrane of liposome surfaces, which was 168 

consistent with the previous report.26 169 

Also the stability of the Au-lipid capsule was tested. As key factors for most 170 

electrostatic reactions, the influence caused by pH and ionic strength of the Au-lipid 171 

capsule suspension was tested. The Au-lipid capsule suspension was treated with 172 

varied pH or different NaCl concentration for one hour, and then the absorption ratio 173 

A664/A531 was observed. In this test, the absorption ratio of A664/A531 is monitored to 174 

represent aggregation level. As shown in Fig. S2A, the absorption ratio of A664/A531 175 

was the highest at pH 2, indicating the maximum aggregation level of AuNPs. 176 

Generally, AuNPs prepared by using tri-sodium citrate carry negative charges. So the 177 

lower pH would weaken the electrostatic interaction between AuNPs and amine head 178 

groups at the outer layer of the liposome, and lead to the aggregation of AuNPs. Also 179 

the absorption ratio of A664/A531 was found to increase with increasing the ionic 180 

strength in Fig. S2B. 181 

3.3. Optimization of experimental conditions 182 

3.3.1. The effect of media pH 183 
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 10 

Fig. 2A illustrated the influence of media pH on the absorption ratio (A664/A531) in 184 

the presence of 0.6 µM gentamicin. As shown, at the media pH under weak basic 185 

conditions (pH=7–9) or acidic conditions (pH = 5–6), the probe did not show good 186 

response. The absorption ratio (A664/A531) was the highest at pH 5, indicating the 187 

maximum aggregation level of AuNPs, which coincided with the change in the 188 

solution color (Fig. 2B). Therefore, pH 5 was set as the operational pH for subsequent 189 

experiments. 190 

3.3.2. The effect of temperature 191 

Fig. 3 illustrated the influence of temperature on the absorption ratio (A664/A531) 192 

in the presence of 0.6 µM gentamicin. It was observed that the temperature had little 193 

effect on response of Au-lipid capsule to gentamicin. It might be because the 194 

temperature influenced the mobility of the individual lipid molecules. For 195 

convenience, all the absorption measurements were performed for subsequent 196 

experiments at room temperature (25°C). 197 

3.4. Colorimetric sensing of gentamicin 198 

To demonstrate the performance of the Au-lipid capsule probe, different 199 

concentrations of gentamicin ranging from 0 to 0.8 µM were added to aqueous 200 

solution of Au-lipid capsule. Upon addition of increasing concentrations of 201 

gentamicin, the color of Au-lipid capsule gradually changed from initially wine red to 202 

purple and finally to blue (Fig. 4A). These changes are related to a plasmon coupling 203 

effect of AuNPs: the reduction of the distance between AuNPs particles because of 204 

aggregation, leading to a strong enhancement of the localized electric field and 205 
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 11 

increasing refractive indices.27 Addition of gentamicin induced serious collapse of 206 

Au-lipid capsule, leading to the increase of AuNPs aggregation. The aggregation of 207 

AuNPs was evidenced by UV–vis spectra shown in Fig. 4B. As expected, with the 208 

increase of gentamicin concentration, the surface plasmon resonance at 531 nm 209 

decreased, while at the same time, a new absorption band around 664 nm appeared 210 

and gradually increased. The corresponding effect was evaluated by comparing the 211 

A664/A531 values in the presence of different concentrations of gentamicin for 212 

quantitative analysis (Fig. 4C). Consistently, the A664/A531 increased significantly was 213 

observed at the concentration ranging from 0 to 0.4 µM and a slight increase was 214 

observed in the concentration ranging from 0.4 to 0.8 µM.  215 

The genamicin-induced collapse of Au-lipid capsule and the aggregation of 216 

AuNPs were further confirmed by SEM (Fig. 5). First, the initial AuNPs were well 217 

dispersible on the liposome surface to form an Au-lipid capsule (Fig. 5a). However, 218 

after adding 0.02 µM of gentamicin, the slight collapse of Au-lipid capsule and the 219 

random agglomerate of AuNPs, driven by attraction between the negative charges on 220 

the surface of phosphatidylcholine liposome and positive charges on the gentamicin 221 

molecules, was observed (Fig. 5b). When the concentration of gentamicin increased 222 

up to 0.1 or 0.2 µM, the Au-lipid capsule seriously collapsed and large numbers of 223 

AuNPs accumulated (Fig. 5c and 5d).  224 

A good linear correlation existed between the absorption ratio A664/A531 of 225 

Au-lipid capsule and the concentration of gentamicin in the range of 0 to 0.2 µM with 226 

a correlation coefficient of 0.99 (Fig. 6). The detection limit of the proposed method 227 
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 12 

was 7.4 nM, which was calculated as LOD = 3×(SD/S), where SD is the standard 228 

deviation of the response and S is the slope of the calibration curve.  229 

3.5. Specificity of the assay 230 

Specificity is an important aspect to evaluate the performance of a new proposed 231 

assay. Thus, it is necessary to explore the selectivity of the proposed assay. The 232 

selectivity of the probe for gentamicin was evaluated by monitoring the absorption 233 

ratio (A664/A531) in the presence of various bioanalytes in comparison with blank test 234 

(Fig. 7A). Firstly, the responses of Au-lipid capsule to gentamicin and to other 235 

antibiotic molecules were compared. The absorption ratio (A664/A531) showed little 236 

change in the presence of 0.8 µM of other antibiotics including streptomycin, 237 

chloramphenicol, tetracycline, amikacin, kanamycin, ampicillin, carbenicillin. This 238 

result revealed that the Au-lipid capsule showed no cross-reactivity with those 239 

antibiotics above. It was demonstrated that instead of other aminoglycoside antibiotics, 240 

there was strongest interaction between genamicin and phosphatidylcholine, due to 241 

the positive charge, special conformation and the amphiphilic properties of 242 

gentamicin28. Second, we evaluated Au-lipid capsule response to molecules carrying 243 

positively charged groups such as L-arginine, guanidine hydrochloride, ammonium 244 

hydroxide. As a result, Au-lipid capsule showed no response to these molecules. In 245 

addition, we also monitored the Au-lipid capsule response to KCl, CaCl2, NaCl, 246 

glucose and Tween-20, which might coexist with gentamicin in the environment. The 247 

UV-Vis spectra revealed that these molecules did not interfere in gentamicin detection. 248 

However, the control results of AuNPs didn’t show specific for gentamicin (Fig. 7B). 249 
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All of the results showed that the probe of Au-lipid capsule could detect gentamicin 250 

with high selectivity.  251 

3.6. Analysis of gentamicin in real samples 252 

To evaluate the practical application of the proposed colorimetric method, the 253 

detection of milk sample was carried out by standard addition method according to 254 

most relative publications.29-31 As the Maximum Residue Limits (MRLs) of some 255 

aminoglycoside antibiotics in milk are between 0.14 µM and 1.0 µM,32 we chose 0.05 256 

µM and 0.1µM to study the recoveries of gentamicin. As showed in Table 1, the 257 

recoveries of gentamicin were 88.9% and 108.6% with the coefficient of variation less 258 

than 10% (n=6), indicating the promising feasibility of this colorimetry for gentamicin 259 

quantification. Furthermore, a red-to-blue color change could also be observed upon 260 

addition of the milk sample with naked eye (Fig. 8). Therefore, the proposed method 261 

could be employed to analyze the antibiotics in pretreated milk samples. 262 

4. Conclusion 263 

In this work, a novel colorimetric sensor was proposed for the highly sensitive 264 

and selective detection of gentamicin. The strong electrostatic interaction between 265 

gentamicin and phosphatidylcholine rapidly induced the collapse of Au-lipid capsule 266 

and consequently, the AuNPs aggregated. As a result, the color of Au-lipid capsule 267 

solution changed from red to blue, which could be determined with the naked eye or a 268 

UV–vis spectrometer. Parameters that affect the sensitivity and the possible 269 

interferential substances of the experiment were investigated. Compared to other 270 

traditional detection method for gentamicin (Table S1), the proposed approach 271 
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 14 

presented satisfactory linear range, low detection limit, short detection time, good 272 

accuracy and specificity for the convenient detection of gentamicin. In addition, we 273 

found that Au-lipid capsule were suitable to monitor gentamicin in milk samples 274 

efficiently, which could be applied as a promising candidate for on-site detection of 275 

this antibiotic commonly used. 276 

 277 
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Figure Captions 340 

Scheme 1. Schematic illustration of Au-lipid capsule sensing system for gentamicin 341 

detection. 342 

Fig. 1. (A) UV-Vis absorption spectra of AuNPs (a) Au-lipid capsule (b); (B) SEM 343 

image of AuNPs (a) and Au-lipid capsule (b).  344 

Fig. 2. (A) Effect of pH value on the absorption ratio (A664/ A531) of Au-lipid capsule  345 

with the addition of 0.6 µM gentamicin; (B) Photo of the Au-lipid capsule with the 346 

addition of 0.6 µM gentamicin under different pH conditions (pH = 5-9). Data are 347 

from three separate experiments. The data are expressed as means ± SD. Error bars 348 

represent standard deviation. 349 

Fig. 3. Absorption ratio A664/A531 of Au-lipid capsule (red line) and Au-lipid capsule 350 

with 0.6 µM gentamicin (blue line) under different temparatures. These experiments 351 

were performed three times with similar results each time. The data are expressed as 352 

means ± SD. Error bars represent standard deviation. 353 

Fig. 4. (A) Visual colorimetric change of the Au-lipid capsule solution upon addition 354 

of gentamicin with different concentrations; (B) UV-Vis absorption spectra of the 355 

Au-lipid capsule upon addition of gentamicin with different concentrations (0, 0.05, 356 

0.1, 0.2, 0.4, 0.6, 0.8 µM). (C) The plot of ratio A664/A531 versus gentamicin 357 

concentrations. All experiments were performed in triplicate. The data are expressed 358 

as means ± SD. Error bars represent standard deviation. 359 

Fig. 5. SEM characterized Au-lipid capsule aggregation upon addition of gentamicin 360 

concentrations up to 0 µM (a), 0.02 µM (b), 0.1 µM (c), 0.2 µM (d). 361 
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Fig. 6. Standard calibration curves of A664/A531 against the gentamicin concentrations 362 

from 0 to 0.2 µM. All experiments were performed in triplicate. The data are 363 

expressed as means ± SD. Error bars represent standard deviation. 364 

Fig. 7. (A) Absorption ratio A664/A531 of Au-lipid capsule in the presence of different 365 

analytes in comparison to Au-lipid capsule solution. (B) Absorption ratio A664/A531 of 366 

AuNPs in the presence of different analytes in comparison to AuNPs solution. Error 367 

bars show the standard deviations of measurements taken from three independent 368 

experiments. 369 

Fig. 8. Visual colorimetric change of the optimized Au-lipid capsule probe: (a) with 370 

the addition of the extract from blank milk sample; (b) with the addition of the extract 371 

containing 0.02µM gentamicin; (c) with the addition of the extract containing 0.05 372 

µM gentamicin; (d) with the addition of the extract containing 0.1 µM gentamicin. 373 

374 

Page 18 of 28RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



 19 

 375 

Samples Added Measured Recovery (%) CV (%) 
 concentration concentration (µM)   
 (µM)    

Milk 1 0.05 0.04445 88.9 3.8485 
Milk 2 0.1 0.1086 108.6 4.6905 

Table 1 Detection of gentamicin levels in spiked milk. 376 
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Scheme 1  
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Fig. 5 

a) b) 

c) d) 
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Fig. 7 
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