
Article

Not peer-reviewed version

The Bioactivity of Green-

Synthesized Noble Metal

Nanoparticles Against

Streptomycin-Resistant Bacillus

Sp. Is Enhanced by Bioconjugation

with Streptomycin

N. Ramasami 

*

 , M. Dhayalan 

*

 , M. Selvaraj , S. U. Mohammed Riyaz , Perumal Palani ,

Raja kumar Kanthapazham , D. Zherebtsov , J. C. Mejuto , J. Simal-Gandara 

*

 , A. Cid-Samamed 

*

Posted Date: 17 February 2023

doi: 10.20944/preprints202302.0291.v1

Keywords: Garcinia mangostana L.; Rind Extract; Antibiotic-Resistant; Streptomycin; Bioconjugation;

Hemocompatibility

Preprints.org is a free multidiscipline platform providing preprint service that

is dedicated to making early versions of research outputs permanently

available and citable. Preprints posted at Preprints.org appear in Web of

Science, Crossref, Google Scholar, Scilit, Europe PMC.

Copyright: This is an open access article distributed under the Creative Commons

Attribution License which permits unrestricted use, distribution, and reproduction in any

medium, provided the original work is properly cited.

https://sciprofiles.com/profile/2780560
https://sciprofiles.com/profile/2153387
https://sciprofiles.com/profile/2154904
https://sciprofiles.com/profile/959820
https://sciprofiles.com/profile/512482
https://sciprofiles.com/profile/39954
https://sciprofiles.com/profile/548530


 

Article 

The Bioactivity of Green-Synthesized Noble Metal 
Nanoparticles Against Streptomycin-Resistant 
Bacillus Sp. Is Enhanced by Bioconjugation with 
Streptomycin 

N. Ramasami 1,*, M. Dhayalan 2,3,*, M. Selvaraj 4, S. U. Mohammed Riyaz 5, P. Palani 4,  

Raja kumar K. 6, D. Zherebtsov 6, J. C. Mejuto 9, J. Simal- Gandara 7,8,* and A. Cid-Samamed 9,* 

1 Depart. of Biotechnology, College of Science and Humanities, SRMIST, Kattankulathur – 603203, 

TamilNadu, India. 
2 Division of Formulation and Development of Small Mollecules and Drug Discovery Group, Anticancer 

Bioscience, Tianfu International Biotown Chengdu, 610000 China. 
3 Depart. of Prosthodontics, Saveetha Dental College & Hospitals, Saveetha Institute of Medical and 

Technical Sciences (Saveetha University) Chennai - 600 077, TamilNadu, India 
4 Depart. of Biotechnology, Sri Sankara Arts and Science College, Enathur, Kanchipuram, India. 
5 PG & Research Department of Biotechnology Islamiah College (Autonomous), Vaniyambadi - 635752, 

Tamil Nadu, India. 
6 Nanotechnology Research and Education Centre, South Ural State University, Chelyabinsk, 454080, Russia. 
7 CISPAC, Fontan Building, City of Culture, E15707 Santiago de Compostela; https://cispac.gal/ 
8 Universidade de Vigo, Nutrition and Bromatology Group, Analytical Chemistry and Food Science 

Department, Faculty of Science, E32004, Ourense, Spain 
9 Physical Chemistry Department, Faculty of Sciences, University of Vigo, E-32004 Ourense, Spain. 

* Correspondence: shared between N. Ramasami, M. Dhayalan, A. Cid-Samamed, and Prof. J. Simal 

Gandara: nishantr@srmist.edu.in* manikandandhayalan88@gmail.com*, jsimal@uvigo.es*, acids@uvigo.es* 

Abstract: Background: Combinatorial therapy- “nano antibiotics” is an emerging field in nanoscience. In this 

present investigation, we attempted to combine the green synthesized noble metal nanoparticle and the 

antibiotic Streptomycin to form bio-conjugated nanoparticles. The newly synthesized Nano antibiotics acted 

as the antibiotic carrier, functioned as cargo, and delivered the antibiotic. Methods: Comparative studies 

between the noble metal nanoparticles were attempted for the first time on the grounds of their antibacterial 

activity. The antibacterial activity of the three noble metal nanoparticles was assessed against Streptomycin-

resistant Bacillus sp.; the results obtained proved that silver nanoparticles were a potent antibacterial agent. 

Still, no antibacterial activity was exerted by gold, and platinum nanoparticles were for the Streptomycin-

resistant strain Bacillus sp. To our surprise, the gold and platinum fabricated/bio-conjugated nanoparticle with 

the antibiotic showed 100% antibacterial activity, whose antibacterial activity was zero when functioning as a 

nanoparticle alone. Results: The combinatorial therapy of two different clauses of drugs majorly increased 

antibacterial activity. It enhanced the antibiotic to overcome the resistance exhibited by the bacterial pathogen, 

and the possible mechanism is elucidated in the present study. Also, an attempt has been made to assess the 

nanotoxicity of the nano-bioconjugates on RBC and compare their hemocompatibility. The results obtained in 

the current investigation demonstrate the enhanced antibacterial activity of the green synthesized 

nanoparticles conjugated with the streptomycin; their efficacy for combinational therapy against resistance in 

pathogenic organisms highlights the novelty of the work and the comparative study of three different noble 

metals nanoparticles (Ag, Au, Pt) from single agro-waste for the first time. 

Keywords: Garcinia mangostana L.; Rind Extract; Antibiotic-Resistant; Streptomycin; Bioconjugation; 

Hemocompatibility 
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1. Introduction 

Neu [1] proposed that the need for new antibiotics would have to continue as bacteria can 

overcome each new antimicrobial agent discovered. There are evident reports on the constant 

increase in antimicrobial resistance against all major classes of antibiotics, which are in treatment 

against a wide variety of diseases [2]. In general, two major antibiotics classes are aminoglycosides 

and glycopeptides. These are clinically important as they are the last line of defense against resistant 

bacteria that develop resistance to antibiotics such as penicillin, methicillin, and other β lactams [3]. 

Neu and Gootz [4] have suggested that the bacteria contain some enzymes in their periplasmic space, 

which catalyze the addition of acetyl, phosphoryl, and adenyl ions of aminoglycoside to various 

degrees [5]. The modified aminoglycoside antibiotic fails to bind to the ribosome leading to poor 

antibiotic uptake by bacteria and the development of antibiotic resistance towards the antibiotic. The 

resistance developed by bacteria can be overcome by employing combinatorial therapy. Using two 

or more drugs to prevent the emergence of resistance could be effective; however, using drug 

combinations to achieve synergy has been seen as more complicated. It has been highlighted that 

some of the best combinations in the form of anti-cell wall agents with an aminoglycoside, which act 

on different metabolic steps in the bacterial metabolic or synthetic pathway, and the use of β-

lactamase inhibitors with β-lactamase susceptible antibiotics have been suggested. 

Nanomedicine and nanotoxicity are considered the two sides of the same coin, and the 

minimization of nanotoxicity is a crucial concern given the potential application of nanoparticles in 

nanomedicine, especially when administered through systemic circulation [6]. Red blood cells (bi-

concave discoid cells filled with hemoglobin and lacking organelles, including the nucleus) represent 

the most abundant cellular constituent of the blood (>99%) and play an essential role in drug delivery. 

Drug delivery systems circulating in the blood often encounter RBCs, which may lead to unintended 

effects of the drug on RBCs, and vice versa. The interaction of drug delivery systems (e.g., polymeric 

nanocarriers) with RBCs and their consequences are highly significant in mechanistic and 

translational aspects [7]. 

Blood, directly or indirectly, encounters the hazardous nanoparticles and transports the foreign 

substances into the cells, tissues, and organs. Therefore, it is imperative to study the nanotoxicity 

exerted by nanoparticles on blood, particularly on the erythrocytes. More importantly, many 

biomedical applications of nanoparticles require direct injection into the body through different 

routes of administration, which leads to direct contact of the nanoparticles with blood components. 

Li Qiang [8,9] have suggested that the evaluation of the compatibility of metal nanoparticles with 

blood is necessary and much importance has to be given to studying the interaction of nanoparticles 

with blood components. 

Therefore, it has been hypothesized in the present investigation that the resistance shown by 

Bacillus sp. to streptomycin could be due to the poor uptake by the bacterium. The poor uptake can 

be overcome by incorporating the antibiotic with the anti-cell wall agent, presumably making pores 

in the bacterial cell wall and enabling the agent to penetrate the cell. Metal nanoparticles [10] are the 

best antimicrobial agent as they are supposed to cause damage to the cell wall [11]. Therefore, an 

effort has been made in the present investigation to combine the green synthesized noble metal 

nanoparticles (Ag, Au, and Pt) with the commercial antibiotic streptomycin and evaluate their 

synergistic antibacterial activity against the streptomycin-resistant Bacillus sp. and their 

biocompatibility on human erythrocytes. The results obtained have been presented in this work and 

discussed with up-to-date literature on synergistic antimicrobial activity [12–17]. 

2. Materials and Methods 

2.1. Materials 

The metal precursors silver nitrate (AgNO3), chloroauric acid (HAuCl4), and hexachloroplatinic 

(IV) acid (H2PtCl6·6H2O) used in this study research were procured from Sigma Aldrich (USA). All 

the solutions (1mM) were prepared in sterile double distilled water. 
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2.2. Preparation of rind extract of Garcinia mangostana (GMRE) 

The fruit G. mangostana was procured from the local market. The rind portion of the fruit was 

separated, washed thoroughly to remove the impurities, and air-dried at room temperature for ten 

days. The dried rinds were ground in a blender, and grinding was repeated thrice to obtain a fine 

texture and sieved through a mesh to get particles of uniform size. From this, 1.5 g was suspended in 

50 ml of sterilized glass distilled water at 50⁰C - 70⁰C for 15 min. The resultant extract was filtered 

through Whatman No.1 filter paper, and the filtrate was stored at 4⁰C for further use. 

2.3. Synthesis of metal nanoparticles 

Freshly prepared rind extract was added to the aqueous solution of 1mM metal precursor at 

different ratios to obtain the nanoparticles; a 1:3 ratio of rind extract was added to AgNO3 for the 

synthesis of silver nanoparticles, 1:2 ratio of rind extract was added to HAuCl4 to form gold 

nanoparticles, and 1:4 ratio of rind extract was added to H2PtCl6 to synthesize platinum nanoparticles. 

Gold nanoparticles formed faster than silver and platinum nanoparticles under ambient conditions 

[18]. 

2.4. Conjugation of streptomycin with green synthesized metal nanoparticles  

Conjugation of streptomycin with green synthesized metal nanoparticles was carried out by 

following the method of Chakraborty et al. and Mohammed Fayaz et al. [19,20] with slight 

modification. Briefly, 10 mg of streptomycin was mixed with 2 ml of the metal nanoparticles. The 

mixture was sonicated for 10 minutes in the dark and incubated overnight under shaking (108 rpm). 

The mixture was centrifuged, and the pellet was subjected to UV-VIS and FT-IR spectroscopic 

analyses to verify the conjugation of antibiotics with the metal nanoparticles. The metal nanoparticles 

conjugated with the antibiotics were used for testing for antibacterial activity. 

2.5. Evaluation of the antibacterial activity of bare and antibiotic-conjugated nanoparticles 

The disk diffusion method was used to evaluate the antibacterial activity of the bare metal 

nanoparticles and bio-conjugated metal nanoparticles against the streptomycin-resistant Bacillus sp. 

on Muller Hilton agar. The streptomycin-resistant Bacillus sp. was grown overnight in Luria Bertani 

Broth under shaking conditions (200 rpm) at 35⁰C. The inocula were prepared by diluting the 

overnight culture with 0.9% NaCl to 0.5 McFarland standard and spread onto the Muller Hinton 

(MH) Agar medium. To assess the antibacterial activity, 20 μl of the test compounds (GMRE, 

streptomycin, bare metal nanoparticles (AgNP, AuNP, and PtNP), and streptomycin conjugated 

metal nanoparticles (SAgNP, SAuNP, and SPtNP) were loaded onto the sterile disk placed on MH 

agar plates. The plates were incubated at 35⁰C for 24-48 h. The zone of inhibition was observed and 

measured using a zone of inhibition measurement scale (Himedia, India). 

2.6. Determination of minimal inhibitory concentration 

The minimum inhibitory concentration (MIC) of the bare green synthesized metal nanoparticles 

and streptomycin conjugated metal nanoparticles were tested against the human pathogenic bacteria 

using the broth dilution method. This method facilitates testing the inhibitory activity at various 

concentrations. The nutrient broth was supplemented with the test compounds at different 

concentrations. Control experiments were maintained without any of the test compounds. The test 

tubes containing the cells with test compounds were incubated for 24 h at 37⁰C. The MIC was 

determined by measuring the turbidity at 600 nm in a spectrophotometer and defined as the 

minimum concentration that inhibited the bacteria growth. 

2.7. Determination of minimal bactericidal concentration (MBC)  

The MBC was determined by growing the bacteria treated with nanoparticles conjugated with 

antibiotics on Muller Hinton Agar plates. The plates were incubated at 37⁰C for 24–48h. The minimum 
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bactericidal concentration was determined as the concentration that caused 100% growth inhibition 

upon treatment with antibiotics-conjugated nanoparticles. The control plates were maintained 

without the addition of conjugated nanoparticles. 

2.8. Analysis of live and dead cells of bacteria treated with streptomycin conjugated nanoparticles by AO/PI 

staining 

The bacterial cells treated with metal nanoparticles and streptomycin conjugated metal 

nanoparticles were stained with acridine orange (AO) and propidium iodide (PI) by following the 

protocol of Dalai et al. (2012) with minor modification. The bacterial cell suspension (500 μl) was 

added with 4 μl of AO (15 μg/ml in PBS) and 4 μl of PI (50 μg/ml in PBS) and incubated at room 

temperature for 5 min in the dark. After centrifugation at 5000 rpm for 5 min, the cell pellet obtained 

was resuspended in 500 μl PBS. The experiment was conducted under dark conditions to avoid the 

photobleaching of dyes. The untreated cells were considered as the control. The control and treated 

cells were examined under a fluorescent microscope (Carl Zeiss Axioskop 2 plus Microscope, 

Germany). 

2.9. Determination of cell viability by fluorescence-activated cell sorter 

The bacterial cells treated with the test compounds at their respective MIC concentration were 

centrifuged at 5000 rpm for 5 min at 4⁰C, and the pellets obtained were washed with sterile distilled 

water. Five μl of PI was added to each sample and incubated for 15 min at room temperature. After 

incubation, cells were washed with sterile distilled water to remove excess stains and analyzed by 

flow cytometry (BD FACS Calibur, Canada). Cells incubated without the streptomycin conjugated 

nanoparticles, and bare nanoparticles served as the controls. 

2.10. Effect of the bare and streptomycin conjugated metal nanoparticles on the structural integrity of 

Bacillus sp.  

The morphological changes caused by the test compounds were visualized using scanning 

electron microscopic analysis. A 5 ml suspension of the treated cells was centrifuged, and the pellet 

of cells was fixed with 50 μl of 2.5% glutaraldehyde prepared in 1x PBS for 6 h at 37⁰C. The cells were 

washed thrice with PBS (1x) (Malathi et al., 2014). The pellet was resuspended in sterile distilled 

water, and a small drop of it was placed on an aluminum foil and dried at room temperature. The 

samples were sputter-coated with gold (Hitachi E-1010 Ion Sputter, Japan) for 60 sec and observed 

under the scanning electron microscope (Hitachi S3400N, Japan). 

2.11. Hemolytic assay and blood aggregation studies 

The hemocompatibility of the bare green synthesized metal nanoparticles (AgNP, AuNP, and 

PtNP) and streptomycin conjugated metal nanoparticles (SAgNP, SauNP, and SPtNP) were 

determined by incubating the red blood cells with the test components at different concentrations 

and expressed in terms of percent hemolysis. The human blood samples were collected from healthy 

volunteers in vials coated with ethylene diamine tetraacetic acid (EDTA). The whole blood was 

centrifuged at 1600 rpm for 5 min, and the plasma, buffy coat, and the cells in the top layer were 

discarded. The packed red blood cells (RBCs) at the bottom of the tube were washed with sterile 

isotonic 1x PBS (pH 7.4) four times. After washing, the packed RBCs (0.2 ml) were diluted with 4.0 

ml PBS, from which 0.2 ml suspension was mixed with different concentrations of the test compounds 

prepared in 1x PBS (0.8 ml). The diluted suspension of RBCs was added with 0.8 ml of 1x PBS and 

0.8 ml of Triton X-100, which were used as negative and positive controls, respectively. The mixture 

was gently vortexed and incubated at room temperature for 2 h, followed by centrifugation at 1600 

rpm for 5 min. The resulting supernatant was collected, and the absorbance was read at 540 nm in a 

UV–VIS spectrophotometer. The hemocompatibility of metal nanoparticles with or without 

streptomycin was determined in terms of percent hemolysis using the following formula: 
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𝑯𝒆𝒎𝒐𝒍𝒚𝒔𝒊𝒔 % 𝑨𝑹𝑩𝑪𝟓𝟒𝟎𝒕 𝑨𝑹𝑩𝑪𝟓𝟒𝟎𝑷𝑩𝑺𝑨𝑹𝑩𝑪𝟓𝟒𝟎𝑻𝑿 𝟏𝟎𝟎 𝑨𝑹𝑩𝑪𝟓𝟒𝟎𝑷𝑩𝑺  𝒙 𝟏𝟎𝟎 

Where; 𝑨𝑹𝑩𝑪𝟓𝟒𝟎𝒕  is the absorbance read at 540 nm of RBC treated with the test compound, 𝑨𝑹𝑩𝑪𝟓𝟒𝟎𝑷𝑩𝑺 

is the absorbance read at 540 nm of RBC treated with PBS, and 𝑨𝑹𝑩𝑪𝟓𝟒𝟎𝑻𝑿 𝟏𝟎𝟎 is the absorbance read at 

540 nm of RBC treated with TritonX-100, respectively. 

2.12. Effect of bare and streptomycin conjugated nanoparticles on the structural integrity of RBC 

The effect of both bare and streptomycin conjugated metal nanoparticles on the human 

erythrocytes was analysed using light and scanning electron microscopic analyses. The samples for 

light microscopy were prepared by placing the cells on a clean glass slide covered with a coverslip 

and observed under a light microscope (Nikon Eclipse 80i upright microscope, Japan). For scanning 

electron microscopic analysis, the cells were prepared by fixing with 0.25% glutaraldehyde dissolved 

in 1x PBS (pH 7.4) and allowed to stand for 10 min at 370C. Cells were collected by centrifugation at 

1000 rpm for 5 min to minimize the possible mechanical rupture of the erythrocytes. The fixed 

samples were drop-coated and dried on aluminum foil and sputter-coated with gold (Hitachi E-1010 

Ion sputter, Japan) for 60 sec and visualized under a scanning electron microscope (Hitachi, S-3400N, 

Japan). 

3. Results 

An attempt has been made in the current study to enhance the antibacterial activity of green 

synthesized metal nanoparticles by employing combinatorial therapy with antibiotics against the 

resistant pathogen. In this connection, the metal nanoparticles were synthesized from the rind extract 

of G. mangostana L., the obtained nanoparticles were subjected to a characterization study, and 

purification was done, as mentioned by Nisanthi et al. [18]. 

3.1. Bio-conjugation of streptomycin onto the green synthesized metal nanoparticles  

The bioconjugation of streptomycin was carried out directly onto the surface of bare metal 

nanoparticles without using any functionalizing agents like amino acids, glutathione, and 

polyethylene glycol. A schematic diagram (Figure 1) shows the bio-conjugation of streptomycin onto 

metal nanoparticles. 

A)  
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B)  

Figure 1. A) Schematic representation of bioconjugation of the drug Streptomycin onto the surface of 

green synthesized metal nanoparticles from the rind extract of Garcinia mangostana Linn. (AgNP, 

AuNP, and PtNP). B) UV-VIS spectral analysis of streptomycin conjugated onto the surface of silver 

(1. B) a-SAgNP), gold (1. B) b-SAuNP), and platinum (1. B) c-PtNP) nanoparticles [Inset: Turbidity 

induced by conjugation of streptomycin onto the nanoparticles (B) compared to bare nanoparticles 

alone (A)]; FT-IR spectral analysis of streptomycin, silver nanoparticles (AgNP), and nanoparticles 

conjugated with streptomycin (SAgNP) 1. B)-e; GNPs 1. B)-f; PtNPs 1. B)-g. 

3.2. UV-VIS spectral analysis of streptomycin conjugated metal nanoparticles 

UV-VIS spectral analysis indicated the characteristic shift in the SPR bands with all three 

nanoparticles conjugated with streptomycin. The SPR band shift for silver nanoparticles conjugated 

with streptomycin occurred at the wavelength range from 420 to 450 nm (SAgNP; Fig 1. B) a). The 

peak shift for gold nanoparticles occurred at 540 to 545 nm (SAuNP; Fig 1. B) b). The SPR band shift 

for platinum nanoparticles occurred from 260 nm (PtNP) to 263 nm (SPtNP; Fig 1. B) c). 

3.3. FT-IR analysis of the streptomycin conjugated metal nanoparticles  

The streptomycin conjugated on the surface of the metal nanoparticles was studied using the 

FT-IR spectral analysis. The characteristic bands observed for streptomycin and bare metal 

nanoparticles confirmed the conjugation of streptomycin onto the surface of the metal nanoparticles. 

The FT-IR spectrum showed bands at 2926, 2494, 1674, and 1465 cm-1 for streptomycin, which 

pertained to symmetrical and asymmetrical stretching of a methylene group, N-H stretching, C=C 

stretching of aromatic compounds, and –CH stretching vibration of atoms in AgNP (Figure 1(Be)), 

AuNP (Figure 1(Bf)) and PtNP (Figure 1(Bg)), respectively. The comparative FT-IR spectral analysis 

of the streptomycin conjugated silver (SAgNP; Figure 1(Be)), gold (SAuNP; Figure 1(Bf)), and 

platinum nanoparticles (SPtNP; Figure 1(Bh)) showed no changes in the absorption frequencies of 

other groups except the –N-H stretching peak, which broadened and shifted from a higher 

wavelength to a lower wavelength, and this confirmed the adsorption of streptomycin to the surface 

of the metal nanoparticles. 

3.4. Evaluation of the antibacterial activity of streptomycin conjugated metal nanoparticles 

The antibacterial activity of the bare green synthesized metal nanoparticles (AgNP, AuNP, and 

PtNP) and streptomycin conjugated metal nanoparticles (SAgNP, SAuNP, and SPtNP) were 

evaluated against streptomycin-resistant Bacillus sp. All three metal nanoparticles conjugated with 

streptomycin exhibited enhanced antibacterial activity compared to the bare metal nanoparticles. 

Remarkable enhancement (22 ± 0.3 mm) in the antibacterial activity of silver nanoparticles conjugated 

with streptomycin (SAgNP) was observed when compared to the antibacterial activity shown by the 

bare silver nanoparticles (14 ± 0.2 mm) and streptomycin preloaded disc impregnated with silver 

nanoparticles (16 ± 0.1 mm; Figure 2A & Table. 1). The bare gold and platinum nanoparticles did not 

show any antibacterial activity by themselves. However, the main antibacterial activity was observed 
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when the nanoparticles were conjugated with streptomycin. The zone of inhibition observed for gold 

and platinum nanoparticles conjugated streptomycin was 26 ± 0.1 and 23 ± 0.2 mm, respectively. The 

streptomycin preloaded discs impregnated with gold and platinum nanoparticles exhibited 

antibacterial activity, which was found to be equivalent, 13 ± 0.4 and 13 ± 0.2 mm, respectively (Figure 

2B,C & Table. 1). 

 

Figure 2. Antibacterial activity of the metal nanoparticles before and after conjugation with 

streptomycin against the streptomycin-resistant Bacillus sp. a: G. mangostana rind extract (GMRE); 

b: streptomycin; c: green synthesized AgNP (A), AuNP (B) and PtNP (C) nanoparticles; d: 

streptomycin preloaded disc impregnated with AgNP (A), AuNP (B) and PtNP (C) nanoparticles; e: 

streptomycin conjugated AgNP (A), AuNP (B) and PtNP (C) nanoparticles. 

Table 1. Antibacterial activities of metal nanoparticles and streptomycin conjugated metal 

nanoparticles against streptomycin-resistant Bacillus sp. 

Compounds used for testing the antibacterial activity 
Zone of Inhibition (mm) 

AgNP AuNP PtNP 

GMRE NZI NZI NZI 

Streptomycin NZI NZI NZI 

Metal Nanoparticles 14 ± 0.2 NZI NZI 

Streptomycin preloaded disk impregnated with metal nanoparticles 16 ± 0.1 13 ± 0.4 13 ± 0.2 

Streptomycin conjugated metal nanoparticle 22 ± 0.3 26 ± 0.1 23 ± 0.2 

NZI: No zone of inhibition. 

3.5. Determination of MIC of streptomycin conjugated metal nanoparticles 

The minimum inhibitory concentration of the green synthesized silver nanoparticles (AgNP) 

and streptomycin conjugated silver nanoparticles were found to be 0.325 ppm and 0.187 ppm, 

respectively. The bare gold and platinum nanoparticles were highly insensitive against the 

streptomycin-resistant Bacillus sp. In contrast, the gold (SAuNP) and platinum (SPtNP) nanoparticles 

conjugated with streptomycin showed antibacterial activity, and the MIC determined was 0.1067 

ppm and 34.00 ppm, respectively (Table S1). 

3.6. Determination of the minimal bactericidal concentration (MBC) of streptomycin conjugated metal 

nanoparticles 

Among the different test compounds, the bare silver nanoparticles (AgNP) exhibited an MBC at 

0.65 ppm (Figure S1). In contrast, the bare AuNP (Figure S3) and PtNP (Figure S5) did not show 

antibacterial activity even when used at the highest possible concentrations. The MBC of 

streptomycin conjugated silver (SAgNP; Figure S2), gold (SAuNP; Figure S4), and platinum (SPtNP; 

Figure S6) nanoparticles was 0.375, 0.2135, and 68.0 ppm, respectively. 
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3.7. Determination of live/dead cells after treatment with streptomycin conjugated nanoparticles using 

AO/PI staining 

The effect of streptomycin, bare, and streptomycin conjugated metal nanoparticles against 

streptomycin-resistant Bacillus sp. was evaluated by staining the cells with acridine orange and 

propidium iodide. The cells remained unaffected by streptomycin treatment (Figure 3B1) and 

fluoresced green when observed under the fluorescent microscope. The streptomycin-treated and 

untreated cells were also analyzed by propidium iodide staining, and no red fluorescence was 

observed (Figure 3A2,B2). The cells treated with bare and streptomycin conjugated nanoparticles 

resulted in the killing of the bacterial cells. The numbers of dead cells were comparatively higher in 

the cells treated with streptomycin conjugated silver nanoparticles (Figure 3D2) than in the silver 

nanoparticles treated cells. (Figure 3C2). The cells treated with bare gold nanoparticles did not kill 

the bacterial cells at all (Figure 3E1,E2) and the killing of the cells was prominent when treated with 

streptomycin conjugated gold nanoparticles (Figure 3F1,F2). Many cells with yellow fluorescence 

after the treatment with bare gold nanoparticles were observed (Figure 3E1), which did not show red 

fluorescence when the cells were stained with propidium iodide. The cells treated with bare platinum 

nanoparticles did not kill the bacterial cells (Figure 3G1,G2). In contrast, the treatment of 

streptomycin conjugated platinum nanoparticles killed the cells (Figure 3H1), increased number of 

dead cells was seen in the cells treated with streptomycin conjugated platinum nanoparticles (Figure 

3H2). 

 

Figure 3. Determination of live/dead cells of Bacillus sp. after treatment with streptomycin (B1&B2), 

AgNP (C1&C2), SAgNP (D1&D2), AuNP (E1&E2), SAuNP (F1&F2), PtNP(G1&G2), and SPtNP 

(H1&H2). AO/PI dual stained cells: AO stained: control (A1) and streptomycin treated (B1) cells; 

AgNP (C1), SAgNP (D1), AuNP(E1), SAuNP(F1), PtNP(G1) and SPtNP(H1). Propidium iodide-

stained control (A2) and streptomycin treated (B2) cells, AgNP (C2), SAgNP (D2), AuNP(E2), 

SAuNP(F2), PtNP(G2) and SPtNP(H2). 

3.8. Cell viability analysis of cells treated with bare and streptomycin conjugated nanoparticles with FACS 

Flow cytometry analysis was performed to determine the viability of the cells treated with bare 

and streptomycin conjugated nanoparticles. The bare AgNP and streptomycin conjugated metal 

nanoparticles (SAgNP, SAuNP, and SPtNP) killed the streptomycin-resistant Bacillus sp., and the 
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antibacterial activity AgNP- 92.64%, SAgNP-95.41%, SAuNP- 96.24, and SPtNP- 95.49%, respectively 

(Figure 4). 

 

Figure 4. Fluorescence-activated cell sorting analysis of control (A), bare silver nanoparticles (MIC- 

0.325ppm) (B), streptomycin conjugated, silver (MIC- 0.187ppm) (C), gold (MIC- 0.1067ppm) (D), and 

platinum (34ppm) (E) nanoparticles treated cells of Bacillus sp. Inset, the table shows the percentage 

of live and dead cells after the treatment at their respective minimum inhibitory concentration. 

3.9. Effect of bare and streptomycin conjugated metal nanoparticles on the structural integrity of Bacillus sp. 

The cells of Bacillus sp. treated with both bare (Figure 5b) and streptomycin conjugated silver 

nanoparticles (Figure 5c) resulted in lysis and disintegration. At the same time, the control cells 

remained intact (Figure 5a). The cells treated with bare gold nanoparticles did not affect the integrity 

of the cells (Figure 5d). In comparison, extensive lysis and damage of the cells were observed in those 

treated with streptomycin conjugated gold nanoparticles and appeared as a heap of granules (Figure 

5e). Similarly, the cells treated with bare platinum nanoparticles (Figure 5f) did not cause any damage 

to the cells, and they remained intact. In contrast, extensive lysis occurred in the cells treated with 

streptomycin conjugated platinum nanoparticles (Figure 5g). 

 

Figure 5. Scanning electron microscopic analysis of untreated cells of Bacillus sp. (a), cells treated with 

bare silver nanoparticles (b), cells treated with streptomycin conjugated silver nanoparticles (c), cells 

treated with bare gold nanoparticles (d), and cells treated with streptomycin conjugated gold 

a 

g f 

e d 

c b 
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nanoparticles (e), cells treated with bare platinum nanoparticles (f), and cells treated with 

streptomycin conjugated platinum nanoparticles (g) with respective EDX analysis. 

3.10. Effect of bare and streptomycin conjugated nanoparticles on the hemolysis of erythrocytes 

The red blood cells treated with the bare green synthesized silver nanoparticles (AgNP) at 0.325, 

0.1625, 0.08, and 0.04 ppm concentrations did not affect the cells. Whereas cells treated with 0.65 ppm 

resulted in lysis, and the solution turned red (Figure S8a), the percentage of lysis was calculated as 

28%. No lysis was observed when the cells were treated with the bare AgNP, AuNP, and PtNP and 

streptomycin conjugated SAgNP, SAuNP, and SPtNP nanoparticles at their minimum inhibitory 

concentrations (Figure S8a,b).  

3.11. Effect of bare and streptomycin conjugated nanoparticles on the structural integrity of RBC 

The red blood cells treated with PBS (pH 7.4) appeared in their characteristic biconcave discoid 

shape (Figure 6a), whereas the cells treated with Triton X-100 resulted in complete disintegration and 

were morphologically quite distinct. A few swollen cells with spikes on the surface (echinocyte-like) 

were also observed, generally termed ghost cells. The presence of many ghost cells was spotted in 

the sample treated with Triton X-100 (Figure 6b). The RBCs treated with the MIC concentration of 

bare silver nanoparticles at 0.325 ppm (Figure 6c) and streptomycin conjugated silver nanoparticles 

at 0.1875 ppm (Figure 6d), gold nanoparticles at 0.106 ppm (Figure 6f), and platinum nanoparticles 

at 34 ppm (Figure 6h) did not have any effect on the structural integrity of RBC. They were similar to 

what was observed in the negative control. The bare green synthesized gold (AuNP), and platinum 

(PtNP) nanoparticles did not cause any morphological changes even when they were used at their 

highest concentration, 127 and 235 ppm, respectively (Figure 6e,f). 

 

Figure 6. Effect of bare and streptomycin conjugated nanoparticles on the structural integrity of RBC’s 

(a) PBS; (b) Triton X – 100; c: AgNP (0.325 ppm); (d) SAgNP (0.187 ppm); (e) AuNP (127 ppm); (f) 

SAuNP (0.106 ppm), (g) PtNP (235 ppm); (h) SPtNP (34 ppm). (40X). Insets: (i) RBC with biconcave 

smooth surface; (ii) Appearance of ghost cells following treatment with Triton X - 100. 

The RBCs were viewed under a scanning electron microscope to visualize any significant 

structural change by the synthesized nanoparticle exerted on RBC. The cells treated with Triton X-

100 resulted in deformation and aggregation (Figure 7b), while the cells in PBS-treated control 

showed the characteristic biconcave with a smooth wall (Figure 7a). The RBCs were treated with bare 

(AgNP, AuNP, and PtNP; Figure 7c,e,g) and streptomycin conjugated (SAgNP, SAuNP, and SPtNP; 

Figure 7d,f,h) nanoparticles showed the typical characteristic doughnut-shaped cells. However, these 

cells were found to have adhered nanoparticles uniformly distributed all over the cells. The RBCs 

treated with nanoparticles showed no aberrant morphological cells. Still, the appearance of small 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 17 February 2023                   doi:10.20944/preprints202302.0291.v1

https://doi.org/10.20944/preprints202302.0291.v1


 11 

 

uniform-sized particles on the surface of RBC was found equivalently in all treated samples, which 

indicates the presence of nanoparticles on the surface of the RBC. 

 

Figure 7. Effect of bare and streptomycin conjugated nanoparticles on the structural integrity of RBC’s 

under scanning electron microscope a: PBS; b: Triton X – 100; c: AgNP (0.325 ppm); (d) SAgNP (0.187 

ppm); e: AuNP (127 ppm); f: SAuNP (0.106 ppm), g: PtNP (235 ppm); h: SPtNP (34 ppm). 

4. Discussion 

The prevalence of antibiotic-resistant microorganisms to multiple antibiotics coupled with the 

increasing healthcare cost haves propelled researchers to develop new and cost-effective 

antimicrobial reagents. This development has led to the resurgence of metals used in ancient times 

since microorganisms did not develop resistance against these metals. Combinatorial therapy joining 

one or more drugs, is the most exciting area of research to combat multidrug-resistant pathogens. 

Combinatorial therapy has a potential track record concerning a broader antimicrobial spectrum, 

synergistic effect, and reduced risk for emerging resistance during therapy compared to 

monotherapy. In the absence of evidence-based treatment options, combinations are increasingly 

employed to enhance the antibacterial effects of available drugs [23]. However, due to the continuous 

misuse of antibiotics, the development of resistance and adverse effects associated with it can occur. 

A case study conducted by Paul et al. has compared the monotherapy’s effectiveness with 

combinatorial therapy consisting of aminoglycoside and β-lactam in patients with sepsis where 

bacterial resistance was frequently encountered [24]. They found that the continual use of 

combinational therapy was not associated with mortality but led to nephrotoxicity in patients.  

Combinational therapy is considered a double-edged sword, so its usage must be strictly 

restricted to multi-drug-resistant bacteria [25]. Streptomycin-resistant bacteria have been treated with 

streptomycin conjugated metal nanoparticles in place of β-lactam. The following observations have 

been made from this study: 

1. The mechanism of action of metal nanoparticles is similar to β -lactam antibiotics against 

bacteria. 

2. The enhanced potential of combinational therapy consists of aminoglycoside antibiotics with 

metal nanoparticles to treat aminoglycoside-resistant bacteria. 

Therefore, an attempt has been made in the present investigation to evaluate the antibacterial 

activity of bare metal nanoparticles [26–28] and metal nanoparticles conjugated with streptomycin. 

The results obtained in the present investigation for the first time demonstrated enhanced 

bactericidal activity of the green synthesized silver (AgNP), gold (AuNP), and platinum (PtNP) 

nanoparticles when they were conjugated with the streptomycin compared to their free forms. 

Generally, such conjugation needs the process of functionalization and high energy requirements. 
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Ramulu et al. (2015) [29] synthesized the silver nanoparticles after the reduction of 2 mM silver nitrate 

with 0.6 mM NaBH4, followed by biofunctionalization with antibacterial peptide polymyxin–B. 

Similarly, [30] have synthesized aminoglycoside gold nanoparticles by adding trisodium citrate to 

1mM chloroauric acid, followed by adding 3 mM drug to the citrate-capped gold nanoparticles under 

stirring conditions for two h continuously. Hydrolysable linkers have been used to conjugate Human 

Serum Albumin nanoparticles with two antineoplastic agents, imatinib and 5-fluorouracil [31]. 1-

Ethyl-3-(3-dimethyl aminopropyl) carbodiimide (EDC) has been used as an agent to link the 5-

fluorouracil with green synthesized gold nanoparticles synthesized from the peel extract of Punica 

granatum with folic acid [32]. In the present study, no such chemical interference has been utilized as 

a functionalizing agent in determining the bio-conjugated nanoparticles’ bactericidal activity of the 

bioconjugated nanoparticles to avoid the adverse effect of chemicals [33].  

The UV-VIS spectral analysis of the streptomycin conjugated metal nanoparticles, such as 

SAgNP, SAuNP, and SPtNP, has suggested that the metal nanoparticles’ integrity was not 

compromised even after the bio-fabrication with the drug. The decreased aggregation observed with 

the streptomycin conjugated metal nanoparticles further points to the presence of streptomycin on 

the surface of metal nanoparticles. Adsorption appears to be the interaction between the antibiotics 

and nanoparticles, as is evident from the redshift in the surface plasmon resonance in the spectrum. 

This phenomenon indicates the formation of the larger nanoparticles; however, the shift is less than 

~3 nm in the case of SPtNP (Figure 2c), 10 nm in the case of SAuNP (Figure 2b), and 30 nm in the case 

of SAgNP (Figure 2a) when compared to their bare nanoparticles. A similar observation was made 

by Debalina et al. [34] when the gold nanoparticles synthesized with sodium borohydride as the 

reducing agent was conjugated with ampicillin, streptomycin, and kanamycin. The surface plasmon 

resonance observed for the bare gold nanoparticles was 526 nm. The conjugation of antibiotics with 

nanoparticles leads to the formation of larger particles, as evidenced by the color change from red 

wine to purple. The redshift observed suggested the adsorption of the antibiotics onto the surface of 

the nanoparticles. It is well known that an antibiotic molecule’s the presence of hydroxyl and amine 

groups of an antibiotic molecule can easily protonate in an acidic or neutral solution, transfer the 

electrons to the metal ions and form metal-amine complexes via simple amine chemistry [35]. 

The FT-IR spectrum is the fingerprint for identifying unknown compounds compared to 

previous reference spectra [36]. The alteration in frequency and intensity observed between the bare 

metal nanoparticles and streptomycin conjugated metal nanoparticles is due to the change in the 

atom vibration. Nirmala and Pandian [30] have suggested that the drug aminoglycoside contains 

active groups which can efficiently react with gold nanoparticles by chelation and get adsorbed onto 

the surface. The antimicrobial entity comes near the nanogold core surrounded by aminoglycoside 

drug moieties. In the present study, spectral analysis of streptomycin and streptomycin conjugated 

metal nanoparticles (SAgNP, SAuNP, and SPtNP) suggests a possible alteration in the vibration of 

the atom, and the change in the –NH band stretch indicates the involvement of the amine group of 

streptomycin in the conjugation process where the chemical structure of the drug left unaltered. 

However exact nature of events during the conjugation process in the present study is far from 

satisfactory and warrants rigorous analyses to explain the phenomenon behind the conjugation. 

The antibacterial activity of bare green synthesized nanoparticles (AgNP, AuNP, and PtNP), 

streptomycin preloaded disk impregnated with green synthesized metal nanoparticles, and 

streptomycin conjugated metal nanoparticles (SAgNP, SAuNP, and SPtNP) have been performed 

against the streptomycin-resistant Bacillus sp. by disk diffusion method. There was a remarkable 

increase in antibacterial activity when the antibiotic streptomycin was conjugated with a silver 

nanoparticle (22 mm); however, the antibacterial activity observed with a streptomycin preloaded 

disk impregnated with silver nanoparticle showed only a marginal increase in activity (16 mm) from 

the bare silver nanoparticles (14 mm). In terms of percentage, the highest (37.5%) antibacterial activity 

was observed with streptomycin conjugated silver nanoparticles (SAgNP), followed by streptomycin 

preloaded disk impregnated with silver nanoparticles (14%) over the bare silver nanoparticles. 

Interestingly, the streptomycin conjugated gold (SAuNP) and platinum (SPtNP) nanoparticles have 

shown a 100 and 76% increase in antibacterial activity, respectively, when compared to the activity 
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shown by the same nanoparticles when added to streptomycin preloaded discs. Thus, it is evident 

that the enhancement of the antibacterial activity is due to the conjugation of streptomycin onto the 

nanoparticles (Table 1). 

One essential property of any antibacterial agent is determining its minimal inhibitory 

concentration, allowing it to be used in a clinical setup. The minimum inhibitory concentration (MIC) 

is defined as the lowest concentration of an antimicrobial agent that inhibits the visible growth of 

bacteria. This information will be quite valuable during the antibacterial agent’s research and 

development phase of an antibacterial agent to determine the appropriate concentrations required in 

the final product. These drug concentrations are needed to produce the effect; ordinarily several 

hundred to a thousand times less than the concentration found in the final finished dosage form. The 

minimum bactericidal concentration (MBC) is the lowest concentration of an antibacterial agent 

required to kill a bacterium over a fixed period of 18 or 24 h, under a specific set of conditions. It can 

be determined by sub-growing the bacterium previously incubated with the antibiotics on an agar 

medium after appropriate dilutions. 

It has been observed in the present study that the streptomycin-resistant Bacillus sp. was found 

to be highly resistant to free streptomycin and bare gold and platinum nanoparticles (Figure S1). 

However, the same bacterium became susceptible when treated with the bare and streptomycin 

conjugated metal nanoparticles in a dose-dependent manner (Table S1). Among the conjugated 

nanoparticles, the gold nanoparticle with streptomycin showed the lowest MIC (0.106 ppm) followed 

by SAgNP (0.187 ppm) and SPtNP (34.0 ppm). 

The turbidity caused by the insoluble compounds during broth dilution has been observed to 

lead to false-positive results. Therefore, the MBC was determined by culturing on Muller Hinton agar 

medium. The agar medium incorporated with a particular concentration of test compound where no 

visible growth occurred was determined as the minimum bactericidal concentration (MBC). The 

MBC’s of AgNP, SAgNP, SAuNP, and SPtNP was found to be 0.65, 0.375, 0.2135, and 68 ppm, 

respectively. 

It has become essential to distinguish a compound’s bactericidal or bacteriostatic activity of a 

compound. Woods and Washington [37] have described an antimicrobial agent as bactericidal when 

the MBC/MIC ratio is less than or equal to 4, and bacteriostatic when the ratio is greater or equal to 

16. Thus, the MBC/MIC ratio is a parameter that reflects the bactericidal capacity of the analyzed 

compound [38]. In the present study, the tolerance level of the test bacterium was determined by 

analyzing the ratio of MBC/MIC, and the ratio of all the analyzed antimicrobial agents such as AgNP, 

SAgNP, SAuNP, and SPtNP was found to be surprisingly 2, i.e., the MBC is double the concentration 

of MIC, suggesting that the compound could be potential antibacterial agents against streptomycin-

resistant Bacillus sp. Whereas SAuNP and SPtNP exhibited antibacterial activity only after 

conjugating the streptomycin with the bare nanoparticles, suggesting that the nanoconjugates 

increased the antibacterial property of streptomycin by acting as a nanocarrier of the drug to the 

target site. The results obtained in the present study have been in line with the observations made by 

Das et al. [38]; they evaluated the antibacterial activity of silver nanoparticles synthesized from the 

leaf extract of O. gratissimum against multidrug-resistant E. coli and S. aureus strains. The obtained 

MIC for E. coli was 4 μg/ml and for S. aureus was 8 μg/ml, and the MBC was two times higher than 

the MIC, which was 8 and 16 μg/ml, respectively, for the organisms. 

After treatments, the intact and compromised cells can be distinguished by staining the treated 

cells with AO/PI staining and viewing them under a fluorescent microscope. The membrane integrity 

of the bacteria treated with the antimicrobial test compounds has also been analyzed using acridine 

orange and propidium iodide staining [39]. The stains used were the membrane-impermeable PI 

causing red fluorescence in cells with compromised membranes. AO is a cell-permeable nucleic acid 

binding green fluorescent dye that enters the cells regardless of whether they are intact or 

compromised. The live/undamaged cells will appear green, whereas bacteria with compromised cell 

walls will appear reddish-orange, and the dead cells will appear red. The streptomycin-resistant 

Bacillus sp was treated with the respective MIC of tested antimicrobial compounds. The cells with 

compromised cell walls allow the PI stain to get through the cell wall due to the lack of cell wall 
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integrity, and thus the PI stains the nucleic acid (DNA) and appears red when viewed under a 

fluorescence microscope. The number of red fluorescent cells was higher in the case of SAgNP, 

SAuNP, and SPtNP treated cells than in AgNP treatment. 

Accurate determination of live and dead bacteria is vital in determining the dosage level of 

antibiotics. The traditional culture-based viable test does not provide real-time results needed in 

applications such as industrial manufacturing. However, the enumeration of accurate live and dead 

cells is now possible with flow cytometric analyses. The nucleic acid leaked out due to the treatment 

will be freely available for the PI dye for binding, leaving the cells available to emit red fluorescence, 

and thus enumeration of the dead cells is possible by flow cytometric technique. In the present study, 

the cells were treated with their MIC concentration, and the numbers of dead cells were enumerated, 

and 96% of cells were found dead at 0.106 ppm, 95% at 0.18, and 34 ppm for SAgNP and SPtNP, 

respectively. About 92% of dead cells were found at 0.325 ppm in respect of AgNP treatment. 

Scanning electron micrographs representing the ultrastructure of cells are a powerful method 

for understanding the effect of nanoparticles and have been widely described in the literature. An 

earlier observation made by Das et al. [38,40] has shown damaged membranes of bacterial cells when 

treated with silver nanoparticles synthesized from the extract of O. gratissimum, which resulted in 

enhanced plasma membrane permeability of the plasma membrane. This permeability has led to the 

leakage of cellular content and the death of the cells [41]. 

The present study has also attempted to evaluate the structural changes after challenging the 

bacterium with antibiotic-conjugated nanoparticles using electron microscopic analysis. The cells 

treated with silver nanoparticles showed extensive damage to the structure (Figure 5b). Most cells 

were disintegrated and lysed. The cells treated with gold (AuNP) and platinum (PtNP) nanoparticles, 

however, did not have any effect on the integrity of the structure (Figure 5b,d). 

The exact mechanism by which the nanoparticles penetrate the bacteria is not fully understood. 

However, according to Morones et al. [42], silver nanoparticles can damage the cells by interacting 

with phosphorous and sulfur-containing compounds such as DNA and regulating enzymes. In the 

present study, the silver nanoparticles (AgNP) alone have shown the potential to damage the 

bacterial cells by creating small pits on the surface and penetrating the cells, which causes the leakage 

of intracellular compounds and eventually leads to the death of the bacteria. The failure of gold 

(AuNP) and platinum (PtNP) nanoparticles may be due to the lack of affinity towards phosphorus 

and sulfur-containing compounds compared to silver. The gold /platinum nanoparticles are higher-

order metals used as biocompatible catalyst and drug delivery agents because of their inertness. 

However, the inert gold and platinum nanoparticles, when conjugated with streptomycin, have 

acquired remarkable antibacterial activity and were able to lyse the cells (Figure 5e,g), ultimately 

leading to death. In general, antibiotic resistance against the aminoglycoside class of antibiotics by 

bacteria can be trespassed by combining with the β-lactam class of drugs. With this crucial point in 

mind, we can understand the mechanism of the nanoparticle, where the nanoparticle acts as the agent 

to damage the bacteria’s cell wall of the bacteria and carries the streptomycin inside the cells, and 

then it acts on the protein machinery leading to the death of the bacteria. 

One of the most critical challenges in the growing field of nanomedicine is the behavioral nature 

of nanoparticles inside the cells. Metabolic and immunological responses induced by the 

nanoparticles are still under investigation; however, they may act as checkpoints for the growth of 

nanomedicine. Nanotoxicology has been described as the discipline that deciphers the molecular 

events that regulate nanoparticle bioaccumulation and toxicity [43]. There must be enhanced 

vigilance on the potential secondary effects generated by using nanomaterials in nanomedicine. 

Blood is the major component in humans that serves as the primary route for the translocation of 

foreign bodies into cells, tissues, and organs. Therefore, its compatibility with foreign bodies assumes 

significance in developing materials like nanoparticles into effective antimicrobial agents. 

RBC is an essential component of the blood circulatory system since it plays ais crucial role in 

transporting oxygen to the body tissues. Any malfunction or disruption of the RBC might pose a risk 

to the health; therefore, the need to test the influence of the nanoparticles on RBC is inevitable. 

Though it is considered to be the most crucial area of research, there have been only a few reports 
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available on the hemocompatible nature of the nanoparticles, such as silica [44],[45], TiO2 [46], and 

polymer nanoparticles [47]. 

In the present study, an attempt has been made to assess the hemocompatible nature of the bare 

and streptomycin conjugated silver, gold, and platinum nanoparticles synthesized from the rind 

extract of G. mangostana fruit. It has been observed that no hemolysis was induced either by the bare 

nanoparticles or streptomycin conjugated nanoparticles (Figure S8). 

Investigations undertaken to assess the hemocompatible nature of gold nanoparticles have 

shown that they are biocompatible and can be used as nanomedicine. It has been found that the gold 

nanoparticles synthesized from the extract of Zinger Officinale caused very little (0.2%) hemolysis, 

even at the highest concentration of 10 mg/ml. [48]. Similarly, the silver nanoparticles synthesized 

from β-glucan isolated from the edible mushroom, Pleurotus Florida, showed hemocompatibility 

despite antibacterial activity against the multi-antibiotic resistant bacteria (MAR) K. pneumonia 

YSI6A[49]. The RBC treated with silver nanoparticles at 15 μg/ml concentration induced only 0.68 % 

of hemolysis and was found to be hemocompatible. The MIC for the particular bacterium was found 

to be 40 μg/ml, which is ~2 times higher than the LD50 concentration however found to be compatible 

with RBC. The percentage of hemolysis of platinum nanoparticles synthesized from the extract of 

seaweed, Padina gymnospora reported as 13% for 40 μg/ml [50].  

The silver nanoparticles synthesized from Catharanthus roseus have caused hemolysis at 10 

μg/ml; however, the concentration from 1 to 5 μg/ml has been considered safe on RBC [51]. Srinath 

et al. [52] synthesized gold nanoparticles from the bacterium Brevibacillus formosus and showed them 

to have no hemolytic activity even at the highest concentration (150 and 200 μg/ml). The 

hemocompatible nature of the gold nanoparticles synthesized from the tuber extract of Curcuma 

mangga has also been investigated recently [53]. The percentage of hemolysis increased when the 

concentration of the gold nanoparticles increased, and the observed percentages were 2.7, 1.8, 2.6, 6.2, 

and 9.9%, with 3.13, 6.25, 12.5, 25, and 50 μg/ml, respectively.  

Asharani et al. [54] have observed that the platinum and gold nanoparticles caused no hemolysis 

and hemagglutination, whereas silver nanoparticles caused hemolysis [55]. They synthesized four 

different types of nanoparticles through the chemical method and investigated the effect of those 

nanoparticles on the surface of human erythrocytes. It has been suggested that the membrane damage 

in the nanoparticle-treated cells led to the lysis of RBC, damaging the adjacent normal cell through 

DNA damage [56]. The results obtained in the present study are in good agreement with the above 

research. In the present research, the silver nanoparticles (AgNP) synthesized from the rind extract 

of G. mangostana fruit alone showed hemolysis at a higher concentration (0.65 ppm). In comparison, 

no hemolysis occurred at a lower concentration. Gold and platinum nanoparticles were 

comparatively more hemocompatible than the silver nanoparticles synthesized from the same source 

(Figure S8a). 

The electron microscopic analysis of cells treated with platinum nanoparticles (PtNP) revealed 

the presence of a few ghost cells and the slight alteration in the shape of RBC from discocyte to 

spherocyte (Figure 7g). Continuous exposure might have led to the loss of the membrane’s resilience 

and flexibility. Further investigation is necessary to ascertain the nature of the effect before this can 

be taken for any clinical trial. 

Interestingly, the RBC treated with bare and streptomycin conjugated gold nanoparticles (Figure 

7e,f) showed no sign of morphological disturbances, which suggests that these conjugates could be 

used against the multidrug-resistant bacteria without causing any effect on the normal cells (Figure 

7a). 

5. Conclusions 

Bio-fabrication of streptomycin onto green synthesized noble metal nanoparticles synthesized 

from the aqueous rind extract of G. mangostana fruit has been achieved, which could be considered 

the most cost-effective drug modification methodology. The streptomycin conjugated nanoparticles 

were characterized using UV-VIS and FT-IR spectral analyses. The addition of streptomycin to the 

nanoparticles caused a solution color change and showed a shift in the absorption spectra from 420 

to 450 nm for SAgNP, 540 to 545 nm for SauNP, and 260 to 263 nm for SPtNP when analysed with 
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UV-VIS spectroscopy. The shift in the wavelength confirms the successful conjugation between the 

streptomycin and the metal nanoparticles. The FT-IR spectra obtained for sAgNP, SAuNP, and SPtNP 

have shown that the –NH stretching of the streptomycin was responsible for attachment on the 

surface of the metal nanoparticle and maintaining the chemical structure of the drug even after 

conjugation. The antibacterial activity of the streptomycin-conjugated metal nanoparticles (sAgNP, 

SAuNP & SPtNP) and the streptomycin preloaded disk impregnated with nanoparticles was 

evaluated by the disk diffusion method. The streptomycin conjugated gold nanoparticle (SAuNP) 

showed a 100 % antibacterial activity compared with the AuNP alone, while the streptomycin 

conjugated silver and platinum nanoparticles showed a 22 and 76 % increase, respectively. The 

minimum inhibitory concentration of AgnP and SAgNP was determined as 0.325 and 0.187 ppm, 

respectively. The MIC value observed with streptomycin conjugated silver nanoparticles was 46% 

lesser when compared with the value observed with bare nanoparticles. The MIC of streptomycin 

conjugated gold and platinum nanoparticles were found to be 0.1067 and 34.0 ppm, respectively. The 

minimum bactericidal concentration of AgNP, sAgNP, SAuNP, and SPtNP were determined as 0.65, 

0.375, 0.2135, and 68 ppm, respectively. The test compounds’ respective MIC and MBC values 

determined the tolerance level of streptomycin-resistant Bacillus sp. The ratio of MBC/MIC for AgNP, 

SAgNP, SAuNP, and SPtNP was 2.0, suggesting that these compounds are bactericidal in nature. 

After treating them with streptomycin conjugated nanoparticles, the number of live and dead 

bacteria after treating them with streptomycin conjugated nanoparticles was calculated using flow 

cytometric analysis. 96% of cells were found dead upon treatment with SAuNP, while 92 and 95 cells 

were found dead upon treatment with AgNP and SAgNP, respectively. About 95% of cells were 

found dead upon treatment with SPtNP. The cells treated with streptomycin conjugated 

nanoparticles showed lysis and fragmentation, suggesting that the streptomycin conjugated 

nanoparticles could be an ideal agent for treating drug-resistant bacteria in a clinical setup. The 

hemocompatibility of bare and streptomycin conjugated metal nanoparticles was evaluated with 

human erythrocytes. No hemolysis was observed when the RBC was treated with silver nanoparticles 

at its MIC of 0.325 ppm. Cells treated with higher concentrations (0.65 ppm) were rendered hemolytic 

to 28%. No hemolysis was observed when the cells were treated with AuNP, PtNP, SAgNP, SAuNP, 

and SPtNP, even when they were used at their highest concentration. Light microscopic analysis of 

RBC treated with the test compounds showed no sign of aggregation, while the formation of many 

ghost cells was observed in the cells treated with Triton X-100. Scanning electron microscopic analysis 

of RBC treated with bare and streptomycin conjugated nanoparticles has shown the characteristic 

biconcave cells with smooth surfaces suggesting the hemocompatibility nature of the test 

compounds.  

This present investigation opens a new avenue of research for the cost-effective green synthesis 

of metal nanoparticles from agricultural waste, which can be considered as the value-added product, 

and the conjugation of the drug onto the surface of the metal nanoparticles without any harmful 

interfacing agents projects this study as a unique and novelty. Moreover, the emergence of multidrug 

resistance in pathogenic organisms has caused growing concern, especially among healthcare 

providers, which necessitated the development of new antimicrobial compounds. Antibiotic 

resistance keeps increasing in frequency, with all major classes of antibiotics used to treat a wide 

variety of diseases. The development of resistance against metal nanoparticles is more challenging 

for any pathogen. Thus, an effort has been made in the present investigation and proves a new 

formulation of drugs by conjugating the commercial drug with nanoparticles to treat microbial 

resistance.  
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