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ABSTRACT: Day by day it is challenging to prepare a chemical 

reagent against antimicrobial resistant pathogenic for pharmaceutical 

and food sector. There are several types of quantum dots are invented 

among them Sulfur Quantum Dots (SQDs) a new type of luminescent 

quantum dots which is prepared from unused sublimed sulfur can be 

replaced for these purposes. SQDs are highly water soluble, low 

toxicity and have an antimicrobial and antioxidant activity. There are 

several uses of this quantum dots, but in this review the synthesis 

method and their comparison, antibacterial and antifungal activity and 

antioxidant activity are described from its invention to present state. 

SQDs with packaging film exhibited effective antimicrobial effects 

especially against foodborne microorganisms caused by the production 

of reactive oxygen species (ROS). SQDs could be a potential agent for 

food packaging, disinfectant for fabric and increase the shelf life of 

food. 

INTRODUCTION: Element sulfur is one of the 

most abundant and extensively used substances on 

earth. There is a huge demand of sulfur for various 

fields, such as sulfuric acid production, medicine, 

rubber production, lithium-sulfur batteries and 

agriculture. However, a large number of sulfur has 

not been used fully utilized, which produce waste 

of sulfur resources. So, it is a demand of time to 

develop novel pathway for the utilization of 

elemental sulfur in an efficient way for the 

economic and environmental perspectives 
1, 2

. 
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Element sulfur is used as antimicrobial agent from 

the ancient. Microorganisms adsorb or uptake the 

elemental sulfur and generate hydrogen sulfide or 

pentathionic acid, which can impair a cluster of 

essential enzymes (especially –SH) responsible for 

microbial respiration or denature certain proteins 

and lipids 
3
. Sulfur nanomaterials have low 

toxicity, good solubility and excellent photo-

luminescent property and superior antimicrobial or 

antifungal activity than carbon nanomaterials 
3, 4

.  

Quantum dots are a new type of fluorescent 

nanomaterials have unique physical and chemical 

properties, including high stability, narrow range of 

emission, and high quantum yield. Funtionalized 

quantum dots have an antibacterial activity. There 

are three molecular mechanism for antibacterial 

activity of quantum dots: (1) destruction of cell 

walls/cell membranes; (2) production of reactive 
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oxygen species (ROS) to destroy the cells; (3) 

binding with nucleic material (DNA/RNA) to 

inhibit cell proliferation 
5
. In the past 5 years, sulfur 

quantum dots (SQDs), a novel class of metal-free 

fluorescent quantum dots, have better water 

solubility, low toxicity and stable photoluminescent 

property. Nowadays, SQDs are using various 

fields, like fluorescence detection, bioimaging, 

light-emitting diodes, fluorescent polymer 

composites, photocatalysis and antibacterial 

materials 
6
. Not more than one decay ago, it was 

firstly invented and just only 5 years ago a facile 

and strong synthesis method was invented 
7, 8

. Like 

sulfur nanoparticles, SQDs exhibit antibacterial 

activity that was firstly reported in 2021 against 

food borne pathogenic 
9
. Later, negatively charged 

S-dots, exhibited potential antibacterial activity 

against pathogenic bacteria and found better than 

conventional antibiotics with suitable solubility and 

low toxicity 
10

. Recently, alginate and chitosan 

based packaging materials containing S-dots 

showed antibacterial and antifungal activity and 

antioxidant activity, which added new dimension 

for packaging systems for the longer food self-life 
11, 12

. Visible light-mediated photoactivated SQDs 

showed antibacterial activity on polycotton fabric 

which could be as a source of disinfectant agent 
13

. 

This review present the synthesis, characterization, 

photoluminescence property, antimicrobial activity 

and antioxidant activity. After nearly 10 years 

invention of SQDs, several facile and time 

consuming with high photoluminescent quantum 

yield synthesis process were invented. Herein, we 

tried to discuss all synthesis process briefly and 

their limitation and comparison. The antimicrobial 

activity and antioxidant activity are vital factor for 

food packaging sector that’s why we discussed 

about all research of SQDs for these. 

 
FIG. 1: APPLICATIONS OF SULFUR QUANTUM DOTS 

1, 6

Synthesis of Sulfur Quantum Dots: The synthesis 

method of Sulfur quantum dots include 1) Acid 

Etching Oxidation Method, 2) Assembly-Fission 

Method, 3) Hydrogen Peroxide-Etching Method, 4) 

Oxygen-Accelerated Method, 5) Ultrasonication 

and Microwave Method, 6) One step Hydrothermal 

method 7) Other Methods 
1
. The first synthesis 

method of sulfur quantum dots was invented in 

2014 and prepared by using CdS quantum dots. 

This process include three steps: physical contact, 

phase interfacial reaction, and in situ precipitation 

and dissolution. 1.5 mm CdCl2 was added to 10 ml 

of oil acid and heated to 90 ºC to generate Cd-oil 

complexes, after that 0.75 mm of sulfur powder in 

5 mL of oleyamine was injected into hot solution 

and heated up to 140 ºC for 20 h. 50 mL of ethanol 

was added to precipitate CdSQDs. The centrifuged 

precipitate dissolved in 50 ml n-hexane. Then 

HNO3 was mixed with the diluted CdSQDs with 

slowly stirring for 36 h at room temperature. The 

first luminescent SQDs was highly water soluble 

and low toxicity but had low quantum yield of 

0.5%. The first invented technique is now avoid 

due to low quantum yield, high cost and harsh 

reaction condition 
7
. 

Later, a simple top-down method was applied to 

synthesis water dispersed sulfur quantum dots from 

bulk sulfur. Sublimed sulfur powder (1.4 g), 

ultrapure water (50 mL), polyethylene glycol-400 

(PEG-400) (3 mL) and sodium hydroxide (4g) were 

heated 70 ºC up to 125 hours. Here, PEG-400 acts 
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as passivation agent, PEG-400 is important to 

improve the photo luminesce activity of sulfur dots. 

Here, researchers proposed an ―assemble-fission‖ 

mechanism for the formation of sulfur dots. The 

formation of S dots includes three steps: 

dissolution, assembling, and fission. The process 

follow the below reaction 

3S + 6 NaOH = 2Na2SO3 + 2H2O 

(x-1) S Na2S = Na2Sxx= 2-5 

At first elemental sulfur react with sodium 

hydroxide and formed sodium sulfide (Na2S), 

which further reacted reacted with elemental sulfur, 

leading to the formation of unstable intermediate 

sodium polysulfide (Na2Sx), which lastly 

underwent a fission reaction to release sulfur 

particles. It is a time consuming procedure, it 

requires more than 100 hours to reach a dynamic 

equilibrium and monodispersed sulfur quantum 

dots are obtained. The quantum yield found 3.8% 

and high stability over two months. Although some 

constrains, it is the first facile method for synthesis 

of SQDs and it creates groundbreaking step to 

synthesis more efficient SQDs 
8
. 

A highly quantum yield containing SQDs up to 

23% synthesized by using H2O2 etching assisted 

top-down method. This method was similar as like 
8
, sublimed sulfur powder, PEG and NaOH were 

mixed together and stirred at 70 ºC. After injecting 

H2O2 into the non-luminescent S dots green 

emission, after more added H2O2, it change to blue 

emission. According to the amount of H2O2 and 

time, quantum yields of green and blue 

photoluminescence was 16% and 23% and the 

simultaneous decrease size in 5 to 3.5 nm
2
. A rapid 

synthesis process was developed by means of 

hydrothermal method. 0.3 g of sulfur, 0.8 g of 

NaOH and 0.5 mL of PEG were mixed in 10 mL 

water and transferred in a Teflon-lined autoclave 

chamber and heated at 170 ºC.  

This process produced 4.02% quantum yield at 4 h 

but it is a high energy consuming and low quantum 

yield 
14

. A facile short time consuming synthesis 

method was applied for the preparation of SQDs. In 

this method, sublimed sulfur powder (0.1 g), 

ultrapure water (40 mL), PEG-400 (2.5 ml), and 

sodium sulfide (7.0 g) were added, which was 

allowed to react under ultrasonication. After 3 h 

reaction, a weak green emission appeared under uv 

light. Extension of the ultrasonication time resulted 

in a lighter color and achieving quantum yield of 

2.1% after 12 h 
15

. After using Cu
2+ 

 etchant agent 

instead of H2O2 into similar solution described by 
8
 

found highly photoluminescence quantum yield of 

32.8%. This caused by the effective surface etching 

using Cu
2+

and the suppression of the nonradiative 

recombination transitions. However, this process is 

limited for the synthesis of SQDs especially for 

bioimaging purpose due to the toxicity of copper 
16

. 

A facile SQDs synthesis method was invented 

under pure-oxygen atmosphere, monodisperse size 

1.5-4 nm and high fluorescence quantum yield of 

21.5%. In this procedure, sublimed sulfur, NaOH, 

and PEG were added in water and the mixture was 

stirred at 90 ºC under O2 atmosphere. After 8-10 h, 

the transparent solution emit bright blue and cyan 

fluorescence under illumination with 365 and 395 

nm light. It was the first time to discover that 

highly fluorescent SQDs prepared from elemental 

sulfur based on the oxidation of divalent 

polysulfide ions into zero-valent sulfur under pure 

O2 atmosphere 
17

. 

A microwave assisted top-down method was 

invented with high quantum yield. Sulfur powder 

and PEG-400 were mixed with NaOH aqueous 

solution vigorously stirred for 1 h and then heated 

to 90 ºC via microwave irradiation within 5 

minutes and the solution was kept at the 90 ºC for 

30 min for the formation of more sulfur core and 

the solution was kept at least 5 h at 70 ºC 

temperature. As a result, there was a breakthrough 

in the SQDs synthesis process with a high 

photoluminescence quantum yield of 42.9%. After 

treating with 3 wt.% H2O2 lead to producing 

quantum yield of 49.25% 
18

. A first synthesis 

process was carried out by using sodium thiosulfate 

(S2 oxidation state) and etching of sulfur (in situ 

formed) by NaOH in an aqueous medium. In this 

process, sodium thiosulfate and oxalic acid were 

added in DI water followed by PEG-400. Then the 

mixture was allowed to stir at 70 ºC for 2 h and 

then added NaOH and heated this mixture 4 h and a 

very pale yellow produce luminescent sulfur dots. 

But this method produce a low photoluminescent 

quantum yield of 2.5% 
19

. By changing the 

passivating agent CMC instead of PEG a blue 

luminescent SQDs was prepared. Here, 1 g of CMC 



Sarker et al., IJPSR, 2024; Vol. 15(6): 1602-1615.                                        E-ISSN: 0975-8232; P-ISSN: 2320-5148 

International Journal of Pharmaceutical Sciences and Research                                                                              1605 

was dissolved in 80 mL water, then 1.6 g sublimed 

sulfur and 4 g of NaOH heated at 95 ºC with 

continuous stirred for 24 h under O2 atmosphere. 

The absolute fluorescence quantum yield found 

7.1%, which is higher than many previous reported 

SQDs 
20

. Tan et al. prepared S-dots by following 

multi-step H2O2 assisted synthesis process. 

Sublimed sulfur, PEG-400 and NaOH solution 

heated at 70 ºC for 72 h, then centrifuged to remove 

larger particles. After that, H2O2 was added as an 

etchant and the prepared SQDs showed a low 

quantum yield of 11% 
21

.  

Different SQDs synthesis method was established 

by changing the passivating ligand. Liu et al. 

proposed a synthesis method by using polyvinyl 

alcohol (PVA). Sublimed sulfur, NaOH, PVA 

solution heated at 75 ºC for 12 h under pure O2 

atmosphere and found PLQY of 4.62% 
22

. A more 

stable and excellent water dispersible SQDs was 

prepared from Hydroxypropyl-β-cyclodextrin (HP-

β-CD). 2 g of HP-β-CD and 2 g of NaOH were 

dissolved in DI water and 0.7 g sublime sulfur 

added. This mixture was heated at 85 ºC in a pure 

O2 atmosphere for 12 h. The monodispersed SQDs 

particle size 3.5-6.5 nm contain low quantum yield 

of 4.66% 
23

.  

A facile, green and high efficient SQDs was 

prepared by ultrasound-microwave assisted etching 

on-pot synthesis method. Sublimed sulfur, NaOH 

and PEG-400 dispersed in water and the mixture 

was subject to ultrasound-microwave irradiation at 

70 ºC for 1 h. Then 12 wt. % H2O2 solution was 

added and the reaction was allowed the same 

condition for 1 h. The smallest size 2.22 to 0.6 nm 

SQDs was prepared with high photoluminescent 

quantum yield of 58.6%  and showed excitation 

independent emission 
24

. With the help of bubbling 

assisted synthesis process SQDs was prepared in a 

short time. Sulfur, NaOH, PEG-400 solution heated 

at  70 ºC for 5 h with an air pump to keep the 

ventilation of the reaction system. The bubbled air 

is critical for the formation of SQDs, by providing 

O2 to transfer divalent sulfur ions into the elemental 

sulfur core and etching the surface species 

deactivates nonradiative paths. It is a time suitable 

method but have low quantum yield of 8% 
22

. A 

negatively charged, highly antibacterial and 

biocompatibility to humans SQDs but low quantum 

yield of 5.13% was prepared by employing poly 

(sodium 4-styrenesulfonate) (PSS) by etching of 

H2O2. Sulfur, NaOH, and PSS were mixed and 

heated at 70 ºC for 12 h. Then H2O2 injected into 

the mixture and turned colorless luminescent SQDs 
10

. A mid-level photoluminescent quantum yield of 

17.6% SQDs was prepared by employing low 

molecular weight PEG-200 instead of PEG-400. 

PEG-200 endow the SQDs more hydroxyl groups. 

PEG-200, NaOH and Sublimed sulfur powder were 

added in DI water and the mixture was heated at 30 

ºC for 0.5 h under O2 atmosphere, then agitated at 

90 ºC for 10 h.  

The S-dots with multiple hydroxyl groups showed 

superior water dispersibility, strong and tunable 

emission and low toxicity 
25

. A low 

photoluminescent quantum yield of 4.8% SQDs 

was prepared by mechanochemical method. In this 

procedure, 500 mg NaOH moist powder, 0.4 mmol 

sodium thiosulfate and PEG-400 were grinded in a 

morter and pastle for 10-15 min and light yellow 

powder produced. Then, extended the grinding time 

and found a whitish powdered sample. After that, 

dispersed in distilled water for 1 h and dialyzed and 

found SQDs 
26

.  

A highly stable blue luminescent quantum dots 

were rapidly synthesized by a solvothermal method 

using sublimed sulfur and β-cyclodextrin as the 

passivator. Sublimed sulfur (0.3 g), NaOH (0.3 g), 

and β-cyclodextrin (0.15 g) were dissolved in 25 

mL ethanol and sonicated for 20 min. After that, 

the brown-yellow mixture was transferred to 

autoclave and heated a 180 ºC for 4 h.  

The fluorescence quantum yield of β-SQDs 14% 
27

. 

Gao et al. reported a simple and effective method 

for mass-producible synthesis of ultra-bright 

fluorescent SQDs on the basis of one-pot 

solvothermal treatment of S-ethylenediamine (S-

EDA) solution. Sublimed sulfur dissolved in S-

EDA solution at 170 ºC for 5 h and produced a dark 

brown solution. The produced S-dots could be 

readily purified and collected by direct 

precipitation in ethanol and followed by 

centrifugation. A highly quantum yield of 87.88% 

SQDs synthesized by a short time and facile 

purification process. A possible reaction 

mechanism was proposed that the S can dissolve in 

EDA to form an open chain alkylammonium 

polysulfide at room temperature 
28

. 
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2H2NCH2CH2NH2 + Sx                   (H2NCH2CH2NH3
+
) (H2NCH2CH2NH-Sx) 

On the other hand, the addition of H
+ 

could 

regenerate zerovalent sulfur ion from the 

alkylammonium polysulfide and this reaction has 

been employed to synthesis sulfur nanoparticles. 

Futhermore, several groups have also reported the H2S would be produced from the S-EDA solution at 

high temperature by the following reactions. 

2H2NCH2CH2NH2 + Sx                     (H2NCH2CH2NH)2 Sx-1 + H2S 

H2NCH2CH2NH2 + ¼ S8               H2NCH2CSNH2 + H2S 

SQDs with size around 2 nm was synthesized by a 

microwave-assisted method using sulfur powder as 

precursor. In this method, 1 g NaOH, 0.175 g sulfur 

powder and 1.5 ml PEG -400 mixed under stirring 

at 70 ºC to form a yellow solution. Then, this 

solution was placed in a microwave oven and 

reacted at 200 W for 1.5 h. Finally, the mixture was 

centrifuged for 15 min at 5000 rpm and found 

quantum yield of 4.3% SQDs 
29

. By using sodium 

hypochlorite as the etching agent, Lu et al. were 

prepared a SQDs. Sulfur powder and PEG-400 

were added into 10 mL of NaClO aqueous solution. 

Then the mixture was transferred to a Teflon-lined 

autoclave and placed in a muffle furnace at 180 ºC 

for 12 h. A low PLQY of 2.90% was produced with 

1.68 to 1.24 nm particle size S-dots 
30

.  

A fluorescent tunable SQDs were obtained by one-

pot hydrothermal method and by H2O2 assisted 

etching after hydrothermal treatment. Sublimed 

sulfur, NaOH and PEG-400 mixture sonicated for 

20 min and heated for 4 h at 180 ºC. After 

removing precipitate and filtering, the solvent was 

dried by rotary evaporator drying at 60 ºC and 

Green-SQDs were obtained. By slowly added H2O2 

dropsies to the Green-SQDs, found a colorless 

supernatant Blue-SQDs. They found PLQY of 

respectively 6.3% and 8.1% for Green-SQDs and 

Blue-SQDs 
31

.  

By using hyperbranced polyglycerol (HPG) as a 

ligand to direct the synthesis of dendritic HPG-

SQDs from cheap elemental sulfur. Under the O2 

atmosphere mixture was heated at 95 ºC for 24 h 

and low PLQY of 6.8 % SQDs were produced 
32

. A 

facile one-pot synthesis with a quantum yield of 

7.04 % approach was employed to transfer sulfur 

into SQDs by using ethanol solvent instant of alkali 

NaOH. Sulfur powder, H2O2 and PEG-400 was 

successively added to ethanol and ultra-sonicated 

for 10 min and reacted at 220 ºC for in a Teflon-

lined autoclave for 36 h. The obtained SQDs 

displayed higher photoluminescent properties than 

those observed in water and NaOH. This is 

possibly because ethanol could efficiently disperse 

bulk sulfur and provide sufficient contact between 

the etching agent and the sulfur 
33

. There are found 

one article that SQDs were prepared from 

tioacetamide (TAA) as a sulfur source.  

It is well known that TAA hydrolyzes at 100 ºC 

under acidic or neutral conditions to produce 

hydrogen sulfide (H2S) and dissociated into 

reductive sulfide ions (S
2-

). In this process, 0.25 g 

carboxy methyl cellulose (CMC) was added in 12 

mL water, then 6 mL of 50 mM TAA and 2 mL 3% 

H2O2 were added and heated at 100 ºC for 4 h with 

continuous stirring. A blue fluorescence with good 

water solubility with PLQY of 9.31% S-dots were 

produced 
34

. Recently, L-cysteine was employed as 

capping reagent for the first time to prepare green 

fluorescent SQDs. Sublimed sulfur powder 0.7 g, 2 

g NaOH, and 3.5 g L-cysteine were added in 25 ml 

DI water, heated at 70 ºC for 24 h. Next, 5 mL of 

H2O2 added dropwise and reacted for 108 h and 

finally deed red color found. The supernatant after 

centrifugation was treated with ion-exchange resi 

step by step and filtrated. In this process, excellent 

optical stability, low biological toxicity and good 

fluorescent property in the light with quantum yield 

of 13.87% SQDs were produced 
35

.  
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Priyadarshi et al. were prepared SQDs with 

quantum yield of 79.8% modified by the method of 
28

 and recycle 70% of the solvent and  > 50% of 

water. They used water instead of ethanol to 

resuspend the SQDs after EDA removal. The 

conversion efficiency was 21% than the 15% of 

reported Gao et al 
36

. Polyethyleneimine (PEI) 

using as a passivator for the synthesis of SQDs, 

found good water solubility and stablility with a 

quantum yield of 5 %. 4.0 g of NaOH, 5 mL of PEI 

and 4.0 g of sublimed sulfur powder dissolved in 

50 mL DI water and heated at 75 ºC for 120 h 
37

.  

The bovine serum protein (BSA)-capped SQDs are 

synthesized by an H2O2-assisted chemical etching 

reaction with fine water dispersibility and good 

optical stability with quantum yield of 5.74%. The 

resultant BSA-capped SQDs are endowed with 

abundant carboxy and amino groups on the surface, 

exhibits excellent water dispersibilty and 

improving surface chemical activity 
38

.  

A novel chitosan oligosaccharide SQDs (COS-

SQDs) were prepared by mixing sublimed sulfur 

powder, KOH and COS solution with by adding of 

H2O2. 0.7 g sulfur and 2.805 g KOH added in 25 

mL water and heated at 70 ºC for 3.5 h. Then, COS 

0.075 g was added and continuously stirred for 1.5 

h. Next, 20% H2O2 was added drop wise at 70 ºC 

and found yellowish SQDs with quantum yield of 

8.45% 
39

.  

A green and facile ozone-assisted top-down 

approach was introduces for the rapid synthesis of 

SQDs. The formation of SQDs involves the 

dissolution of bulk sulfur powder into small 

particles in an alkaline environment, followed by 

the oxidation of polysulfide ions (Sx
2-

) into zero-

valent sulfur (S
0
) by ozone.  

The bulk sulfur, NaOH and PEG-400 solution were 

heated at 90 ºC for 3 h and then the solution treated 

with ozone for 1 h and produced light yellow 

SQDs. A strong blue fluorescent obtained under 

UV lamp and found PLQY of  9.26% 
40

.  

A facile and short time consuming sonication 

assisted with high quantum yield of 10.4% method 

was employed for S-dots synthesis. In this 

approach, 0.3 g sulfur, 2 g NaOH, 0.5 mL oleic 

acid and 20 mL water were mixed and the mixer 

was allowed to react for 3 min under high 

amplitude ultrasonic waves using a probe 

sonication instrument. The obtain forthy mixture 

was allowed to condense by heating at hot plate at 

190 ºC for 12 h and a pale-yellow S-dots produced 

within very short time 
41

. In the current study, 

SQDs were synthesized directly from sublimed 

powder via a one-pot solvothermal method by 

using sucrose as a stabilizer to enhance the stability 

and biocompatibility. In this method, 0.795 g 

sucrose was dissolved in 15 mL H2O2 (10% wt.) 

and then 20 mg sublimed sulfur powder was added 

to the solution and heated at 220 ºC for 24 h. They 

found low toxicity, good water solubilty and 

potential biodistribution for renal clearance with in 

high PLQY of 21.5% 
42

.  

Functionalized SQDs were prepared by using p-

phenylenediamine as the precursor and 

tetraethylene glycol (TEG) as the stabilizer for 

getting highly antibacterial activity. Sublimed 

sulfur and p-phenylenediamine as the ratio of 1:1 

were taken and hydrothermally heated at 200 ºC for 

24 hours in the presence of TEG. For getting 

neutral charge hydroxyl group was incorporated, 

carboxyl group was incorporated for negative 

charge and quaternary ammonium group was 

incorporated for positive charge 
43

. 

First time SQDs with dual emission was invented 

by using rhodamine-B (rhB) as a passivator. 160 

mg sodium heparin, 1 mg rhB, and 1molL
-1 

NaOH 

were dissolved in 20 mL pure water, and then 560 

mg of sublimed sulfur powder was added gradually 

and it was stirred at 70 ºC for 24 hoursunder pure 

oxygen atmosphere 
44

. Multicolor emitting SQDs 

were prepared by using H2O2etching method. For 

blue-SQDs, sublimed sulfur powder (0.6 g), 1,2 

ethylenediamine (EDTA)  3 mL added at 20 mL 

ethanol and refluxed for 6 hours 70 ºC.  

After cppling 5 mL of H2O2 (7.75 wt%) were added 

as droplet upon agitation. For cyan emitting SQDs, 

sublimed sulfur powder (0.6g), 1,3 diaminopropane 

(PDA), 3 mL added  at 20 mL ethanol  and refluxed 

for 24 hours 70 ºC. After cppling 7 mL of H2O2 

(7.75 wt %) were added as droplet upon agitation. 

For green-SQDs, sublimed sulfur powder (0.6 g), 

1,4 butanediamine (BDA),, 3 mL added  at 20 mL 

ethanol  and refluxed for 24 hours 70 ºC. After 

cppling 7 mL of H2O2 (7.75 wt%) were added as 

droplet upon agitation 
45

. 
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TABLE 1: SQDS SYNTHESIS PROCESS AT A GLANCE 

Synthesis Methods Materials Temperature    

ºC 

Time 

(h) 

PLQY 

% 

References 

HNO3 acid Etching  

Method 

Sulfur powder, CdCl2, oil acid, HNO3 25 36 0.5 
7
 

Assemble-Fission method Sublimed sulfur powder, NaOH, PEG-400 70 125 3.8 
8
 

H2O2 etching method Sublimed sulfur powder, NaOH, PEG-400, 

H2O2 

70 5 23 
2
 

Hydrothermal method Sublimed sulfur powder, NaOH, PEG-400, 170 4 4.02 
14

 

Ultrasonication promoted 

method 

Sublimed sulfur powder, sodium sulfide, 

PEG-400, 

Room 

temperature 

12 2.1 
15

 

Cu
2+

 etching method Sublimed sulfur powder, NaOH, PEG-400, 

Cu
2+

 

70 72 32.8 
16

 

Oxygen accelerated 

method 

Sublimed sulfur powder, NaOH, PEG-400 

under pure oxygen 

90 10 21.5 
17

 

Microwave assisted 

method 

Sublimed sulfur powder, NaOH, PEG-400 90 & 70 6 h 35 

min 

42.9 
18

 

Situ reaction method Sodium thiosulfate, Oxalic acid, NaOH, 

PEG-400 

70 6 2.5 
19

 

Oxygen assisted CMC 

method 

Sublimed sulfur powder, NaOH, CMC 95 24 7.1 
20

 

Multi-step H2O2 assisted 

method 

Sublimed sulfur powder, NaOH, PEG-400, 

H2O2 

70 72 11 
21

 

Oxygen assisted PVA 

method 

Sublimed sulfur powder, NaOH, PVA 75 12 4.62 
46

 

Oxygen assisted HP-β-

CD method 

Sublimed sulfur powder, NaOH, 

Hydroxypropyl-β-cyclodextrin (HP-β-CD) 

85 12 4.66 
23

 

Ultrasound-microwave 

assisted H2O2etching 

Method 

Sublimed sulfur powder, NaOH, PEG-400, 

H2O2 

70 2 58.6 
24

 

Bubbling air assisted 

method 

Sublimed sulfur powder, NaOH, PEG-400 70 5 8 
22

 

H2O2etching with PSS 

Method 

Sublimed sulfur powder, NaOH, PSS, 

H2O2 

70 12 5.13 
10

 

Oxygen assisted PEG-

200 method 

Sublimed sulfur powder, NaOH, PEG-200 90 10 17.6 
25

 

Mechanochemical 

method 

Sodium thiosulfate, NaOH, PEG-400 Nil 1 4.8 
26

 

Solvothermal method Sublimed sulfur powder, NaOH, β-

cyclodextrin 

180 4 14 
27

 

One-pot solvothermal 

method 

Sublimed sulfur powder, S-

ethylenediamine, ethanol 

170 5 87.88 
28

 

Microwave-assisted 

method 

Sublimed sulfur powder, NaOH, PEG-400 70 1.5 4.3 
29

 

Sodium hypochlorite 

etching method 

Sublimed sulfur powder, PEG-400, NaClO 180 12 2.9 
30

 

One-pot hydrothermal 

with H2O2 assisted 

etching Method 

Sublimed sulfur powder, NaOH, PEG-400, 

H2O2 

180 sonicat

ed for 

20 min, 

4 h 

6.3 

Green

&Blue 

8.1 

31
 

Oxygen assisted HPG 

method 

Sublimed sulfur powder, NaOH, 

hyperbrancher polyglycerol (HPG) 

95 24 6.8 
32

 

Ultrasonicated assisted 

H2O2 etching method 

Sublimed sulfur powder, ethanol , PEG-

400, H2O2 

220 36 7.04 
33

 

H2O2 etching method Tioacetamide, carboxy methyl cellulose 

(CMC), H2O2 

100 4 9.3 
34

 

H2O2etching with L-

cysteine Method 

Sublimed sulfur powder, NaOH, L-

cysteine, H2O2 

70 108 13.87 
35

 

One-pot solvothermal 

method 

Sublimed sulfur powder, S-

ethylenediamine, ethanol 

180 6 79.8 
36
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Surface etching method Sublimed sulfur powder 

Polyethyleneimine (PEI), NaOH 

75 120 5 
37

 

H2O2etching with BSA 

method 

Sublimed sulfur powder, bovine serum 

protein (BSA)NaOH 

70 12 5.74 
38

 

H2O2etching with COS 

method 

Sublimed sulfur powder, chitosan 

oligosaccharide (COS), KOH 

70 5 8.45 
39

 

Ozone-assisted method Sublimed sulfur powder, NaOH , PEG-

400, under ozone atmosphere 

90 4 9.26 
40

 

Sonication assisted 

method 

Sublimed sulfur powder, NaOH , oleic 

acid 

190 12 10.4 
41

 

One-pot solvothermal 

method 

Sublimed sulfur powder, NaOH , sucrose, 

H2O2 

220 24 21.5 
42

 

Hydrothermal method Sublimed sulfur powder, p-

phenylenediamine, tetraethylene glycol 

(TEG) 

200 24  
43

 

H2O2 etching method for 

blue SQDs 

Sublimed sulfur powder, 1,2 

ethylenediamine (EDTA), ethanol, H2O2 

70 6 14.22 
45

 

H2O2 etching method for 

cyan SQDs 

Sublimed sulfur powder, 1,3 

diaminopropane (PDA), ethanol, H2O2 

70 24 13.89 
45

 

H2O2 etching method for 

green SQDs 

Sublimed sulfur powder, 1,4 

butanediamine (BDA), ethanol, H2O2 

70 24 1.87 
45

 

Oxygen assisted one-pot 

hydrothermal method 

Sublimed sulfur powder, NaOH, 

rhodamine-B, sodium heparin and oxygen 

atmosphere 

70 24  
44

 

 

Characterization of Sulfur Quantum Dots: 

Characterization of any products is essential for 

better understanding about the mechanism behind 

the growth dynamics, optical and 

photoluminescence property and the applications. 

The size of monodispersed SQDs depend upon 

applied reaction condition, reaction time and extent 

of etching agent. The particles size found 1.6 nm to 

less than 10 nm from the different synthesis method 

of SQDs. The high resolution TEM images 

recorded SQDs that the spacing between two lattice 

fringes is 2.16 A
0
 which is different from (206) 

planes of orthorhombic S8 phase. The XRD pattern 

showed different diffraction peaks from 

orthorhombic S8 phase according to JCPDS file no. 

83-2285 due to synthesized SQDs amorphous in 

nature 
8
. After increasing the concentration of 

H2O2, particle size decreased from 6.5 to 3.5 nm 

and found quasi-spherical shape. HRTEM images 

showed clear lattice fringes of 0.23 nm which is 

different from (206) planes of orthorhombic S8 

phase 
2
. However, the SQDs are in an amorphous 

state and their crystallinity can be improved by 

increasing the reaction temperature or pressure. 

The XRD pattern of SQDs matched well with that 

of an orthorhombic S8 phase and the SQDs 

produced from hydrothermal and microwave-

assisted methods gave more sharp peaks 
47

. The 

chemical compositions and structure of the SQDs 

were also investigated by XPS. The XPS spectrum 

mainly composed C, O, and S elements. The XPS 

S2p peaks in the range of 161-165.5 eV usually the 

evidence of the presence of atomic sulfur 
2, 7, 8, 14, 15, 

17, 18, 20
. Moreover, the binding energy peaks more 

than 166 eV showed the presence of oxidized sulfur 

species.  For example, the binding energy at 167.9 

eV, 168.9 eV and 170.0 eV which represented 

respectively SO2
- 

(2p
2/3

), SO2
-
 (2p

1/2
) or SO3

-
 

(2p
2/3

), and SO3
-
  (2p

1/2
) 

7
. The binding energies at 

167.45, 168.3 and 169.2 eV were attributed to the 

SO2
- 

(2p
2/3

), SO2
-
 (2p

1/2
) or SO3

-
 (2p

2/3
), and SO3

 

(2p
1/2

) respectively 
8
. The binding energy peaks at 

166.5, 167.4 and 170.1 eV can be assigned to SO2
- 

(2p
2/3

), SO2
-
 (2p

1/2
) or SO3

-
 (2p

2/3
), and SO3

-
  (2p

1/2
) 

respectively 
2
. The Raman Spectrum for SQDs 

respectively showed three bands, the broad peaks 

appearing between 520 and 650 cm
-1

 for 

polysulfide, 800 cm
-1 

for C-O stretching vibration 

and 1100 cm
-1

 for S-O vibration 
15

. In most cases 

PEG is used as passivating agent for the synthesis 

of SQDs for the getting of efficient stabilizing 

effect FTIR spectrum of SQDs can be employed to 

surface groups of SQDs. In the FTIR spectrum of 

PEG matched well with the molecular peak of PEG 

and indicated that there is no chemical interaction 

between PEG and SQDs. The characteristic peaks 

at 2870, 1452, 1097 and 946 cm
-1

 corresponding to 

the stretching vibration of C—H, bending vibration 
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of C-H, stretching vibration of C-O and O-H, 

respectively 
48

. The SQDs showed so far 

characteristic light absorption in the ultra-violet 

region of 200-400 nm range. At first, SQDs 

reported 335 nm absorption peak at the UV/Vis 

absorption spectra due to the direct band gap 

transition 
7
. Two absorption peak at 222 nm and 

370 nm found when SQDs prepared by assembly-

fission method and ascribed by authors that two 

peaks to the n→σ* transition and the existence of 

S2
2-

 and S8
2-

 species respectively 
8
. SQDs prepared 

under pure O2 atmosphere showed two absorption 

peak at 216 nm and 334 nm, authors ascribed to the 

n→σ* transition of nonbonding electrons of S 

atoms and direct band gap transition of atomic 

sulfur. After increasing the reaction, two absorption 

peaks gradually blue-shifted to 213 nm to 329 nm 

respectively, possible caused by the effect of 

quantum confinement 
17

. An intensive peak 220 nm 

was observed for n→σ* transitions during 

preparation of SQDs by adding H2O2 
2
. Two 

absorption peak 331 nm and 360 nm obtained for 

the preparation of SQDs by hydrothermal method 
14

. The UV/vis absorption spectrum of SQDs 

showed a shoulder peak at 212 nm and a broad 

absorption band centered at about 340 nm, which is 

ascribed by the authors to the n→σ* transition of 

nonbonded electrons of s atoms and the direct band 

gap transition of zerovalent sulfur respectively 
28

. 

Photoluminescence Property: Sulfur quantum 

dots exhibit photoluminescence property like 

quantum dots and this is related to the energy band 

gap between sulfur and sulfur quantum dots. 

Element sulfur band gap of 2.79 eV displays a 

characteristic semiconductor behavior resulting in a 

weak and broad photoluminescence emission peak 

around 500 nm. The emission results from the band 

to band radiative recombination of electrons (e
-
) 

and holes (h
+
). A blue emission was observed when 

the elemental sulfur converted sulfur quantum dots, 

attributed to quantum confinement effects. This 

effect is assumed due to the bandgap shifting from 

2.79 eV to 3.7 eV respectively for sulfur and SQDs 
49

. Firstly, inventor of SQDs found 428nm emission 

against 352 nm excitation and it was excitation 

dependent photoluminescence 
7
. Later, researchers 

reported that photoluminescent intensity and 

excitation-dependent PL and excitation-

independent PL depend on the reaction time and 

particle size distribution. By increasing reaction 

time, increase PL intensity and found excitation-

independent emission. At 100 h, they found 

excitation-dependent PL and 125 h found 

excitation-independent PL 
8
. During the preparation 

of SQDs under O2 atmosphere, excitation-

dependent emission found. The emission peaks 

tuned from 424 to 542 nm by adjusting the 

excitation wavelength from 320 to 460 nm and the 

maximum peak appeared 490 nm with excitation of 

400 nm 
17

. Both blue and green emissive SQDs 

showed an excitation-dependent emission, with the 

peak shifting towards 430 to 520 nm when the 

excitation wavelength from 340 to 440 nm. The 

photoluminescent quantum yield of SQDs strongly 

depend on the increasing heating time and etching 

agent concentration and the passivation agent.  This 

could be attributed to more effective 

etching/passivation of surface polysulfide species, 

which reduced the nonradiative recombination rate 

via surface states and favored the nonradiative 

recombination channel 
2
. An excitation-

independent strong and high quantum yield of 

SQDs exhibited 423 nm emission wavelength 

although excitation wavelength changed from 300 

to 370 nm. The strongest emission band is observed 

at 340 nm excitation 
28

. Green and blue 

fluorescence found at emission wavelength at 520 

nm and 420 nm upon excitation at 370 nm and 350 

nm for Green-SQDs and Blue-SQDs respectively 
31

. Recently, excitation-independent emission 

SQDs prepared by using PEI as passivator, at 120 h 

reaction and maximum excitation is around 310 nm 
37

. Above all these are green or blue fluorescence, 

synthesis of SQDs with strong long wavelength 

emission like red or near infrared emission until 

now unavailable. 

Antimicrobial Activity: Sulfur nano particles 

show the  antimicrobial efficacy against both the 

conventionally sulfur resistant and sulfur 

susceptible microbial pathogens for fungi and 

bacteria 
3
. There are several theories for the 

mechanism of the antimicrobial activity of 

nanosulfur: a) the destruction of metabolic 

processes of bacterial cell wall by the interaction of 

nanosulfur with target molecules on bacteria; b) the 

degradation of cellular components by the sulfur 

ions and H2S which are produced from the 

decomposition of nanosulfur inside the cell; c) cell 

death caused by the interfering nanosulfur in DNA 

replication; d) the SH-enzymes present in bacterial 
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cell wall, which is responsible for normal 

intermediary metabolism of carbohydrates, fats and 

proteins blocked by nanosulfur and leading to cell 

death; e) reactive oxygen species produced by 

nanosulfur which degrade the bacterial cell wall 
49

. 

Sulfur-based nano particles sulfur quantum dots is 

also expected to show same antibacterial activities.  

Sulfur quantum dots synthesized from PEG-coated 

hydrothermal method exhibit strong antibacterial 

activity against food borne pathogenic bacteria 

Listeria monocytogenes and Escherichia coli. 

Research found MIC/MBC 256/512 µg/mL and 

32/64 µg /mL respectively for E. coli and L. 

monocytogenes. They showed no cytotoxicity 

effect to L929 mouse fibroblasts up to 1000 µg/mL 
9
. The negatively charged sulfur quantum dots was 

prepared by using poly(sodium 4-styrenesulfonate) 

(PSS) as a capping agent exhibit antimicrobial 

activity against Gram-positive Methicillin resistant 

Staphylococcus aureus and Pseudomonas 

aeruginosa. They found that excellent 

antimicrobial activity of SQDs against both test 

bacteria with a MIC of 1.2 mg/mL. In addition, the 

PSS-SQDs show a broad-spectrum antibacterial 

activity against other pathogenic Gram-positive and 

Gram-negative bacteria, including Enterococcus 

faecalis, Escherichia coli, Klebsiella pneumonia 

and Acinetobacter baumanni. Futhermore, this 

agent exhibit strong bactericidal acivity than 

clinically used antibiotics, vancomycin for 

Staphylococcus aureus and piperacillin/tazobactam 

for Pseudomonas aeruginosa. The negatively 

charged PSS-SQDs have excellent 

hemocompatibility and low toxicity, which 

indicates as a potential biocompatible antibacterial 

agent 
10

. 

Alginated film base-SQDs showed antibacterial 

and antifungal activity for food packaging purpose. 

Alginate/SQDs ehihibited bactericidal effect 

against L. monocytogenes completely stopped the 

growth after 9 hours exposure and reduction of E. 

coli after 12 hours exposure showing 2 Log 

CFU/mL. The antifungal activity of the 

Alginate/SQDs  film exhibited against both A. 

nigerand P. chrysogenum  strains, showing 

inhibition regions of 14 mm to 18 mm. Authors 

told the mechanism action of antibacterial and 

antifungidial activity by a) the ROS produced by 

SQDs, formation of free radical such as hydroxyl 

free radicals (OH•), and superoxide anions (•O
2-

); 

b) smaller size SQDs easily penetrate the microbial 

cell wall; c) the PEG functionalized surfaces, 

interacting their surface functional groups with the 

biological surfaces. The alginated-SQDs film for 

food packaging to prevent the mold contamination 

of the bread even after storage of 14 days. So, 

packaging films with added SQDs can be used in 

active packaging applications, specially products 

highly susceptible to fungal contamination 
11

. 

Shivalkar et al. first time explored the light driven 

antibacterial activity of water soluble SQDs. These 

SQDs exhibited excellent antibacterial activity for 

E. coli bacteria by generating ROS under sunlight 

or visible light. The concentration of SQDs 1.13 

mg/mL showed >90% inhibition of bacteria under 

6 hours sunlight irradiation. Researchers also found 

42.93% inhibition of Bacillus subtalis bacteria at 

0.068 mg/mL dose. SQDs applied to polycotton for 

the observation of inhibition of E. coli and found 

satisfactory result at 20 mg/mL of 10 µL 
13

. 

A comparative antimicrobial activity of the sulfur 

based particles against foodborne pathogenic 

bacteria and fungi carried out and found that SQDs 

exhibited more strong antimicrobial activity than 

elemental sulfur and sulfur nanoparticles. The 

SQDs exposure eradicated most conidia and 

degradaded mycelial structure for both fungal 

strains 
50

. By adding sulfur quantum dots into 

chitosan a multifunctional coating solution was 

prepared. This film exhibited good antibacterial 

agent against E. coli and L. monocytogenes. In 

addition, both E. coli and L. monocytogenes were 

completely eradicated by using 3% SQDs with 

chitosan by their synergistic effect. The functional 

coating solution was applied on the surface of 

enoki mushrooms, which totally prevented the 

growth of L. monocytogenes to secure the 

mushroom’s safety. The coating solution of SQD 

and chitosan can solve Listeria outbreaks of enorki 

mushroom 
12

. Sulfur quantum dots prepared by 

using polyvinyl alcohol(PVA) showed a promising 

antibacterial activity against Gram-positive and 

Gram-negative pathogens and obtained IC50 value 

was 2136 µg/mL for this activity. The Gram-

positive strains L. monocytogenes and B. cereus 

exhibited similar MIC/MBC value of 566/1132 

µg/mL, but S. aureus showed 1132/2256 µg/mL. 

On the other hand, the Gram-negative bacteria E. 
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coli, S. aeruginosa showed higher concentration 

MIC/MBC at 566/1132 µg/mL but S. enterica 

showed MIC/MIB at 2265/4531 µg/mL. The  cell 

viability profile showed that the percentage of cell 

viability was 100% up to 500 µg/mL, and at 1000 

µg/mL, the cell viability was reduced to less than 

90% and further reduced to  ̴ 60% at 2000 µg/mL 
51

. SQDs prepared by using EDA exhibited 

antibacterial activity against E. coli, S. enterica, B. 

cereus, and L. monocytogenes, where the 

MIC/MBC are respectively 1200/2500 µg/mL, 

1200/2500 µg/mL, 75/150 µg/mL and 50/75 

µg/mL. This prepared SQDs were non-toxic for 

human contact and biological applications up to an 

effective concentration 500 µg/mL with an IC50 

value of 741.1 µg/mL 
36

. Sulfur nanoparticles act 

against acne vulgaris causing multidrug resistant 

bacteria Staphylococcus aureus and Staphylococcus 

epidermidis and better activity than conventional 

antibiotics for acne vulgaris 
52

. So, there is an 

opportunity to research for the preparation of 

external application for the acne eradicating by 

using SQDs.  

Functionalized SQDs were prepared by using 

ligands synthesized with different head groups 

containing different charges. There was high 

antibacterial activity against Gram-positive bacteria 

Staphylococcus aureus and Enterococcus faecalis 

by using positively charged SQDs with a very low 

concentration of 10-25 ng/mL
43

. 

TABLE 2: ANTIMICROBIAL ACTIVITY OVERVIEW OF SQDS 

Types of SQDs Susceptible Microorganisms MIC/MBC or Zone of 

Inhibition 

References 

Gelatin/Agar based-SQDs Film Listeria monocytogenes 256/512 µg/mL 
9
 

Escherichia coli 32/64 µg/mL 

PSS-SQDs Staphylococcus aureus 1.2 mg/mL 
10

 

Pseudomonas aeruginosa 1.2 mg/mL 

 

 

Alginated-SQDs Film 

Listeria monocytogenes 2LogCFU/mL 
11

 

Escherichia coli 2LogCFU/mL 

A. niger 12 mm 

P. chrysogenum 18 mm 

Light mediated-SQDs Escherichia coli 1.13 mg/mL 
13

 

Bacillus subtalis 0.068 mg/mL 

PVA-SQDs 

 

 

 

L. monocytogenes 566/1132 µg/mL 
51

 

B. cereus 566/1132 µg/mL 

S. aureus 1132/2256 µg/m 

E. coli 566/1132 µg/mL 

S. aeruginosa 566/1132 µg/mL 

Salmonella enterica 2265/4531 µg/mL 

EDA-SQDs Escherichia coli 1200/2500 µg/mL 
36

 

Salmonella enterica 1200/2500 µg/mL 

B. cereus 75/150 µg/mL 

Listeria monocytogenes 50/75 µg/mL 

 

TEG-SQDs 

Staphylococcus aureus >5/5µg/mL 
43

 

Enterococcus faecalis >5/5µg/mL 

Positive-SQDs Staphylococcus aureus 25/25 ng/mL 

Enterococcus faecalis 10/80 ng/mL 

Negative-SQDs Staphylococcus aureus 50/50 ng/mL 

Enterococcus faecalis 60/100 ng/mL 

Neutral-SQds Staphylococcus aureus 125/225 ng/mL 

Enterococcus faecalis 140/140 ng/mL 

 

Antioxidant Activity: Ruchir Priyadarshi et al. at 

first reported the antioxidant activity of SQDs. The 

concentration dependent 2,2ˊ-azino-bis(3-

ethylbenzothiazoline-6-sulfonic acid) (ABTS) and 

2,2-diphenyl-1-picrylhydrazyl (DPPH) free radical 

scavenging activity of SQDs compared to the 

widely used antioxidant ascorbic acid . At a 

concentration of 75 µg/mL of ascorbic acid , the 

antioxidant activity was 100% against ABTS , 

whereas the activity was ̴ 90% against DPPH. On 

the other hand, SQDs exhibited 100% elimination 

of ABTS free radicals at a concentration of 25 

µg/mL, while showed̴ 65% antioxidant activity 

against DPPH at a concentration of 75 µg/mL. So, 
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the antioxidant activity of SQDs are weaker than 

ascorbic acid against DPPH 
9
. A proposed reason 

for this is that the high hydrophilicity of SQDs 

makes them more active in aqueous ABTS than in 

methanol solution of DPPH. Furthermore, ascorbic 

acid is soluble in both aqueous and polar organic 

solvents. In spite of SQDs exhibited a threefold 

higher free-radical scavenging activity than 

ascorbic acid in aqueous system and showed a high 

potential for using as antioxidants in biological 

systems 
49

. Alginate-based SQDs showed 

antioxidant activity against ABTS and DPPH. The 

free radical scavenging effects of  ̴ 50% and  ̴100% 

respectively against  DPPH and ABTS. It has been 

proposed that free radical scavenging activity of 

SQDs is due to the presence of surface hydroxyl 

groups conferred by PEG capping. The •H transfer 

from the hydroxyl groups to the ABTS• and DPPH• 

radicals produced in quenched forms of ABTS-H 

and DPHH-H. Alginate/SQDs film is expected to 

prevent oxidative degradation of packaged foods 

due to its high antioxidant activity 
11

.  

The chitosan film containing SQDs exhibited 

strong antioxidant activity against ABTS and 

DPPH. Only chitosan film showed free radical 

scavenging activities of 29.2% and 5.5% 

respectively for ABTS and DPPH. By adding 

SQDs 3 wt. % with chitosan film, exhibited the 

highest antioxidant activity of free radical 

scavenging of ABTS and DPHH of 78.6% and 

20.5% respectively. On the other hand, the 

hydrophilic nature of SQDs and increased contact 

with free radicals explain the higher antioxidant 

activity values for ABTS free radicals compared to 

DPPH. This film showed adequate antioxidant 

activity and were considered to extend the self-life 

of food by potentially preventing oxidative 

degradation of packaged/coated foods 
12

.  Recently, 

the antioxidant activity of the SQDs was studied 

against ABTS and DPPH simulating aqueous and 

organic media. At a concentration of 75 µg/mL of 

SQDs fully scavenged ABTS free radicals, whereas 

100 µg/mL could scavenge ̴ 66 % DPPH free 

radicals. However, the antioxidant potential of 

SQDs are similar to that of ascorbic acid. The 

outstanding ability of SQDs to scavenge oxidative 

free radicals in aqueous media, a component of 

biological systems, is considered as potential 

antioxidant activity of SQDs in biological and 

related systems 
36

. 

CONCLUSION: In recent years, many synthesis 

method with high photoluminscent quantum yield 

and time consuming were developed for the 

preparation of SQDs. Mainly SQDs were prepared 

from sublimed sulfur, which had a sustainable 

impact for solving unused sulfur from petroleum 

industry. It is a unique quantum dots have better 

water solubility, stability, but low toxicity unlike 

others quantum dots. For the reason of antibacterial 

and antifungal and antioxidant activity, it could be 

used as pharmaceutical sector and food industry. In 

the food packaging system, SQDs might be used as 

efficient agent with polymers for the protection of 

microorganisms and enhanced the shelf-life. 

However, there is no sufficient study about the 

antimicrobial test by using SQDs. So, there is a 

great opportunity to study antimicrobial activity 

especially antifungal study against acne vulgaris, 

candida species for the preparation of external 

application of SQDs. During COVID-19 period 

there was a huge demand of efficient, non-resistant 

disinfectant for fabric; SQDs could be potential 

agent but more study require for this purpose. 

ACKNOWLEDGEMENT: The authors are 

grateful to Professor Dr. Li Wang and Shanxi 

University for educational support. Authors are 

also thankful to Dr. Anadi Mondal for financial 

support. 

CONFLICT OF INTEREST: There is no conflict 

of interest to declare. 

REFERENCES: 

1. Ning K, Sun Y and Liu J: Research Update of Emergent 

Sulfur Quantum Dots in Synthesis and 

Sensing/Bioimaging Applications. Molecules 2022; 27(9). 

doi:10.3390/molecules27092822 

2. Wang H, Wang Z and Xiong Y: Hydrogen Peroxide 

Assisted Synthesis of Highly Luminescent Sulfur Quantum 

Dots. Angew Chemie - Int Ed 2019; 58(21): 7040-7044. 

doi:10.1002/anie.201902344 

3. Roy Choudhury S and Goswami A: Supramolecular 

reactive sulphur nanoparticles: A novel and efficient 

antimicrobial agent. J Appl Microbiol 2013; 114(1): 1-10. 

doi:10.1111/j.1365-2672.2012.05422.x 

4. Rao KJ and Paria S: Use of sulfur nanoparticles as a green 

pesticide on Fusarium solani and Venturia inaequalis 

phytopathogens. RSC Adv 2013; 3(26): 10471-10478. 

doi:10.1039/c3ra40500a 

5. Rajendiran K, Zhao Z, Pei DS and Fu A: Antimicrobial 

activity and mechanism of functionalized quantum dots. 

Polymers (Basel) 2019; 11(10). 

doi:10.3390/polym11101670 

6. Ruan H and Zhou L: Synthesis of Fluorescent Sulfur 

Quantum Dots for Bioimaging and Biosensing. Front 



Sarker et al., IJPSR, 2024; Vol. 15(6): 1602-1615.                                        E-ISSN: 0975-8232; P-ISSN: 2320-5148 

International Journal of Pharmaceutical Sciences and Research                                                                              1614 

Bioeng Biotechnol 2022; 10(5): 1-7. 

doi:10.3389/fbioe.2022.909727 

7. Li S, Chen D, Zheng F, Zhou H, Jiang S and Wu Y: 

Water-soluble and lowly toxic sulphur quantum dots. Adv 

Funct Mater 2014; 24(45): 7133-7138. 

doi:10.1002/adfm.201402087. 

8. Shen L, Wang H and Liu S: Assembling of Sulfur 

Quantum Dots in Fission of Sublimed Sulfur. J Am Chem 

Soc 2018; 140(25):7878-7884. doi:10.1021/jacs.8b02792 

9. Priyadarshi R, Riahi Z, Rhim JW, Han S and Lee SG: 

Sulfur Quantum Dots as Fillers in Gelatin/Agar-Based 

Functional Food Packaging Films. ACS Appl Nano Mater 

2021; 4(12): 14292-14302. doi:10.1021/acsanm.1c03925 

10. Wang Y, Zhao Y and Wu J: Negatively Charged Sulfur 

Quantum Dots for Treatment of Drug-Resistant Pathogenic 

Bacterial Infections. Nano Lett 2021; 21(22): 9433-9441. 

doi:10.1021/acs.nanolett.1c02697 

11. Riahi Z, Priyadarshi R, Rhim JW, Lotfali E, Bagheri R and 

Pircheraghi G: Alginate-based multifunctional films 

incorporated with sulfur quantum dots for active 

packaging applications. Colloids Surfaces B Biointerfaces 

2022; 215(4): 112519. doi:10.1016/j.colsurfb.2022.112519 

12. Min S, Priyadarshi R, Ezati P, Rhim JW and Kim JT: 

Chitosan-based multifunctional coating combined with 

sulfur quantum dots to prevent Listeria contamination of 

enoki mushrooms. Food Packag Shelf Life. 2023; 35(12): 

202; 101014. doi:10.1016/j.fpsl.2022.101014 

13. Shivalkar S, Arshad F, Sahoo AK and Sk MP: Visible 

Light-Mediated Photoactivated Sulfur Quantum Dots as 

Heightened Antibacterial Agents. ACS Omega 2022; 

7(37): 33358-33364. doi:10.1021/acsomega.2c03968 

14. Xiao L, Du Q and Huang Y: Rapid Synthesis of Sulfur 

Nanodots by One-Step Hydrothermal Reaction for 

Luminescence-Based Applications. ACS Appl Nano Mater 

2019; 2(10): 6622-6628. doi:10.1021/acsanm.9b01507 

15. Zhang C, Zhang P and Ji X: Ultrasonication-promoted 

synthesis of luminescent sulfur nano-dots for cellular 

imaging applications. Chem Commun 2019; 55(86): 

13004-13007. doi:10.1039/c9cc06586e 

16. Li Q Le, Shi LX and Du K: Copper-Ion-Assisted 

Precipitation Etching Method for the Luminescent 

Enhanced Assembling of Sulfur Quantum Dots. ACS 

Omega 2020; 5(10): 5407-5411. 

doi:10.1021/acsomega.9b04465 

17. Song Y, Tan J, Wang G, Gao P, Lei J and Zhou L: Oxygen 

accelerated scalable synthesis of highly fluorescent sulfur 

quantum dots. Chem Sci 2020; 11(3): 772-777. 

doi:10.1039/c9sc05019a 

18. Hu Z, Dai H and Wei X: 49.25% Efficient Cyan Emissive 

Sulfur Dotsviaa Microwave-Assisted Route. RSC Adv 

2020; 10(29): 17266-17269. doi:10.1039/d0ra02778b 

19. Arshad F and Sk MP: Luminescent Sulfur Quantum Dots 

for Colorimetric Discrimination of Multiple Metal Ions. 

ACS Appl Nano Mater 2020; 3(3): 3044-3049. 

doi:10.1021/acsanm.0c00394 

20. Duan Y, Tan J and Huang Z: Facile synthesis of 

carboxymethyl cellulose sulfur quantum dots for live cell 

imaging and sensitive detection of Cr(VI) and ascorbic 

acid. Carbohydr Polym 2020; 249(8): 116882. 

doi:10.1016/j.carbpol.2020.116882 

21. Tan Q, An X, Pan S, Liu H and Hu X: Hydrogen peroxide 

assisted synthesis of sulfur quantum dots for the detection 

of chromium (VI) and ascorbic acid. Spectrochim Acta - 

Part A Mol Biomol Spectrosc 2021; 247: 119122. 

doi:10.1016/j.saa.2020.119122 

22. Liu S, Wang H and Feng A: Photoluminescence 

investigations of sulfur quantum dots synthesized by a 

bubbling-assisted strategy. Nanoscale Adv 2021; 3(14): 

4271-4275. doi:10.1039/d1na00282a 

23. Huang Z, Lei J, Ruan H, Gong Y, Wang G and Zhou L: 

One-pot synthesis of hydroxypropyl-β-cyclodextrin 

capped fluorescent sulfur quantum dots for highly 

sensitive and selective recognition of tartrazine. 

Microchem J 2021; 164(12): 106031. 

doi:10.1016/j.microc.2021.106031 

24. Sheng Y, Huang Z and Zhong Q; Size-focusing results in 

highly photoluminescent sulfur quantum dots with a stable 

emission wavelength. Nanoscale 2021; 13(4): 2519-2526. 

doi:10.1039/d0nr07251f 

25. Huang Z, Gao Y, Huang Z, Chen D, Sun J and Zhou L: 

Sulfur quantum dots: A novel fluorescent probe for 

sensitive and selective detection of Fe3+ and phytic acid. 

Microchem J. 2021; 170(7): 106656. 

doi:10.1016/j.microc.2021.106656 

26. Arshad F, Sk MP, Maurya SK and Siddique HR: 

Mechanochemical Synthesis of Sulfur Quantum Dots for 

Cellular Imaging. ACS Appl Nano Mater 2021; 4(4): 

3339-3344. doi:10.1021/acsanm.1c00509 

27. Yan F, Zang Y, Xu J, Guan S, Chen L and Sun J: Facile 

preparation of sulfur quantum dots involving β-

cyclodextrin for ratiometric fluorescence/scattered light 

detection of acridine orange. Mater Res Bull 2022; 

150(1):111765. doi:10.1016/j.materresbull.2022.111765 

28. Gao P, Huang Z, Tan J, Lv G and Zhou L: Efficient 

Conversion of Elemental Sulfur to Robust Ultrabright 

Fluorescent Sulfur Quantum Dots Using Sulfur-

Ethylenediamine Precursor. ACS Sustain Chem Eng 2022; 

10(14): 4634-4641. doi:10.1021/acssuschemeng.2c00036 

29. Fan S, Li X, Ma F, Yang M, Su J and Chen X: Sulfur 

quantum dot based fluorescence assay for lactate 

dehydrogenase activity detection. J Photochem Photobiol 

A Chem 2022; 430(4): 113989. 

doi:10.1016/j.jphotochem.2022.113989 

30. Lu W, Wei Z, Gao G, Wang C and Huang G: Investigation 

on Dynamic Changes in the Morphology and Fluorescence 

Properties of Sulfur Quantum Dots. J Phys Chem Lett 

2022; 13(33): 7618-7623. doi:10.1021/acs.jpclett.2c02113 

31. Zang Y, Xu J, Lu Z, Yi C and Yan F: Self-quenching-

resistant fluorescent tunable sulfur quantum dots. Colloids 

Surfaces A Physicochem Eng Asp 2022; 648(4): 129361. 

doi:10.1016/j.colsurfa.2022.129361 

32. Tan J, Song Y, Dai X, Wang G and Zhou L: One-pot 

synthesis of robust dendritic sulfur quantum dots for two-

photon fluorescence imaging and ―off-on‖ detection of 

hydroxyl radicals and ascorbic acid. Nanoscale Adv 2022; 

4(19): 4035-4040. doi:10.1039/d2na00498d 

33. Wei Z, Lu W and Pan C: Manipulating time-dependent 

size distribution of sulfur quantum dots and their 

fluorescence sensing for ascorbic acid. Dalt Trans 2022; 

51(26): 10290-10297. doi:10.1039/d2dt01584f 

34. Ye C, Yu M and Wang Z: Fabrication of sulfur quantum 

dots via a bottom-up strategy and its application for 

enhanced fluorescence monitoring of o-phenylenediamine. 

Microchem J 2022; 183(7): 107978. 

doi:10.1016/j.microc.2022.107978 

35. Ma Q, Zu Y and Guan Y: Small molecule L-cysteine 

assisted synthesis of green fluorescent sulfur quantum dots 

for nimesulide sensing and bioimaging. Microchem J 

2023; 190. doi:10.1016/j.microc.2023.108734 

36. Priyadarshi R, Riahi Z, Tammina SK, Khan A and Rhim 

JW: Sustainable large-scale synthesis of biologically active 

sulfur quantum dots using sublimed sulfur. Mater Today 

Sustain 2023; 24: 100563. 

doi:10.1016/j.mtsust.2023.100563 



Sarker et al., IJPSR, 2024; Vol. 15(6): 1602-1615.                                        E-ISSN: 0975-8232; P-ISSN: 2320-5148 

International Journal of Pharmaceutical Sciences and Research                                                                              1615 

37. Chang Y, He R, Wei Y and Wang L: Polyethyleneimine-

Sulfur Quantum Dot Composites for Dual-Channel 

Detection of Tetracycline by Colorimetric and 

Fluorescence Sensing. ACS Appl Nano Mater 2023; 6(9): 

7414-7421. doi:10.1021/acsanm.3c00506 

38. Gong X, Cai Q and Zhang J: Protein-directed synthesis of 

fluorescent sulfur quantum dots for highly robust detection 

of pyrophosphate. Microchim Acta 2023; 190(3). 

doi:10.1007/s00604-023-05686-2 

39. Li Y, Jia W and Yang Z: A fluorescent and colorimetric 

probe for MoO42- based on sulfur quantum dots 

nanozyme. J Alloys Compd 2023; 934: 167926. 

doi:10.1016/j.jallcom.2022.167926 

40. Reji RV and Biju V: Rapid and scalable synthesis of sulfur 

quantum dots through ozone etching: photoluminescence 

and FRET-mediated Co2+ sensing. New J Chem 2023; 

47(19): 9113-9123. doi:10.1039/d2nj06195c 

41. Kadian S, Chaulagain N and Joshi NN: Probe sonication-

assisted rapid synthesis of highly fluorescent sulfur 

quantum dots. Nanotechnology 2023; 34(30). 

doi:10.1088/1361-6528/acd00a 

42. Mirzaei SM, Oskuee RK and Sadri K: Development of a 

Novel Sulfur Quantum Dots: Synthesis, 99mTc 

Radiolabeling, and Biodistribution. Appl Biochem 

Biotechnol 2023; (0123456789). 

43. Mondal A, Pandit S, Sahoo J, Subramaniam Y and De M: 

Post-functionalization of sulfur quantum dots and their 

aggregation-dependent antibacterial activity. Nanoscale 

2023; 15(46): 18624-18638. doi:10.1039/d3nr04287a 

44. Li X, Chen C and Xu F: Novel dual-emission sulfur 

quantum dot sensing platform for quantitative monitoring 

of pesticide 2,4-dichlorophenoxyacetic acid. Talanta 2023; 

260(2): 124639. doi:10.1016/j.talanta.2023.124639 

45. Wang X, Yan F, Xu M, Ning J, Wei X and Bai X: Facile 

synthesis of multicolor emitting sulfur quantum dots and 

their applications in light blocking field, anti-

counterfeiting and sensing. J Colloid Interface Sci 2024; 

653(PB): 1137-1149. doi:10.1016/j.jcis.2023.09.140 

46. Lei J, Huang Z, Gao P, Sun J and Zhou L: Polyvinyl 

Alcohol Enhanced Fluorescent Sulfur Quantum Dots for 

Highly Sensitive Detection of Fe3+ and Temperature in 

Cells. Part Part Syst Charact 2021; 38(4): 1-8. 

doi:10.1002/ppsc.202000332 

47. Shi YE, Zhang P, Yang D and Wang Z: Synthesis, 

photoluminescence properties and sensing applications of 

luminescent sulfur nanodots. Chem Commun 2020; 

56(75): 10982-10988. doi:10.1039/d0cc04341a 

48. Gao P, Wang G and Zhou L: Luminescent Sulfur Quantum 

Dots: Synthesis, Properties and Potential Applications 

Chem Photo Chem 2020; 4(11): 5235-5244. 

doi:10.1002/cptc.202000158 

49. Priyadarshi R, Ezati P and Rhim JW: Synthesis, properties 

and food packaging applications of sulfur quantum dots: a 

review. Environ Chem Lett 2022; 20(6): 3993-4008. 

doi:10.1007/s10311-022-01495-w 

50. Priyadarshi R, Riahi Z, Rhim JW and Kim JT: Comparison 

of physicochemical and functional properties of elemental 

sulfur, sulfur nanoparticles, and sulfur quantum dots for 

sustainable biological applications. Mater Today Sustain 

2022; 20: 100243. doi:10.1016/j.mtsust.2022.100243 

51. Tammina SK, Priyadarshi R and Rhim JW: Dual functions 

of metal ion detection and antibacterial activity of sulfur 

quantum dots. New J Chem 2023; 47(16): 7733-7745. 

doi:10.1039/d3nj00373f 

52. Hashem NM, Hosny AEDMS, Abdelrahman AA and 

Zakeer S: Antimicrobial activities encountered by sulfur 

nanoparticles combating Staphylococcal species harboring 

sccmecA recovered from acne vulgaris. AIMS Microbiol 

2021; 7(4): 481-498. doi:10.3934/microbiol.2021029 

 

 

 

 

All © 2024 are reserved by International Journal of Pharmaceutical Sciences and Research. This Journal licensed under a Creative Commons Attribution-NonCommercial-ShareAlike 3.0 Unported License. 

This article can be downloaded to Android OS based mobile. Scan QR Code using Code/Bar Scanner from your mobile. (Scanners are available on Google 
Playstore) 

How to cite this article: 

Sarker S, Mondal I, Kumar RS and Paul S: Synthesis, antimicrobial and antioxidant activities of sulfur quantum dots: A review. Int J 

Pharm Sci & Res 2024; 15(6): 1602-15. doi: 10.13040/IJPSR.0975-8232.15(6).1602-15. 

 

 

 


