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Abstract 
 
 
 
Silver nanoparticles (AgNPs) can damage and destroy bacteria upon contact with each 
other, illustrating their ability to exert antibacterial properties. Traditionally, AgNPs are 
synthesized using sodium borohydride to reduce silver nitrate to metallic silver and a 
polyvinylpyrrolidone (PVP) coating would be used to further stabilize the particles. To 
develop a more sustainable and economical AgNPs synthesis, lemon extract was 
substituted as the reducing and stabilizing agent. Furthermore, these AgNPs were 
characterized using the ultraviolet-visible (UV-vis) spectrophotometer over time, to 
evaluate the stability of the particles. Then, the AgNPs were tested against Gram-negative 
bacteria, Escherichia coli (E. coli), and Gram-positive bacteria, Staphylococcus aureus 
(S. aureus) and Bacillus subtilis (B. subtilis), to which their inhibition rings were 
measured.  
 In this thesis, our preliminary data have shown that the greener synthesis of 
AgNPs using lemon extract had been effective against both type of bacteria. Additionally, 
the greener synthetic method was developed using a hot water bath, over the usual use of 
either an ultrasonic or thermostatic bath. Because of that, this budget- and eco-friendly 
alternative method could potentially be used in a first-year chemistry laboratory class to 
introduce students to the multidisciplinary field of nanotechnology by merging green 
chemistry and biology. 
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Introduction 
 
 
1.1. Silver Nanoparticles and their Antibacterial Properties 

Nanotechnology is an interdisciplinary field and that has made its way into a 

variety of recent innovative research studies, such as nanowires1, carbon nanotubes2, and 

quantum dots3. At the nanoscale, nanomaterials ranging anywhere between 1 to 100 nm, 

exert properties that differ from bulk materials. Metallic silver nanoparticles (AgNPs) in 

particular, have been studied for drug delivery purposes4, clothing usage5, and even more 

recently, in the food packaging industry6. This is because of their antibacterial properties.  

 While AgNPs are majorly explored for their ability to destroy bacteria, their exact 

mechanism is still not well understood. As presented in Figure 1-1, it has been proposed 

that the cell wall and membrane could be disrupted because of silver ions that are being 

released from AgNPs.  

 
Figure 1-1: Simplified representation of the impacts of AgNPs on bacterial cells. (A) 
Damage of the cell wall and membrane caused by silver ions from the release of AgNPs. 
(B) Denature of the membrane due to the build-up of AgNPs on the surface of the 
bacterial cell. (C) Disruption of membrane directly caused by AgNPs. 
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From the understanding of the electrostatic attraction, it is believed that silver ions could 

stick to the cell wall and membrane, which in turn would disrupt the outer membrane of 

bacterial cells.7-9 Silver ions inside cells generate reactive oxygen species10, which 

essentially create stress and alteration to the activity and functionality of the cells through 

the modification of deoxyribonucleic acid (DNA). On the other hand, AgNPs can directly 

damage the cells by building up on their surface, specifically the thinner part of the cell 

wall known as the pit, which can cause the membrane to denature.7,11 As also shown in 

Figure 1-1, due to their small nanoscale size, AgNPs possess the ability to go through the 

bacterial cell wall, causing cell rupture, while also negatively impacting the signal 

transduction pathway, leading to potential programmed cell death known as apoptosis.7  

 

1.2. Traditional Synthesis of Silver Nanoparticles 

At first glance, the idea of generating metallic silver at the nanoscale sounds 

relatively complex. However, as seen in Equation 1-1, one of the more well-known 

approaches to generate metallic silver at the nanoscale is to use sodium borohydride to 

reduce silver nitrate: 

 
 AgNO3 + NaBH4 → Ag0 + ½ H2 + ½ B2H6 + NaNO3.  (1-1) 

 
The methodology to produce AgNPs varies depending on the choice of reducing agent, 

the concentration and quantity of the reagents used, and the temperature and pH level of 

the system.12,13 As a result, depending on how the AgNPs are synthesized, the shape and 

size of the particles would differ. Other than the more typical spherical shape, AgNPs can 

come in triangles, rods, and cubes.14 When it comes to synthesizing metallic 
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nanoparticles, being able to reduce the silver ions to metallic silver is the first step, but to 

prevent the aggregation from happening to the particles, a stabilizing agent is needed. 

Sodium borohydride plays some role into stabilizing the AgNPs by developing a surface 

charge repulsion around the particle, as depicted in Figure 1-2.12  

 

Figure 1-2: Impact of borohydride on the surface of AgNPs acting as a repulsive force to 
prevent particles from agglomerating. 
 

Solomon et al.12 synthesized yellow colloidal silver and found that stirring the reaction 

mixture must be well-controlled, or aggregation of the particles would quickly happen, 

resulting in a change of color from yellow to violet, and then eventually gray. 

Borohydride repulsion around the surface of AgNPs is not enough to stabilize the 

particles. The addition of a water-soluble polymer like polyvinylpyrrolidone (PVP) can 

further help extend the shelf life of the particles by generating another protective shell to 

prevent agglomeration of the particles without directly interacting with the silver 

particles.15-17  
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1.3. Localized Surface Plasmon Resonance for Characterization 

Once the AgNPs are synthesized, characterizing these particles is the next step to 

ensure that the creation of these particles was a success. Metallic nanoparticles, such as 

AgNPs, exert a particular optical property known as the localized surface plasmon 

resonance (LSPR). In silver metal, its electrons are delocalized on its surface, known as a 

surface plasmon. When light is being shined on the metal nanoparticles, these surface 

plasmons oscillate and absorb the incidence light at a particular resonant frequency, as 

depicted in Figure 1-3. 

 
Figure 1-3: Light wave interacting with metallic spherical particles, illustrating 
plasmonic light absorption. 
 

This phenomenon is influenced by the size and shape of the metallic nanoparticles18-21, 

which in turn results in the different coloration22 the AgNPs can be obtained in solution. 

When the incidence light is absorbed, some light is being scattered, which can be 

measured by the ultraviolet-visible (UV-vis) spectrophotometer.21 In fact, the yellow 

spherical colloidal AgNPs have been shown to exhibit a plasmon resonance maxima of 

~400 nm.22 As a result, this instrument can be used to characterize metallic nanoparticles, 

which was indeed used for the AgNPs characterization done in this thesis. 
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1.4. Drawbacks of Silver Nanoparticles 

 As previously outlined, AgNPs are emerging on the market in different consumer 

products due to their ability to exert antibacterial properties. Because of this highly 

promoted benefit of using AgNPs, it is important to briefly acknowledge the different 

drawbacks and potential concerns regarding these nanoscale particles. Quadros et al.23 

looked at silver ions or nanoparticles in spray products and suggested that up to 70 ng of 

silver could be inhaled and potentially cause respiratory tract irritation. Another study 

was done looking at how these AgNPs change, both physically and chemically, under 

specific conditions of the gastrointestinal (GI) tract.24 Their AgNPs coating approach is 

very similar to the approach outlined previously in this thesis, in which citrate, similar to 

borohydride, was used to stabilize the particles by electrostatic repulsion, and PVP 

stabilized the particles via steric hindrance. It was found that the AgNPs size and kinetic 

rate were influenced in that simulated gastric fluid condition, which could be relevant and 

important to assess the possible health-related risks of these particles.24 

 Another possible drawback worth mentioning about these AgNPs is their possible 

environmental impact toward soil and aquatic organisms. Yan et al.25 reviewed the 

impacts of AgNPs and their phytotoxicity on plants, specifically regarding their 

morphological and physiological changes upon exposure. With this awareness of the 

potential environmental factor, Ottoni et al.26 used a biosynthetic method as an alternative 

to the more traditional synthetic approach to produce these AgNPs using a fungus known 

as Aspergillus tubingensis (A. tubingensis). These AgNPs were found to be less harmful 

for the soil when compared to silver nitrate, and it was determined that increasing the 

concentration of the AgNPs does impact rice seeds and zebrafish.26 We will explore a 
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little bit more about the greener and more sustainable synthetic approach of generating 

these AgNPs in the next section of this thesis. At any case, both studies believe that more 

studies need to be conducted regarding the possible harmful impact of AgNPs on the 

environment, as it is currently underexplored. 

 

1.5. Thesis Outline 

 In this thesis I synthesized AgNPs via a hot water bath method using lemon 

extract, which is a greener alternative, and compared the UV-vis spectra to the standard 

method of using silver nitrate mixed with sodium borohydride as the reducing agent. 

Additionally, I looked at ways to potentially optimize the greener alternative method by 

modifying the temperature of the hot water bath, using an ultrasonic bath, and letting the 

lemon extract interact with the AgNPs for a longer period. It was found that the hot water 

bath method at ~90°C best stabilized the particles over time. The detail of the experiment 

is outlined in the second section of this thesis.  

With the help of Ryan Nolan, the third section of this thesis looked at the 

antibacterial properties of the AgNPs of both the greener and traditional methods. In our 

preliminary data using ~3 to 4 months old AgNPs samples, we have found that the size of 

the inhibition rings for Escherichia coli (E. coli) and Staphylococcus aureus (S. aureus) 

using the AgNPs produced by lemon at a concentration of 10-3 M were similar in size as 

the AgNPs produced by sodium borohydride at a concentration of 10-4 M. On the other 

hand, for Bacillus subtilis (B. subtilis), the inhibition ring was slightly larger for the 

AgNPs produced using the traditional method than the greener method.  
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The fourth section of the thesis proposes the idea of using our greener AgNPs 

synthesis approach to introduce undergraduate level students to nanotechnology. While 

some polishing needs to be done before officially trying out this project in an 

undergraduate general chemistry course, the idea of using a greener synthesis for 

chemistry education purposes is beneficial to minimize the cost of buying expensive 

reagents, and to minimize the production of toxic waste in teaching labs. That section 

outlines this idea, which would potentially be one of the future directions this project can 

be further investigated. 
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A Greener Alternative to the Synthesis of Silver Nanoparticles 
 
 
2.1. Introduction 

 As we can recall from the previous section, the creation of AgNPs tends to be 

done using a strong reducing agent like sodium borohydride and silver nitrate. Sodium 

borohydride is known to be flammable and toxic.12 In this case, since that chemical is 

used as a reducing agent, targeting an alternative reducing agent that could potentially 

make the synthesis of AgNPs more sustainable is of interest for researchers. Luu et al.27 

used lemon to act both as the reducing and stabilizing agent for the formation of the 

AgNPs, and further used rice vinegar to have control over the growth of the 

nanoparticles. This approach completely focuses on making the AgNPs synthesis more 

ecofriendly, as opposed to our traditional method outlined previously. In fact, using 

lemon as an alternative to sodium borohydride and PVP is not uncommon. More recently, 

this greener approach of synthesizing AgNPs using lemon has been explored for the 

application in starch-based films.28 

 It is also important to note that using lemon as an alternative reducing and 

stabilizing agent is not the only approach. AgNPs can be synthesized using 

microorganisms like fungi, as previously mentioned with A. tubingensis26 and even other 

plant extracts such as Aloe vera29. Plants have been more commonly used to generate a 

greener synthesis of AgNPs over microorganisms because their chemicals, like 

flavonoids30, have shown to have greater reduction and stabilization properties31.  These 

greener alternatives are very promising as they would reduce the use of toxic chemicals, 

while also being more cost-effective. All of this is very important to consider, especially 

when thinking about upscaling the production of AgNPs. 
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2.2. Synthesizing Silver Nanoparticles using Lemon Extract 

 The method previously proposed by Prathna et al.32 was used to generate the 

AgNPs from lemon extract with some modifications. They proposed the following 

mechanism to explain the formation of AgNPs using lemon extract: 

 
                  4Ag+ + C6H5O73- + X + 2H2O → 4Ag0 + H3C6H5O7 + H+ + Y + O2.          (2-1) 

X = unknown bio-organic substance(s) in lemon 

Y = oxidized product(s) formed from X substance(s) 

 
Equation 2-1 focuses on the idea that citric acid is the main component from lemon 

extract that reduces silver ions to form AgNPs, while also recognizing that other 

components such as flavonoids and ascorbic acid from lemon could have also played a 

role in helping with the formation of AgNPs.32 Additionally, the citrate ions act as the 

stabilizing agent, similar to how borohydride can execute that ability, as discussed 

previously. Then for comparison, the more traditional method outlined by Solomon et 

al.12 was used to create the AgNPs from sodium borohydride and PVP, in which the only 

modification done in this procedure was that the glassware was cleaned using soap and 

distilled water.  

 

2.2.1. Materials 

 Silver nitrate, sodium borohydride, PVP, and distilled water were the chemicals 

obtained from the Salem State University stock room and used as is. An organic lemon 

was purchased from Whole Foods in Massachusetts. A spectrophotometer (Thermo 

Scientific Genesys 50 UV-Visible Spectrophotometer) was used to measure the 
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absorbances of the AgNPs in solution, using a quartz cuvet (VWR CELL QUARTZ 

STPR 3.5ML).  

 

2.2.2. Experimental Methodology 

For the greener AgNPs synthesis, the organic lemon was cut up and squeezed 

through a layer of cheese cloth to remove all the pulps and seeds. Then, the filtered lemon 

juice was centrifuged further at 4,000 rpm for 25 minutes. The centrifuged lemon extract 

was added to the silver nitrate solution, which was at the concentration of 6.5 x 10-2 M, in 

a 1:4 ratio of silver nitrate to lemon extract, with continuous stirring. This generated a 

AgNPs solution at a concentration of 1.3 x 10-2 M. The AgNPs solution was stirred and 

heated on a hot water bath at ~90°C until the solution turned from pale yellow to brown, 

which only took ~3 minutes. After the synthesis, the AgNPs solution was centrifuged at 

4,000 rpm for 20 minutes, and the pellet was redispersed in distilled water.  

A 1.0 x 10-3 M silver nitrate solution and a 2.0 x 10-3 M sodium borohydride 

solution had to be freshly prepared the same day for the AgNPs synthesis using sodium 

borohydride. Then, 30 mL of the sodium borohydride solution was placed in an ice bath 

for ~20 minutes, before having the sodium borohydride solution be placed on a stir plate 

with continuous stirring. The addition of 10 mL of silver nitrate was added dropwise to 

the cold sodium borohydride solution. It is important to stop the stirring once all the 

silver nitrate solution has been used up, or the aggregation of the particles would be 

generated rapidly.12 Then, 8 drops of 0.3% PVP solution were added to the 40 mL AgNPs 

solution. This synthesis generated a yellow AgNPs solution at a concentration of 2.5 x  

10-4 M. All the AgNPs solutions were stored in the refrigerator set to ~4°C after 
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synthesis. Although when samples were sent to Prospective Research, Inc. to test for their 

antibacterial properties, the samples were stored in a -80°C chamber. 

 

2.3. Characterization & Analysis of Silver Nanoparticles 

 A UV-vis spectrophotometer was used to characterize the AgNPs synthesized by 

both methods over time, in which a reading was taken every 20 nm, from 250 to 590 nm. 

 

 
 
Figure 2-1: UV-vis spectra over time of AgNPs synthesized using (A) lemon extract and 
(B) sodium borohydride and PVP. 
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Each sample was read in the UV-vis three times, in which the average of the readings 

was then taken and graphed as depicted in Figure 2-1. From the UV-vis spectra, it can be 

confirmed that AgNPs were successfully synthesized due to the maximum absorption 

spectra being within the range of 400 to 500 nm32. When looking at the two UV-vis 

spectra side-by-side for comparison, the absorption peaks for the greener synthesis are 

broader in comparison to the sharper peaks depicted for the traditional synthesis. Another 

difference is that the initial peak on Day 1 for the greener synthesis is at ~410 nm, as 

opposed to the more traditional synthesis which seems to be at ~400 nm. Frank et al.22 

have shown that as the maximum absorbance peak gets red-shifted, the size of the AgNPs 

seems to become larger and their shape changes as well. This would indicate that the size 

of the AgNPs generated from the greener synthesis was slightly larger than the ones 

produced from the traditional approach. 

As discussed previously, due to the LSPR property of AgNPs, the differences 

seen in these UV-vis spectra give out some key information about the size and shape of 

these particles. The presence of one absorbance peak shown in the UV-vis spectra for 

both synthetic approaches does indicate that spherical shape AgNPs were created. In 

general, a peak seen within the range of 400 to 480 nm indicates the presence of silver 

nanosphere particles, in which their size ranges from 40 to 90 nm.18   

 One of the first things to notice on Figure 2-1 are the broader peaks seen by the 

greener synthesis of the AgNPs as opposed to the more traditional approach. A larger full 

width at half maximum (FWHM) of the absorption peak, which is depicted by the 

broader peaks on the UV-vis spectra, indicates that the nanoparticles synthesized were 

polydisperse33, meaning that the particles vary in size and shape. Additionally, this 
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broadening indicates that the size of the AgNPs is slightly larger than the sharper peak.33 

Hence these properties suggest that our approach to synthesize the AgNPs using lemon 

produces polydisperse nanoparticles that are also larger in size. On the other hand, this 

would indicate that the more traditional approach using sodium borohydride and PVP 

generates smaller particles that are monodispersed.  

When Prathna et al.32 used lemon to synthesize the AgNPs, their absorption peak 

was shown to be broad as well. It is also good to note that their methodology was 

modified for this project in which a hot water bath at 90°C was used to generate the 

AgNPs, as opposed to their use of a rotary shaker at 30°C at 120 rpm. This change most 

likely influenced the physical properties of the AgNPs. The reasoning behind this 

modification stems from a recent study by Ortega et al.28 in which they have found that 

the AgNPs produced using lemon was optimized at 90°C on a thermostatic bath for 30 

minutes. When putting all these ideas together, perhaps it makes sense that our approach 

generated larger nanoparticles that were polydisperse, since the temperature in a hot 

water bath was harder to control than if a thermostatic bath was to be used. Furthermore, 

since temperature, pH, reaction time, and agitation all influence the physical properties of 

the AgNPs34, this would further explain why the absorption peak differs when comparing 

our greener synthesis approach to the one synthesized by Prathna et al.32, which depicted 

a maximum absorption at ~434 nm.  

The second thing that was investigated using the UV-vis spectrophotometer was 

the stability of the AgNPs over time. As illustrated in Figure 2-1 A, the maximum 

absorption peak for the greener synthesis seems to show a decrease over time. A similar 

decrease of absorbance peak was shown in a study investigating the impact of pH on the 
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stability of the AgNPs, in which the peak decreases significantly over time under acidic 

condition, suggesting the agglomeration and instability of the particles.35 Their 

interpretation of the data could perhaps explain that the peak decrease seen in Figure 2-1 

A is indicative of particles agglomeration. However, the fact that the peak decrease 

gradually happened over time could be argued that the greener method to generate 

AgNPs is a good alternative. In fact, the more traditional synthesis showed both an 

absorbance peak decrease, albeit smaller compared to the greener synthesis, in addition to 

the slight red shift as indicated in Figure 2-1 B. As previously mentioned, the peak 

decrease suggests the agglomeration of particles. The red shift that is shown in Figure 2-1 

B is another evidence of particle agglomeration, which is particularly seen in spherical 

nanoparticles18. For the two synthetic methods, they seem to suggest that AgNPs are 

quite unstable because within only the first few weeks after the particles were 

synthesized, the UV-vis peaks start change. But the addition of PVP for the traditional 

synthesis, and the other bio-organic compounds in lemon most likely helped prolonged 

the stability of the particles because the AgNPs solution could have even become 

unstable in less than an hour without these additional chemicals.12  

It is good to note that several parameters were altered when trying to identify the 

optimal condition for the AgNPs synthesis. Initially, the synthesis was done via a hot 

water bath set at 90°C for 30 minutes, with continuous stirring. However, the color 

change from pale yellow to brown, quickly turned into gray, most likely indicating the 

instability of the nanoparticles that were agglomerating. Since agitation plays a role in the 

formation of the AgNPs, perhaps this could explain why the continuous stirring led to the 

possible agglomeration. Another condition that was altered was the temperature, in which 
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the hot water bath was set to 40°C until the solution turned brown. At a lower 

temperature, it was found that the maximum absorption peak was flat and broad, possibly 

indicating the lack of stability between the particles. The use of an ultrasonic bath at 

60°C, which was the highest temperature the instrument could go up to, was conducted 

over the use of a hot water bath. However, a similar result to the hot water bath at 40°C 

was shown, in which the maximum absorption peak was very broad and flat. Then, one of 

the other conditions that was briefly investigated was the length of the AgNPs interaction 

with the lemon extract, before redispersing the pellet in distilled water. Initially, when the 

lemon extract was left with the synthesized AgNPs for 3 weeks (Figure 2-2), before its 

removal, the maximum absorption peak turned out to be slightly sharper and higher than 

when the AgNPs solution was redispersed in distilled water right after synthesis. 

 
 
Figure 2-2: UV-vis spectra of AgNPs left in lemon extract for 3 weeks.  
 

However, with the measurement over a longer period of time, it was shown that the 

maximum absorption peaks of the UV-vis spectra were fluctuating randomly as opposed 

to the gradual progression seen in Figure 2-1 A. This phenomenon could perhaps be due 
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to the agglomeration and instability of the particles that started to happen over time, 

hence indicating that the change did not seem to develop more stable AgNPs. 

 

2.4. Conclusions & Future Directions 

 Overall, after investigating different parameters to find an optimal condition in 

which the AgNPs could be best generated using lemon, it seems that the synthesis using a 

hot water bath at 90°C generated particles that were best stabilized over time. While 

using a UV-vis spectrophotometer to characterize the synthesized AgNPs is a good start, 

as AgNPs give off a characteristic peak at a wavelength range of 400 to 500 nm,32 another 

method to characterize these nanoparticles would have given more insight to their 

physical characteristics. In the future, perhaps using the transmission electron microscope 

(TEM) would be beneficial to determine the exact size range and morphology of the 

synthesized AgNPs. Another idea that could be done theoretically to predict the size of 

the particles from the UV-vis data would be to use the Mie theory.32 Based on the one 

absorbance peak gathered from the UV-vis for both synthetic methods, it can be 

concluded that the AgNPs synthesized were spherical, which would make the Mie theory 

possible to use to predict the size of the particles. 
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Measuring Antibacterial Efficacy of Silver Nanoparticles 
 
 
3.1. Antibacterial Testing  

 To demonstrate the antibacterial effect of the AgNPs, three bacterial strains were 

considered in this experiment. A summary table outlining their Gram reaction, cell 

morphology, and cell arrangement is shown in Table 3-1. 

 
Table 3-1: Summary outlining the characteristics of E. coli, S. aureus, and B. subtilis. 
 

The main goal behind the selection of these bacterial strains was to mainly look at the 

antibacterial efficacy of the AgNPs at different concentrations, and measure if the cell 

morphology and Gram reaction would be impacted differently by these particles. 

 

3.1.1. Materials 

 The following bacterial strains were obtained from the American Type Culture 

Collection (ATCC) and used to measure the antibacterial properties of AgNPs: E. coli 

ATCC 25922, S. aureus ATCC 25923, and B. subtilis ATCC 6051. Anhydrous citric 

acid, Luria Bertani (LB) broth (Fisher BP1426-500), Todd-Hewitt broth (BD 249240), 

Tryptic Soy Agar (TSA), Mueller-Hinton Agar (MHA), Phosphate-Buffered Saline 

(PBS) solution, glycerol solution, and sodium chloride (NaCl) solution were obtained 

from the stock room at Prospective Research, Inc. and used as is. An incubating orbital 

shaker (VWR Model: 12620-946) was also used to grow the bacteria overnight. 
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Additionally, a microplate reader (BioTek Epoch 2) was used to measure the optical 

density at 600 nm (OD600) of the bacterial stocks. 

 

3.1.2. Experimental Methodology 

 E. coli and B. subtilis were grown overnight at 32°C at 220 rpm in LB broth, 

while S. aureus, were grown overnight at 37°C at 220 rpm in Todd-Hewitt broth mixed 

with 0.2% yeast extract, adjusted to a pH of 7.36. Essentially the growth was done by 

taking a pin drop size amount of bacteria sample from a streak plate, which was then 

transferred into a 10 mL of either LB or modified Todd-Hewitt broth. All three bacteria 

were grown in an incubating orbital shaker. After ~24 hours, the bacterial cultures were 

harvested, and their freezer stocks were prepared by adding 5 mL of each bacterial 

culture, separately, into a 1 mL of 60% glycerol solution. The cultures were then stored in 

a cryogenic freezer at -80°C. The bacteria stocks should be turbid, which is indicative of 

a successful bacterial growth. 

 Before testing the AgNPs on these bacteria, the cultures must be standardized. In 

this project, the 0.5 McFarland standard was used to standardize the bacteria. This was 

done by adjusting the turbidity of the bacterial suspension using PBS, to the McFarland 

standard, which represents the bacterial density with a 1.0 x 108 colony forming units 

(CFU/mL). All of this was measured by a spectrophotometer. 

 For the plating process, the bacterial stocks were further diluted with PBS to 

obtain a concentration of ~1.0 x 105 CFU/mL. E. coli, S. aureus, and B. subtilis cultures 

were then plated at a volume of 100 μL on TSA plates and spread with a sterile spreader. 

On the other hand, a sterile cotton swab was used to plate the bacteria on MHA, by 
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dipping the swab in each bacterial stock. The cultures were sat on the plates for ~30 to 60 

seconds before adding the AgNPs samples at a volume of 10 μL. A 5% citric acid 

solution, used as a control, since citric acid also exhibits antibacterial properties36, was 

also plated at the same volume. All the plates were left overnight in a CO2 incubator at 

32°C and the diameter of the zones of inhibitions were measured the next day. 

 

3.2. Results & Analysis of Silver Nanoparticles Efficacy on Gram-Positive & Gram-
Negative Bacteria 
 
 It is worth mentioning that the antibacterial testing data provided in this section 

has been done using ~3 to 4 months old AgNPs. Hence, the nanoparticles used were most 

likely larger in size due to their agglomeration, which was seen through the UV-vis 

spectra that were analyzed previously. The use of older samples indicates that the rings of 

inhibition measured were more than likely smaller than if AgNPs samples, created within 

~24 hours would show. Hence these preliminary data are a bit skewed.  

 After the incubation period overnight, the three bacterial strains seem to best grow 

on MHA over TSA plates. Despite using the McFarland standard to standardize the 

culture, the bacteria growth on TSA resulted in a much thicker bacterial lawn compared 

to the lawn on MHA, as shown in Figure 3-1 with the AgNPs tested against an E. coli 

culture as an example. Perhaps the difference could have also been due to the different 

technique used when plating the bacteria culture. As previously mentioned, a cotton swab 

was used to plate the bacteria on MHA, while 100 μL of bacteria was plated using a 

spreader on TSA. Additionally, as it can be seen in Figure 3-1, the thickness of the lawn 

does matter, as more inhibitions were shown on the MHA plate as opposed to the TSA 

one. This emphasizes the importance of standardizing the bacteria culture to obtain an 
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evenly spread bacterial lawn that is not too thick, otherwise the antibacterial testing 

results could be skewed. 

  
Figure 3-1: AgNPs tested against E. coli on (A) MHA, contoured in orange and (B) 
TSA. 
 

 Due to the better inhibition results seen on the MHA plates, the rings of inhibition 

were measured (Figure 3-2) from those plates as opposed to the ones from the TSA 

plates. In this preliminary data shown in Figure 3-2, the zones of inhibition of E. coli and 

S. aureus were very similar, when comparing the AgNPs synthesized by lemon extract at 

a concentration of 1.3 x 10-3 M, to the AgNPs synthesized by sodium borohydride and 

PVP at a concentration of 2.5 x 10-4 M. On the other hand, the zone of inhibition of B. 

subtilis did slightly differ from the greener to the traditional synthesis. All of this 

indicates that the traditional method of synthesizing the particles is still more effective 

than the greener approach. 
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Figure 3-2: Antibacterial test results of AgNPs against E. coli, S. aureus, and B. subtilis. 
 

This result was not really a surprise since the UV-vis spectra seemed to indicate 

that the traditional synthesis generated smaller-sized AgNPs as opposed to the greener 

method, making these smaller particles penetrate through the cell wall of the bacteria a 

lot easier than larger ones. However, the fact that the greener approach could be as 

effective for E. coli and S. aureus, as the traditional method if the AgNPs concentration is 

about one order magnitude higher, could make the greener approach a considerable 

alternative. This is something that could be tailored when synthesizing the nanoparticles, 

in which the ratio of silver nitrate to lemon extract changes. Otherwise, Figure 3-2 seems 

to also indicate that further diluting the AgNPs solutions significantly impacted their 

antibacterial efficacy. Perhaps this is due to the AgNPs stock solutions already being at a 

low concentration. 

As previously mentioned, E. coli is Gram-negative, meaning that their 

peptidoglycan cell wall is thin, but is also surrounded by another outer membrane, 

making it harder for materials to penetrate in and out of the cell. S. aureus is Gram-
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positive, meaning that their peptidoglycan cell wall is thick, which can absorb a lot of 

materials. The idea that more AgNPs were able to penetrate through the thick cell wall in 

S. aureus is supported by the data shown in Figure 3-2, in which a slightly higher zone of 

inhibition for S. aureus was recorded, as opposed to the zone of inhibition seen on E. coli. 

It is also interesting to see that while S. aureus and B. subtilis are both Gram-positive, the 

zone of inhibition data seems to slightly differ as well. This could mean that the cell 

morphology, in which S. aureus has a spherical, coccus shape, as opposed to B. subtilis 

being rod-shaped, could have influenced the AgNPs efficacy toward these bacteria. 

Another thing worth noting is that the AgNPs that were sit in lemon extract for 3 

weeks were also tested against these bacteria. In fact, for the most part, they seem to have 

shown the largest inhibition rings all around. The reasoning behind not focusing on that 

data is due to the instability of the AgNPs that were shown based on the UV-vis spectra 

collected (Figure 2-2). Furthermore, some of the data that were collected seem to show 

that these AgNPs exhibited a similar size of inhibition to the 5% citric acid solution that 

was used as a control. This result could potentially indicate that the lemon extract in those 

AgNPs were not properly centrifuged out, resulting in the lemon extract, which contains 

citric acid, to play a role in what was seen in the data. Perhaps this inconsistency could be 

worth investigating further in the future. 

  

3.3. Conclusions & Future Directions 

 These preliminary data indicate that the greener and more traditionally 

synthesized AgNPs exert the ability to inhibit Gram-negative, E. coli, and Gram-positive, 

S. aureus and B. subtilis. As already mentioned, these data used ~3 to 4 months old 
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AgNPs samples, resulting in the zones of inhibition to be much smaller than what should 

be expected from a fresh AgNPs sample. Hence in the future, this study should be 

conducted again with samples that were synthesized within 24 hours. This would 

generate a more accurate representation of the AgNPs capability to exert antibacterial 

properties. Additionally, diluting the AgNPs samples seem to not make much of a 

difference in its antibacterial efficacy, at least in these preliminary data. Therefore, this 

change of parameter might not be worth investigating further.  

Rather, this study should focus on comparing the greener and traditional 

synthesized AgNPs, to find the optimal condition to which the greener synthesized 

AgNPs could exhibit a zone of inhibition as effective as the traditional synthesis. As 

briefly suggested previously, perhaps looking further into changing the ratio between the 

silver nitrate to lemon extract, when synthesizing the particles, could be a start. In 

addition, the centrifugation process should perhaps be repeated more than one time to 

ensure that no other biological molecules from the lemon extract remain in the AgNPs 

pellet. 

Indeed, these data seem to suggest that the greener alternative using lemon extract 

could be as comparable as the traditional method if the AgNPs concentration was to be 

about one order magnitude higher, in the case of E. coli and S. aureus. However, it is 

important to not jump into conclusion just yet, since it is based off one dataset with older 

AgNPs samples. Hence, the repetition of this experiment is highly suggested to be the 

next step. 
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An Example of Sustainable Nanoscience in Undergraduate Curriculum 
 
 
4.1. Introduction 

 Nanoscience is a term that has been thrown around due to its vast applications in 

different fields, as we have previously outlined in this thesis. Because of this, developing 

a curriculum in an early undergraduate course to introduce students to the field of 

nanotechnology beyond the lectures is important. When it comes to thinking about 

developing an experiment at the undergraduate level, there are some key factors that 

instructors must think about such as: safety, cost, replicability, and feasibility.  

 Previous studies have been done to develop a laboratory experiment, in which 

students were able to synthesize AgNPs. Orback et al.37 developed an experiment tailored 

for undergraduates to control the size of the AgNPs generated. In fact, the traditional 

approach using sodium borohydride and PVP that was used to generate the AgNPs12 in 

this thesis, was an experimental approach that was developed to be included in a general 

chemistry course. One of the very first things that the study mentioned was the possibility 

of having students reinforce the simple skills learned in a general chemistry course such 

as redox reactions and limiting reactants, which can be done in a laboratory experiment 

involving the synthesis AgNPs.12 The extra benefit is that students would also be gaining 

a hands-on experience in synthesizing metallic nanoparticles.  

Panzarasa38 merged photochemistry and nanoscience by creating an experiment 

that looked at how AgNPs can enhance luminol chemiluminescence reaction, again 

aimed toward undergraduate students. On the other hand, Dorney et al.39 developed an 

experiment aimed for both chemistry and engineering students, which involved making 

the filtration process of AgNPs more sustainable via the tangential flow filtration method. 
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This study is particularly intriguing and unique as it uses the fact that nanoscience is an 

interdisciplinary field to develop an experiment that would make the collaboration 

between chemistry and engineering students possible. In all these studies, sodium 

borohydride, a strong reducing agent, was used to generate their AgNPs.12,37,38 While the 

experiments work perfectly fine as is, finding an alternative to using hazardous chemicals 

would be ideal to limit toxic waste and potential hazardous problems that could happen in 

an undergraduate chemistry laboratory course. 

 

4.2. Benefits of Green Chemistry for Chemistry Education Purposes 

 Merging green chemistry for educational purposes at the undergraduate level, and 

even at the high school level, is very beneficial and doable, as both fields value similar 

principles of doing science. Finding alternatives to reduce the cost of the experiment and 

toxic waste generated after each experiment are a driving force. As previously mentioned, 

sodium borohydride, which tends to be used in the production of AgNPs, is flammable 

and toxic.12 Hence, finding an alternative reducing agent that is chemically less hazardous 

would be beneficial both in the field of green chemistry and for educational purposes in a 

teaching laboratory. Cooke et al.40 thought through all this and developed a way to 

synthesize yellow colloidal AgNPs using glucose, sodium citrate, and starch. Their 

methodology works for an undergraduate level laboratory experiment because their 

synthetic approach is done within ~15 to 25 minutes depending on their heating methods 

used of either a microwave or a hot plate, respectively.40 Time plays an important role in 

the feasibility of an experiment for educational purposes, because the time students have 

in the laboratory is limited.  
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4.3. Evaluating the Feasibility of the Study for Undergraduate Students 

 The study initiated in this thesis regarding the production of AgNPs using lemon 

extract and testing them against different strains of bacteria is a study that can potentially 

be turned into something that can be done in an undergraduate level course. Like the 

work done by Dorney et al.39, this approach aims to merge chemistry and biology 

students together by formulating an experiment that incorporates both fields. This would 

also be beneficial as a sense of collaboration between peers would be developed, which is 

a skill that students would want to gain, as it is applicable in any areas.  

 Of course, this study is still in the preliminary phase, and some alterations need to 

be done before testing this experiment out with undergraduates in the laboratory. 

However, the feasibility of the study is very promising as using lemon extract would 

mean that sodium borohydride and PVP will not be used in the synthesis, meaning that 

less chemicals would go to waste at the end of the experiment. This is particularly 

important to consider when developing a new experiment for a teaching laboratory 

because depending on the number of students enrolled in the course, the cost to purchase 

the chemicals can become expensive. In addition, the amount of chemicals waste 

generated after each experiment per group of students can add to the cost, while also 

being not sustainable for the environment.  

With this approach, it is important to note that polydisperse AgNPs would be 

generated, as was found out via the UV-vis spectra shown previously in this thesis. 

However, depending on how long the instructor would want to spend working on AgNPs-

related projects, perhaps a possible experiment that could be developed for students 

would be to evaluate polydisperse versus monodisperse AgNPs, in which the 
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polydisperse AgNPs synthesis would be generated using lemon extract, while the 

monodisperse40 ones would be developed using glucose, sodium citrate, and starch. Then, 

this could be extended toward testing their antibacterial efficacy against bacteria. 

To cut down the time of prepping and synthesizing the AgNPs using lemon 

extract, the suggestions would be to potentially use a pre-packaged organic lemon juice, 

as opposed to fresh organic lemons, and cut down on the volume of colloidal AgNPs 

produced. In turn, this would make centrifuge process of removing the lemon extract and 

redispersing the nanoparticles in distilled water a lot shorter.  

On the other hand, incorporating the antibacterial testing portion of the 

experiment can be tricky. One of the first suggestions would be to have bacterial stocks 

already pre-made and standardized by the McFarland standard to make the process a little 

bit easier on the instructor’s side. Another suggestion would be to swap out S. aureus 

with Staphylococcus epidermidis (S. epidermidis), as S. epidermidis is a much safer strain 

of bacteria, while still depicting the same Gram reaction, and cell morphology and 

arrangement, as S. aureus. This would make the laboratory much safer for 

undergraduates.  

When it comes to working with bacteria, another tricky situation that arises is the 

growth of bacteria, which takes at least ~24 hours to grow inside a proper incubator set to 

a particular temperature. If the instructor chooses to incorporate this segment into the 

AgNPs synthesis project, it will mean that the experiment would have to be done in at 

least two parts, split into a two-week long period. Of course, this is assuming that the lab 

period meets only once a week. A suggestion that could work is to put the plates that 

contain the bacterial culture and AgNPs either at room temperature or in a colder 



29 
 

environment like the fridge, to slow down the growth process of the bacteria. That way, 

the following week when students would be looking to measure the zones of inhibition, 

the bacterial culture would not be overgrown to the point that no inhibition would be 

seen. 

While most of these suggestions have not been tested yet to ensure that it would 

work for an undergraduate level experiment, the idea of incorporating the greener 

approach to develop AgNPs using lemon extract is promising as the synthesis using a hot 

water bath only takes ~3 minutes to see a color changing from pale yellow to brown, as 

previously mentioned. Furthermore, the potential of incorporating the antibacterial testing 

aspect by extending this experiment into a two-week lab could be something worth 

considering as well, since it would highlight the interdisciplinary aspect of nanoscience. 

Perhaps the next step to consider for this study would be to test these suggestions out to 

ensure the feasibility of the experiment, and eventually testing it out with undergraduates. 
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