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Abstract 

 

 Silver nanoparticles possess antimicrobial properties that cause them to be frequently 

used and studied in a medical environment. Aggregation of silver nanoparticles inhibits the 

antimicrobial effects. In this work the mechanisms of aggregation were studied utilizing 

Localized Surface Plasmon Resonance. Borohydride and polyethylene glycol were used as 

capping agents to control aggregation and assist in quantifying the rate. A rate constant of 

0.0388M-1s-1 was determined for the second order reaction of aggregation of uncapped silver 

nanoparticles. 
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Background and Significance 

Nanoparticles are increasingly used not only in research, but in industrial and consumer 

products as well.1-2 Silver nanoparticles, being the most well studied type of nanoparticles, are 

known to be cytotoxic to microbial organisms and sea life.3-4-5-6 However, there are few scientific 

papers which analyze the specific nature of silver nanoparticle aggregation. Aggregated silver 

nanoparticles are less cytotoxic than unaggregated silver nanoparticles.7 Therefore proper 

understanding of how nanoparticle aggregation occurs is crucial to furthering the usage of 

nanoparticles. 

Silver nanoparticles possess a neutral charge, unlike the positive charge of silver ions and 

most forms of silver possess. The absence of electrostatic repulsion causes the silver atoms to 

associate with each other in solution to form nanoparticles. Silver in most forms has a strong 

cytotoxic effect, however silver nanoparticles provide a unique means for killing pathogens with 

a high efficacy.8 The differing charges in ionic silver and silver nanoparticles allows for different 

localizations within organisms.9 

Heavy metals are known to be toxic. While lead is more well-known due to its common 

usage in industrial settings and newsworthy incidents such as the Flint Michigan water crisis, 

silver is also a heavy metal which has low toxicity to humans but is still extremely toxic to 

microbial organisms.9 Due to the lower surface area – volume ratio, aggregated silver 

nanoparticles are substantially less toxic than unaggregated silver nanoparticles. 

 Aggregation refers to a number of particles coming together in solution to form a clump. 

(Figure 1) In this study, the goal is to quantify the rate at which silver nanoparticles aggregate 

under pH shifts and varying capping agent lengths. Changes in pH are known to have an impact 

on the aggregation of nanoparticles.10 Different capping agents are known to have different 

effects on nanoparticle aggregation, with most preventing aggregation, while some can induce 

controlled aggregation.11  
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Figure 1: A representation of the aggregation of particles 

 Capping agents are specific molecules that attach to the surface of nanoparticles and 

interfere with the direct intermolecular interactions between nanoparticles.12-13 This often 

stabilizes the nanoparticles by preventing them from forming aggregates.14-15 There are 3 major 

ways in which capping agents can stabilize nanoparticles: Steric stabilization, Electrostatic 

stabilization, and Electro-steric stabilization.12 Electro-steric stabilization is a combination of the 

two other major ways in which capping agents stabilize nanoparticles, as such the focus of this 

study will be on Steric and Electrostatic stabilization. 

Steric stabilization utilizes capping agents with a “head group” attached to the 

nanoparticle while the “tail group” of the capping agent extends outward from the nanoparticle.12 

With large tail groups surrounding each nanoparticle it is difficult for individual nanoparticles to 

interact with each other, and consequently prevents aggregation (Figure 2).12 
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Figure 2: A representation of steric stabilization on silver nanoparticles. The silver nanoparticles are unable to interact with each 

other due to the large tails separating the nanoparticles. 

 Electrostatic stabilization utilizes charged capping agents which repel each other while 

attaching to the nanoparticles. Due to the ability of electrons to freely move within nanoparticles 

the addition of a charged capping agent creates a dipole along the particle’s surface which aids in 

keeping the charged capping agent attached. (Figure 3) However, the dipole moment created by 

this interaction is capable of causing an attractive force with smaller nanoparticles.12 

 

Figure 3: A representation of electrostatic stabilization on silver nanoparticles. The negative charges repel the nanoparticles 

from interacting with each other. 

 In order to measure nanoparticle aggregation, a phenomenon known as Localized Surface 

Plasmon Resonance (LSPR) will be utilized.16 This phenomenon occurs when light of a specific 

frequency passes over a nanoparticle of a specific size. This excites the electrons within the 

nanoparticle, and because these electrons are capable of moving freely they are capable of 
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oscillating in tandem with the frequency of the light wave.17 (Figure 4) The frequency at which 

this phenomenon occurs depends on the size of the nanoparticle, and as such LSPR occurs at a 

different frequency with aggregated nanoparticles than is does with unaggregated nanoparticles. 

This causes aggregated nanoparticles to be viewed as a different color than unaggregated 

nanoparticles. (Figure 5) The oscillation of these electrons causes some of the light to be 

absorbed and converted into heat, while the rest is scattered off the surface. While it is possible 

to measure the heat caused by the absorption, this study will utilize the scattered light to quantify 

nanoparticle aggregation using a spectrometer.  

 

Figure 4: A representation of the interaction of LSPR on the surface of a nanoparticle. Figure duplicated from reference 14.14 

 

Figure 5: Silver nanoparticles under different conditions with different aggregation levels. The solutions are from right to left: 

Unaltered silver nanoparticles, Silver nanoparticles diluted with distilled water, Silver nanoparticles with 0.1M HCl, Silver 

nanoparticles with 0.1M NaOH. Unaltered nanoparticles appear yellow, while low pH nanoparticles appear pink and high pH 

nanoparticles appear blueish-gray.
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Specific Aims 

 In order to obtain a fuller understanding of the mechanisms of nanoparticle aggregation 

several variables must be measured. The first aim is to measure the effects of pH on aggregation 

rate, as pH is already known to have a positive effect on aggregation.10 Using pH to force 

aggregation, further measurements can be made on other variables, such as capping agent length, 

which effect aggregation. Both increases and decreases in pH will be used and compared to 

determine at which pH experiments to achieve any future aims would be most optimally 

performed at.  

 The second aim is to compare the effects of steric and electrostatic capping agents on 

stability of nanoparticles. The two types of nanoparticle stabilization will be compared by using 

an equal shift in pH and comparing the rate at which both aggregate. A large, steric capping 

agent in thiolated polyethylene glycol and a small, electrostatic capping agent in borohydride 

will be used to compare these effects. (Figure 6) 

    

Figure 6: A representation of the capping of silver nanoparticles with borohydride (left) and thiolated polyethylene glycol (right) 

 The third aim is to compart the effects of the length of steric capping agents on the 

stability of nanoparticles. Thiolated polyethylene glycol’s effects on aggregation will be 

measured with a sample of 800 mn thiolated polyethylene glycol and a sample of 6000 mn 

thiolated polyethylene glycol. Mn represents the average molecular weight of the thiolated 

polyethylene glycol within the sample. 
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Experimental Design 

The first step is the production of silver nanoparticles. An 800mL batch of 2.5 × 10−4M 

silver nanoparticles was produced using 0.001M Silver Nitrate (AgNO3) and .0020M Sodium 

Borohydride (NaBH4).
18 The chemical reaction for AgNO3 and NaBH4: 

 𝐴𝑔𝑁𝑂3 + 𝑁𝑎𝐵𝐻4  → 𝐴𝑔 +  
1

2
𝐻2 +  

1

2
𝐵2𝐻6 + 𝑁𝑎𝑁𝑂3 

 These solutions were mixed 10 mL AgNO3 and 30 mL NaBH4 at a time and added to a batch 

until 800mL was produced. The resulting nanoparticles were a pale yellow color with a 

wavelength peak at 432nm. (Figure 7) This suggests the nanoparticles are approximately 9.5 ± 

3.2nm large and spherical in shape.19-20 While there are many different ways to prepare silver 

nanoparticles, the method with NaBH4 was chosen because it allows for alteration of the capping 

agent. An alternate method using hydrazine (N2H4) was also tested,21 however that method 

provided inconsistent results. 

UV-VIS spectroscopy will be used to measure the aggregation of silver nanoparticles. 

The fraction of nanoparticles aggregated in a specific experiment can be calculated by comparing 

the initial absorbance at a wavelength determined through experimentation of unaggregated 

nanoparticles to the final absorbance of unaggregated nanoparticles. However, this method 

cannot be used to measure the rate of absorbance, as to effectively measure the absorbance of the 

unaggregated nanoparticles one must measure the area under the curve for the specific peak. As a 

time-lapse using a UV-Vis Spectrometer can only be performed on 1-2 wavelengths at a time the 

area under the curve cannot be measured with the instrumentation at Allegheny College’s 

disposal (Figure 7). As such, a different method to determine the ratio of aggregated to 

unaggregated nanoparticles must be performed. 
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Figure 7: Unaggregated silver nanoparticles. A peak was formed at 432nm, however the range over which 

unaggregated nanoparticles resonate ranges from 350-500. 

 By dividing the absorbance of the aggregated peak of silver nanoparticles by the original 

peak the ratio of aggregated silver nanoparticles can be calculated.22 The peak of aggregated 

silver nanoparticles was determined to be 587nm. This peak was determined by increasing the 

pH of a solution to the point where almost all nanoparticles aggregated. Using this method, the 

ratio of aggregated nanoparticles to unaggregated nanoparticles can be determined. 

To measure the rate data will first be collected to determine how much the nanoparticles 

aggregate under specific conditions, if at all, and whether the rate at which they aggregate is 

easily measurable. Nanoparticle aggregation normally occurs rather quickly, usually requiring 

less than 5 minutes to completely aggregate.23 In order to determine this an initial measurement 

will be run immediately upon a system being put under specific conditions, and then measured 

again after 15 minutes. The measurements will be compared to both a control and to each other. 

If there is no significant difference between the control and the altered system then the 

conclusion that aggregation did not occur. If there is a difference between the control and the 

altered system’s measurements, however the initial measurement and the delayed measurement 

are not statistically different, then the conclusion can be drawn that the nanoparticles fully 

aggregate to quicky accurate measurement with simple methods. If the delayed measurement is 

significantly different from both the control and initial measurement then the conclusion can be 

drawn that aggregation occurred at a measurable rate. 
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In order to first determine the pH at which all further experiments should be run, the pH 

was increased with 0.1M NaOH of various volumes, (Figure 8) and decreased with 0.1M HCl 

(Figure 9). For each shift in pH the UV-Vis spectrum was measured once initially and a second 

time after waiting 15 minutes. For each measurement the absorbance at 587nm was divided by 

the absorbance at 432nm to determine the ratio of aggregated to unaggregated nanoparticles. The 

data collected suggests that aggregation occurs at both significantly increased pH and 

significantly decreased pH, however at increased pH the rate of aggregation is too fast to be 

reliably quantified using a UV-Vis spectrometer. While other methods such as stopped-flow 

could be used to measure the rate of aggregation of these high pH samples, due to time 

constraints the focus will be on low pH samples. 

 

Figure 8: Plot of nanoparticle aggregation at increased pH. The blue series determined the aggregation after 30 seconds. The 

orange series determined aggregation after 15 minutes. An F-test was performed to find no statistical difference between these 

two samples. The furthermost left sample represents nanoparticles with unaltered pH 
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Figure 9: Plot of nanoparticle aggregation at decreased pH. The blue series determined the aggregation after 30 seconds. The 

orange series determined aggregation after 15 minutes. An F-test reveals these lines to be statistically different. The 

furthermost right sample represents nanoparticles with unaltered pH. 

 All further experiments will be conducted at pH 1.9 or less. Using the time-lapse function 

on the UV-Vis spectrometer will cause a data point to be collected every second, so by using this 

function at the desired frequencies of 432 and 587 nm the rate can be graphed. Due to the 

constraints of the instrument being used only one can be taken at a time, so multiple samples 

must be prepared for each measurement.  

 Samples of nanoparticles capped with varying concentrations of thiolated polyethylene 

glycol were prepared. 0.010g of 800mn thiolated polyethylene glycol was added to 10mL of 

distilled water and dissolved. Quantities of thiolated polyethylene glycol solution ranging from 

0.25mL to 1.0mL were added to 10mL of silver nanoparticle solution. Sulfur is less 

electronegative than boron, and as such the thiolated polyethylene glycol will gradually replace 

the borohydride on the surface of the nanoparticles. The nanoparticle solutions were left 

overnight to allow this to occur.  
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Results 

 For borohydride capped nanoparticles the pH was reduced to 1.8 and measured over the 

course of 960 seconds (15 minutes). Data was collected at both 432 nm and 587 nm. By dividing 

the peak at 587 nm by the peak at 432 nm the ratio of aggregated to unaggregated nanoparticles 

was determined at each point in time. (Figure 10) The trendline was found to be a power 

equation which means that this reaction is a second order reaction with respect to the reactant.24  

 

Figure 10: The ratio of aggregated nanoparticles to unaggregated nanoparticles over time for borohydride 

capped nanoparticles at pH 1.8. A trendline with the equation y = 4E-08x2 - 5E-06x + 0.0212 was determined.  

 The rate of second order reactions can be determined using the equation: 

𝑅 = 𝑘[𝐴]2 

Where R is the rate, k is the rate constant, and [A] is the concentration of reactants, or in this 

case unaggregated nanoparticles. In order to determine the rate constant, all that needs to be done 

is to graph the 1/(peak 587/432) vs. time and k is equal to the slope. (Figure 11) As the figure 

clearly demonstrates there is a shift between 300 and 360 seconds where the slope changes. For 

the first 300 seconds the slope is -0.0115. (Figure 12) After the first 360 seconds the slope is           

-0.0388. In this case, the slope is equal to the negative k value with respect to nanoparticle 

aggregation. This makes the initial rate equation of borohydride capped nanoparticles at pH 1.8 

0

0.01

0.02

0.03

0.04

0.05

0.06

0 120 240 360 480 600 720 840 960

P
ea

k 
5

8
7

/4
3

2
n

m

Time (s)



13 
 

 

R = 0.0115[A]2 and the secondary rate equation of borohydride capped nanoparticles at pH 1.8   

R = 0.0388[A]2.  

 

Figure 11: The inverse of the ratio of aggregated nanoparticles to unaggregated nanoparticles over time. The rate appears to 

change at roughly 300 seconds from one linear slope to a different linear slope 

 

Figure 12: The first 300 seconds of figure 11. This possesses a linear line of best fit with the equation y = -0.0115x + 48.146 
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Figure 13: The final 440 seconds of Figure 11. This possesses a linear line of best fit with the equation y = -0.0388x + 54.532 
 Slope is -0.0388 

 

 The shift of the rate of aggregation after a few minutes likely occurs due to an initial 

interaction occurring between the hydronium ions (H3O
+) found in low pH solutions and the 

borohydride capped on the surface of the nanoparticles. Due to the need for the capping agent to 

be removed from the surface of the nanoparticles in order for them to aggregate the actual 

aggregation cannot occur until the borohydride has sufficiently reacted with the H3O
+. As such 

the initial determined rate is likely aggregation occurring while this reaction is still occurring. 

The secondary rate likely appears once the capping agent is fully removed from the surface of 

the nanoparticles and the nanoparticles are able to aggregate freely. The secondary rate reaction 

of R = 0.0388[A]2 is likely the rate of aggregation of nanoparticles that are not stabilized by a 

capping agent. 

Due to time constraints the rate of aggregation could not be measured over a large pH 

range, however due to the increase in the ratio of aggregated nanoparticles compared to 

unaggregated nanoparticles over larger pH shifts (Figure 9) it is likely that as the shift in pH 

increases the initial rate of aggregation also increases, however the secondary rate of reaction 

would likely remain the same. 

When attempting to repeat the experiment with thiolated polyethylene glycol capped 
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aggregation with lower pH, higher pH, and the addition of sodium chloride all failed to cause 

aggregation. While electrostatic based capping agents can be separated from the surface of 

nanoparticles by the addition of charged ions to the solution by way of pH shifts or the addition 

of salts, steric based capping agents are resistant to this effect due to the fact that they do not 

possess a charge. 

 There are other ways to force nanoparticle aggregation, such as altering temperature, 

washing, or sonication,24 however due to time constraints this study was unable to continue with 

these methods. Alternatively adding specific analytes beyond salts, such as arsenite, are also 

known to induce aggregation.25  Unfortunately, these time constraints prevented the completion 

of specific aims 2 and 3. With additional time and resources both specific aims 2 and 3 could be 

met, as well as a more complete fulfillment of specific aim 1. 
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