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ABSTRACT OF THE DISSERTATION 

 

 

Iron(III)-doped, Silica: Biodegradable, Self-targeting Nanoparticles 

 

 

by 

 

 

Kristina Kalani Pohaku Mitchell 

Doctor of Philosophy in Chemistry 

University of California, San Diego, 2011 

Professor William C. Trogler, Chair 

 

Silica nanoparticles are currently being investigated for a number of medical 

applications.  Silica is FDA approved for oral consumption; however, its use in vivo 

has been questioned because of its potential for bioaccumulation.  In an attempt to 

remedy this problem, silica nanoshells have been made biodegradable by doping 

iron(III) into the nanoshells.  Small molecule chelation and serum studies were
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performed to determine if the removal of iron(III) from the nanoshell structure would 

facilitate nanoshell degradation.  It was determined that iron chelators such as EDTA, 

desferrioxamine, and Deferiprone cause the nanoshells to degrade upon removal of 

iron, as evidenced by UV-vis absorption spectral studies and SEM experiments.  The 

submersion of Fe(III)-doped, silica nanoshells in fetal bovine serum and human serum 

also appear to degrade due to the removal or iron by serum proteins, which is easily 

seen in SEM images. 

In addition to biodegradability, being able to modify nanoparticles with 

targeting ligands is highly desirable for targeted drug delivery applications.  This is 

often accomplished by the conjugation of a targeting moiety (protein, apatmer, 

polymer, etc.) to the surface of the nanoparticle.  Conjugation of such compounds, 

however, can be difficult and complicate other desired surface chemical modification 

reactions.  This issue is remedied by the incorporation of iron(III) into silica 

nanoshells.  Iron(III) in the nanoshells can be bound by transferrin, a serum protein, 

and subsequently transported into a cell via a transferrin receptor-mediated 

endocytosis pathway.  The uptake of Fe(III)-doped, silica nanoshells via a transferrin 

receptor-mediated pathways was observed with the use of fluorescence and confocal 

microscopy and also using fluorescence assisted cell sorting.  Based on the results of 

these studies, it can be concluded that the doping of iron(III) into silica nanoshells 

results in a self-targeting nanoparticle (a nanoparticle that does not require the 

covalent conjugation of a targeting moiety to its surface).   
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CHAPTER 1                                                                                                       

General Introduction to Biodegradable Nanoparticles Designed for Medical 

Applications 

 

 Nanoparticles are being investigated for potential use in a variety of 

technologies including catalysis, absorptive filters, ultrasound imaging, photonic band 

gap materials, and drug delivery.1-7  Nanoparticles have attracted attention for 

potential use in medical applications because of their small size, chemical 

composition, large surface area, and the ability to tune their structure and shape.8, 9  

The first antitumor nanoparticle drug, Abraxane, took advantage of the enhanced 

permeation and retention of tumor microvasculature, allowing size selective delivery 

of drug transport particles less than 200nm in size to into solid tumors.  A variety of 

nanoparticle shapes and structures are possible as demonstrated in Figure 1.1.

 
Figure 1.1 An example of how nanoparticles can be produced in a variety of shapes 
and sizes.9 
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The properties that make nanoparticles interesting materials for medical 

applications (size, large surface area, structure, shape, and chemical composition) are 

also properties that can make nanoparticles more toxic than their bulk counterparts.  

As a result of the difference in chemical behavior of nanoparticles, concern has been 

expressed regarding the use of nanoparticles in medical applications because of the 

numerous types of nanoparticles available and the lack of information on the effects of 

nanoparticles on human health.10  The unknown effect of nanoparticles on human 

health has thus, lead to intensive studies focused on the development of biodegradable 

nanoparticles.  A review by Ai et al lists the following as factors that need to be 

considered when adjusting nanoparticle toxicity: size, particle surface, surface 

chemistry, chemical components, dosage, and free radical production.10  The small 

size of nanoparticles imparts the particles with large relative surface area.  The 

increased proportion of surface molecules or atoms, in turn, increases the reactivity of 

the nanoparticles thus, increasing the toxicity of the nanoparticles when taken up by 

cells.8, 10  Also, nanoparticle toxicity depends on the ability of the nanoparticles to be 

filtered and cleared by the body.8, 10  The field of nanotoxicology has also emerged, in 

response to these concerns, to determine the toxicological effects of nanoparticles.  

Determining the toxicological effects of nanoparticles can be hindered however, due 

to variations in nanoparticle behavior in vitro vs. in vivo.11  Furthermore, the 

determined chemical composition also does not guarantee that only one type of 

nanoparticle can be produced, as seen in Figure 1.2, thus heightening the necessity for 

fields such a nanotoxicology and the development of well-characterized particles that 

are biodegradable and safe for in vivo use. 
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Figure 1.2 An example of how nanoparticle characteristics can vary despite having 
similar chemical compositions.  All of the nanoparticles shown are different forms of 
zinc oxide.12 

 

Several characteristics are desired for nanoparticles suitable for medical 

applications: the materials should have a long shelf life, be easily scalable to 

preparation on a commercial scale, have tunable physical properties, and be capable of 

being eliminated from or degraded by the body.  Facile surface chemical modification 

is also highly desired to allow conjugation of moieties that can impart targeting or 

labeling properties to the nanoparticle or increase the time it spends in circulation.  

Such properties are highly useful when designing nanoparticles to accumulate in a 

specific type of tissue for purposes such as drug delivery or in vivo imaging. 

There are currently several, commercially available nanoparticles, with many 

more being investigated, which are being used in attempts to establish a new method 

for delivering drugs or recording images.  Nanoparticles, such as AbraxaneTM (a 

protein-bound derivative of the chemotherapy agent Paclitaxel) have been approved 
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by the FDA for medicinal use.  Another commercially available nanoparticle is Doxil, 

a PEG-liposome particle used for doxorubicin delivery.  While both of these 

nanoparticles are either biodegradable or easily eliminated for the body they cannot be 

stored for long periods of time because they have a tendency to aggregate, undergo 

Ostwald ripening (the combination of small particles into larger particles) when in 

solutions, and the drug diffuses out of the nanoparticle over time.13-16 

Silica gel has been studied as a potential material for medical applications 

because it forms an inert, robust material on calcination.  It has been shown to have 

low cellular toxicity when compared to other inorganic oxide nanoparticles.17  The 

stability of calcined silica addresses the issue of prolonged storage under ambient 

conditions yet that same stability also makes it undesirable for some in vivo 

applications because of the potential bioaccumulation of nanoparticles.18  Mesoporous 

silica nanoparticles have been found to accumulate primarily in the liver, kidneys, 

bladder, and spleen with a small fraction of nanoparticles also found in the lungs.19-24  

Where the nanoparticles accumulate depends on the size, shape, and surface 

properties.19-24  Industrial uses of nanosilica also suffer from the occupational hazard 

that it poses, since inhalation may lead to silicosis.24-27  While not directly toxic, the 

inhalation of silica nanoparticles can result in mechanical irritation, which can induce 

an inflammatory immune response that can ultimately develop into cancer over a long 

period of time.  Thus, methods that increase the biodegradable nature of silica in a 

tissue environment could have broad impact on how to make nanosilica particles safe.  

Many studies have looked at using various forms of silica-based materials 

(xerogels, sols, bioactive glasses, etc.) as biocompatible, biodegradable materials.27-37  
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Silica can be synthesized using various methods (colloidal templating or a layer by 

layer method) but the formation of the desired material is generally obtained by a sol-

gel process (Scheme 1.1).   

 

Scheme 1.1 The sol-gel process24 

 

The rate at which silica gel degrades depends on a number of factors including 

its composition, preparation, calcination temperature, surface area, and pore 

structure.24, 28, 29, 36, 37 Of the materials studied, those that had been calcined, or 

sintered, at high temperatures reduced the amount of silica released or dissolved from 

the bulk material.23, 24, 27-30, 35-39  Calcination causes dehydration of the hydrated silica  

gel and imparts it with a dense silica network structure.  These changes to the network 

structure cause calcined silica to have a slow rate of degradation and thus create the 

potential for silica nanoparticles to bioaccumulate.39   

Many have tried to overcome this obstacle by changing the composition of the 

silica nanoparticles by lowering the temperature that the silica gel is cured.  This 

increases the number of silanol groups and the solubility of the gel.38, 40  Others have 

tried to enhance the biodegradability of silica by altering the amounts of the silica 
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precursor used to form the gel.41   The incorporation of cations into the silica structure 

is proposed to increase the rate at which silica degrades.39  Studies looking at the 

incorporation of Ca2+ into calcined silica have shown that its inclusion into the 

structure increases the silica degradation rate, compared to plain silica.39  The 

incorporation of calcium phosphate into silica materials has also been shown to 

facilitate the formation of calcium phosphate crystals on the silica gel surface (Figure 

1.3).37  Although it is unclear whether the silica is actually biodegradable, the 

facilitated formation of calcium phosphate indicates that silica can be used as a 

bioactive material. 

 
Figure 1.3  Example of the formation of calcium phosphate on the surface of silica 
gel.37  
 

 Most attempts to make silica biodegradable appear to have done so by 

avoiding calcination and dehydration of the silica.  As a result, these soft nanoparticles 

would be subject to the same problematic time, temperature, and solution storage 

issues as for other soft nanoparticles.  Development of a new biodegradable, calcined 

silica nanoparticle is described in Chapter 2.    
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CHAPTER 2                                                                                                     

Iron(III)-doped, silica nanoshells: a biodegradable form of silica 

 

Abstract 

 Silica nanoparticles are being investigated for a number of medical 

applications.  Silica is FDA approved for oral consumption; however, its use in vivo 

has been questioned because of its potential for bioaccumulation.  In an attempt to 

remedy this problem, silica nanoshells were tested for biodegradable properties by 

doping iron(III) into silica nanoshells.  Small molecule chelation and serum studies 

were performed to determine if the removal of iron(III) from the silica nanoshell 

structure would facilitate its degradation. Iron chelators such as EDTA, 

desferrioxamine, and Deferiprone® were found to cause the nanoshells to degrade 

upon the removal of iron in several hours at 70 °C.  When the Fe-doped, silica 

nanoshells were submerged in fetal bovine serum (FBS) and human serum (HS) at 

physiological temperature, they also degrade on removal of the iron by serum proteins, 

such as transferrin, over a period of several weeks. 

 

Introduction 

Silica nanoparticles are being investigated for a variety of applications such as 

catalysis, ultrasound contrast imaging agents, photonic band gap materials, adsorptive 

materials, and drug delivery.1-7  There are several characteristics that are desirable for 

materials to be used in drug delivery: the materials should have a long shelf life, be 

amenable to commercial synthetic scale up, and be capable of being
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eliminated from the body.  Calcined silica is a potential nanoporous material for 

biomedical applications because it is a robust chemically inert material of high surface 

area whose surface chemical properties are modified easily.  However, the stability of 

silica also makes it problematic for in vivo medical applications because of the 

potential of nanoparticles to bioaccumulate.8  Mesoporous silica nanoparticles have 

been found to accumulate primarily in the liver, kidneys, bladder, and spleen with a 

small fraction of nanoparticles also found in the lungs.9-14  Accumulation depends on 

the size, shape, and surface properties of the nanoparticles.10-14  Industrial uses of 

nanosilica also suffer from the occupational hazard that it poses, since inhalation may 

lead to silicosis.15-17  Thus, methods that increase the biodegradable nature of silica 

could have a wide impact in mitigating hazards with its use.  

The rate at which silica degrades depends on a number of factors including 

composition, preparation, calcination temperature, surface area, and pore structure.14, 

18-21  Many studies have looked at using various forms of silica based materials 

(xerogels, sols, bioactive glasses, etc.) as biocompatible, biodegradable materials.18, 20, 

22-27  Of the materials studied, compounds that had been calcined, or sintered, at high 

temperatures reduced the amount of silica released or dissolved from the bulk 

material.14, 18-21, 28, 29  Calcination causes dehydration of the silica and imparts it with a 

dense network structure.  These changes to the network structure cause calcined silica 

to have a slow rate of degradation and thus create the potential for silica nanoparticles 

to bioaccumulate.29  Many have tried to overcome this obstacle by changing the 

composition of the silica nanoparticles such as incorporating cations into the silica 

structure to increase the rate at which silica degrades.  Studies looking at the 
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incorporation of Ca2+ into calcined silica have shown that its inclusion into the 

structure did increase the silica degradation rate, compared to plain silica.29  However, 

the mechanism of silica degradation was not clear.  It was difficult to determine if the 

changes observed where actually due to the removal of silica or just the dissolution of 

the incorporated calcium.   

Rather than using calcium, we chose to incorporate ferric iron (Fe3+) into the 

hollow silica nanoshell structure.  Iron, despite its large abundance, is a limiting 

nutrient for most forms of life due to the limited solubility of its common form, 

Fe(OH)3, at neutral pH.  As a result, nature has developed a variety of methods for the 

solubilization and sequestration of iron via iron chelating proteins.30  In humans, iron 

is sequestered, solubilized, and transported by the transferrin protein.  Transferrin, 

which is abundant in serum, is able to extract iron from the ferritin storage protein 

wherein iron is stored as an insoluble, inorganic mineral form.  Transferrin binds iron 

as Fe3+ with a high affinity as evidenced by its dissociation constant (Kd) of 10-22 M at 

pH 7.0.30  This strong binding affinity raises the possibility that the incorporation of 

Fe3+ into the silica structure would make the silica biodegradable. Furthermore, there 

are several FDA approved drugs, such as desferrioxamine and Deferiprone® that are 

approved for chelation therapy to treat individuals with iron overload diseases, such as 

hemochromatosis and Thalassemia.  Such drugs could conceivably be administered as 

a secondary treatment if necessary for the removal of iron(III)-doped, silica 

nanoparticles.        

This work explores iron(III) doping into hollow silica nanoshells prepared by 

the sol-gel method and polymer templating approach shown in Scheme 2.1.31  
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Degradation studies of Fe-doped, hollow silica nanoshells were studied in the presence 

of strong iron chelates, as well as in the presence of the natural chelating ligand found 

in serum. 

 
Scheme 2.1 Synthesis of Hollow SiO2 Nanoshells

Results and Discussion 

Synthesis and Characterization of Fe-doped, Silica Nanoshells.  

The synthesis of Fe-doped, hollow silica nanoparticles was adapted from the 

method developed by Yang et al.31, 32  As seen in Scheme 2.2, a polyamine is not 

required in the synthesis as long as amine-functionalized polystyrene (PS) beads are 

used as the template.  Iron(III) ethoxide is dissolved in anhydrous ethanol and the 

resulting solution is premixed with tetramethylorthosilicate (TMOS) prior to its 

addition to the PS bead suspension.  The trace water from the PS templates allows the 

sol-gel reaction to occur despite being in an anhydrous ethanol environment.  The 

reagents are combined with the template beads and allowed to react for 5 hours.  The 

pellet is isolated by centrifugation, washed with deionized water, dried under vacuum, 

and then calcined.  The removal of the PS core by heating to 550 °C results in the 

isolation of a fine powder with an orange-brown color.  
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Scheme 2.2 Synthesis of Fe-doped, Silica Nanoshells

Scanning electron microscopy (SEM) was performed to determine the 

structure, seen in Figure 2.1.  The SEM images reveal that the particles obtained are

 

 

Figure 2.1 SEM images of 200nm Fe-doped, SiO2 nanoshells.  Scanning electron 
microscopy (SEM) was utilized to verify nanoshell formation.  As can be seen, the use 
of polystyrene (PS) templates results in nanoshells of uniform size.  The PS template 
is removed during the calcination process.  The images also show that the walls of the 
nanoshells are continuous with no observable holes or cracks. 
 

hollow with a continuous wall with no visible holes, cracks, or other deformations.  

The images also reveal that the nanoshells produced are fairly uniform in size having 

an average diameter of approximately 180 nm.  Dynamic light scattering (DLS) was 

used to determine the average size of the particles suspended in water.  The 200 nm 

Fe-doped, silica nanoshells have an average diameter size of 1178 nm with a PDI of 

0.544 and have a zeta potential of -48.6 mV after sonication.  The Peak 1 

measurement, however, indicates that the diameters of the nanoshells measured are 
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318 nm.  The size discrepancy observed between the DLS measurements and the SEM 

images indicates the Fe-doped, silica nanoshells interact, via absorption or 

fluorescence, with the laser (633 nm) used in DLS and thus distorts the size 

measurements.  In order to better characterize the dispersed nanoshells in solution, wet 

SEM capsules, from QuantoMix, were used to directly image the particles dispersed in 

water (Figure 2.2).  The nanoshells imaged using the wet SEM capsules appear to be 

predominantly single, 180 nm particles.  The images also show particles that appear to 

be smaller in size.  The apparent size range is due to the increased distance between 

the particles and the capsule membrane.  The SEM images in Figure 2.1 on a flat 

substrate show that the nanoshells are uniform in size.  

Figure 2.2 Wet SEM images of 200nm Fe-doped, SiO2 nanoshells.  Nanoshells were 
suspended in MilliQ water and placed in a QuantoMix wet SEM capsule for imaging.  
The scale bar in the left image is 1 micron and 5 microns in the right panel. 
 

The iron content of the Fe-doped, silica nanoshells was determined using 

energy-dispersive X-ray spectroscopy (EDS) and inductively coupled plasma-optical 

emission spectroscopy (ICP-OES).  EDS measurements were obtained for 20 different 

frames and three different samples during SEM imaging.  The mole percent (mol %) 

values were then averaged together.  The expected mol % for iron is 4.7% (~5%).  
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EDS of the Fe(III)-doped nanoshells shows a mol % of 5.7 ± 1.8% (~6 ± 2%).  Thus, 

EDS provides a fast and easy way to obtain the approximate amount of iron 

incorporated while obtaining SEM images.   

ICP-OES was also used to better quantify the amount of iron doped into the 

silica nanoshells.  1 mg of Fe(III)-doped, silica nanoshells was suspended in 10 mL of 

2% nitric acid.  The ICP-optical emission was measured at five different wavelengths 

(see Methods section) and the resulting concentrations were averaged together.  The 

dilution factor was corrected for by multiplying the averaged value by 100.  1 mg of 

particles suspended in 1 mL of solution should produce an iron concentration of 0.83 

mM (4.7 mol %).  After correcting for the dilution of the particles, the concentration 

of iron in the nanoshells was determined to be 0.72 ± 0.04 mM (~4.1 ± 0.2 mol %). 

Thus, it can be concluded that approximately 88% of the iron(III) ethoxide used for 

the reaction is incorporated into the nanoshell.  This is the maximum amount of iron 

that can be incorporated into the nanoshell without affecting its strength, as attempts to 

use higher amounts of iron(III) ethoxide led to the formation of colloidal matter and 

broken nanoshells. 

Mossbauer and electron paramagnetic resonance (EPR) spectra were measured 

to assess the nature of the iron(III) incorporated into the silica nanoshell.  The EPR 

spectrum at 77 K showed no appreciable signal, suggesting that the iron present in the 

nanoshells is antiferromagnetically coupled.33, 34  As a result of the antiferromagnetic 

coupling, the oxidation state of the iron could not be confirmed.  The Mossbauer 

spectrum obtained from 10 mg of 200 nm Fe-doped, silica nanoshells did not have 

enough sensitivity to determine the oxidation state or coordination environment of the 



18 

 

iron in the silica nanoshells.  Therefore, bulk magnetic susceptibility measurements 

were performed.  Mass susceptibility measurements, χg, were plotted as χg
-1 vs. the 

absolute temperature (a Curie-Weiss plot), as seen in Figure 2.3.  The Curie-Weiss law 

is described by the equation, 

! 

" =
C

T #$
 

where χ is the magnetic susceptibility, C is the Curie constant, T is the temperature in 

Kelvin, and θ is the Weiss temperature.  The data closely follows Curie behavior, as 

evidenced by the linearity of the data to low temperatures.  The Weiss temperature 

was determined to be -10.5 K.  The negative Weiss temperature suggests that the 

iron(III) in the nanoshells is weakly antiferromagnetically coupled to other iron(III) 

centers within the nanoshell or between individual particles.35, 36  This observation 

agrees with the EPR results.  Antiferromagnetic behavior of iron(III) doped into silica 

has also been observed in silica films and attributed to the presence of small iron 

nanoparticles.37
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Figure 2.3  Curie-Weiss law representation of measured mass susceptibility for Fe-
doped, silica nanoshells.  The data shown follows Curie behavior as evidenced by the 
linearity of the data to low temperatures.  The Curie constant (given by taking the 
inverse of the slope of the line) is 0.001 cm3 K g-1.  The Weiss temperature (given by 
the x-intercept) is -10.5 K indicating the presence of weak antiferromagnetic 
interactions between iron centers either within the nanoshell or between nanoshells.    
 

Small Molecule Chelation and Degradation of Iron(III)-doped, SiO2 Nanoshells.   

Small molecule chelation was initially used to determine whether nanoshell 

degradation could be promoted via iron removal. Deferiprone®, EDTA, and 

desferrioxamine were used because of their known high affinity for iron(III) as well as 

their use as metal chelation therapy agents. EDTA strongly binds iron(III) with a 

formation constant of ~1025.  Its high binding affinity and use in a variety iron(III) 

chelating applications made it a suitable compound for the study.  Desferrioxamine 

and Deferiprone® were investigated because of their therapeutic use to treat iron 

overload in patients.  Desferrioxamine mesylate (Desferal®) is FDA approved to treat 

individuals with iron overload disorders such as haemochromatosis or Thalassemia.  It 
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binds iron(III) with a binding constant of 1030.  Desferrioxamine has to be 

administered intravenously due to its low absorption in the gastrointestinal tract.  

Deferiprone® is used in Europe as an orally administered, iron overload treatment and 

has a binding constant of 1020. 

 

 

 

 

 

Figure 2.4 Chemical structures of iron chelating agents.  The structures of the iron 
chelators used for the small molecule degradation experiments are shown: a) 
Deferiprone®,    b) EDTA,  and c) desferrioxamine. 
 

Desferrioxamine and Deferiprone® both result in orange colored solutions 

after binding iron(III).  This allows colorimetric quantification of iron removal from 

the nanoshells.  Panel (a) in Figure 2.5 shows the supernatant from the nanoshell 

degradation using Deferiprone® as the chelating agent.  The procedure for nanoshell 

degradation is provided in detail in the Methods section.  As can be seen, the color 
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intensity of the supernatant decreases over time thus indicating that less iron is being 

removed over time.   It should also be noted that the nanoshell pellet isolated 

 
Figure 2.5  Small molecule chelation of Fe(III) in Fe-doped, SiO2 nanoshells.  
Small molecule chelation was used to assess the degradability of the Fe-doped, hollow 
SiO2 nanoshells. 1 mg of 200 nm iron(III)-doped, SiO2 nanoshells was submerged in 
1mL of 0.1M aqueous chelating solution (EDTA, desferrioxamine, or Deferiprone®).  
The supernatant was removed and analyzed via UV-visible spectroscopy every 24 
hours.  The image on the top (a) shows the change in intensity of the Fe-Deferiprone® 
complex over time.  The graph (b) shows the total concentration of Fe(III) removed 
from the nanoshells upon chelation by EDTA (blue curve), desferrioxamine (red 
curve), and Deferiprone® (yellow curve).   
 
from the supernatant becomes lighter in color as the iron is removed.  The pellet also 

decreases in size and is more difficult to isolate, via centrifugation, over time as the 

nanoshells dissolve.  Iron(III)-doped, SiO2 nanoshells were submerged in MilliQ water 

and DPBS, without CaCl2, and incubated at 70 °C as a control.  No change was 

observed in the color of the supernantant or in the morphology of the nanoshells 

indicating that a chelating agent is required for the removal of iron from the 

nanoshells. 
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Figure 2.5 demonstrates that small molecule chelation can be used to remove 

iron(III) from the nanoshells and cause their breakdown into soluble species.  The total 

concentrations of iron removed, observed in Figure 2.5 panel (b), by the three 

chelating agents are approximately equal to the amount of iron incorporated into the 

nanoshells as determined by EDS and ICP-OES.  Thus, it can be concluded that the 

chelating agents are removing all the iron in the nanoshells.  It is not clear, however, if 

the sequestered iron was removed from a structural site or an interstitial, non-structural 

position within the nanoshell.  The decreased yield of recoverable nanoshells as the 

iron is removed suggests that the chelated iron came from a structural site thus, 

leading to the structural collapse and dispersal of the nanoshell into smaller, soluble 

fragments.  The collapse of the nanoshell structure was easiest to see using 

Deferiprone® to chelate the iron.  The SEM images, seen in Figure 2.6, show thinning 

of the nanoshell wall as iron is removed, collapse of the structure, and the presence of 

colloidal silica as iron is removed in stages until no solid silica is recoverable by 

centrifugation.  The results of the small molecule degradation studies infer that the 

doping of ferric iron into silica results in a material that can be degraded by removal of 

iron(III).  The degradation seen using chelates such as desferrioxamine, an FDA 

approved drug, and Deferiprone® provide a potential method for removing iron(III)-

doped, silica from living organisms.  The next step was to determine if iron-

sequestering proteins present in mammalian serum, such as transferrin, would be able 

to remove the iron(III) from the nanoshells. 
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Figure 2.6 Degradation of 200 nm Fe-doped, silica nanoshells using Deferiprone®.  
These images show the collapse of the nanoshell structure as iron is removed, via 
Deferiprone® chelation, over a) 0 days, b) 1 day, c) 3 days, d) 7 days.  The haze 
observed in panel d was determined by EDS to be primarily colloidal silica. 
 

Degradation of iron(III)-doped, SiO2 nanoshells in mammalian serum.   

The small molecule chelation experiments showed that iron removal resulted 

in the collapse of the iron(III)-doped, silica nanoshell structure.  It would be preferred, 

however, to have a nanoshell that would degrade in vivo without any additional 

chemical treatment.  Once it was determined that the removal of iron(III), via small 

molecule chelation,  led to the collapse of the nanoshell structure we decided to test 

the biodegradability of the iron(III)-doped, silica nanoshells by immersing them in 

serum.  Serum, the liquid portion of blood with the cells and clotting factors removed, 

contains transferrin.38  Transferrin is one of the primary proteins involved in the 
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sequestration and transportation of iron in mammals.  Its high binding constant, 1020, 

is similar to that of the small molecule chelators used in the preliminary study.  Thus, 

it seemed likely that the binding of iron(III) by transferrin should also lead to the 

collapse of the nanoshell structure. 

Figure 2.7 shows SEM images of 200nm silica nanoshells, which serve as a 

control, and iron(III)-doped, silica nanoshells that have been immersed in fetal bovine 

serum (FBS) and human serum (HS).  The samples were incubated at 37 °C 

(physiological temperature) and images were taken of the pellet that was isolated at 

different time points.  As seen in panels (a) and (c), the plain silica nanoshells remain 

intact in both FBS and HS over the course of 24 days.  The undoped silica nanoshells 

are easy to isolate via centrifugation.  It should be noted that the last images of the 

plain silica nanoshells are shown at day 24 for comparison to iron(III)-doped, silica 

nanoshells.  However, the plain silica nanoshells remain intact after 24 days, 

confirming the inertness of calcined silica.  The slight haze that appears as time 

progresses are salts, such as NaCl and CaCl2, which were confirmed using EDS. 

When comparing the 200 nm iron(III)-doped, silica nanoshells, seen in panels 

(b) and (d) of Figure 3, to the control undoped silica nanoshells it is apparent that the 

results differ.  There are many imageable, intact nanoshells at 10 days; however, seven 

days later it becomes difficult to find any nanoshells and only irregular solid fragments 

are seen.  The EDS analysis, seen in Tables 2.1 and 2.2, showed that these solids 

contain large fractions of calcium and phosphorous, which can be attributed to 

remineralization of the iron-doped silica with the calcium phosphate present in serum 

after breakdown and dissolution of the iron(III)-doped silica nanoshells.
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Figure 2.7 SEM images of nanoshell degradation in FBS and HS.  Hollow silica 
nanoparticles serve as degradation controls in fetal bovine serum (a) and human serum 
(c).  Images in (a) and (c) show that the morphology of the nanoshells on exposure to 
serum at days 0, 10, 17, and 24.  As can be seen, the silica nanoshells are not greatly 
changed by FBS or HS.  The Fe-doped, silica nanoshells change dramatically over the 
same time period as seen in (b) and (d).  The degradation rate appears to be slightly 
faster in FBS as the last significant quantity of centrifugable solid that could be 
imaged occurred on day 21 whereas in HS material could be recovered and imaged at 
day 24.  
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Table 2.1 EDS table comparing plain SiO2 and Fe-doped, SiO2 in FBS.

 

The silicon content measured using EDS also decreases as the amount of calcium and 

phosphorous increase.  The iron(III)-doped, silica nanoshells in FBS could only be 

isolated, via centrifugation, for 21 days.  The pellet that was obtained from FBS at 21 

days was less than 1% of the initial amount of nanoshells, of which the entire 

recovered sample was imaged.  Of the sample that was imaged, it was not possible to 

find any nanoshells.  Only fragments primarily composed of calcium and phosphorous 

were in the recovered solid.  The same trend is seen for the iron(III)-doped, silica 

nanoshells that had been immersed in HS however, the last pellet was isolated after 24 

days rather than after 21 days.  Again, less than 1% of the original sample weight was 

 

 SiO2 Nanoshells in FBS Fe-doped, SiO2 Nanoshells in FBS 

Day O Si Fe P Ca O Si Fe P Ca 

0 74 ± 1 20 ± 4 6 ± 3 0.01 ± 

0.1 

0.2 ± 

0.1 

69 ± 3 25 ± 4 6 ± 1 0.01 ± 

0.4 

0.02 ± 

0.03 

3 73 ± 1 23 ± 2 4 ± 1 0.2 ± 

0.2 

0.06 ± 

0.2 

68 ± 2 27 ± 1 5 ± 1 0.05 ± 

0.1 

0.08 ± 

0.3 

7 74 ± 5 19 ± 7 6 ± 2 0.3 ± 

0.2 

0.03 ± 

0.1 

70 ± 2 25 ± 2 5 ± 1 0.3 ± 

0.3 

0.02 ± 

0.1 

10 73 ± 2 21 ± 3 5 ± 1 0.4 ± 

0.1 

0.04 ± 

0.2 

68 ± 2 25 ± 3 5 ± 2 1 ± 0.3 0.2 ± 

0.2 

14 71 ± 4 24 ± 6 5 ± 3 0.5 ± 

0.1 

0.1 ± 

0.2 

71 ± 2 21 ± 3 5 ± 1 2 ± 0.4 0.5 ± 

0.4 

17 73 ± 3 21 ± 5 5 ± 3 0.5 ± 

0.4 

0.09 ± 

0.1 

76 ± 2 8 ± 2 5 ± 1 9 ± 1 2 ± 0 

21 73 ± 4 21 ± 6 5 ± 2 0.8 ± 

0.5 

0 ± 0 75 ± 7 12 ± 4 7 ± 1 5 ± 2 1 ± 1 

24 70 ± 4 25 ± 6 4 ± 2 0.7 ± 

0.2 

0.2 ± 

0.2 

No pellet was isolated 
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Table 2.2 EDS table comparing plain SiO2 and Fe-doped, SiO2 nanoshells in HS.

recoverable by centrifugation after 24 days and again the isolable solid particles were 

high in calcium and phosphorus indicative of extensive remineralization. 

There was not a significant increase in the amount of measured calcium and 

phosphorous in the control undoped silica samples.  The increased amount of calcium 

and phosphorous seen in the iron(III)-doped, silica nanoshells is attributed to the 

degradation of the nanoshells into soluble fragments and subsequent remineralization 

with the soluble calcium(II) and phosphate ions present in serum, yielding a mixed 

calcium phosphate silicate.18, 19, 23, 26, 39  Incorporation of calcium and phosphorus in 

the undoped silica nanoshells was not observed in the control experiments.  The 

 SiO2 Nanoshells in HS Fe-doped, SiO2 Nanoshells in HS 

Day O Si Fe P Ca O Si Fe P Ca 

0 72 ± 3 23 ± 5 5 ± 1 0.1 ± 

0.2 

0.08 ± 

0.1 

71 ± 3 23 ± 3 6 ± 1 0.1 ± 

0.1 

0.04 ± 

0.1 

3 72 ± 2 23 ± 3 4 ± 1 0.5 ± 

0.2 

0.07 ± 

0.2 

74 ± 3 18 ± 4 7 ± 1 0.5 ± 

0.3 

1 ± 1 

7 75± 5 17 ± 5 5 ± 1 1 ± 1 0.8 ± 

0.4 

69 ± 4 26 ± 4 6 ± 1 0.01 ± 

0.1 

0.1 ± 

0.1 

10 74 ± 2 20 ± 5 5 ± 2 0.5 ± 

0.3 

0.04± 

0.1 

72 ± 3 21 ± 4 6 ± 1 0.3 ± 

0.2 

0.1 ± 

0.2 

14 71 ± 3 24 ± 5 4 ± 2 0.8 ± 

0.2 

0.2 ± 

0.2 

74 ± 3 14 ± 2 9 ± 1 2 ± 1 1 ± 1 

17 73 ± 2 21 ± 3 5 ± 1 0.9 ± 

0.4 

0.3 ± 

0.1 

74 ± 2 6 ± 1 8 ± 2 6 ± 1 5 ± 1 

21 70 ± 3 25 ± 5 4 ± 2 0.7 ± 

0.3 

0.07 ± 

0.1 

71 ± 3 14 ± 1 6 ± 1 6 ± 1 3 ± 0 

24 77 ± 5 16 ± 6 6 ± 2 0.6 ± 

0.4 

0.2 ± 

0.2 

74 ± 4 7 ± 1 5 ± 1 8 ± 2 6 ± 1 
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iron(III)-doped, silica nanoshells have to degrade for at least 17 days at physiological 

conditions before remineralization is observed.  After 21-24 days, the trace solid that 

was recovered and imaged by SEM images consists chiefly of calcium phosphate and 

very low levels of silica are detected.  It has been observed previously that the 

formation of calcium phosphate depends on its ability to crystallize on the silica 

surface.19  The SEM images from the serum degradation studies strongly suggest that 

the iron in the nanoshell structure can be removed by iron sequestering proteins found 

in serum leading to the collapse of the structure and the formation of molecular or 

extremely small silica nanofragments that cannot be recovered by centrifugation.  

Attempts to replicate the formation of calcium phosphate on the nanoshells in a simple 

aqueous solution could not be performed due to the immediate precipitation of 

calcium phosphate upon the addition of CaCl2 to DPBS. 

 

Conclusion 

It has been demonstrated that iron(III) can be successfully doped into a hollow 

silica nanoshell.   The incorporation of iron(III) into the silica matrix was shown to 

make the nanoshells degradable with the use of iron chelating agents.  The potential 

biodegradability of the nanoparticles was successfully demonstrated through their 

solubilization in fetal bovine serum and human serum after approximately 20-25 days.  

This approach provides a general method to make porous, calcined silica 

biodegradable and may allow broad application of silica nanoparticles in biomedical 

technologies. 
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Methods 

Materials   

Tetramethoxy orthosilicate; 3-hydroxy-1,2-dimethylpyridin4(1H)-one 98% 

(Deferiprone), desferoxamine mesylate salt 95% (desferrioxamine), 

ethylenediaminetetraacetic acid disodium salt (EDTA), anhydrous ethanol, and 

absolute ethanol were obtained from Sigma Aldrich.   The 200nm amino polystyrene 

templates were obtained from PolySciences.  Iron(III) ethoxide was purchased from 

Gelest. Heat inactivated human serum was obtained from Lonza. Fetal bovine serum 

was obtained from Mediatech, Inc.  All reagents were used as obtained without further 

purification.  SEM images were acquired using a FEI/Phillips XL30 FEG ESEM with 

an accelerating voltage of 10kV. Energy-dispersive X-ray Spectroscopy (EDS) was 

performed on the same instrument using the Oxford EDX attachment and INCA 

software. UV-visible spectroscopy was performed using a Perkin Elmer Lambda 35 

model spectrophotometer.  Dynamic light scattering and zeta potential measurements 

were used using a Malvern Zetasizer Nano ZS.   

 

Synthesis of Iron(III)-Doped Hollow Silica Nanoparticles   

A 20 mg/mL solution of iron(III) ethoxide was prepared by dissolving 20 mg 

of iron(III) ethoxide in 1 mL of anhydrous ethanol under an inert atmosphere.  This 

translucent, dark brown solution was saved until needed for synthesis of the iron(III) 

doped hollow silica nanoparticles.  The particles were synthesized as follows: 1 mL of 

absolute ethanol and 50 µL of 200 nm amino polystyrene beads were added to a 1.5 

mL microcentrifuge tube.  The mixture was vortexed to suspend the polystyrene in the 
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ethanol.  As the polystyrene beads and ethanol were mixing, 3.2 µL of 

tetramethoxyorthosilicate (TMOS) was mixed with 10 µL of a 20 mg/mL solution of 

iron(III) ethoxide.  When the TMOS and iron(III) ethoxide appeared to be thoroughly 

mixed, the translucent brown solution was added to the polystyrene bead suspension.  

The mixture was then vortexed for 5 hours.  The particles, which appear yellow in 

color, were then centrifuged at 7000 rpm for 5 minutes, the supernatant removed, and 

the pellet resuspended in water.  This wash process was performed a total of three 

times.  After the last wash, the supernatant is removed and the pellet is dried under 

ambient conditions.  The dry pellet is removed from the microcentrifuge tube, placed 

in a crucible, and calcined at 550 °C in a standard muffle furnace for 18 hours.  A red-

brown powder was obtained from the crucible after calcination. 

 

ICP-OES Sample Preparation 

 ICP-OES data was collected at the Scripps Institution of Oceanography 

Analytical Facility using a Perkin Elmer 3700 Optical Emission Plasma 

Spectrophotometer equipped with an AS90 Autosampler.  50 mL standard solutions of 

FeCl3•6H2O, dissolved in 2% nitric acid, were prepared for the following 

concentrations:  0.001, 0.1, 1, 3, and 5 ppm.  Due to the persistence if iron, the 

samples were diluted so the total concentration of iron was between 0.1-1 ppm.  To 

obtain this concentration, 100 µL of the supernatant from the Deferiprone® 

degradation study was diluted to 10 mL using 2% nitric acid.  A sample containing 1 

mg of Fe(III)-doped, silica nanoshells was suspended in 10 mL of 2% nitric acid to 

determine the amount of iron in the nanoshells prior to exposure to a chelate.  The 
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emission intensity for iron was measured for the following wavelengths:  238.204, 

239.562, 259.939, 234.349, and 234.830 nm.  The concentrations obtained at each 

wavelength were averaged together.  Also, the values obtained were multiplied by 100 

to correct for dilution. 

 

Nanoparticle Degradation via UV-vis Spectrometry   

0.1 M aqueous solutions were prepared for disodium EDTA, desferoxamine 

mesylate salt, and 1,2-dimethyl-3-hydroxy-4(1H)- pyridon (Deferiprone®) in water. 1 

mg of 200 nm iron(III)-doped, hollow silica nanoparticles was added to a 1.5 mL 

microcentrifuge tube to which 1mL of a chelate solution is added.  The samples were 

then vortexed to suspend the particles and then placed in an 80 °C water bath.  100 µL 

aliquots were removed, and replaced with fresh chelate solution, and added to 900 µL 

of water and the UV-visible spectrum was obtained.  100 µL aliquots were obtained 

and measured every hour for a total of eight hours.  When the last measurement is 

taken at eight hours, the suspension was left in the water bath for 16 h (a total of 24 h).  

Every 24 h, the samples are centrifuged and the supernatant is removed and replaced 

with 1mL of fresh chelate solution.  The UV-vis is obtained for the supernatant, 

diluted as necessary, and the process is repeated every 24 h until no particle pellet is 

isolated after approximately 7-10 days. 

 

Nanoparticle Degradation in Mammalian Serum   

1 mg of 200 nm iron(III)-doped, hollow silica nanoparticles was placed in a 1.5 

mL microcentrifuge tube.  1 mL of either fetal bovine serum or human serum was 



32 

 

added and the sample was vortexed to suspend the particles.  The samples were then 

placed in a 37.5 °C constant temperature water bath.  The samples were also vortexed 

every 24 hours with the serum being replaced with fresh serum every third and 

seventh day.  The pellet was isolated every seven days, washed twice with water, and 

then calcined.  The calcined pellets were then imaged using SEM. 

 

Mossbauer, EPR, and Magnetic Susceptibility Measurements 

Prof. Harry Gafney and his group at Queens College of City University of New 

York (CUNY) performed the Mossbauer measurements.  EPR measurements were 

performed with the help of Prof. Michael Tauber and Dr. Hannah Shafaat at the 

University of California San Diego (UCSD).  The DC magnetic susceptibility data was 

collected on a Quantum Design MPMS SQUID magnetometer equipped with a 5 T 

magnet at UCSD with the help of Prof. David Hendrickson, Dr. Christopher Beedle, 

and Dr. Katie Heroux. 

 

Chapter 2, in part, is currently being prepared for submission for publication of 

the material.  Mitchell, Kristina K. P.; Trogler, William C.  The dissertation author 

was the primary investigator and author of this material. 
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CHAPTER 3                                                                                                       

General Introduction to Nanoparticle Targeting and Nanoparticle 

Characterization in vitro  

 

Introduction 

While intense focus has been placed on the development of targeted 

nanoparticles for use in medical applications, detailed characterization of 

nanoparticles in biological fluids has yet to be accomplished.  Nanoparticles can be 

used to target specific organs or systems in the body either through active targeting or 

passive targeting.  Active targeting requires the conjugation of a ligand, which is 

recognized by a specific target, to the surface of a nanoparticle whereas passive 

targeting requires the conjugations of a ligand that will help keep the nanoparticle in 

circulation.1-3  The rationale for pursuing active targeting is that it would establish a 

high concentration of particles in a specific tissue of interest without having 

deleterious effects on the non-targeted organs.  This is a particularly advantageous 

characteristic when considering the side effects endured by cancer patients who are 

undergoing chemotherapy.  

A variety of ligands have been investigated for use as targeting ligands.  Some 

of the moieties used as active targeting agents include antibodies, glycosides, 

aptamers, peptides, and proteins.4-6  Designing a nanoparticle for active targeting not 

only requires that the particle reaches the region of interest, but that it is also taken up 

by the cells being targeted.  To ensure cellular uptake, the nanoparticles are often 

conjugated with ligands, such as antibodies and proteins, which target receptor-
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mediated endocytosis pathways.7-9  One such pathway that is receiving attention is the 

transferrin receptor-mediated pathway. 

Transferrin (Tf) is a glycoprotein found in serum and is responsible for the 

transport of iron, which is often a limiting nutrient, to cells.10  Iron-containing 

transferrin, known as holo-transferrin (holoTf), is taken into the cell by a transferrin 

receptor-mediated pathway (Figure 3.1).  Nanoparticles that target the transferrin 

receptor are thus likely to be taken into the cell by receptor-mediated endocytosis.  

Many nanoparticles that target the transferrin receptor do so by conjugating holo-

transferrin to the surface of the nanoparticle.11-13 

     

Figure 3.1 Cellular uptake of iron by a Tf-TfR mediated pathway and the Tf binding 
pocket.11, 14  The image on the left shows the uptake of iron by the Tf-TfR mediated 
pathway.  The image on the right show the binding pocket in Tf (a) without iron and 
(b) with iron.  Notice that there is a carbonate anion in the binding pocket when iron is 
present.
 

 

Interest in targeting the transferrin receptor occurred because a variety of 

cancer cells have been shown to overexpress the transferrin receptor.15  It has also 
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been shown that metastatic cancer cell lines, such as the MDA-MB-231 epithelial 

breast cancer cell line, exhibit greater overexpression of the transferrin receptor than 

the less metatstatic counterparts.16, 17  Overexpression of transferrin receptors by 

cancer cells ensures delivery of iron required to support an increased rate of cellular 

division.  

The incorporation of iron(III) into the matrix of silica nanoshells was shown in 

Chapter 2 to give the resulting nanoshell biodegradable characteristics.18  It was shown 

that the structure of the nanoshell collapsed when iron(III) was removed either by 

small molecule chelation or submersion in fetal bovine serum or human serum.  It was 

hypothesized that iron-binding proteins, such as transferrin, found in serum were 

responsible for the removal of iron(III) and thus the dissolution of the nanoshell 

structure.  This suggested that the incorporation of iron(III) into the silica nanoshell 

might also impart self-targeting properties for cancer cells because of the potential for 

iron-binding proteins like transferrin to attach to the nanoparticle surface during iron 

removal.  Since iron removal from the doped nanoshells took several weeks, it seems 

likely that during the iron(III) extraction process transferrin binds to the nanoparticle 

surface areas that are rich in iron(III).  The potential for this to provide self-targeting 

nanoparticles is examined in detail in Chapter 4. 

There are many methods that can be used to analyze targeting efficiency.  

Fluorescence microscopy, confocal laser scanning microscopy, and fluorescence-

activated cell sorting (FACS) are some of the most common methods found in the 

literature.  These three methods require the use of fluorescent dyes to label the 



40 

 

nanoparticles and the cell, as well as define the presence of the particle relative to the 

cell.     

 

Fluorescence Microscopy 

 Fluorescence microscopy is a method used to visualize the interaction of 

nanoparticles with cells. Since the nanoparticles and cells can be labeled with dyes 

that fluoresce at different wavelengths, this method that can be used to identify 

whether targeting of nanoparticles is occurring.  An example of how nanoparticle 

interactions with cells are visualized using fluorescence microscopy is seen in Figure 

3.3.  The extent of targeting can be quantified using software, such as ImageJ. 

 

Figure 3.2 Example of nanoparticle-cell interactions visualized using fluorescence 
microscopy.  In the images above the MDA-MB-231 cells are stained with a green 
cytoplasmic dye (CMFDA) and a blue nuclear dye (Hoechst).  The plain silica and 
iron(III)-doped, silica nanoparticles were labeled with a red fluorescent dye (Alexa-
647).  The areas where yellow or orange spots are observed indicate that the 
nanoparticles were either transported into the cell or adhered to the cell surface. 
 
 
 

 



41 

 

Confocal Laser Scanning Microscopy 

 Fluorescence microscopy can provide useful information about cellular 

structure and if fluorescent dyes are chosen carefully (i. e. choose dyes with minimal 

overlap of emission spectra) it is possible to determine whether nanoparticles are 

targeting the cells of interest.  One limitation of fluorescence microscopy is the lack of 

resolution possible to see fine structure within the cell if the cell is too thick.19  

Fluorescence microscopy can also lead to exaggerated results because of fluorescence 

that may be detected from another plane that is not the desired focal plane.20  This can 

be seen in the right panel of Figure 3.3 where some cells and nanoparticles appear 

significantly brighter than other cells in the frame.  

 Confocal laser scanning microscopy addresses the issue of extraneous light 

from planes other than the desired focal plane by irradiating the sample with point 

illumination.  Point illumination only illuminates the plane of interest at a given 

moment.20  Light microscopes, like a fluorescence microscope, image the entire field 

of view; this is why light from planes above and below the plane of focus contribute to 

the image.  Point illumination also allows 3-D information to be obtained.  Since only 

the plane of focus is illuminated at any given time, a series of images recorded at 

different focal planes can be used to map 3D-structures in a cell.21  This is useful in 

determining whether targeted nanoparticles are taken into the cell or if they only 

adhere to the cell surface.  “Out-of-focus” light from the fluorescence of the sample is 

blocked by the placement of a pinhole aperture in front of the detector.  The blocking 

of this light results in images with enhanced resolution and thus fine structure in the 

cell can be observed.20, 22  
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Flow Cytometry/ Fluorescence-activated Cell Sorting (FACS) 

 Flow cytometry is a method used to analyze cell populations based on the 

physical and/ or chemical characteristics of the cells being analyzed.  FACS analysis is 

similar to flow cytometry but it has the added function of sorting and isolating 

different cell populations from one another.  As can be seen in Figure 3.2, cells are 

passed through a laser, usually of the wavelength needed to excite the fluorescent dye, 

and the fluorescence of each cell is measured.   Flow cytometry analysis is complete 

once the fluorescence of the cell is measured.  If a certain cell population is to be 

isolated, the cells can be sorted according to their desired fluorescence properties, as 

seen in the figure.   

 
Figure 3.3  Schematic of a FACS analysis.  Cells are passed through a laser beam 
and based on the resulting fluorescence, information is collected about the cell.  Cells 
are passed through the laser at a rate of hundreds per second. 
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Data obtained from flow cytometry is usually plotted in one of two ways; as a 

dot plot or a histogram.  The dot plot can be used to determine how many different cell 

populations were present in the sample based on the concentration of dots.  In a dot 

plot, one dot represents one cell.  The dot plot is also used to for gating, or selection of 

a single population of interest.  Gating is useful when determining effective 

nanoparticle targeting because it can be used to eliminate signals corresponding to 

nanoparticles that were not taken up or adhered to a cell.  The histogram obtained 

from a FACS experiment plots the number of cells as a function of fluorescence 

intensity.  The histogram can be used to determine whether targeting occurred based 

on the position of the maximum.  Figure 3.4 shows examples of a dot plot and a 

histogram. 

Figure 3.4 Examples of a dot plot and histogram obtained from a FACS experiment.  
The dot plot on the left shows two populations present in the sample.  One of the 
populations has been gated as evidenced by the hexagon around the population.  The 
histogram on the right is for the gated population selected in the left image.   
 

The ability to measure the fluorescence of individual cells is what makes this 

method useful for determining the efficacy of active targeting.  The only thing 

required to measure the amount of nanoparticle uptake by a cell is a nanoparticle 
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modified with a fluorescent dye.  However, this is the only property than can be 

measured using this method.  It does not say where, for instance, the nanoparticles are 

within a cell.  FACS is often used in conjunction with a method like confocal or 

fluorescence microscopy to quantify nanoparticle uptake efficiency and characterize 

the location of the nanoparticle (e. g. cell surface membrane bound or endocytosed).   

Fluorescence microscopy, confocal microscopy, and FACS were used in 

Chapter 4 to analyze the uptake and distribution of iron(III)-doped, silica nanoshells 

by MDA-MB-231 epithelial breast cancer cells. 
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CHAPTER 4                                                                                                              

Self-targeting by Iron(III)-doped, Silica Nanoparticles  

 

Abstract 

Being able to modify nanoparticles with targeting ligands is highly desirable 

for targeted drug deliver applications.  This is often accomplished by the conjugation 

of a targeting moiety (protein, apatmer, polymer, etc.) to the surface of a nanoparticle.  

Conjugation of such compounds, however, can be difficult or change the properties of 

the nanoparticles.  For example, surface proteins can stimulate an immune response 

against nanoparticles in vivo.  The surface conjugation of a targeting ligand can also 

complicate coating with other functionalites, such as polyethylene glycol (PEG), 

which is a polymer used to increase particle lifetime.  This issue is remedied by the 

incorporating a iron(III) targeting functionality into silica nanoshells.  Iron(III) in the 

nanoshells can interact with transferrin, a serum protein, which subsequently promotes 

transport into cells by the transferrin receptor-mediated endocytosis pathway.  The 

enhanced uptake of Fe(III)-doped, silica nanoshells via a transferrin receptor-mediated 

pathways was established visually using fluorescence and confocal microscopy and 

verified using FACS.  Based on the results of these studies, it can be concluded that 

doping of iron(III) into silica nanoshells results in a self-targeting nanoparticle for 

mutated cells which overexpress the transferrin receptor.   
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Introduction 

 Nanoparticles are being investigated for a wide variety of biomedical 

applications including imaging, gene transfer, immune system activation, and targeted 

drug delivery.1-5  Active targeting, a method commonly employed in drug delivery 

applications, requires the conjugation of a targeting moiety to the surface of drug 

delivery vehicles, such as nanoparticles.6-8  Compounds that have been investigated for 

use as targeting ligands include antibodies, polymers, aptamers, peptides, and 

proteins.6, 9-12  The addition of a targeting ligand to the surface of a nanoparticle 

imparts it  with specificity for a particular type of cell (e. g. a cancer cell); however, 

the conjugation of a targeting ligand can also change the properties of the 

nanoparticle, such as increasing its size or decreasing its stability in a given 

environment.  It also may interfere with other desired surface functionalization.  Thus, 

developing a nanoparticle where a targeting component is built into its structure would 

increase the nanoparticle’s versatility. 

Currently, there is a considerable interest in developing nanoparticles that 

target the transferrin receptor (TfR) of a cell.13-20  Transferrin (Tf) is a glycoprotein 

found in serum and is responsible for the transport of iron, which is often a limiting 

nutrient, to cells.  Iron-containing transferrin, known as holo-transferrin (holoTf), is 

taken into the cell by a transferrin receptor-mediated pathway.  Nanoparticles that 

target the transferrin receptor are likely to be taken into a cell by receptor-mediated 

endocytosis.  Many nanoparticles that target the transferrin receptor do so by first 

conjugating holo-transferrin to the surface of the nanoparticle.18, 20, 21   
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The incorporation of iron(III) into the matrix of silica nanoshells was recently 

shown to give the resulting nanoshell biodegradable characteristics.22  It was shown 

that the nanoshell dissolved when iron(III) was removed either by small molecule 

chelation or submersion in fetal bovine or human serum.  It was proposed that iron 

binding proteins, such as serum transferrin, were responsible for the removal of 

iron(III) and thus the dissolution of the nanoshell structure.  This suggested that the 

incorporation of iron(III) into the silica nanoshell might also impart self-targeting 

(does not require the covalent conjugation of a targeting moiety to the surface of the 

nanoshell prior to its use) properties for cancer cells because of the potential for iron-

binding proteins like transferrin to bind to the nanoparticle surface during iron 

removal.  Since iron removal from the doped nanoshells takes several weeks, it 

seemed likely that during the iron(III) extraction process transferrin binds to the 

nanoparticle surface areas that are rich in iron(III). 

A variety of cancer cells have been shown to overexpress the transferrin 

receptor.23  It has been shown that metastatic cancer cell lines, such as the MDA-MB-

231 epithelial breast cancer cell line, tend to have greater overexpression of the TfR 

then the less metastatic members of the same cell line.24, 25  This overexpression of 

transferrin receptors by metastatic cancer cells ensures that they receive the iron 

required to support an increased rate of cellular division.  The potential binding of 

proteins, such as transferrin, to iron(III)-doped, silica nanoshells make these 

nanoparticles a viable choice as a transferrin receptor targeted drug delivery or 

imaging vehicle. 
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This study examines whether the doping of iron(III) into the matrix of silica 

nanoshells leads to increased uptake, relative to plain silica nanoshells, by an epithelial 

breast cancer cell line, MDA-MB-231.  The putative mechanism for uptake of 

iron(III)-doped, silica nanoshells by a transferrin receptor-mediated pathways was 

probed by blocking the transferrin receptors with varying concentrations of 

holotransferrin before the addition of nanoshells to the cells.  Nanoshell uptake was 

determined qualitatively using fluorescence microscopy, confocal laser scanning 

microscopy, and FACS.   

 

Results and Discussion 

Cell adhesion/endocytosis of 100nm plain and Fe(III)-doped, SiO2 nanoshells.  

 Both 100nm plain and Fe(III)-doped, silica nanoshells were prepared and 

characterized using the previously reported methods.5, 22, 26  Calcined nanoshells were 

then amine-modified with 3-aminopropyltriethoxysilane so AlexaFluor 680 

carboxylate, a fluorescent infrared dye, could be covalently linked to the surface of 

both the plain silica and Fe(III)-doped, silica nanoshells.  A detailed procedure for the 

conjugation of the dye to the nanoshell is given in the Methods section. 

 The cell adhesion/endocytosis experimental procedure was adapted from a 

procedure by Yang et al.27  MDA-MB-231 cells were plated in a chamber slide in 

duplicate.  The cells were then incubated with 50, 100, and 200µg/mL of 100nm, 

AlexaFluor 680 functionalized, plain SiO2 or Fe(III)-doped, SiO2 nanoshells for 24 h 

in DMEM complete media at 37°C in a humidified atmosphere of 5% CO2.  After the 

24 h incubation, the cells were washed and stained with CMFDA-green, a cytoplasmic 
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fluorescent dye, and Hoechst, a blue nuclear fluorescent dye.  Three fluorescence 

microscopy images (blue, green, and red images) were then recorded and the images 

compiled using ImageJ.  The outlines for the cells were also obtained using ImageJ. 

 Figure 4.1 shows the fluorescence microscopy images obtained for MDA-MB-

231 cells incubated with a) 0, b) 50, c) 100, and d) 200 µg/mL of 100 nm plain silica 

and e) 0, f) 50, g) 100, and h) 200 µg/mL iron(III)-doped, silica nanoshells.  Since the 

plain and Fe(III)-doped, silica nanoshells are labeled with a red dye, endocytosis of the 

nanoshells is indicated by the presence of yellow, orange, or red spots within the green 

boundary of the cell.  Panels b-c in Figure 4.1 do not exhibit a noticeable difference in 

cellular uptake of the plain silica nanoshells despite the increase in nanoshell 

concentration.  A few yellow regions can be observed in the panels indicating that a 

small amount of plain silica nanoshells are taken up by the cells.  Given that plain 

silica nanoshells are 100 nm in size, it is likely that the plain silica nanoshells are 

being taken up slowly because of their small size rather than their chemical 

composition.28-30
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Figure 4.1 Fluorescence microscopy images of cell adhesion/ endocytosis 
experiment.  The images show the differences in nanoshell uptake by MDA-MB-231 
epithelial breast cancer cells.  The top row of images (a-d) show that 100nm plain 
silica nanoshells are only minimally taken up by the cells irregardless of the nanoshell 
concentration.  Images e-h show that as the concentration of iron(III)-doped, silica 
nanoshells is increased, cellular uptake increases as well.   
 

 The effects of iron(III)-doping into the silica matrix of the nanoshell are clearly 

seen in Figure 4.1, panels f-g.  As the concentration of Fe(III)-doped, silica nanoshells 

is increased across panels f-h the amount of cellular adhesion/endocytosis increases as 

well.  The increase in adhesion/endocytosis with increased nanoshell concentration 

suggests that the doped nanoshells are targeting an iron-uptake pathway in the cells.  

The difference in uptake is quantified from the images using a previously reported 

luminescence ratio analysis method.27  The results of the ratio analysis can be seen in 

Table 4.1. 
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Table 4.1 Luminescence ratio analysis for the adhesion/endocytosis of 100nm plain 
and Fe(III)-doped, silica nanoshells by MDA-MB-231 cells.  

 As seen in Table 4.1, the addition 200 µg of nanoshells to the cells do not 

exhibit a significant difference in the uptake of Fe-doped, SiO2 nanoshells relative to 

the plain SiO2 nanoshells.  This indicates that cells are being saturated with nanoshells 

thus, the nanoshells are adhering to the cell or being taken up through a pathway other 

than a surface receptor-mediated pathway.  If only the percent fluorescence increase is 

taken into account, it would appear that the MDA-MD-231 cells tend to uptake four 

times more Fe(III)-doped, SiO2 nanoshells than plain silica nanoshells.  This would 

appear to support what is seen in the images in Figure 4.1.  The standard errors 

observed in the fluorescence ratio, however, do not show a statistically significant 

difference in the observed signals.  Thus, the luminescence ratio analysis cannot 

conclusively quantify the difference in nanoshell uptake and another quantification 

method should be employed.   

 Endocytosis of the nanoshells was confirmed using confocal microscopy.  The 

confocal microscopy images shown in Figure 4.2 establish that some particles are 

 # of Outlines Fluorescence 
Ratio 

% Fluorescence 
Increase Relative 

to Control 
Cells Only 
(Control) 

156 0.14 ± 0.03 N/A 

50 g SiO2 100 0.16 ± 0.06 14 
50 g Fe-doped, 

SiO2 
107 0.20 ± 0.06 43 

100 g SiO2 143 0.17 ± 0.09 21 
100 g Fe-doped, 

SiO2 
113 0.26 ± 0.22 86 

200 g SiO2 116 0.22 ± 0.12 57 
200 g Fe-doped, 

SiO2 
117 0.23 ± 0.12 64 
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taken into the cell by endocytosis and also that there are nanoparticles adhered to the 

cell surface.  This is most clearly seen in the three slices of the cells incubated with the 

Fe(III)-doped, silica nanoshells (Figure 4.2, bottom).  Red spots can be seen in a 

similar position in all three frames indicating that the Fe(III)-doped, silica nanoshells 

are within the cell.  The images for the cells treated with the plain silica nanoshells 

show almost no uptake.   

 
Figure 4.2 Confocal microscopy images of 100nm plain silica (top) and Fe(III)-
doped silica nanoshell uptake by MDA-MB-231 cells.  The images shown are for 
three slices of a stack of images.  The top row of images are the cells incubated with 
the plain silica nanoshells.  No quantifiable uptake is observed.  The Fe(III)-doped, 
silica nanoshells (bottom) can  be seen in similar positions in all three images 
indicating the nanoshells were taken into the cell.  The numbers in the upper left 
corner refers to the field of depth that the image was recorded. 
 

Transferrin receptor (TfR) blocking experiment 

 The targeting mechanism of the Fe(III)-doped, silica nanoshells was 

investigated by blocking the transferrin receptors on the MDA-MB-231 cells with 

varying concentrations of bovine holo-transferrin.  Bovine holo-transferrin was used 

because the cell culture media is enriched with fetal bovine serum.  Thus, the cells are 
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acclimated to bovine transferrin.  MDA-MB-231 cells were plated, in duplicate, as 

performed in the adhesion/endocytosis experiment.  The cells were then allowed to 

incubate with 0, 20, 200, 500, or 1000 µM holo-transferrin for 2 h prior to the addition 

of AlexaFluor 680 labeled, Fe(III)-doped, silica nanoshells.  Once the nanoshells were 

added to the cells, the cells were incubated for 24 h.  The slides were then prepared for 

imaging as detailed in the methods section for the adhesion/endocytosis experiment. 

 The results of the blocking experiment can be seen in Figure 4.3.  As the 

concentration of holo-transferrin was increased from 0 µM (panel a) to 1000 µM 

(panel f) it was observed that the uptake of Fe(III)-doped, nanoshells by the MDA-

MB-231 cells decreased.  When the cells had been incubated with 200 µM holo-

transferrin, it appears that the Fe(III)-doped, silica nanoshells accumulate at the 

surface of the cell but do not appear to be transported into the cell.  Reduced 

nanoparticle uptake due to TfR blocking has also been seen for transferrin-labeled, 

gold nanoparticles.31 

 
Figure 4.3  Fluorescence microscopy images of bovine holoTf blocking experiment.  
The images show that the amount of 100nm Fe(III)-doped, silica nanoshells taken up 
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by MDA-MB-231 cells is reduced as the cells are incubated for 2 h with: b) 0 µM 
holoTf; c) 20 µM holoTf; d) 200 µM holoTf; e) 500 µM holoTf; and f) 1000 µM 
holoTf prior to the addition of 50 µg/mL of AlexaFluor 680 coated, 100 nm Fe(III)-
doped, silica nanoshells.  Panel a) is the control with 0µM holoTf and no nanoshells 
added to the cells. 
 

 Luminescence ratio analysis was also performed on the fluorescence 

microscopy images recorded for the blocking experiment.  Table 4.2 quantitatively 

verifies that the number of Fe-doped, SiO2 nanoshells being taken into the cells is 

significantly reduced upon blocking of the transferrin receptor.   

Table 4.2 Luminescence ratio analysis for blocking experiments 

It is observed in Table 4.2 that the uptake of Fe(III)-doped, SiO2 nanoshells 

appears to be the same for the cells that were not blocked and the cells incubated with 

20 µM holoTf.  This indicates that 20 µM holoTf is not a high enough concentration 

of holoTf to block a significant number of Tf receptors.  The addition of 200 µM 

holoTf shows a slight, but not statistically significant, decrease in fluorescence 

intensity relative to the control.  A more significant decrease is observed with the 

addition of 500 µM and 1000 µM holoTf indicative of effective blocking of Fe(III)-

doped, SiO2 nanoshell uptake by the TfR-mediated pathway.  The standard errors 

 # of Outlines Fluorescence 
Ratio 

% Fluorescence 
Increase Relative 

to Control 
Cells Only 
(Control) 

82 0.10 ± 0.04 N/A 

0 M holoTf 
(No Blocking) 

75 0.31 ± 0.14 210 

20 M holoTf 84 0.35 ± 0.16 250 
200 M holoTf 84 0.26 ± 0.09 160 
500 M holoTf 101 0.16 ± 0.07 60 

1000 M holoTf 67 0.17 ± 0.07 70 
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observed, however, make it difficult to conclude definitively that the blocking TfR 

reduces the uptake of Fe(III)-doped, SiO2 nanoshells.  As a result, the blocking 

experiment was repeated and analyzed using another method. 

Fluorescence-activated cell sorting (FACS) was performed to study the effect 

of nanoshell uptake on blocking the transferrin receptor.  MDA-MB-231 cells were 

pipetted into a standard 96-well plate and incubated with the same concentrations of 

holo-transferrin used to obtain the fluorescence microscopy images (0, 20, 200, 500, 

and 1000 µM).  Since MDA-MB-231 is an adherent cell line, the cells had to be 

agitated every 20 min during incubation.  AlexaFluor 488-labeled, Fe(III)-doped, 

silica nanoshells were added to the cells and then the cells were incubated for another 

3 h with agitation of the cells in 20 min intervals.   

 The results obtained using FACS, seen in Figure 4.4, confirm that blocking of 

the transferrin receptor reduces the uptake of the Fe(III)-doped, silica nanoshells.  

Panel a of Figure 4.4 shows the distribution of cell fluorescence for cells only (red), 

AlexaFluor 488-labeled nanoshells only (green), cells with nanoshells only (orange), 

and cells + 1000 µM holo-transferrin + nanoshells (blue).  When the cells are treated 

with 1000 µM holo-transferrin there is a noticeable shift in their fluorescence 

properties towards that of untreated cells, as evidenced by the shift of the blue curve to 

the left relative to the orange curve.  The blue curve does not completely overlay the 

red curve indicating that some of the Fe(III)-doped, silica nanoshells were still taken 

up by or adhering to the cells.  Some nanoshell uptake can arise due to the size of the 

nanoshells, as previously discussed, or because the transferrin receptors are not 

completely blocked with 1000 µM of holo-transferrin. 
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Figure 4.4  Histograms obtained from FACS analysis of TfR blocking experiment.  
Panel a is a simplified version of the histogram seen in panel b.  The shift of the blue 
curve in panel a is the result of decreased nanoshell uptake by the MDA-MB-231 cells 
due to blocking of the TfR by holoTf.   The histograms seen in panel b show that 
500µM holoTf needs to be added to the cells before a measureable difference in 
nanoshell uptake could be observed. 
 
 Panel b in Figure 4.4 is an overlay of the histograms obtained by varying 

concentrations of holo-transferrin used to treat the cells.  It is observed that a 

measureable decrease in nanoshell uptake is not apparent until the cells were treated 

with 500 µM holo-transferrin.  This agrees with what is seen by fluorescence 

microscopy in Figure 4.3 and the luminescence ratio analysis in Table 4.2.  Recall that 

with 200 µM holo-transferrin (Figure 4.3d) added, the nanoshells appear to only 

adhere to the surface of the cell.  This agrees with the FACS experiment as the 

histogram obtained for the cells treated with 200 µM holo-transferrin completely 

overlies the histogram of the cells treated with nanoshells and no holo-transferrin.  
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Zheng et al have also used FACS to successfully monitor the uptake of Tf-modified 

PLGA nanoparticles in SKBR-3 breast cancer cells.32   

 

Conclusion 

 Fluorescence microscopy, in conjunction with confocal microscopy and FACS 

analysis, has shown that the doping of iron(III) into the silica matrix of a nanoshell 

imparts the nanoshell with an innate targeting property for the transferrin receptor 

when the nanoshells are exposed to serum.  The iron(III)-doped, silica nanoshells can 

thus be considered a self-targeting nanoparticle because it does not require the 

conjugation of a targeting ligand (such as transferrin) to its surface. 

   



60 

 

 Methods 

Materials 

3-Aminopropyltriethoxysilane (APTES) was obtained from Thermo Scientific.  

Absolute ethanol was purchased from Sigma Aldrich.  Nunc Lab-Tek II 4-well 

chamber slides were obtained from Fisher Scientific (Pittsburgh, PA).  MDA-MB-231 

epithelial breast cancer cells were purchased from ATCC (Manassas, VA).  

Dulbecco’s Phosphate Buffered Saline solution without CaCl2 and MgCl2 (DPBS 1x), 

Dulbecco’s Modified Eagle’s Medium (DMEM), and fetal bovine serum (FBS) were 

purchased from Mediatech, Inc. (Manassas, VA).  The bovine holo-transferrin was 

purchased from MP Biomedicals, LLC (Solon, OH).  Hoechst 33342 (Eugene, OR), 

AlexaFluor 680 carboxylate, AlexaFluor 488 carboxylate, chloromethylfluorescein 

diacetate (CMFDA) CellTrackerTM Green intracellular stain, and Prolong Gold were 

obtained from Life Technologies (Carlsbad, CA).  Paraformaldehyde (PFA) was 

purchased from ThermoFisher Scientific (Fair Lawn, NJ).  All materials were used as 

received. 

 

Surface Functionalization of Nanoshells 

 The surfaces of both the plain silica and Fe-doped silica nanoshells were 

modified, using the following procedure, in order to attach a fluorescent dye (either 

AlexaFluor 488 or AlexaFluor 680) to the nanoshells.  First 5mg of nanoshells were 

added to a 15mL centrifuge tube containing 5mL of absolute ethanol.  1% (w/w with 

respect to the mass of nanoshells) APTES is added to the tube and the mixture is 

vortexed for one hour.  The particles are then collected via centrifugation and washed 
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once with absolute ethanol.  5mL of fresh ethanol is added to the particles, the pellet is 

resuspended, and the mixture is sonicated for 20 minutes.  After sonication, 0.1% 

(w/w relative to mass of nanoshells) of the desired fluorescent dye is added and the 

mixture is vortexed for 3 hours.   The fluorescently labeled nanoshells are then 

centrifuged and washed three times with ethanol and then resuspended in 1mL of 

MilliQ water.  

 

Cell Culture Experiments 

MDA-MB-231 epithelial breast cancer cells were grown at 50,000 cells per 

well on Nunc Lab-Tek II 4-well chamber slides in DMEM supplemented with 10% 

FBS, 1% antibiotics (Penicillin, Streptomycin, Glutamine) and 1% sodium pyruvate, 

at 37°C in a humidified atmosphere of 5% CO2.  Before starting cell 

adhesion/endocytosing and transferrin receptor blocking experiments, the cells were 

grown to 60-80% well confluence.  

 

Cell Adhesion/ Endocytosis Experiment 

 This method was adapted from a literature procedure by Yang et al.27  MDA-

MB-231 cells were incubated with 50, 100, and 200 µg/mL of 100 nm, AlexaFluor 

680 functionalized, plain SiO2 and Fe(III)-doped, SiO2 nanoshells for 24 h in DMEM 

complete media at 37°C in a humidified atmosphere of 5% CO2.  After incubation, the 

cells are washed twice with DPBS and labeled with 1µM CMFDA and 0.01 µg/mL 

Hoechst in DPBS for 30 minutes.  The cells were subsequently washed twice with 

DPBS to remove any excess dye.  After washing, the cells were chemically fixed by 
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incubating the cells in 4% PFA in DPBS solution for 15 minutes.  The cells were 

washed once with DPBS and Prolong Gold was added to prepare the slides for 

visualization by fluorescence and confocal microscopy. 

 

Transferrin Receptor (TfR) Blocking Experiment 

 MDA-MB-231 cells were incubated with 0, 20, 200, 500, and 1000 µM bovine 

holo-Tf for 2 h in DMEM complete media at 37°C in a humidified atmosphere of 5% 

CO2.  100 µg/mL of 100 nm Fe(III)-doped, SiO2 nanoshells was added to the cells and 

the cells were incubated for 24 h at 37°C in a humidified atmosphere of 5% CO2.  

After the 24 h incubation, the cells were prepared for visualization using fluorescence 

microscopy using the procedure for the adhesion/endocytosis experiment. 

 

Fluorescence Microscopy of Nanoshell Uptake by MDA-MB-231 Cells  

 Fluorescence microscopy was utilized to visualize the uptake of AlexaFluor 

680 functionalized, 100 nm plain SiO2 and Fe(III)-doped, SiO2 nanoshells in the 

adhesion/endocytosis experiment and the TfR blocking experiment.  Three fluorescent 

images (one image for Hoechst fluorescence, one for CMFDA fluorescence, and one 

for AlexaFluor 680 fluorescence) were recorded using a Zeiss AxioImager Z1 

fluorescence microscope and a 1.4 mega-pixel Photometrics Cool-SNAP HQ2 camera.  

The samples were imaged at 40x magnification and had an image resolution of 0.1566 

µm/pixel.  The green fluorescence was visualized using a Zeiss 38HE filter set. Zeiss 

filter sets 49 and 32 were used to visualize the blue and infrared fluorescence, 
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respectively.  The resulting images were compiled and processed using ImageJ (NIH, 

Bethesda, MD).  Light is mercury short arc mercury lamp. 

 

Confocal Microscopy of Nanoshell Uptake by MDA-MB-231 Cell 

 The confocal microscopy was used to visualize the uptake of AlexaFluor 680 

modified, 100 nm plain SiO2 and Fe(III)-doped, SiO2 nanoshells.  Images were 

captured using a Zeiss LSM510 laser scanning microscope using a 63x objective. 

Sequential 202 um x202 um (frame size 1024x1024) sections were acquired at 1 

micron intervals in the z direction at excitation wavelengths of 364, 488 & 633 nm.  

Confocal microscopy was made available by the UCSD Cancer Center Specialized 

Support Grant P30 CA23100. 

 

Fluorescence Activated Cell Sorting (FACS) to Measure TfR Blocking  

 100,000 cells/well were plated in a standard 96-well plate.  The cells were 

centrifuged for 3 min at 2000 RPM and 4°C and washed with FACS buffer (5% FBS 

in DPBS) two times.  After the washes, 50 µL of DMEM complete is added and the 

cells resuspended.  0, 20, 200, 500, and 1000 µM bovine holo-Tf are then added to the 

respective wells and the cells are incubated for 2 h at 37°C in a humidified atmosphere 

of 5% CO2.  The cells were agitated every 20 min during incubation to prevent the 

cells from adhering to the well.  After the 2 h incubation in holo-Tf, 50 µg/mL of 

AlexaFluor 488 labeled, 100nm Fe(III)-doped, SiO2 nanoshells were added and the 

cell incubated for another 3 h with agitation in 20 min intervals.  The cells were 

isolated via centrifugation and washed with FACS buffer three times.  After the last 
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wash, the supernatant is removed and 100 µL of FACS-fix (4% PFA in DPBS) is 

added and used to resuspend the cells.  Once the cells are resuspended, the contents of 

each well were transferred to the corresponding FACS tube containing 200 µL of 

FACS-fix.  The samples are then analyzed and processed using a BD FACSCalibur 

flow cytometry system and FloJo software (v. 7.6.1), respectively. 

 

Chapter 4, in part, is currently being prepared for submission for publication of 

the material.  Mitchell, Kristina K. P.; Sandoval, Sergio; Alfaro, Jesus; Cortes-Mateos, 

Maria Jose; Kummel, Andrew C.; Trogler, William C.  The dissertation author was the 

primary investigator and author of this material. 
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CHAPTER 5                                                                                                     

Nanoparticles in the Classroom 

 

Introduction 

Introduction to the NSF GK-12 Science, Technology, Engineering, and 

Mathematics (STEM) Fellowship 

 The NSF GK-12 STEM program began in 1999 in response to a need to 

increase scientific literacy among the American population.1-5  The program has three 

main goals for the graduate students that participate: 1) to provide support to STEM 

graduate students and provide opportunities that prepare participants broadly for 

professional and scientific careers in the 21st century, 2) improve STEM education in 

K-12 schools, and 3) provide institutions of higher education an opportunity to 

permanently change their graduate programs through the incorporation of GK-12 

activities in graduate student training.6 
7  The first goal noted was the main goal of the 

program - to develop the ability of STEM graduate students to effectively 

communicate science concepts to a broad audience.  

 The improvement in K-12 education was accomplished by pairing the STEM 

graduate fellow with a K-12 science teacher.  Improvement to K-12 education 

occurred by exposing the K-12 students to current scientific research while also 

providing the teacher with an opportunity to enhance their content knowledge.  The 

teacher, in turn, aids the graduate fellow in developing their Pedagogical Content 

Knowledge (PKC: the knowledge area of teaching a specific subject).  A study 

performed at the campus of one GK-12 program found that the participating K-12 
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teachers did in fact gain increase their content knowledge as well as their curriculum 

knowledge.4 The evaluation report on the GK-12 program indicates that most fellows 

felt like they became better communicators of their science. (GK-12 eval)  Based on 

these results it seems that the program goals were accomplished.   

It was announced in March 2011 that the GK-12 program would be ending due 

to completion of stated goals as well as budget concerns.8 

 

UCSD Socrates Program 

 The Socrates Program at UCSD is an NSF GK-12 program.  The main goal of 

the Socrates program, in addition to the NSF program goals, is the development and 

implementation of inquiry-based science lessons for local high schools.  The Socrates 

Program is a part of ScienceBridge, a program at UCSD focused on uniting the 

science research and education communities.  

  

Activity Development 

Developing educational activities based on current research can be difficult 

when trying to conform to the California state content standards.  When it comes to 

developing activities for chemistry it is important to design activities that the students 

can place in context.  A study by Guzzetti et al provided evidence that activities that 

students could relate to were more beneficial for the students.9  Engagement of the 

students also aids in the development of their scientific literacy.9  The complete lesson 

plans can be seen in the appendix. 
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Activity 1: Scientific Thinking and Nanoscience 

 The first activity (Activity 1: Scientific Thinking and Nanoscience) developed 

focused on teaching the students about the scientific method and introducing them to 

the field of nanotechnology.  This activity was designed so that the students were 

developing the observational and technical that would be required when performing 

the second activity.  During this activity, the students were introduced to the topic of 

biodegradable nanoparticles: specifically, iron(III)-doped, silica nanoparticles.   

In order to help the students understand how iron removal would result in the 

degradation of the nanoparticle, models were constructed out of gumdrops.  The 

model contained gumdrops of two different colors.  The students were asked to 

remove one of the colors, one gumdrop at a time and make observations about what 

was occurring to the structure of their gumdrop nanoparticles.  This part of the activity 

helped the students realize that a certain number of gumdrops, and thus iron, needed to 

be removed before their particles collapsed.  It also demonstrated that the particles did 

not break up into individual atoms, just smaller “chunks” of the original structure.  

This provided a hands-on method to understanding nanoparticle degradation using 

food, a material that is usually engaging to high school students. 

 

Activity 2: Nanoparticle Degradation 

Activity 2: Nanoparticle degradation was an experimental activity that 

provided the students with what is known in educational community as an authentic 

learning experience.  The activity was designed to teach the students two concepts: 1) 

the effect of temperature on reaction kinetics and 2) that real chemistry experiments 
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are not always completed in one class period.  This activity took place over the course 

of 3-5 days depending on the time availability of the teacher.  The students were given 

a microtube containing iron(III)-doped, silica nanoparticles and asked to make initial 

observations.  They then added a solution containing an iron chelator, in this case 

Deferiprone, and incubated their samples at one of three temperature (cold, warm, 

hot).  Over the remaining days the students would get their samples and make 

observations then add fresh chelating solution.   

Determining the concentration of iron removed was an interesting challenge.  

At the time that the activity was developed the school did not have a UV-vis 

spectrophotometer.  To allow quantification, a color chart was created that allowed the 

students to compare the supernants of their samples to colors that corresponded to 

different concentrations of the iron-chelate complex.  The concentrations, as 

determined by the students, were then entered into a class spreadsheet and projected so 

the class could see the changes in the data over the course of the experiment. 

Many students felt that the activity was repetitive, but it was explained that 

repetition of experiments is a normal occurrence when conducting a scientific 

experiment in order to provide sufficient data for statistical analysis for an estimate of 

reliability.  In engineering applications, such as testing automotive breaks, it would be 

dangerous to determine a reliable stopping distance on only one or two measurements.  

Figure 5.1 shows the class results obtained for one of the class periods.  It shows that 

the chelation of iron is affected by the temperature at which the samples are incubated.  

The data obtained by the class roughly mirrored data collected by myself, as seen in 

Figure 2.4 in Chapter 2. 
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Figure 5.1 An example of class data obtained during a nanoparticle degradation 
activity.  The data collected by the students shows differences in reactions rates as a 
function of temperature.  The data collected at the “hot” temperature mirrors data 
obtained in more quantitative experiments using advanced instrumentation. 
 
Activity 3: Edible Solutions and Mixtures 
 The third activity was developed during the second year of participation in the 

Socrates Program.  As a personal goal, the activity was developed so that it could be 

brought into any classroom.  While the second activity was a good way to teach 

students about current research in nanotechnology, it is not a sustainable classroom 

activity given the materials required (nanoparticles, water baths, UV-vis 

spectrophotometers, etc.).   

 This third activity also focused largely on developing the students’ scientific 

literacy.  This activity was developed and implemented with a student demographic 

that struggles with literacy in general, not just scientific literacy.  As a result, the 
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activity was designed to engage them using edible materials.  The students were given 

a set of 5 unknown samples and then asked to classify them as either solutions or 

mixtures.  Once the students made their observations, a lecture was given to provide 

the students with the vocabulary that was needed to describe solutions and mixtures.   

 This particular activity did not address nanotechnology with the students 

because of the students’ limited comprehension of the material however, the concept 

of nanosized materials can be addressed with a more advanced group of students by 

having colloids, such as skim milk, as one of the samples.  Although this activity does 

not contain content a rigorous as the first two activities, it is a better representation of 

an inquiry-based activity that, at least in the hand-on part, is largely student centered; 

in other words, the students decide how to analyze their samples with the materials 

provided with little direct instruction from the teacher.   

 

Conclusion 

 Several activities were developed as part of the UCSD Socrates NSF GK-12 

Program.  Each activity focuses on different goals in terms of the level of 

sophistication of the scientific concepts learned by the students, but the results 

demonstrate that current research can be adapted into viable classroom activities. 

 

Chapter 5, in part, is currently being prepared for submission for publication of 

the material.  Mitchell, Kristina K. P.; Robinson, Colleen; Dozier, Sara.  The 

dissertation author was the primary investigator and author of this material. 
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Appendix 

 The appendix contains teacher lesson plans and corresponding student 

handouts for three classroom activities that were developed during the NSF GK-12 

STEM fellowship (also known as Socrates) at UCSD.  Copies of these materials can 

be obtained from the UCSD ScienceBridge website (sciencebridge.ucsd.edu). 
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Activity 1:  Scientific Thinking and Nanoscience 

Scientific Thinking & Nanoscience Lesson Plan 
Authors 
Kristina K. Pohaku Mitchell    Colleen Robinson 
University of California San Diego   Helix Charter High School 
Dept. Chemistry & Biochemistry   Science Department 
9500 Gilman Drive     7323 University Avenue 
La Jolla, CA 92093     La Mesa, CA 91942 
 
Abstract:  Students are introduced to the concept of “nano” and one potential use of 
nanoparticles in medicine.  They will practice developing pipetting skills for a future 
experiment where they will measure the rate of nanoparticles degradation.  This 
activity will also introduce the students to the scientific process. 
 
Grade level: High School (9-12) 
 
Background: Nano is defined as one-billionth of a meter.  It is typically difficult to 
conceptualize such a small measurement but as technology has advanced, it has 
become increasingly easier to measure materials on this scale.  Nanoscience, 
nanoparticles in particular, can be used in a variety of applications including but not 
limited to art, electronics, and medicine.   
 
In order to work with such materials lab skills and a working knowledge of the 
scientific method must be developed.  Nanoscience is a relatively new field and, as a 
result, requires that new methods be developed in order to synthesize and characterize 
the products. 
 
NSTA Standards: 

27. Applications of chemistry and chemical technology in society, business, 
industry & health fields. 

 
CA State Standards: 
Investigation & experimentation: 

1a. Students will select and use appropriate tools & technology to perform 
tests, collect data, analyze relationships, and display data. 

 1d. Students will formulate explanations using logic & evidence. 
 1f. Students will distinguish between hypothesis and theory as scientific terms. 
 
Student Learning Objectives: 

1. Students will practice the lab skill of pipetting the liquid off a solid without 
disturbing the solid. 

2. Students will review the difference between observations and conclusions. 
3. Students will relate nanoparticle research to the concepts of scientific 

methods and the nature of science. 



76 

 

 
Materials List 

 
Resources: 
 
Gumdrops, food coloring, and toothpicks available at local grocery store 
50 mL centrifuge tubes: 

Sigma Aldrich   Product Number: CLS430290-25EA 
1.5 mL microcentrifuge tubes:  

Sigma Aldrich   Product Number(s): T6649-500EA (for 500)  
     T6649-1000EA (for 1000) 

 

Materials List for class of 32 

16 sets of “I have.. Who has…” game 

17 sets of pre-made gumdrop & 
toothpick “nanoparticles” (see photo) 

Class set of student handout 

Class set of rubric 

Red & yellow food coloring 

Microtube racks for holding microtubes 

Centrifuge tube racks or beakers for 

holding 50 ml centrifuge tubes 

15- pipettes 

17- empty 1.5 ml microtubes 

17- 1.5 ml microtubes filled with water 

and < 0.1 ml fine, white sand 

9-50 ml centrifuge tubes filled with 

aprox 2.5 ml fine white sand & 15 ml 

water  

9-50 ml centrifuge tubes filled with 

aprox 1.5 ml fine white sand & 15 ml 

red water  

9-50 ml centrifuge tubes filled with 

aprox 0.5 ml fine white sand & 15 ml 

yellow water  

SpEd/ GATE Accommodations?  

 

SpEd:  
Have copies of powerpoint slides 

available as necessary 

Pair SpEd students heterogeneously with 

other students  

 

GATE:  

Have supplies for students to build their 

own gumdrop nanoparticles if they finish 

early. 

Pair students that “enjoy” teaching others 

with those that need help 

Develop list of extension questions that 

students can research on their own if they 

wish 
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5 E’s Table 

 

Timing 5 Es Instructional Activity 

5 min 

 

 

 

 

10 min 

Engage (make 

connections bet past 

& present learning; 

anticipate activities & 

focus stdt thinking 

LOs) 

Paired Shares: Partner A. What is nanoscience?  

Partner B. What do I know about the scientific 

method?  

Together: How do the ideas of scientific 

methods and the nature of science relate to 

nanoscience? 

 

Vocab Game (groups of four): I have… who 

has…  

5 min 

 

 

 

25 min 

Explore (provide 

common base of 

experience.  Identify 

& develop concepts, 

process & skills) 

Pipetting Demo: have 2-3 different types of 

pipettes and show how they are used.  Have 

students identify pipette parts (Plunger, handle, 

shaft, pipette tip) 

 

Student pipetting practice & nanoparticle 

observation using student handout 

30 min Explain (stdts 

explain concepts 

explored.  Tchrs intro 

formal terms, explain 

concepts, processes 

or skills) 

Kristina’s intro powerpoint of her nanoparticle 

studies including old school phone & gum drop 

nanoparticle degradation 

 

 

 

 Elaborate (stdts 

practice skills & 

behaviors.  New 

experiences dev. 

deeper/ broader 

understanding) 

 

This will come later in the year when students 

complete a study of the rate of nanoparticle 

degradation 

 

 

 

15 min  

 

HW 

Evaluate (learners 

assess their 

understanding.  Tchrs 

eval stdt 

understanding & skill 

dvlpmt) 

Students answer analysis & extension questions 

as teachers walk around helping with any 

questions 

 

Students use mini rubrics to self assess their 

learning and turn it in the next day. 
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“I have...who has” Matching Game 

 

I have 

Scientific Theory 

 

 

Who has 

a body of principles offered to explain 

phenomena? 

 

I have 

Scientific Hypothesis 

 

 

Who has 

a statement that can be tested? 

 

I have  

Observation 

 

 

Who has 

The act of making and recording a 

measurement? 

 

I have 

Nanoparticle 

 

 

Who has 

a microscopic particle less than 300 

nm? 

 

I have  

Dimensional Analysis 

 

 

Who has 

a method for converting units? 

 

I have 

Qualitative Data 

 

 

Who has 

observations that are numerical? 

 

I have 

Quantitative Data 

 

 

Who has 

observations that are NOT numerical? 

 

I have  

Chemistry 

 

 

 

Who has 

the study of matter and it’s changes? 
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Making Gumdrop Nanoparticles 
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Making Gumdrop Nanoparticles (Continued) 

 

 

 
Take the second triangle and orient it so that it points opposite 
the first triangle (see top view picture above).   
 
As with the first triangle, put toothpicks in each gumdrop of 
the hexagon.  Be sure that the toothpicks are pointing towards 
the vertices of the second triangle. 
 
Connect the vertices of the second triangle to two toothpicks 
on the hexagon. 
 
Once the second triangle is attached, the gumdrop 
nanoparticles is complete. 
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Template for Gumdrop Nanoparticle Model
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Name: ___________________ 
 

Lab Partner: _______________ 
 

 
Purpose 

To practice the lab skill of pipetting the liquid off a solid without disturbing the 
solid. 

To review the difference between observations and conclusions. 
To relate nanoparticle research to the concepts of scientific methods and the 

nature of science. 
 
Practice Pipetting! 
 A pipette is a laboratory instrument used to transport a measured volume of 
liquid.  There are a variety of pipettes used in science: Pasteur pipettes, micropipettes, 
volumetric pipettes, Mohr (graduated) pipettes, multi-channel pipettes, etc.  You will 
be using a ______________ pipette and need to become proficient in its use!  

Materials:
 

• Microtube 1 (empty) 
• Microtube 2 (with sand & 

colored water) 

• Mohr pipette 
• Colored water 
• Waste container 

    
Procedures: 
1. Get the two microtubes labeled “practice 1” and “practice 2.”  Also include 
your initials. 
2. Draw what the microtube looks like in the appropriate box below. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
3. Watch the demonstration on how to use the                                                        
pipette.  Draw and label the parts of the pipette  
in the appropriate box above.

Microtube: 

Pipette: 
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Practice filling and emptying microtube “practice 1” with 1.0 ml of 
colored water using the pipette. Be sure that both you and your partner 
feel confident using the pipette.  

1. Empty microtube “practice 1.” 
2. Practice transferring the colored water from microtube 

“practice 2” into microtube “practice 1” without 
removing the sand at the bottom. 

3. Transfer the colored water from “practice 1” back into 
“practice 2.” 

4. Clean-up according to the teacher’s instructions. 
 

Stations & Observations 
1.  There are materials set at 3 stations that represent 
nanoparticle degradation at different points in time. 
2. Make quantitative and qualitative observations at each of 
the stations. 

 
Observations: 

 

Station 1: Illustration 

 

 

 

 

 

 

Notes/ 

 

Station 2 Illustration 

 

 

 

 

 

 

Notes/ 

 

Station 3 Illustration 

 

 

 

 

 

 

Notes/ 
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Analysis and Extension Questions: 
1. How is an observation different from a conclusion? 
2. Each station represented a time period in the degradation of 
nanoparticles.  What you did you observe happening over time?  
3. How would you organize your observations to present to someone else? 
4. Describe an experimental method to quantify the amount of 
nanoparticles degraded over time. 
5. What conclusions about nanoparticles can you make from your 
observations? 
6. What is the main point of Mrs. Mitchell’s PhD research on 
nanoparticles? 
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Self-Assessment Rubric for 

Scientific Methods & Nano science 

Category 3 2 1 

Pipetting 

Skills 

Did not transfer any sand 

when moving the liquid. 

Sand was minimally 

disturbed when moving the 

liquid 

Pulled the majority of the 

sand into pipette tip 

Observations v. 

Conclusions 

I can explain and give 

examples of observations 

and conclusions 

I can give examples of 

both terms, but cannot 

define one or both 

I easily confuse the two 

terms and cannot define 

them. 

Scientific  

Methods 

I can identify the main 

parts of the scientific 

method and apply it to 

designing scientific 

experiments 

I can identify the main 

parts of the scientific 

method, but have difficulty 

applying it to experimental 

design. 

I can identify only some of 

the parts of the scientific 

method. 

 

Therapeutic 

Nanoparticles 

I understand that 

nanoparticles can be used 

as containers to deliver 

cancer drugs more 

effectively 

I understand the use of 

nanoparticles for delivery 

of drugs, but I don’t get 

what a nanoparticle really 

is 

I am confused as to what 

nanoparticles are and how 

nanoparticles are used in 

cancer research 

 

Self-Assessment Rubric for 

Scientific Methods & Nano science 

Category 3 2 1 

Pipetting 

Skills 

Did not transfer any sand 

when moving the liquid. 

Sand was minimally 

disturbed when moving the 

liquid 

Pulled the majority of the 

sand into pipette tip 

Observations v. 

Conclusions 

I can explain and give 

examples of observations 

and conclusions 

I can give examples of 

both terms, but cannot 

define one or both 

I easily confuse the two 

terms and cannot define 

them. 

Scientific  

Methods 

I can identify the main 

parts of the scientific 

method and apply it to 

designing scientific 

experiments 

I can identify the main 

parts of the scientific 

method, but have difficulty 

applying it to experimental 

design. 

I can identify only some of 

the parts of the scientific 

method. 

 

Therapeutic 

Nanoparticles 

I understand that 

nanoparticles can be used 

as containers to deliver 

cancer drugs more 

effectively 

I understand the use of 

nanoparticles for delivery 

of drugs, but I don’t get 

what a nanoparticle really 

is 

I am confused as to what 

nanoparticles are and how 

nanoparticles are used in 

cancer research 
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Activity 2: Nanoparticle Degradation 

Nanoparticle Degradation Lesson Plan  
 
Authors: 
Kristina K. Pohaku Mitchell    Colleen Robinson 
University of California San Diego   Helix Charter High School 
Dept. of Chemistry & Biochemistry   Science Department 
9500 Gilman Drive     7323 University Avenue 
La Jolla, CA 92093     La Mesa, CA 91942 
 
Abstract: Students will perform and analyze nanoparticle degradation.  They will apply their 
pipetting skills from the “Scientific Thinking & Nanoscience” lesson as well as their 
knowledge of the scientific method.  They will also examine how temperature affects the rate 
of degradation. 
 
Grade level: High School 
 
Background: In addition to energy storage and catalysis, nanoparticles are being investigated 
for use in medical applications.  One specific medical application is the development of 
nanoparticles as chemotherapeutic drug delivery platforms.  It is often difficult to change the 
structure of a drug without affecting its activity.  Nanoparticles can be loaded with a drug and 
the surface of the nanoparticles modified so that the drug can be delivered specifically to 
cancer cells, thus potentially reducing the side effects of the drug.  To be used in medicine, 
nanoparticles should possess the following properties: a long shelf-life, synthesis that can be 
performed on a commercial scale, and particles that do not accumulate in the body. 
 
 
NSTA Standards: 

27. Applications of chemistry and chemical technology in society, business, industry 
& health fields. 

CA State Standards: 
Investigation & experimentation: 

1a. Students will select and use appropriate tools & technology to perform tests, 
collect data, analyze relationships, and display data. 

 1d. Students will formulate explanations using logic & evidence. 
 1f. Students will distinguish between hypothesis and theory as scientific terms. 
 8a. Students know the rate of reaction is the decrease in concentration of reactants  

      or the increase in concentration of products with time 
 8b. Students know how reaction rates depend on such factors as concentration,  

      temperature, and pressure. 
Student Learning Objectives: 

4. Students will practice the lab skill of pipetting the liquid off a solid without 
disturbing the solid. 

5. Students will practice making observations over an extended period of time. 
6. Students will relate nanoparticle research to the concepts of scientific methods 

and the nature of science. 
7. Students will gain an understanding of reaction kinetics and what types of factors 

affect the rates of reaction. 
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Materials List 

 
Resources: 
 
1.5 mL microcentrifuge tubes: 
 Sigma Aldrich Product Number(s):  

T6649-500EA (for 500)  
T6649-1000EA (for 1000)

Materials List for class of 32 (8 

groups of 4) 

Class set of student handout 

Class set of rubric 

Microtube racks for holding microtubes 

Vortexer 

UV-vis spectrophotometer or color 

scale correlating to concentration 

Microcentrifuge 

Microtube floaters for water bath 

2 water baths: 1 @ 50C and another @ 

80C 

15- pipettes 
40- empty 1.5 ml microtubes 

40- 1.5 ml microtubes filled with 1 mg 

Fe-doped, hollow silica 

nanoparticles 

300mL of 0.1M aqueous deferiprone 

solution 

 

SpEd/ GATE Accommodations?  

 

SpEd:  

Pair SpEd students heterogeneously 

with other students  

 

GATE:  

Pair students that “enjoy” teaching 

others with those that need help 

Develop list of extension questions that 

students can research on their own if 

they wish 
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5 E’s Table 
Day 1 (unless indicated otherwise) 

Timing 5 Es Instructional Activity 

15 min 

 

 

 

 

Engage (make 

connections bet 

past & present 

learning; anticipate 

activities & focus 

stdt thinking LOs) 

Pull out old activity with colored water and sand to 

have them practice pipetting  

30- 45 

min 

 

10 min 

Explore (provide 

common base of 

experience.  

Identify & develop 

concepts, process & 

skills) 

Students will pipette 1mL of deferiprone solution into a 

microtube containing nanoparticles. 

 

Students learn use the vortexer to suspend nanoparticles 

in solution.  Should draw picture of process: what do 

they observe after vortexing? 

 

Students then place tube at appropriate temps: room 

temperature, 50C water bath or 80C water bath 

 

10 min 

 

 

Days 2-

5 

10 min 

Explain (stdts 

explain concepts 

explored.  Tchrs 

intro formal terms, 

explain concepts, 

processes or skills) 

Students have class predictions as to what will happen.  

Students explain how temperature may affect results 

 

Have class share observations: 

 

Color of supernantent? 

Intensity of color? 

Size of pellet? 

 

Days 2-

5 

 

20 min 

Elaborate (stdts 

practice skills & 

behaviors.  New 

experiences dev. 

deeper/ broader 

understanding) 

Students will make observations of their samples and 

then remove supernatent and save in empty microtube 

and label “Day __” 

 

Students then add 1ml of fresh deferiprone solution to 

tube with nanoparticles, vortex, and return to water 

bath. 

 

Students then determine concentration of iron complex 

(using UV-vis or color chart) and input data into class 

spreadsheet. 

 

End of 

Day 5 

 

 

Evaluate (learners 

assess their 

understanding.  

Tchrs eval stdt 

understanding & 

skill dvlpmt) 

Students organized and justify organization of paper 

simulation of nanoparticles degradation. 
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Name:______________________ 
Lab Partner: _________________ 

 
 
 
 
Purpose: Today you will move beyond practicing to begin observing the degradation 
of nanoparticles over time.  With another group discuss possible reasons we are doing 
this and then complete the sentence frame below. 
 
A possible reason for studying the breakdown of nanoparticles over time is 
_____________________________________________________________________
______________________. 
 
Hypothesis: Predict the impact temperature will have on the rate of degradation of 
nanoparticles. 
 
Materials: 

• Practice microtube with sand & colored H2O 
• Microtube with Nanoparticle Sample 
• Fine point permanent marker 
• Empty microtubes 
• Floating microtube holder 
• Water bath(s) 
• Vortexer 
• Pipette 
 

Methods: 
Day 1: 

1. To be sure you are confident, practice removing the colored water from 
“practice ” microtube without removing the sand at the bottom  

2. Get the microtubes with the nanoparticles already in it and label it “Day 1” and 
include your group number on it. 

3. Add 1 mL of _____________ solution to the microtube and vortex the tube. 
4. Place the microtube into the floating microtube holder. 
5. Place floating microtube holder into water bath as directed by teacher.  Record 

water bath temperature. 
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Name:______________________ 
Lab Partner: _________________ 

 
Days 2-5: 

1. Remove floating microtube holder from water bath.  Note observations. 
2. Centrifuge microtube according to teacher direction. 
3. Retrieve microtube from centrifuge.  Make observations in individual data 

table. 
4. Use the color standard provided to input your data about the supernatant into 

the class data table/graph. 
5. Label 1 microtube “Day 2”. 
6. Carefully remove supernatant without disturbing nanoparticle pellet and put 

supernatant in “Day 2” microtube. 
7. Add 1 mL of fresh ____________ solution to “Day 1” microtube and vortex 

the tube. 
8. Place “Day 1” microtube in floating microtube holder and return to appropriate 

water bath. 
9. Repeat above steps (1-6) for days 3-5.  Be sure to label the microtubes for the 

supernatant “Day 3”, “Day 4”, etc. and include your group number on each 
microtube. 

Safety Concerns: 
 
Data/Observations: 

Individual Data 
Day H2O Bath 

Temp - °C 
Observations  

of Pellet 
Observations  

of Supernatant 
 
1 
 

   

 
2 
 

   

 
3 
 

   

 
4 
 

   

 
5 
 

   

Summary Statement of Individual Data Table (write 2-3 complete sentences that 
identify the trends in your data): 
____________________________________________________________________ 
 
_____________________________________________________________________ 
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Name:______________________ 
Lab Partner: _________________ 

 
 

Class Data 
Enter your data into the class data table and note its impact on the class graph.  Write a 
summary statement for the trends you see in the class data each day. 
 
Day 2: 

_____________________________________________________________________

________________________________________________________________ 

 

Day 3: 

_____________________________________________________________________ 

_____________________________________________________________________ 

 

Day 4: 

_____________________________________________________________________ 

_____________________________________________________________________ 

 
Analysis: 

1. Write a summary statement for the class graph that explains the trends seen for 
each line below the graph and attach the graph to this page. 

2. Explain the relationship between the intensity of the color in the supernatant 
and the size of the nanoparticle pellet.   

 
 
 
Error: 

1. What sources of error may have occurred over the duration of this lab 
experience? 

 
 
 
 
 

2. How would the sources of error listed above impact your results?  Be specific. 
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Name:______________________ 
Lab Partner: _________________ 

 
Conclusion: 
How did temperature impact the rate of degradation of nanoparticles?  
Explain your answer using logic, content knowledge, and lab data. 
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In this envelope you will find 3 colored paper test tubes and 3 nanoparticle pellets.  
Use your knowledge of nanoparticle degradation to… 

1. match the appropriate pellet to the correct test tube 
2. put the test tubes with the appropriate pellet in order from day 1 to day 3 in 

the table below 
3. justify the choices you made in the table below. 

 
Day 1 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Day 2 Day 3 

Pellet justification: Pellet justification: Pellet justification: 
 
 
 
 
 

Day Justification: Day Justification: Day Justification: 
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Activity 3: Edible Solutions and Mixtures 
 

SOLUTIONS AND MIXTURES 

Using Edible Solutions and Mixtures to Understand Chemistry 

 

ABSTRACT 

Solutions chemistry is abstract and confusing to many students. In this 
activity, students create their own working definition of a solution based on 
observations of familiar items. Small groups of students are presented with a 
variety of mixtures containing food, beverages and seasonings. In comparing 
and contrasting these homogeneous and heterogeneous mixtures, students 
use observable properties to create categories of materials.  After they have 
arrived at their own conclusions about homo- and heterogeneity, whole 
group instruction is used to formalize their ideas using academic language 
critical to their success in chemistry.    

 

Authors: 

Kristina K. Pohaku Mitchell  Sara Dozier 

University of California San Diego  School of Science and Technology 

Dept. of Chemistry & Biochemistry San Diego High Educational Complex  

9500 Gilman Drive    1405 Park Boulevard 

La Jolla, CA 92093    San Diego, CA 92101 

 

 

NOTE: This activity was developed as a product of the Socrates Fellows program at 
UC San Diego, a project of ScienceBridge, supported by funds from the National 
Science Foundation GK12 STEM Fellows in Education, awarded to Maarten 
Chrispeels, Division of Biological Sciences. 
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GRADE LEVEL:  9-12 

SUBJECT: Chemistry 

DURATION:  1- 90 minute period 

LEARNING OBJECTIVES: 

● Students will be able to compare and contrast mixtures and solutions using 
several separation techniques and exploration of light scattering properties.  

● Students will be able to identify and execute separation methods on samples 
identified as mixtures using either filtration or centrifugation. 

 

STANDARDS ADDRESSED: 

California Science Standards 

CHEMISTRY 

6. Solutions are homogeneous mixtures of two or more substances. As a basis for 
understanding this concept: 

a. Students know the definitions of solute and solvent. 
 
b. Students know how to describe the dissolving process at the molecular 
level by using the concept of random molecular motion. 

 

INVESTIGATION and EXPERIMENTATION 

1. Scientific progress is made by asking meaningful questions and conducting 
careful investigations. As a basis for understanding this concept and addressing the 
content in the other four strands, students should develop their own questions and 
perform investigations. Students will: 

a. Select and use appropriate tools and technology (such as computer-linked 
probes, spreadsheets, and graphing calculators) to perform tests, collect 
data, analyze relationships, and display data. 

b. Identify and communicate sources of unavoidable experimental error. 

c. Identify possible reasons for inconsistent results, such as sources of error 
or uncontrolled conditions. 

d. Formulate explanations by using logic and evidence. 
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National Science Education Standards 

PHYSICAL SCIENCES  

Structure and Properties of Matter 

3. Solids, liquids, and gases differ in the distances and angles between molecules or 
atoms and therefore the energy that binds them together. In solids the structure is 
nearly rigid; in liquids molecules or atoms move around each other but do not move 
apart; and in gases molecules or atoms move almost independently of each other 
and are mostly far apart. 

  

BACKGROUND INFORMATION 

Solutions chemistry is a struggle for many students because of its abstract nature. 
In this lesson, we focus on deepening the students’ understanding of the most basic 
underlying concepts of this type of chemistry while engaging them by allowing them 
to observe familiar items from a novel perspective. 

Everyday materials are used to illustrate the differences between homogeneous and 
heterogeneous mixtures and introduce the term “solution”.  This low-tech approach 
allows students to apply new vocabulary to their prior knowledge of physical 
properties of various materials. We encourage them to explore the relationship 
between the visible properties of each mixture and various analytical techniques, 
including filtration, centrifugation and evaporation. To differentiate this lesson for 
more advanced students, the concepts of colloids and emulsions can easily be 
incorporated. 

 

Most everyday materials are mixtures, either homogeneous or heterogeneous.  

Students will become familiar with identifying everyday materials as being either a 
hetergeneous mixture or a homogeneous mixture.  Very rarely are everyday 
materials in pure forms.  The ground we walk on can vary from concrete, to gravel, 
to asphalt, or some combination of all three.  Even the air we breathe is a mixture 
of gases: air is comprised of about 78% N2, 21% O2, and the remaining 1% is CO2, Ar, 
and several other gases.  In San Diego, homogeneous and heterogeneous solutions 
are easily observed at the beach.  Ocean water has a variety of salts and gases 
dissolved into it making it a homogeneous solution.  However, if you were to collect 
the water in a bucket as the tide came in a heterogeneous mixture would be 
obtained.  If you let the bucket sit undisturbed, eventually parts of the mixture, 
such as sand or seaweed, would settle to the bottom allowing easy separation of 
the homogeneous mixture (sea water). 
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Solutions are homogeneous mixtures. 

Solution is a term used to describe homogeneous mixtures.  Students will 
compare and contrast solutions and heterogeneous mixtures in order to 
identify the unique characteristics of each type of mixture.  A homogeneous 
mixture is a mixture with a uniform composition.  It is usually a mixture of 
two or more components that are soluble in one another.  Solutions are 
prepared by dissolving a solute (the minor component of a solution) in a 
solvent (the major component).  A solute, as well as the solvent, can be 
either a solid, liquid, or gas.  Solutions can exist in the following forms: 

  Gas solutions: mixtures of gases (Example: air) 

Liquid solutions: mixtures of 2 or more miscible liquids 
(Example: rubbing alcohol in water) 

Solid solutions: mixtures of 2 or more solids (Example: brass, a 
mixture of zinc and copper) 

Liquid-solid solutions: mixtures where a solid is dissolved into a 
liquid (Example: salt water, sugar water, etc.) 

Liquid-gas solutions: mixtures where a gas is dissoved into a 
liquid (Example: soda water, which is CO2 dissolved in water) 

 

Heterogeneous mixtures can be identified using several methods, 
including centrifugation and filtration. 

Students will recognize that hetergeneous mixtures are often composed of 
more than one phase such as a liquid and a solid.  There are different 
methods used to isolate specific parts of a mixture.  Filtration is the most 
common method used to separate a liquid from a solid.  Not all solids can be 
removed using this method however.  For instance, a solid (a colloidal 
mixture) may be very fine and could pass through a filter paper.  As a result 
another method would be required to isolate the solid from the liquid.  
Centrifugation is a method that is employed to isolate fine solids or to 
separate colloidal mixtures.  This is a method that is also used by 
phlebotomists to separate blood plasma (the liquid portion of blood) from 
cells and some proteins carried in the blood. 
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RESEARCH APPLICATIONS 

Chemists that perform “wet chemistry” or “bench chemistry” are often 
synthesizing compounds in a variety of ways.  One thing that is prevalent 
throughout is the need to isolate the desired product from the mixture of 
solvents and reactants (starting materials) that may have been used in the 
process.  In order for product isolation to occur, a chemist needs to know 
whether their desired product will form a solution or a heterogeneous 
mixture.  Filtration is a technique often employed by a chemist when the 
desired product forms a solid.  When the product is part of the reaction 
solution techniques such as liquid-liquid extraction, chromatography, and 
distillation may be employed, just to name a few. 

 

THE 5E MODEL 

5Es At-A-Glanc e  Activity  Key 
Ideas/Questions  

Timing 

ENGAG E  Prepare a cup of 
Kool-Aid Beverage  

What happens to 
the solid when 
you add it to the 
water ?  

5 min 

EXPLOR E  Identify solutions 
and mixtures in a 
set of 3-5 
unknowns  

What 
characteristics 
are unique to a 
mixture? To a 
solution? 
How can you 
identify and 
separate solutions 
and mixtures? 

30 min 

EXPLAIN/ 
ELABORA T E  

Lecture/ 
discussion 

 Define 
solution 
as 
homogene
ous 
mixture 

 I n t r oduce 
terms 
solute and 
solvent 

Why do solutions 
and mixtures 
matter? Is a 
solution a 
mixture? 
Difference 
between 
homogeneous and 
heterogeneous 
mixtures ?  

15 min 

EVALUA T E  Student 
Worksheet 
Exit Slip  

 Ongoing during 
Explore 
5 min 
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Implementation Guide  

 

ENGAGE (5 Minutes) 

Activity:  

Pass out a clear plastic cup containing 1 teaspoon of red Kool-Aid powder in 
the bottom.  Ask the students to describe what they see to their partner and 
predict what will happen when water is added.  Partner pairs share out their 
ideas about the process of dissolution.  Encourage them to think about 
agitation and what would happen if they added oil instead?  Add water to 
each student’s cup. Add approximately 100mL of vegetable oil to the Kool-
Aid powder mix in an extra cup and allow the students to observe.  

 

Guiding Exploration: 

Do not correct misconceptions at this time.  Allow them to share and think 
freely. Allow them to speculate why the Kool-Aid dissolves in water but not 
vegetable oil.  Record their ideas on chart paper and post until the end of 
class. 

 

Key Questions: 

What happened when water was added to the Kool-Aid powder?  Why do you 
think that happened? 

Did the Kool-Aid look the same after we added oil to it? What was the same 
or different? 

Did the Kool-Aid behave differently when you added oil instead of water?  

Describe the evidence you have that Kool-Aid interacts differently with oil 
than it does with water. 

 



107 

 

EXPLORE (30 minutes) 

Activity:  

Provide a set of 3-5 unknowns (either in test tubes or clear plastic cups) to 
each group of students and have them identify which are solutions and which 
are mixtures.  (See Materials List on p. 11 and Teacher Preparation 
Instructions on p. 12 for unknowns).  Have the students design and conduct 
their own separation experiments to confirm whether or not the sample is a 
solution or a mixture.  An example of one way to prepare the set up is seen 
below.   

 

 

Guiding Exploration:  

Students may use the samples, filter paper, and laser pointer(s) in any way 
they would like to understand the contents of each cup or test tube.   

Filtration: Suggest to the students that they pour part of their 
unknown (not all of it) through the coffee filter or napkin.  Ask them 
to compare what the unknowns look like before and after filtration.   
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Laser Pointer(s): Suggest that they students use the laser pointers to 
look at their mixtures before and after filtration.  Laser pointers can 
be used to identify heterogeneous mixtures because the solid 
particles in the mixture will scatter the light from the laser thus, 
making the path of the laser visible.  Scattering of light by particles in 
a mixture is known as the Tyndall effect (seen below in the picture on 
the right).  This effect is often observed when a colloidal mixture (a 
heterogeneous mixture containing dispersed particles ranging in size 
from 100-1000nm) is present. 

  

 

Key Questions:  

What are the differences between the samples?   

Which characteristics make them a solution?  

Which make them a mixture? What experiments could be performed to test 
your hypothesis? 

Did filtration help you clearly identify which samples are mixtures and which 
are solutions? 

Based on your observations how would you define a solution? A mixture? 

 

Discussion:  

Solutions are homogeneous mixtures and often appear translucent whereas 
mixtures look like they can be easily separated. 

Potential Misconceptions:  

All mixtures can be separated using filtration. 
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Solutions are not mixtures. 

 

EXPLAIN/ELABORATE (30-45 minutes) 

Discuss:  

So what did you discover about the samples that you were given? 

Powerpoint presentation on solutions and mixtures and how to determine 
solution concentration  

Sample Questions:  

What do mixtures and solutions have in common?  

What is a solution? What is a mixture?  

What do homogeneous and heterogeneous mean? 

How can you determine if a sample is a solution or a mixture? 

 

Key Points: 

Physical properties of mixtures and solutions are different:  

● heterogeneous mixtures can easily be separated without having to 
change the phase of one or more of its components 

● homogeneous mixtures (better known as solutions) are difficult to 
separate unless change phase of either solute or solvent (e.g. isolate 
salt in salt water by evaporating off water) 

 

EVALUATE 

Return to the chart describing the observation of Kool-Aid in oil.  Ask the 
students to apply the new vocabulary they learned to their earlier 
observation. Students may discuss the following question before writing the 
answer on the exit slip:  
“Describe any differences or similarities between these mixtures: 

● water and Kool-Aid 
● oil and Kool-Aid 

Use these terms in your answer: 
● homogeneous 
● heterogeneous 
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● mixture 
● solubility”  

 

MATERIALS 
MASTER LIST 

 

 

 

TEACHER PREPARATION INSTRUCTIONS 

● Samples in large test tubes can be made in advance and parafilmed. 
○ Solutions (Kool Aid, Salt in water, and water) 
○ Mixtures (Salt in ethanol and cornstarch in water) 

Quantity  
(specify per 

student/station/etc.) 

Materi a l  Where to Order 

About 100mL of each per 
class. Transfer about 10 
mL to large test tubes and 
distribute 1 per station .  
 
 

Kool Aid 
Cornstarch (1% suspension, 
heat to boiling and cool to 
create colloid)  
Salt in Ethanol (Add solute to 
solvent) 
Salt in Water 
Water 

All available at 
the grocery store .  

 1-2 per station Laser pointers (one each, 
green and red, if possible) 

Any scientific or 
office supply 
company 

5 per station Transfer pipets Any scientific 
supply company 

10 per stati o n  Large test tubes  Any scientific 
supply company 

5-10 1” napkin squares 
per station 

Coffee filters or 1” napkin 
squares  

Grocery store 

100 mL per class Vegetable oil Grocery Store 
1 teaspoon per student Red Kool-Aid powder Grocery Store 

1 per studen t  Clear plastic cup Grocery Store 
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○ For Cornstarch, create a 1% suspension of cornstarch in water, 
heat to boiling and cool to create colloid.  Then dilute 1:20 in 
water. 

○ Add the ethanol to the tube before adding the salt.  
○ Remind students that they can drink Kool-Aid from their plastic 

cups and to never place lab ware in mouth! 
 

IMPLEMENTATION STRATEGIES 

● Grouping: 2-3 students per lab station 
● List of Materials at each lab station 

○ Large testtube rack holder 
○ 10 large testtubes 

■ 5 labeled and filled with mixtures or solutions 
■ 5 empty for collecting filtrate 

○ coffee filters or 5-10 1” squares of napkins 
○ laser pointer 

● List of Teacher Materials 
○ Teacher set of Station Materials for Explain section 
○ Powerpoint on solutions and mixtures 

 

 STUDENT GUIDE 

● Please see attached: “Solutions and Mixtures Student Handout” 
 

TEACHER SUPPLEMENTS 

PowerPoint Notes- Please see attached: “Solutions and Mixtures 
Presentation”.  The PowerPoint notes go over the identity of the student’s 
unknown samples, introduces the topic of solutions as homogeneous 
mixtures, and also how to determine the concentration of a solution 
(molarity, percent solutions, dilution equation).  Solubility is also briefly 
introduced. 

Assessment Strategies- Please see attached: “Solutions and Mixtures Exit 
Slip” & “Solutions and Mixtures Worksheet” 

Answer Key for “Solutions and Mixtures Worksheet” 

 

Essentials of Inquiry Reflection 
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Exit Slip 
Describe any differences or similarities between these mixtures: 

● water and Kool-Aid 
● oil and Kool-Aid 

 
Use these terms in your answer: 

● homogeneous 
● heterogeneous 
● mixture 
● solubility 
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Solutions and Mixtures 
Purpose:  Today you will identify characteristics of solutions and mixtures.  You will 
be able to define each term.  With the people in your group discuss what you know 
about solutions and mixtures then complete the sentence frame below. 
 

A solution is similar to a mixture because 

_____________________________________________________________________

_______________________________________. 

 

A solution is different from a mixture because 

_____________________________________________________________________

____________________________________. 

 
Define: Provide a definition, using your own words, for the following terms. 
 
Solution 

_____________________________________________________________________

__________________________________________________________________ 

 

Mixture 

_____________________________________________________________________

__________________________________________________________________ 

 
Materials: 

• Testtube rack with 5 unknown sample tubes & 5 empty tubes 
• Fine point permanent marker 
• Coffee Filters 
• Laser pointer 

 
 

Investigation of Samples 1-5 
• Using the tools available, identify each sample as either a solution or a 

mixture. 
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Observations:  Complete the sections below.   
 
Samples 1-5 

 
 
 
 
 

Sample Describe 

appearance 

Draw appearance 

of laser through 

sample 

What happens 

when poured 

through coffee 

filter? 

Is it a 

solution or 

a mixture? 

1     

2     

3     

4     

5     
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Conclusion: Based on what you have learned about solutions and mixtures and your 
observations of Samples 1-5?  Please provide evidence for your reasoning. 
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Solutions and Mixtures (Answer Key) 
Purpose:  Today you will identify characteristics of solutions and mixtures.  You will 
be able to define each term.  With the people in your group discuss what you know 
about solutions and mixtures then complete the sentence frame below. 
 

A solution is similar to a mixture because __a solution is made up of 2 or more 

substances.____________________________________________________________. 

 

A solution is different from a mixture because ___the substances in a solution are 

uniform throughout and are in the same phase.  A mixture often has different phases 

present at the same time.________________________________________________. 

 
Define: Provide a definition, using your own words, for the following terms. 
 
Solution _a mixture of two or more substances where the substances are uniformly 

distributed throughout the mixture.________________________________________ 

 

Mixture _a combination of 2 or more components that are not uniformly distributed 

throughout.  Sand in water would be an example of a mixture.___________________ 

 
Materials: 

• Testtube rack with 5 unknown sample tubes & 5 empty tubes 
• Fine point permanent marker 
• Coffee Filters 
• Laser pointer 

 
 

Investigation of Samples 1-5 
• Using the tools available, identify each sample as either a solution or a 

mixture. 
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Observations:  Complete the sections below.   
 
Samples 1-5 

Sample Describe 
appearance 

Draw 
appearance 

of laser 
through 
sample 

What 
happens 

when poured 
through 

coffee filter? 

Is it a 
solution or 
a mixture? 

1 
 

Salt Water 

Students 
describe what 
they see. 

May be a side 
profile picture 
of what laser 
looks like 
going through 
or what the 
dot of the 
laser looks 
like when 
projected on 

Students 
describe what 
they see in the 
filter as well 
as the portion 
that passed 
through the 
filter. 

 
 
SOLUTION 

2 
 
Kool Aid 

 a wall.  For 
instance, the 
spot looks 
bigger after 
passing 
through a 
mixture. 

  
 
SOLUTION 

3 
 

NaCl in 
Ethanol 

    
 
MIXTURE 

4 
 
Tap Water 

    
 
SOLUTION 

5 
 
Cornstarch 

in Water 

    
 
MIXTURE 
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Conclusion: Based on what you have learned about solutions and mixtures and your 
observations of Samples 1-5?  Please provide evidence for your reasoning. 
 
Students should mention that the components of a solution cannot be separated using 
filtration.  They should also note that it was easier to see the laser in a mixture.  Their 
answer should indicate that filtration and the scattering of a laser beam passing 
through a sample are ways one could determine whether an unknown sample is a 
solution or a mixture. 
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