


 

 

Abstract 

Quantifying changes in the optical spectra of plasmonic nanoparticles 
following interaction with biological cells:   

Towards optimized design in biomedical applications 
 

by 

Allen L. Chen 

As plasmonic nanoparticle (NP)-based diagnostic and therapeutic technologies—such as 

Plasmon Resonance Energy Transfer (PRET)-based intracellular analysis or NIR photothermal 

cancer therapy—continue to be developed with the goal of eventual clinical translation, clearer 

understanding of the interactions between NPs and biological environments is critical.  In 

biological media, proteins adsorb to NPs, leading to physicochemical changes which affect the 

cellular uptake of NPs, and NPs can further agglomerate within intracellular vesicles.  Since the 

plasmonic properties of NPs are highly dependent on their geometry and local environment, 

these physicochemical changes can also change the optical spectra of NPs in cellular 

environments.  Understanding how NPs’ optical properties change in biological environments is 

especially important as medical nanotechnologies move toward increased multiplexing 

capabilities, and shifted optical spectra may result in unintended outcomes.  In this thesis, we 

develop a darkfield hyperspectral (HS) imaging approach for systematically studying and 

quantifying how the NP optical spectra change in a cellular environment in order to inform 

biomedical NP design.  We begin by establishing methods for measuring and analyzing spectra 

of plasmonic NPs in a cellular environment, showing that 100 nm gold NPs (AuNPs) experience 

up to a 79 nm spectral shift and substantial spectral broadening after exposure to Sk-Br-3 breast 
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adenocarcinoma cells for 24 h.  Then, we apply this HS imaging approach to characterize how 

NP design factors and biological environment factors impact the extent of spectral changes 

experienced by NPs within cellular environments.  We find that NP functionalization with 

poly(ethylene glycol) (PEG) can reduce spectral shifting and decrease spectral broadening 

exhibited by NPs upon cellular uptake, and we show the impact of serum concentration on the 

magnitude of spectral shift exhibited by NPs.  Finally, in order to more specifically focus 

characterization on the optical response from cell-internalized NPs and improve understanding of 

intracellular delivery of NPs, methods are needed to differentiate membrane-adsorbed NPs from 

cell-internalized NPs.  Using confocal imaging, we investigate the efficacy of emerging 

approaches for differentiating cellular internalization from cell membrane adsorption of NPs to 

enable further advances in understanding of nano-bio interactions.  Together, this thesis 

demonstrates the development of a HS imaging and analysis approach for quantitatively 

characterizing changes in the optical properties of NPs within cellular contexts, and the 

application of this approach towards developing quantitative relationships to enable plasmonic 

NPs to be engineered to exhibit desired optical properties in biomedical environments for 

maximal efficacy and safety. 
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Chapter 1 

Introductiona 

Nanotechnology has the potential to address many challenges in medicine through the 

application of nanoscale materials with unique physical, chemical, and optical properties.  

Research in the area of nanotechnology has increased rapidly, partly as a result of significant 

global funding devoted to nanotechnology, which amounted to $68 billion between 2000 and 

2011 [1].  While there was only one nanotechnology journal containing the word “nanomedicine” 

or “nanobiotechnology” in its title in 2005, there are now more than 10 such specialized journals 

(among the now over 70 journals focusing on nanotechnology) [2], illustrating the substantial 

growth of published research in the field of nanomedicine.  This work has resulted in a number 

of diagnostic and therapeutic technologies progressing to clinical trials, such as iron oxide 

nanoparticle (NP) imaging contrast agents and tumor necrosis factor (TNF)-conjugated gold NPs 

                                                 
 

a  Adapted from Chen AL, Hu YS, Jackson MA, Lin AY, Young JK, Langsner RJ, Drezek RA, 
“Quantifying Spectral Changes Experienced by Plasmonic Nanoparticles in a Cellular Environment to Inform 
Biomedical Nanoparticle Design,” Nanoscale Research Letters, 9:454 (2014). 
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(AuNPs) for targeted cancer therapy [3, 4].  Gold-silica nanoshells for photothermal therapy are 

also currently in phase 1 clinical trials [3].   

Despite development of an impressive number of creative applications utilizing NPs as 

diagnostic or therapeutic vehicles, the number of NP-based technologies making the leap from 

research lab to clinical trials has remained relatively low [3].  There are a number of reasons that 

can explain this gap to clinical translation [3, 4].  However, the importance of increased 

understanding of the complex interactions between nanomaterials and the biological environment 

is becoming increasingly recognized from both a safety standpoint and from a design efficacy 

point of view.  Improving understanding of the complex interactions between nanomaterials and 

the biological environment undoubtedly serves as an important bridge for taking nanomedicine 

from concept to clinical application.  Increased understanding of nano-bio interactions will 

enable better control of NP behavior, targeting, and properties in biomedical contexts, and will 

ensure greater efficacy and safety.  In this thesis, we investigate the interactions of plasmonic 

metal NPs with biological cells and how such interactions induce changes in the NPs’ optical 

properties on which many of their biomedical applications are based.  The ultimate goal of this 

work is to inform optimized design of plasmonic  metal NPs for biomedical applications.  

By virtue of their size and unique optical properties, metal NPs have enabled the 

development of numerous diagnostic and therapeutic technologies, such as contrast-enhanced 

medical imaging, plasmonic photothermal cancer therapy (PTT), and light-activated 

photothermal release of biomolecules [5-10].  While these technologies are extremely promising, 

their successful clinical adoption requires a clearer understanding of how NPs interact with the 

biological environment in which NPs are introduced.  Already, studies have demonstrated how 

NPs’ physicochemical properties (e.g., size and surface charge) can change when NPs are 
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introduced into biological media and thus impact NP behavior.  For example, proteins in the 

blood or cell culture medium can adsorb onto the NP surface, increasing NP size by as much as a 

factor of two [11, 12], altering the surface charge [11-13], and under different conditions either 

preventing [14, 15] or facilitating [16, 17] interparticle aggregation.  These new surface and 

structural properties can consequently determine which cell types NPs are targeted to [18], the 

extent of cellular uptake [19-23], and where NPs localize within cells [11, 20].  It is therefore 

evident that the property changes experienced by NPs in a biological environment must be well-

understood so that NPs can be engineered to perform as intended in biomedical contexts. 

One NP property whose changes have thus far not been well studied in a biological 

environment is the metal NP optical response.  When optically excited, metal NPs support a 

collective oscillation of surface electrons (termed “plasmon”), which is manifested as a strong 

interaction with light in terms of both absorption and scattering.  The wavelength at which this 

optical response is strongest, termed the localized surface plasmon resonance wavelength, is very 

sensitive to the NP geometry and surrounding environment [24].  Both of these factors can 

change when NPs are internalized by cells, suggesting that the optical properties of NPs may be 

impacted.  Specifically, during receptor-mediated endocytosis of NPs, NPs are sequestered into 

subcellular endosomes and trafficked to late endosomes and lysosomes, where increasing 

numbers of NPs accumulate and possibly agglomerate [25, 26].  Intracellular agglomeration of 

NPs should alter the NP plasmonic spectra because from a fundamental plasmonics viewpoint, 

placing metal NPs in close proximity to each other can result in electromagnetic coupling of their 

plasmons and lead to a shift of the plasmon resonance wavelength to longer wavelengths (“red-

shift”) [27-29].  A red-shift of plasmonic NP spectra following NP agglomeration within cells 

has indeed been noticed in some studies.  For instance, while developing anti-EGFR-conjugated 
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AuNPs as biosensors for measuring intracellular refractive index, Curry et al. observed that the 

scattering peaks for antibody-free AuNPs red-shifted and had a broader distribution than those 

for antibody-conjugated AuNPs following incubation with A431 cells [30].  Because 

transmission electron microscopy (TEM) showed that antibody-free AuNPs were aggregated in 

cells and the antibody-conjugated AuNPs were singular, Curry et al. noted that the aggregation 

of antibody-free AuNPs in cells contributed to a red-shift in spectra [30].  Recently, red-shifting 

in the spectra of gold nanorods (AuNRs) in a pellet of MDA-MB-231 cells has also been 

observed [31].  While these observations have suggested that the optical properties of plasmonic 

NPs can change in a cellular environment, such spectral changes have not yet been quantified or 

systematically studied, making it difficult to assess whether such changes are important to 

consider in the future design of plasmonic NPs for biomedical applications. 

Quantitative knowledge of how the NP spectra and plasmon resonance wavelength 

change in a cellular environment can inform many in vitro and in vivo plasmonic NP-mediated 

applications.  For instance, in PTT, metallic nanostructures are excited at their plasmon 

resonance maximum to cause localized absorption, heating, and destruction of cancer tissue.  The 

NP geometry is designed such that the peak resonance wavelength measured in solution 

coincides with the emission wavelength of the laser used [8, 32].  However, because the 

magnitude of spectral shift resulting from intracellular clustering has not been quantified, it is 

unknown how much of a mismatch with the laser emission wavelength can arise and if it is 

significant to consider.  Researchers have proposed utilizing the intracellular NP agglomeration 

effect so that simple solid spherical AuNPs that are restricted to resonance at visible wavelengths 

can be excited for PTT with infrared wavelengths within the biological transparency window 

after agglomeration in vivo [33-36].  Plasmonic nanostructures are also employed in in vitro 
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studies to study biological processes by using Plasmon Resonance Energy Transfer (PRET) [37].  

The presence of a biomolecule with an absorption peak coinciding with the resonance peak of a 

plasmonic NP probe is detected by a dip in the probe’s plasmon resonance spectrum [37].  Since 

the resonance of the NP probe must match the absorption of the molecule of interest for PRET to 

work, understanding the conditions under which the NP probe resonance may shift upon cellular 

uptake would help ensure accuracy of PRET.  Finally, plasmonic NPs are being explored for 

multiplexing as multicolor labels for molecular imaging [38, 39] or antennas for photonic gene 

circuits [40].  In demonstrating the potential of photonic gene circuits, Lee et al. showed that two 

AuNR antenna populations functionalized with siRNA could differentially release siRNA and 

thus turn gene circuits “off” or “on” upon  excitation with light at one nanorod population’s 

resonance wavelength [40].  However, there was some release of siRNA from the nanorod 

antenna population that was non-resonant at the light wavelength illuminating the cells [40].  

This crosstalk suggests the potential importance of developing methods to fabricate NPs with 

narrower resonances and considering possible spectral changes in a cellular environment when 

designing the plasmon resonance characteristics of NP antennas. 

In this thesis, we develop quantitative and analytical approaches for assessing the spectral 

changes exhibited by plasmonic NPs in cells and understanding how design factors impact these 

changes in order to enable improved design of NPs for medical applications.  In Chapters 2-4, we 

introduce background on the plasmonic properties of metal nanoparticles, darkfield imaging, and 

spectral imaging.  In Chapter 5, we present the development of a darkfield hyperspectral (HS) 

imaging approach for characterizing the spectral changes experienced by NPs in Sk-Br-3 cells.  

In Chapter 6, we apply this approach to determining how PEGylation and cellular serum 

conditions impact the spectral changes achieved by NPs in cellular environments.  Finally, in 
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Chapter 7, we seek to enable NP-cell interactions to be explored with greater clarity by probing 

emerging techniques for differentiating NPs that are internalized by cells from those that are 

simply cell membrane-adsorbed. 
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Chapter 2 

Plasmonic Properties of Metal Nanoparticles 

Metal NPs exhibit many favorable optical properties; for example, their optical signal is 

generally stronger than that of fluorescent molecules, they are photostable, and their optical 

response can be tuned [41].  Irradiation of AuNPs with light (oscillating electromagnetic 

radiation) causes the free electrons of the AuNP to oscillate collectively; this collective 

oscillation of electrons in the NP is termed "plasmon" and is illustrated in Figure 2.1 [41].  For a 

given NP, the plasmon oscillation is strongest when the NP is illuminated at a particular 

frequency of light termed the localized surface plasmon resonance (LSPR) frequency [41]. 

 

Figure 2.1.  An oscillating electric field (incident light) causes a corresponding oscillation of the 
conduction electrons ("plasmon") of AuNPs.  Figure reprinted with permission from [42].  
Copyright 2003 American Chemical Society. 
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Many factors affect the LSPR frequency (or wavelength via the frequency-wavelength 

relationship c=fλ) such as the geometry and dielectric functions of the particle itself and the 

dielectric constant of the local environment of the particle (the medium it is in and if there are 

any other molecules in its vicinity, including adsorbed biomolecules) [41, 43].   

As a result of their plasmon resonance, metallic NPs absorb and scatter light.  As 

explained by Aslan et al., the re-radiation of incident light as a plasmon is manifested in the 

scattering of light [44].  The extinction, absorption, and scattering cross sections (which are 

similar to probabilities) for a simple spherical NP are described by the following equations, 

which are derived from Rayleigh and Mie theory and an analysis of the electrodynamics of a NP 

upon interaction with light [42, 45, 46].  The term m is defined as 𝜀(𝜔)/𝜀𝑚. 

𝐶𝑎𝑏𝑠 =
8𝜋2

𝜆
𝑛𝑚𝑒𝑑𝑎3𝐼𝑚 �

𝑚2 − 1
𝑚2 + 2

� 

𝐶𝑠𝑐𝑎𝑡 =
128𝜋5

3𝜆4
𝑛𝑚𝑒𝑑4 𝑎6 �

𝑚2 − 1
𝑚2 + 2

�
2

 

𝐶𝑒𝑥𝑡 = 𝐶𝑎𝑏𝑠 +  𝐶𝑠𝑐𝑎𝑡 

a:  radius of particle 

𝜀(𝜔):  frequency-dependent complex dielectric function for metal NP of interest 

𝜀𝑚:  dielectric constant of surrounding medium 

The intensity of plasmonic scatter for NPs is defined as: 

𝐼𝑠𝑐𝑎𝑡 =
16𝜋4

𝑟2𝜆4
𝑛𝑚𝑒𝑑4 𝑎6𝐼0 �

𝑚2 − 1
𝑚2 + 2

�
2

cos2 𝜃 

where I0 is the intensity of incident monochromatic light, r is the distance from the particle where 

the scattering is being detected, and θ is the direction of scattering being measured [44].  
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Shifting in the NP LSPR 

The NP geometry and environment can greatly shift the LSPR wavelength, and therefore, 

plasmonic NPs have been used as biosensors and sensors of the refractive index of an 

environment [47, 48].  The LSPR wavelength is shifted to longer wavelengths (red-shifted) as 

the size (and volume) for solid colloidal gold or silver NPs increases [41, 42] Similarly, the 

LSPR wavelength red-shifts as the shell thickness of gold-silica nanoshells is decreased [41].  

Additionally, as the refractive index of the surrounding medium increase, the LSPR wavelength 

also red-shifts [41].  The sensitivity of these shifts range from 70 nm/refractive index unit for 30 

nm gold nanospheres to 363 nm/refractive index unit for metal nanoshells with shell thickness of 

4 nm and total diameter of 80 nm [49]. 

The effect of NP coupling on LSPR wavelength 

Of particular relevance to this thesis is the effect of several NPs being in close proximity 

or aggregating on the LSPR wavelength.  In general, studies have shown that the plasmon 

oscillations of nearby particles will associate and lead to a red-shift of the LSPR [29, 41].  

Sonnichsen found that AuNP dimers formed by two AuNPs linked through biotin, streptavidin, 

and a 33 nucleotide ssDNA resulted in a 23 nm plasmon shift as compared with individual gold 

NPs [50].  Rechberger et al. have explained this plasmon coupling as a dipole-dipole interaction 

between two NPs both with oscillating plasmons which are in close proximity to each other [51]. 

Similarly, Lassiter and colleagues found that gold nanoshell dimers exhibited a weak red-shift of 

the LSPR wavelength when the center to center interparticle distance was 20 nm, but a very 

significant LSPR shift to longer wavelengths when the distance was only about 1 to 1.5 nm and 

the NPs were "touching" [29]. 



 10 

Jain and colleagues devised a universal scaling equation to estimate the plasmon shift for 

NP dimers formed by two NPs a certain distance apart as compared with single NPs [52].  The 

equation ∆𝜆
𝜆0

= 0.18 ∗ 𝑒−𝑠/0.23𝐷  calculates the fractional plasmon red shift for a specific NP 

diameter D and interparticle separation s and shows that shifting of the plasmon resonance to 

longer wavelengths is more pronounced the closer the NPs are to each other [52].  

Researchers have begun to utilize this phenomenon of plasmonic coupling for cellular 

imaging.  For example, Aaron and colleagues labeled SiHa cells with anti-EGFR gold NP 

conjugates, and the clustering of EGFR receptors bound to anti-EGFR gold NPs resulted in a 

change in color from green to orange in darkfield imaging of the cells [53].  Aaron et al. showed 

that there was a roughly 100 nm spectral shift at the cell surface, and this was matched with the 

theoretical calculation of light scattering from a planar assembly of metal NPs [53].  Kumar and 

colleagues also used the close proximity of NPs targeted to actin filaments to image actin within 

live cells [54].  Although these studies sought to apply plasmonic NP coupling for improved 

imaging or quantification of receptor dynamics, these studies suggest that NP aggregation and 

plasmon optical response are relevant in the cellular context. 

In this thesis, our goal is to perform a systematic study to probe agglomeration-associated 

spectral shifting of plasmonic NPs following cellular uptake in order to determine how the 

uptake-associated agglomeration of NPs can be considered in the design of NPs for light-based 

applications.  In the next two chapters, we present the theory behind the technologies that enable 

these studies—darkfield microscopy and HS imaging. 
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Chapter 3 

Darkfield Imaging:  Theory and Principles 

Darkfield microscopy is a suitable technology for imaging metallic NPs because of their 

observable scattering characteristics.  Additionally, scatter-based imaging allows for greater 

sensitivity and long time imaging of cells that can be plagued with photobleaching when using 

fluorescence microscopy [55].  In comparison with conventional brightfield microscopy where 

the image's background is white (bright), and features of a specimen are dark, in darkfield 

microscopy, the background is black (dark), and the features of the sample can have bright colors 

[56].  This phenomenon is made possible by the setup of darkfield microscopy, where light 

illuminates the sample at oblique angles, and only the light that is scattered from the sample is 

collected by the objective lens to form the image.  Light that passes from the condenser through 

the sample without being scattered (undeviated) is still at such an oblique angle that unless the 

objective has a high numerical aperture, these rays will not be collected by the objective lens 

(Figure 3.1A). 



 12 

 

Figure 3.1. Schematic showing A) oblique rays (orange-yellow, solid) produced by the darkfield 
condenser which are at such large angles relative to the normal that they are not captured by the 
objective.  Only when the rays are diffracted or scattered by the sample will they pass through 
the objective and form an image (green, solid lines).  B) When a higher NA objective is used, it 
may collect some of the undeviated oblique rays; the background will therefore not be dark.  
Basic schematic adapted from [56].  

An important consideration for darkfield setups therefore is the numerical aperture (NA) 

of the objective.  If the objective NA is too high, it will accept a wider angle of rays, thus 

including some nondiffracted rays.  When higher magnification is required and higher objectives 

such as the 100x objective are used, there is a potential for the objective NA to be too high 

(higher magnification objectives have shorter working distance and higher NA).  To overcome 

this potential for loss of a dark background through the entrance of undeviated light, certain 100x 

objectives have an iris that allows for adjusting of the numerical aperture of the objective [57]. 

The Need for Oil Immersion 

For higher magnification imaging in darkfield, an oil immersion condenser and 

corresponding immersion objective are necessary.  Given the higher numerical aperture of the 
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immersion condenser (rays are at higher angles with respect to the normal), the rays will be total 

internally reflected at the interface of two different refractive indices, such as that between the 

condenser and the air in the space between the condenser and slide [57].  Specifically, since the 

critical angle for total internal reflection, θc , is equal to sin−1 �nt
ni
�, where nt is the index of 

refraction of the transmitting medium and ni is the initial medium from which the light ray is 

incident, the θc = sin−1 � 1
1.515

� = 41.3° for the condenser lens to air interface.  Any oblique 

angles greater than 41.3 from the normal would be totally reflected internally without leaving the 

condenser.  However, total internal reflection only occurs at interfaces of differing refractive 

index; immersion oil has almost exactly the same refractive index as the condenser lens and 

objective lens, therefore allowing the oblique rays from the condenser to pass undeviated through 

the immersion oil and to the slide where it is scattered by the specimen of interest. 

A number of types of darkfield condensers are available, which are based on different 

geometrical designs within the condenser which produce very oblique rays and stop out the non-

oblique rays.  Lower numerical aperture darkfield condensers can operate without immersion oil, 

but many higher numerical aperture darkfield condensers are designed to require immersion oil.  

Several kinds of high numerical aperture darkfield condensers (numerical aperture ranging from 

1.00 to 1.50) are manufactured which also importantly correct for certain aberrations [57].  

Correcting for spherical or chromatic aberration is of greater importance at higher numerical 

apertures since light will interface with the outermost areas of lenses where aberrations are 

generally greatest [57]. The two most common high numerical aperture darkfield condensers are 

paraboloidal and cardioid darkfield condensers [56, 57]. 
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Whereas the basic Abbe darkfield condenser employs an opaque stop, which simply 

serves to block out central rays from the light source while preserving the outer rays which 

illuminate the sample at oblique angles, the outer rays must pass through the condenser lens near 

the edges where aberrations are greatest [57].  Both the paraboloidal and cardioidal condensers 

still have opaque stops that convert a full source of light into a hollow cone of light.  For 

paraboloidal condensers, this hollow cone of light reflects off a paraboloid-shaped glass surface, 

and chromatic aberration is reduced [56, 57].  In cardioid condensers, the hollow cone of light 

reflects first off of a convex spherical mirror and then off of a cardioid-shaped mirror before 

exiting the condenser at oblique rays which have both reduced chromatic and spherical 

aberration [56, 57]. 

 

Figure 3.2.  A) Paraboloid condenser B) cardioid condenser.  Images reprinted with permission 
from [56].  Copyright 2001 John Wiley Sons, Inc. 

Important factors to consider 

To note, since darkfield imaging is generally a widefield technique that does not include 

sectioning, scattering of particulates from planes above and below the focal plane may contribute 

to the final image; therefore, it is important that specimens or slides are not too thick [57].  

Moreover, while the basic concepts behind Rayleigh (d = 0.61 λ/NA) and Sparrow (d = 0.47 

λ/NA) criteria for defining brightfield image resolution apply to darkfield images, darkfield is 

  
  

A B 
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especially capable of detecting even NPs below the resolution calculated for a certain objective 

(NPs as small as 30 nm can be detected) as long as they are well-enough separated from each 

other [57-59].  Individual NPs that are well-separated from one another, even though smaller in 

size than the diffraction limit, will appear as individual bright spots in darkfield images; however, 

due to the diffraction limit, which is decided by the objective aperture, the spots still appear no 

smaller than the diffraction limit [56, 60].  The ability to resolve two NPs laterally is still 

governed by the Rayleigh resolution based on the wavelength of incident light and numerical 

aperture of the objective [56].  According to Murphy, the condenser aperture is important in 

defining the resolution, and this applies to the darkfield setup as well [56].  Opening the 

condenser aperture ensures the full numerical aperture of the condenser is used [56]. 

Additionally, Kohler illumination needs to be first set up for darkfield imaging just as for 

other microscopy methods by first using a brightfield condenser to ensure a Kohler illumination 

setup [61].  The two major steps in this Kohler illumination setup are to center the light filament 

at the front focal plane of the condenser (this results in the even illumination) and to make sure 

the light filament is focused at the front focal plane of the condenser by adjusting the height of 

the condenser [56, 62].  By adjusting the height of the condenser such that the edges of the field 

diaphragm stop are in focus, this ensures that the light illumination and object planes are in 

proper alignment, therefore assuring optimal imaging [56, 62].   

To improve the signal to noise and detection achievable by darkfield microscopy, an 

illumination adapter configured for precise illumination alignment was developed in 2005 and 

commercially marketed as the CytoViva microscope system.  In the next section, we describe in 

more detail the information available describing the CytoViva's unique optical imaging setup 

based on information from its patents. 
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High Resolution Optics of the CytoViva High Resolution Adaptor (Condenser) 

The CytoViva imaging system allow for imaging of both unstained and fluorescent 

features simultaneously with a darkfield-based set up.  The CytoViva optical setup is made up of 

a light source, power source, liquid light guide, cardioid annular condenser-based adapter (this 

CytoViva High Resolution Adapter attaches to an ordinary microscope in place of the 

conventional condenser), and filters [63].  The optical design of the CytoViva High Resolution 

Adapter involves a preset optimized illumination pathway that allows for higher resolution 

(stated to have the capability of achieving resolution "lower than 120 nm" and "detection below 

50 nm") [64, 65].  

While much of the detailed optical setup is proprietary, according to a U.S. Patent [65] 

for the technology behind the CytoViva High Resolution Adapter system, three of its defining 

features are: 

• Kohler illumination and one component of critical illumination for high contrast 
[65] 

The CytoViva High Resolution Adapter is prefabricated such that there is "near perfect 

optical alignment" containing Kohler illumination.  As shown below, the light source is guided 

into the optical train with a liquid light guide and then passes through a series of lenses and 

mirrors which allow for the light to be focused at the condenser aperture for properly aligned 

illumination.  The CytoViva patent asserts that because circular illumination is achieved with 

omni-directional symmetry, this fixed illumination setup provides for better contrast and 

resolution than the standard darkfield setup  [65]. 
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Figure 3.3.  Diagram of CytoViva High Resolution Adapter optical layout where light is passed 
through a light guide and collimating lens, which focus the light at the aperture of the darkfield 
condenser [65]. 

 
Figure 3.4.  Detailed diagram of CytoViva High Resolution Adapter optical layout taken from 
CytoViva patent US 7,564,623 B2 which shows how light rays originating from the light guide 
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(34'')  are focused through collimating lenses (50'' and 52''), a beam director (16'') and flat mirror 
(56'') to precisely focus the light at the annular entrance slit or aperture of the condenser (14'') for 
Kohler illumination [66]. 

• Enhanced light management through adapter between light source and condenser 
[65] 

Another aspect of the CytoViva High Resolution Adapter is the adapter which couples 

the light guide to the condenser.  Through the use of optical fibers in the adapter, a parallel light 

beam is converted into cylindrical light beams, and the patent states that the quality of 

illumination is increased while reducing the light power needed by 80-87% [65].  

• High aperture Cardioid annular condenser for high resolution [65] 

To obtain higher resolution than that of usual optical systems, the CytoViva system uses 

a cardioid annular condenser.  In their initial paper reporting "Resolution of 90 nm in an optical 

transmission microscope with an annular condenser" as well as their patent issued by the U.S. 

Patent Office, Vodyanoy and colleagues explain the increased resolution based on diffraction 

theory [64, 65]. 

First, the light amplitude, defined by 𝑈1(𝑥1,𝑦1) of the formed image is a function of the 

light amplitude in the original object plane 𝑈0(𝑥0,𝑦0) and the point spread function P(x,y): 

𝑈1(𝑥1,𝑦1) = � � 𝑈0(𝑥0,𝑦0)
∞

−∞

∞

−∞
𝑃(𝑥1 − 𝑥0,𝑦1 − 𝑦0)𝑑𝑥0𝑑𝑦0 

From this principle and a consideration of the numerical apertures of the condenser and 

objective, the image of an opaque circular disk is derived as [64, 65]: 

𝑈𝑑(𝜌1) = 𝑈 − 𝑈1(𝜌1) 

U represents the light amplitude without an object, and 𝑈1(𝜌1) is the image of a circular 

hole in an opaque screen, which is derived to be: 
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𝑈1(𝜌1) =  
𝑘0𝑁𝑟
𝑎
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where 𝜌1  is the radius in the image plane, the J terms are Bessel functions, α is the 

entrance pupil radius of the objective, N is the numerical aperture of the objective, and k0 = 2π/λ0 

(0 denotes in vacuum) [64, 65]. 

When the numerical aperture of the objective lens is smaller than that of the condenser 

(in the derivation by Vodyanoy et al, this is the case when N<1.2), darkfield illumination takes 

place, and the calculations reflect this regime [64, 65]. 

Considering Mie's theory for diffraction of a conducting sphere at the entrance aperture 

and the equation for point spread function in the darkfield regime, the light amplitude of the 

image in darkfield can be obtained [64, 65] as follows.  The point spread function is affected by 

the light distribution in the entrance aperture, which is defined by u(θ): 

𝑃𝑑𝑎𝑟𝑘𝑓𝑖𝑒𝑙𝑑(𝜌1) =  � 𝑢(𝜃)𝐽0 �
𝑘0𝑁𝜌1𝜌

𝑎
� 𝜌

𝑎

0
𝑑𝜌 

The point spread function then contributes to the light amplitude of the image in 

darkfield: 

𝑈1,𝑑𝑎𝑟𝑘𝑓𝑖𝑒𝑙𝑑(𝜌1) = � 𝑃𝑑𝑎𝑟𝑘𝑓𝑖𝑒𝑙𝑑
𝑜𝑏𝑗𝑒𝑐𝑡

(𝜌1 − 𝜌0)𝑑𝑥0𝑑𝑦0 

When using the annular cardioid condenser that the CytoViva is now based on, 

Vodyanoy experimentally validated this diffraction theory-based theoretical calculation to 

confirm the increased resolution of the system [64, 65].  For bright field use of the cardioid 

condenser, a resolution down to a 165 nm radius for the Airy disk was achieved, and for 

darkfield, radii that were about 1.1 and 1.15 smaller than those predicted by Rayleigh's criterion 
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were produced [65].  Collection of spectral information from the imaged samples can be 

achieved through spectral imaging as described in the next chapter. 
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Chapter 4 

Spectral Imaging: Theory and Principles 

The ability to measure spectra from specific NP agglomerates within cells is central to 

this thesis.  Although coupling a darkfield microscope with a spectrometer or polychromator 

spectrograph to obtain spectral information is the most obvious way for obtaining spectral 

information of plasmonic NPs, there are several disadvantages of this approach when it is 

important to obtain real-time, contextual information.  As explained by Liu et al., the entrance 

slit width of the polychromator spectrograph needs to be relatively small to prevent background 

noise from contributing to the spectra of the area of interest, but this means that a very small area 

of the field of view can be captured at once [67].  A tedious process of locating a specific NP or 

NPs of interest in the entrance slit is necessary, which takes considerable time and requires 

moving the stage, a process that may introduce artifacts [67]. 

Multispectral imaging is one solution, which allows for spectral information at multiple 

wavelengths to be captured.  One method for multispectral imaging of nanoplasmonic NPs uses a 
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monochromator to convert a white light source into incident light of a single wavelength [67].  

This monochromatic light passes through the darkfield condenser to illuminate the sample 

containing nanoplasmonic particles at oblique angles.  Scattering from the NPs is captured by the 

objective lens and then the intensity at each pixel location of the sample is measured using an 

intensity imaging camera.  A synchronized process of changing the wavelength of light incident 

on the sample and simultaneously capturing the intensity image at this wavelength results in a 

series of images each with the relative scattering intensity information for the sample at all 

locations for a specific wavelength of light.  Subtracting out the light output spectrum and 

combining the intensity information at each wavelength for a specific NP produces its scattering 

intensity graph [67].  Alternatively, instead of changing the wavelength of excitation using the 

monochromater, a filter wheel located in front of the CCD camera can be used to select specific 

wavelengths of intensity to be analyzed [68].  

Another approach is through the use of HS imaging, which employs a tunable filter in 

front of a CCD camera [69].  Two common types of filter used are the acousto-optic tunable 

filter (AOTF) and liquid crystal tunable filter (LCTF), which allow for quickly changing 

wavelengths [68].  Typically, the entire field of view is captured for a certain wavelength for the 

first image [68].  Then, the tunable filter is modulated so as to act as a narrow band pass filter at 

a different wavelength; therefore the second image contains the spectral information at this 

second wavelength for the entire field of view.  By combining all of these images, a spectral 

cube is produced, with the spatial (X and Y) and spectral information as the axes [68].    
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Figure 4.1.  A tunable filter allows for quick changing between capture wavelengths.  A spectral 
data cube is produced with each image as a spatial representation of the sample at a specific 
wavelength.  Figure adapted from [68]. 

Certain HS imaging systems may also use a pushbroom method, where the sample is 

precisely moved across a line window with a computer-controlled stage [70].  In this approach, 

light from the sample is collected through a line window, and an imaging spectrograph separates 

the light into its wavelength components to output an X-λ snapshot.  The full sample is able to be 

imaged by moving the stage incrementally in the Y direction, allowing for full spectra at each Y 

position to continue to be collected through the line window onto a 2D array detector.  By 

combining the X-λ snapshots across all Y positions with time, a 3D spectral data cube is formed 

with full spectral information at each X and Y location in the field of view. 
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The spectral resolution of spectral imaging systems is largely dependent on the basis of 

their operation.  This ability to distinguish between two wavelengths depends on the combination 

of the grating type, angles used, geometry of the entrance and exit slits, extent of aberrations, and 

the magnification used [71].  In order to measure the resolution of a system, one method is to 

perform a convolution of the image at the entrance and exit slits.  Meanwhile, the resolving 

power of the spectrometer grating is defined as: 

𝑅 =
λ
∆λ

 

where ∆λ is the limit of resolution and λ is the average wavelength. 

For HS imaging systems, spectral resolution is determined by the physics of the tunable 

filters which select each wavelength [68].  The tunable filter acts to provide a narrow bandpass 

for imaging and sequence through these different narrow bandpasses; therefore, the spectral 

resolution is determined by how narrow these bandpass filters are [68].   For the AOTF, the 

bandpass has been reported to be 2.5 nm for some applications [68].  The temporal resolution of 

this process is also governed by the tunable filter in that there is a limit to how quickly the filter 

can switch between wavelengths.  For an AOTF, a RF acoustic wave can be switched within 50 

μs, therefore allowing for the narrow bandpass that determines the wavelength analyzed  to also 

change at such time scale [68].  

Specifically for the CytoViva Hyperspectral Imaging System, the spectral bandpass is 

1.25 nm, the spectral resolution is 1.29 nm, and the frame rate is 12 frames per second.  The 

digital resolution of the camera used is 12 bit [70].  As part of its mechanism for HS imaging, the 

CytoViva uses a motorized stage, which has minimum step size of 10 nm [70]. 
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Data and image analysis methods 

To analyze spectral data collected via HS imaging, sophisticated data processing software 

have been designed.  One example is the ENVI software used by the CytoViva system, which 

allows for definition of specific regions of interest and plotting of the spectra at those locations 

(to the pixel level) by combining the data from the spectral data cube that was collected 

experimentally [70].  Software such as the ENVI often has the ability to also spectrally match a 

feature of interest with the data collected for a sample, therefore providing for determining if a 

feature of interest is present [70].  In the next chapter, we describe our efforts to establish 

experimental, imaging, and spectral analysis methods to study changes in the optical spectra of 

plasmonic NPs upon cellular uptake. 
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Chapter 5 

Quantifying Spectral Changes Experienced by 
Plasmonic Nanoparticles in a Cellular 

Environment to Inform Biomedical Nanoparticle 
Designb 

5.1. Introduction 

In this chapter, we report a systematic hyperspectral (HS) imaging and analysis approach 

for investigating and quantifying changes in the spectra of metal NPs in situ following their 

introduction to a cellular environment in order to inform optimized design of NPs for plasmonic 

NP-mediated biomedical applications.  Using darkfield HS imaging, we measure optical spectra 

of NP clusters (NPCs) on the cell level and intracellular NPC level, and we quantify how the 

                                                 
 

b  Adapted from Chen AL, Hu YS, Jackson MA, Lin AY, Young JK, Langsner RJ, Drezek RA, 
“Quantifying Spectral Changes Experienced by Plasmonic Nanoparticles in a Cellular Environment to Inform 
Biomedical Nanoparticle Design,” Nanoscale Research Letters, 9:454 (2014). 
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spectra’s peak wavelength changes with time and NP exposure dose.  We also characterize 

spectral broadening since its magnitude will impact the range of illumination wavelengths that 

can be used to excite NPs in a cellular environment as well as the ability for NPs to be 

multiplexed without spectral overlap.  We find that the spectral shift is both time and dose-

dependent, accruing a maximum shift of 78.6 ± 23.5 nm between 2 h and 24 h of NP incubation 

with cells, and that spectra broaden significantly after 24 h, reaching a width of about 105 nm at 

95% of the spectrum’s maximum intensity.  The quantitative analysis and characterization of 

how the NPs’ spectral peak wavelength and spectral broadness change upon interaction with 

cells will help guide NP design for maximal efficacy and safety in biological environments. 

5.2. Materials and Methods 

HS imaging of AuNPs in varying refractive indices.  Glass slides were cleaned using 

Piranha acid (7:3 mixture of sulfuric acid to hydrogen peroxide.  Caution:  very strong acid and 

oxidizer!) for 15 min followed by ethanol and DI water rinses.  Slides were then immersed in 

10% (3-mercaptopropyl)trimethoxysilane (MPTMS) in ethanol for at least 4 h, rinsed with 

ethanol, and dried with N2 gas.  MPTMS-functionalized slides were baked at 80°C for 30 min to 

strengthen the glass-silane bond and kept in ethanol until use.  A uniform submonolayer of NPs 

was immobilized on the slides by immersing slides in 20 mL of 1.12 x 109 NP/mL 100 nm 

citrate-stabilized spherical AuNPs (Ted Pella) for 90 min on an orbital shaker, rinsing with 

ethanol and ultrapure water (milliQ, Millipore), and drying with N2 gas.  HS images were 

collected for the same NP substrate with air (n=1.00), water (n=1.33), or glycerol (n=1.47) 

present between the top of the substrate and the cover slip.  The same field of view (defined by 



 28 
 

the coordinates of a motorized stage) was observed under each condition, and the substrate was 

rinsed with milliQ and dried with a gentle stream of N2 gas before each switch into another 

refractive index medium. 

Mie calculations.  Mie calculations were performed using a MATLAB code adapted for 

light scattering from concentric spheres.  Extinction, scattering and absorption coefficients were 

calculated based on Mie scattering coefficients.  Plane-wave illumination was assumed to obtain 

the Mie coefficients.  This assumption is justified by our use of sub-diffraction-limit-sized 

AuNPs and the fact that they were located far from the illuminating objective compared to the 

wavelength of visible light.  Gold properties were adapted from Johnson and Christy [72].  

Characterizing spectral shift of NPs from water to CPRFM.  To assess initial changes 

to the NP spectra upon incubation in complete phenol red-free cell culture media (CPRFM) prior 

to cellular uptake, extinction spectra of NPs before and after transfer to CPRFM was measured 

with an Agilent Cary 60 UV-vis spectrophotometer.  CPRFM consisted of phenol red-free 

McCoy's 5A media (HyClone) containing 10% v/v human off-the-clot type AB serum (PAA 

Laboratories) and 1% penicillin-streptomycin (Sigma-Aldrich).  Citrate-stabilized spherical 

AuNPs (100 nm, Ted Pella) were centrifuged, redispersed in CPRFM, and incubated at 37°C and 

5% CO2 in a cell culture incubator.  NPs in water (negative control) and CPRFM alone were also 

kept under same conditions.  All spectra were collected with water as the baseline.  Spectra for 

CPRFM alone were measured at each time point and subtracted from the corresponding spectra 

of NPs incubated in CPRFM. 

Measuring optical spectra for NPs introduced to cellular environment.  Sk-Br-3 cells 

(American Type Culture Collection) were cultured in McCoy’s 5A media supplemented with 
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10% v/v human off-the-clot type AB serum and 1% penicillin-streptomycin and maintained at 

37°C in a 5% CO2 incubator.  Sk-Br-3 cells were plated on LabTek II CC2 4-well chamber slides 

at a density of 100,000 cells/well and grown to 70% confluence.  After 24 h, culture media was 

removed and cells were incubated with AuNPs in CPRFM for 2, 5, 10, or 24 h in an incubator at 

37°C and 5% CO2.  AuNPs in CPRFM were prepared by centrifuging citrate-stabilized AuNPs 

(100 nm, Ted Pella) at 2000 g for 20 min, redispersing in CPRFM, sonicating, passing through a 

0.22 µm polyethersulfone (PES) sterile filter (Millipore), and diluting in CPRFM to final 

concentrations of 12, 24, 48, or 96 μg/mL.  Following incubation, cells were rinsed 3x with 1X 

Dulbecco's phosphate buffered saline without magnesium and calcium (PBS, Invitrogen), fixed 

using 4% formaldehyde (15 min, BD Biosciences), and rinsed again 2x with PBS.  Chamber 

slides with cells and internalized NPs were then wetted with PBS, covered with a coverslip, 

sealed with nailpolish, and viewed under an Olympus BX-41 upright microscope coupled with a 

CytoViva high-resolution illuminator at 40x magnification (Plan Fluorite, NA=0.75, Olympus). 

Spectral data across the sample field of view were collected using the Hyperspectral 

Imaging System connected to the CytoViva microscope.  Samples were illuminated with a quartz 

halogen lamp with aluminum reflector (400 – 1000 nm) and spectral data cubes were obtained by 

automated movement of the sample using a X-Y motorized stage (Prior) across a transmission 

diffraction grating spectrograph with 2.8 nm resolution (Specim).  Darkfield HS images were 

taken at the slide plane as well as 5 μm above the slide plane (controlled by a Prior motorized z 

focus drive with 0.002 μm minimum step size; see pgs. 66 and 67 for more details).  HS images 

were analyzed using the instrument's ENVI software (ITT Visual Information Solutions).  Cell 

ROIs were defined by tracing the outline of cells with the polygon ROI tool.  In order to 

objectively define ROIs without bias toward cells that appeared to have greater uptake of NPs, 
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all cells in each HS image were identified as long as the cell boundaries could be unambiguously 

identified.  NPC ROIs were defined by selecting 12-pixel ellipse-shaped ROIs encompassing the 

image pixels for NPCs (see pg. 68 for details).  Spectral data averaged across the pixels of each 

ROI was extracted by the ENVI software.  The spectral data was calibrated for variations in lamp 

intensity by dividing by the normalized lamp spectrum. 

Peak wavelength determination.  Spectral peak wavelengths were objectively 

determined using the peak analyzer function of OriginPro 8.6 Data Analysis and Graphing 

Software (OriginLab).  Savitzky-Golay smoothing with a window size of 50 was first performed 

on spectral data followed with peak finding using a local maximum method with 2 local points.  

Calculated peak wavelengths were then manually checked against the plotted spectra to confirm 

accuracy.  When spectra contained multiple peaks, the peak with higher intensity was analyzed. 

Since peak wavelength could not be accurately identified in spectra that were dominated 

by cell scattering and had insufficient NP plasmonic spectra contributions, we excluded these 

spectra in our analysis.  To objectively classify which spectra lacked sufficient signal for 

analysis, we inspected the spectra’s normalized intensity at 500 nm.  Spectra that had a 

normalized intensity at 500 nm of 0.95 or higher were deemed cell scattering-dominated and thus 

not included in analysis. 

Peak broadening measurement.  A custom program was created in MATLAB to 

smooth and calculate the peak broadening of the spectra.  Spectral data was first smoothed using 

a Savitzky-Golay algorithm (chosen to maximally preserve the spectral shape and intensity) of 

degree two.  All points in the smoothed spectrum were then shifted downward by a constant 

value equivalent to 95% of the spectrum’s maximum intensity.  The smoothed and shifted 
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spectrum’s two points of zero crossing represented the span of the spectrum at 95% of the 

spectrum’s maximum intensity.  The width of the spectrum at 95% of the maximum intensity 

was then calculated by taking the difference of the two points of zero crossing. 

Evaluating cell viability.  Cell viability after incubation with NPs was evaluated by 

performing a Live/Dead viability assay (Life Technologies).  Following NP exposure, cells were 

rinsed 3x with PBS, incubated with Live/Dead reagent for 15 min at room temperature, and 

imaged at 20x magnification with a Zeiss Axio Observer.A1m inverted fluorescence microscope.  

Live cells and dead cells were visualized using filters with the following excitation and emission 

specifications: Ex 480 ± 20 nm / Em 535 ± 25 and Ex 560 ± 27.5 nm / Em 645 ± 37.5 nm 

(Chroma), respectively.  Numbers of live and dead cells were counted using ImageJ (National 

Institutes of Health).  Cell viability was determined as # live cells / # total cells x 100%. 

Cellular TEM.  Following incubation with NPs, cells were rinsed 3x with 1X PBS, fixed 

with 2.5% formaldehyde / 2.5% glutaraldehyde in 0.1 M sodium cacodylate buffer (Electron 

Microscopy Sciences) at room temperature, and kept at 4°C overnight.   After fixation, the 

samples were washed in 0.1 M cacodylate buffer and treated with 0.1% Millipore-filtered 

buffered tannic acid, postfixed with 1% buffered osmium tetroxide for 30 min, and stained en 

bloc with 1% Millipore-filtered uranyl acetate.  The samples were washed several times in water, 

then dehydrated in increasing concentrations of ethanol, infiltrated, and embedded in Spurr's low 

viscosity medium.  The samples were polymerized in a 60°C oven for 2 days.  Ultrathin sections 

were cut in a Leica Ultracut microtome, stained with uranyl acetate and lead citrate in a Leica 

EM Stainer, and examined in a JEM 1010 transmission electron microscope (JEOL, USA, Inc.) 
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at an accelerating voltage of 80 kV.  Digital images were obtained using AMT Imaging System 

(Advanced Microscopy Techniques Corp). 

Electric field simulation.  The electric field was calculated using the RF module in 

COMSOL Multiphysics.  The simulation geometry consisted of a spherical far-field scattering 

domain with a radius of 500 nm, a perfectly matched layer of 350 nm thickness, and clusters of 

AuNPs whose center coordinates are supplied in Supplementary Table 5.2.  Gold properties were 

adapted from Johnson and Christy [72].  The refractive index of water was set to 1.33.  The 

scattered field was calculated with a background electric field linearly polarized in the x direction 

and propagating in the z direction.  The definition of the E-field with respect to the AuNP cluster 

geometry is shown in Supplementary Figure 5.11.  Direct solvers were used for the simulation.  

Computation was performed by a workstation equipped with dual 6-core Intel Xeon X5690 

3.46GHz processors and 144 GB of RAM.  The E-field was visualized in the middle cross 

section (xy plane) of the cluster.  

Statistical analysis.  In comparisons of spectral peak wavelengths or spectral widths 

among different NP exposure times and doses, statistical significance was evaluated by 

performing one-factor analysis of variance (ANOVA) followed by a post-hoc Tukey’s HSD test 

for multiple comparisons.  P-values less than 0.01 were considered statistically significant. 

5.3. Results and Discussion 

For this study, we chose 100 nm spherical AuNPs as our model plasmonic NP because 

their plasmonic spectra are well characterized, they have a large scattering cross section, and 

plasmonic nanostructure-based biomedical applications commonly utilize NPs in this size regime 
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[5, 73, 74].  In addition, the extinction and scattering spectral profiles of 100 nm AuNPs are  

similar (Supplementary Figure 5.1), enabling comparison between darkfield HS imaging 

scattering spectra and UV-vis spectroscopy extinction spectra.  We employed darkfield HS 

imaging to measure NPC spectra in a cellular context since it allows for spectral image cubes to 

be captured in which full reflectance spectra can be extracted from each pixel of the image.  

Darkfield HS imaging has been previously utilized successfully with antibody-conjugated NP 

probes to answer fundamental biological questions such as the density and spatial distribution of 

cell surface receptors [30, 53, 75-79].  

Darkfield HS Imaging Measures Spectral Data Across Sample with Sensitivity to 

Spectral Changes.  Before quantifying changes to NP spectra in a cellular environment, we first 

verified that accurate spectra could be obtained and spectral shifts could be detected with 

sufficient sensitivity using a commercial CytoViva HS Imaging System.  A dilute solution of 100 

nm spherical AuNPs was immobilized onto a glass slide and imaged using the CytoViva HS 

Imaging System.  The same field of view of the AuNP substrate was imaged in air (n=1.00), 

water (n=1.33), and glycerol (n=1.47) for validation across a range of refractive indices (RIs), 

including those found within a cell (n=~1.35-1.38) [80, 81].  In air, water, and glycerol, the NPs 

scattered light with a green, yellow, and yellow-orange color, respectively (Figure 5.1A).  This 

was expected since the NP plasmon resonance is dependent on the RI of its local  environment 

[24].  Figure 5.1B shows the measured scattering spectra of a NP selected from the HS image in 

air, water, and glycerol, illustrating the shift in the plasmon resonance to longer wavelengths 

with an increase in the RI of the surrounding medium.  This shift agrees well with that predicted 

by Mie scattering theory for NPs well-dispersed in a homogeneous dielectric environment 

(Figure 5.1C).  We further validated our system by analyzing the scattering spectrum collected 
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from HS images of cells without NPs.  The spectrum agreed with the characteristic scattering 

response of cells, which monotonically decreases with longer wavelengths of light (Figure 5.2).  

Together, these results suggest that the CytoViva HS Imaging System can be utilized in this 

study to obtain accurate cell spectra and plasmonic NP spectra with enough sensitivity to detect 

even shifts due to changes of RI. 

 

Figure 5.1.  Darkfield hyperspectral (HS) data of AuNPs in various refractive index media to 
confirm spectral sensitivity.  (A) HS images (taken at 40x magnification) of 100 nm AuNPs 
immobilized on a glass slide and imaged in air (n=1.00), water (n=1.33), or glycerol (n=1.47), 
respectively.  Inset shows a selected NP (or NP cluster) at higher magnification.  (B) Scattering 
spectra extracted from HS image for a specific NP or NP cluster indicated by a dotted rectangle 
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in part A.  (C) Theoretical scattering spectra calculated based on Mie scattering theory code for 
100 nm AuNPs in a homogeneous dielectric environment. 

 

Figure 5.2.  Darkfield HS image and spectrum of Sk-Br-3 cells alone agrees with characteristic 
cell scattering spectra.  (A) HS image of Sk-Br-3 cells alone.  (B) Normalized scattering 
spectrum of representative cell from part A.  Inset shows the cell region of interest (ROI) over 
which the spectrum was collected. 
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Characterizing Spectral Shift in Media Prior to Cell Uptake.  In order to quantify the 

changes in NP spectra that occur when NPs are introduced to a cellular environment, we 

transferred citrate-stabilized 100 nm AuNPs into complete cell culture media and incubated them 

with cells.  When NPs are transferred to complete cell culture media, a protein corona can form 

on their surface, and they may agglomerate; thus, even before cellular uptake, it is possible for 

there to be some shift in the NP spectra.  We characterized the shift in NP spectra due to the 

transfer of NPs to cell culture media before cellular uptake by using UV-vis extinction 

spectroscopy (Figure 5.3A, B).   The AuNPs originally had a resonance peak wavelength of 569 

nm in water.  After transferring the NPs into complete phenol red-free cell culture media 

containing 10% human serum (CPRFM), the spectra red-shifted 5 nm to a peak wavelength of 

574 nm.  Even after 24 h of incubation in CPRFM, NP spectra cumulatively shifted no more than 

6 nm to a peak wavelength of 575 nm (Figure 5.3A and Figure 5.3B, and Supplementary Figure 

5.2).  These values agree well with previous reports of a 4-6 nm shift by 10-80 nm AuNPs after 

24 h in cell culture media [82, 83] and represent the shift in NP spectra possible before cellular 

uptake. 

  



 37 
 

 

Figure 5.3.  Optical spectra for AuNPs before and after introduction to cellular environment. (A) 
Schematic illustrating that transfer of NPs from water to complete phenol red-free cell culture 
medium (CPRFM) results in protein corona formation and possible spectral shift prior to cellular 
uptake.  (B) UV-vis extinction spectra of NPs before transfer to CPRFM, immediately after 
transfer to CPRFM, and after 24 h of incubation in CPRFM, showing minimal spectral shift in 
CPRFM prior to cellular uptake.  (C) Representative darkfield HS image of Sk-Br-3 cells 
exposed to 24 μg/mL AuNPs for 24 h and (D) corresponding spectra extracted from the 10 
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representative cell ROIs denoted in part C.  (E) Darkfield HS image of part C’s cell ROI 2 with 
10 representative ROIs drawn around NP clusters (NPCs).  (F) Optical scattering spectra 
measured from the 10 NPC ROIs defined in part E.  Number labels above spectra in D and F 
indicate range (minimum and maximum) of peak wavelengths.  For clarity, only 10 
representative ROIs are shown in parts C and E. 

Quantifying Shift in Spectral Peak Wavelength of NPs Upon Introduction to 

Cellular Environment.  To quantify changes in the optical spectra of AuNPs following cellular 

uptake, we exposed human breast adenocarcinoma Sk-Br-3 cells to NPs in CPRFM.  We chose 

to use the Sk-Br-3 cell line because it is commonly used in studies to demonstrate PTT [8, 32].  

After incubation with NPs for up to 24 h, cells were rinsed thoroughly, fixed, and characterized 

by darkfield HS imaging.   We measured the optical spectra from HS images by defining regions 

of interest (ROIs) around either individual cells (“cell ROI”) or around each NPC within the cells 

(“NPC ROI”).   Figure 5.3C and Figure 5.3E show representative HS images that illustrate how 

cell ROIs and NPC ROIs within those cell ROIs were defined. Spectra integrated across 

representative ROIs are shown in Figure 5.3D and Figure 5.3F.  At this exposure dose and time, 

both cell ROI and NPC ROI spectra showed red-shifting with respect to the original NP spectra 

in water or CPRFM that was greater than could be explained by simply the minor difference in 

RI of water (n=1.33) and the surrounding fluid within cells (n=1.35~1.38) [80, 81] (Figure 5.3B, 

Figure 5.3D, Figure 5.3F; Figure 5.1B). 

Using the cell and NPC ROI analysis approaches, we systematically quantified the 

spectral changes experienced by NPs in a cellular environment as a function of NP exposure 

duration and dose — two important parameters in administering NPs for biomedical applications.  

HS images were taken after cells were exposed to 12, 24, 48, or 96 μg/mL of NPs in CPRFM for 

2, 5, 10, or 24 h to study the extent to which spectra change and how they change as a function of 
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exposure duration and dose.  These NP exposure doses were chosen based on the doses 

previously utilized in in vitro and in vivo plasmonic NP-based biomedical studies [73, 84] and 

the NP uptake capacity of cells on a NPs-per-cell basis [26, 34, 85, 86].  

Spectral analysis based on cell ROIs showed that spectra red-shifted with increasing 

exposure time and NP exposure dose (Figure 5.4).  Figure 5.5 shows representative HS images, 

corresponding spectra, and cellular TEM images to illustrate the progression of changes 

observed in HS images, spectra, and cellular TEM images after 2, 5, 10, and 24 h of NP exposure 

at the 24 μg/mL dose.  Initially after only 2 h of NP exposure, few NPs were observed to be 

associated with cells in HS images (Figure 5.5A).  Cellular TEM images indeed confirmed the 

presence of only 0 or 1 NP on the cell surface or interior of cell slices at t=2 h (Figure 5.5A).  

Spectra extracted from cell ROIs in the HS images showed monotonically decreasing optical 

spectra, suggesting that cell scattering dominated over the signal from the few NPs internalized 

by cells at this early time point (Figure 5.5A).  Interestingly, at this early time point, spectra for 

the other low exposure doses (12 μg/mL, 48 μg/mL) were also dominated by cell scattering.  

Only the highest exposure dose (96 μg/mL) of NPs resulted in high enough NP uptake at 2 h to 

provide enough NP signal in the spectra and enable the spectral peak wavelength to be 

determined (Figure 5.4).  
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Figure 5.4.  Peak wavelengths for cell ROI spectra following NP exposure at various doses and 
durations.  Cells were exposed to 12 μg/mL, 24 μg/mL, 48 μg/mL, or 96 μg/mL AuNPs for 2, 5, 
10, or 24 h.  Peak wavelength increased (spectra red-shifted) with increasing NP exposure time 
and dose.  To note, at 2 h, only cells exposed to the 96 μg/mL dose of AuNPs exhibited sufficient 
NP signal so that a peak wavelength could be determined.  At all lower exposure doses (12, 24, 
48 μg/mL) at 2 h, the measured spectra was dominated by cell scattering so peak wavelengths 
could not be calculated and are not shown.  Error bars represent the standard error of the mean.  
Spectra were measured from 63 to 125 cells in each condition, but only spectra with sufficient 
NP signal were included in the analysis (see Methods and pg. 69 for details).  ** p<0.01.  Color 
of the horizontal line underneath the ** symbol indicates the exposure dose for which the 
comparison is made. 
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Figure 5.5.  Representative HS images, corresponding spectra, and TEM images through time 
following NP introduction to cells.  Cells were exposed to NPs at a dose of 24 μg/mL for (A) 2 h, 
(B) 5 h, (C) 10 h, and (D) 24 h incubation.  The continual increase in NP cluster size within cells 
with increased exposure time seen in cellular TEM images, suggests that intracellular 
agglomeration of NPs contributes to the measured spectral shifts.  Spectra are normalized to 1 for 
ease of comparison.  HS images were taken at 5 μm above the slide plane to capture spectral 
contributions from intracellular NPs (see Methods and Supplementary Figure 5.8). 
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After 5 h of exposure to NPs, a greater presence of NPs was observed in association with 

some cells (Figure 5.5B).  Cellular TEM showed there were more NP-containing vesicles in cells 

at this time than at t=2 h; however, each vesicle in the cell slice only contained 1 to 3 NPs and 

most commonly only contained 1 NP (Figure 5.5B and Supplementary Figure 5.3B.  Note: 

Number of NPs in vesicles from cell slices does not represent the total number of NPs in 3D 

vesicles, but are provided to help in following relative trends).  Spectra extracted from cell ROIs 

in the HS images taken at this time point were either still dominated by cell scattering or showed 

a peak wavelength of 568.5 ± 7.7 nm.  After 10 h of NP exposure (Figure 5.5C), HS images 

showed that the majority of cells contained a large number of NPCs.  Spectra from the HS 

images appeared broader and shifted to longer wavelengths, with a mean peak wavelength of 

589.7 ± 10.3 nm.  This corresponded well to the increase in the number of NPs per NPC and 

proportion of cells containing multiple NPCs (most visualized cell slices contained 3-5 NPCs) 

observed by cellular TEM (Figure 5.5C and Supplementary Figure 5.3C).  Following 24 h of NP 

exposure (Figure 5.5D), nearly all cells in the HS images contained areas with large numbers of 

NPCs, and the mean spectral peak wavelength reached 625.4 ± 27.3 nm. 

Overall, cell ROI spectral analysis showed that a mean spectral shift of 54-79 nm was 

possible over 24 h at the exposure doses studied here (Figure 5.4).  At the lowest dose of 12 

μg/mL, cell ROI spectra showed peak wavelengths of 569.7 ± 7.8 and 623.2 ± 24.8 nm after 5 

and 24 h NP exposure, respectively, for a total shift of 53.5 ± 26.0 nm (Figure 5.4).  At the 

highest NP exposure dose (96 μg/mL) tested, cell ROI spectra showed peak wavelengths of 

566.0 ± 4.6 and 644.6 ± 23.0 nm after 2 and 24 h of NP exposure, respectively, for a total shift of 

approximately 78.6 ± 23.5 nm (Figure 5.4).  At the exposure doses used in this study, cells 

remained > 97% viable based on a Live/Dead viability assay, and therefore, the measured 
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spectral shifts represent shifts that are possible in normal functioning cells with an intact cell 

membrane (Supplementary Figure 5.4).  Greater spectral shifts were experienced when higher 

NP exposure doses were used:  After 5 h incubation, cells exposed to 96 μg/mL NPs had a 

significantly greater peak wavelength than those exposed to 12, 24, or 48 μg/mL NPs (Figure 

5.4).  At 10 h, the 24, 48, and 96 μg/mL NP exposure doses had significantly greater spectral 

peak wavelengths than those of the 12 μg/mL exposure dose.  Finally after 24 h exposure, the 48 

and 96 μg/mL doses achieved significantly greater spectral peak wavelength than cells exposed 

to the 12 and 24 μg/mL doses (Figure 5.4).  One of the reasons for this finding may be that 

higher NP doses show faster uptake by cells [26], which results in larger accumulation of NPs.  

Additionally, NPs that are internalized early have more time to be transported to larger 

intracellular vesicles, thus forming large NPCs. 

While TEM showed a continual increase in NP cluster size inside cells with increasing 

exposure time (Figure 5.5 and Supplementary Figure 5.3), indicating that agglomeration of NPs 

within cellular endosomes contributes to the spectral shift we measured, we cannot rule out the 

possibility that some NPs may remain adsorbed to the cell surface after rinsing.  Therefore, the 

spectra we report here represent the total contribution from both internalized NPs as well as any 

NPs still on the cell exterior.  This situation is actually similar to what happens when metal NPs 

are introduced in vitro or in vivo, where both internalized and cell surface-bound NPs will 

contribute a plasmonic response upon illumination [87].  

After 24 h, Cell ROI Spectra Are Heterogeneous.  While Figure 5.4 shows the mean 

peak wavelengths exhibited by cells following NP exposure, the distribution of peak 

wavelengths across cells in a cell population is important for determining how homogenous of an 
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optical response can be achieved from cell to cell in a cell population.  Figure 5.6 depicts the 

distribution of spectral peak wavelengths exhibited by the various cells of a cell population and 

provides a sense of the range and degree of heterogeneity of spectral peak wavelengths among 

cells.  For all exposure doses, cells incubated with NPs for 2, 5, or 10 h showed a relatively 

narrow distribution of spectral peak wavelengths, but after 24 h NP incubation, substantial 

heterogeneity in spectral peak wavelengths exhibited by different cells was observed (Figure 

5.6).  For example, cells exposed to 12 μg/mL of NPs for 24 h showed spectra ranging from 573 

to 696 nm in peak wavelength (Figure 5.6).  This large spread of peak wavelengths may be 

attributed to cells each being in different stages of the cell cycle, with some cells just starting to 

internalize NPs and other cells already having internalized and processed NPs from early 

endosomes to late lysosomes for a longer time.  Diversity in the number of NPs per vesicle and 

number of vesicles per cell has recently been reported [88], and we also observe this variability 

in NP distribution among cells in cellular TEM images (Supplementary Figure 5.3 and 

Supplementary Figure 5.5).  Additionally, heterogeneity in cellular uptake and agglomeration of 

NPs has previously been reported for scavenger receptor mediated endocytosis of silver NPs by 

J774A.1 macrophage cells [79], similar to what we observed in our general receptor-mediated 

endocytosis experimental setup here. In summary, we observe that a cell population exposed to 

NPs will exhibit an increasing diversity in optical spectra with time.  The increased heterogeneity 

of cell ROI spectra with time suggests that it will be important to consider timing when exciting 

NPs for applications based on a cellular level optical response. 
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Figure 5.6.  Distribution of spectral peak wavelengths measured from different cells of same 
population.  Cells were exposed to (A) 12 μg/mL, (B) 24 μg/mL, (C) 48 μg/mL, and (D) 96 
μg/mL of AuNPs for 2, 5, 10, or 24 h.  Cell ROI spectral peak wavelengths among different cells 
increase in diversity with time.  To note, at 2 h, only cells exposed to the 96 μg/mL dose of 
AuNPs (D) exhibited optical spectra for which a peak wavelength could be determined.  At all 
lower exposure doses (A, B, C) at 2 h, the measured spectra was dominated by cell scattering.   
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Cell ROI Spectra Broaden Significantly Between 10 and 24 h Incubation.  We next 

examined the broadness of the cell ROI spectra since the broadness of the resulting spectra of 

NPs in cells will impact the wavelength range in which the NPs can be excited.  We defined 

broadness by measuring the spectral width at 95% of the maximum intensity (“spectral width”).  

The mean spectral width ranged between 57.6 ± 6.4 and 76.8 ± 12.5 nm for all NP exposure 

doses after 5 h and 10 h incubation, respectively, but spectra experienced further broadening 

(along with red-shifting) after 24 h of cellular exposure to NPs (Figure 5.7).  After 24 h of NP 

exposure, cell ROI spectra showed spectral widths ranging from 103.4 ± 20.3 to 105.9 ± 11.7 nm 

for the different exposure doses.  Spectral width increased significantly between early time 

points and 24 h of NP exposure (Figure 5.7, p<0.01).  Interestingly, for cells exposed to 24 

μg/mL and 48 μg/mL exposure doses, the mean spectral width decreased between 5 h and 10 h.  

This may be because at 5 h exposure, only a subset of cells in the cell population had sufficient 

NP signal for spectral analysis (Figure 5.7, see Methods for how cells were objectively classified 

as having sufficient NP signal for analysis), and the mean spectral width thus only reflected this 

specialized subpopulation.  The relative broadness of the cell ROI spectra suggests that a wider 

range of wavelengths may be used to excite the NPs and still achieve an optical scattering 

response with an intensity between 95% and 100% of that achieved at the peak wavelength. 
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Figure 5.7.  Broadness of cell ROI spectra.  Cells were exposed to 12 μg/mL, 24 μg/mL, 48 
μg/mL, or 96 μg/mL of AuNPs for 2, 5, 10, or 24 h.  Spectral broadness was defined as the 
spectral width at 95% of maximum intensity (“spectral width”).  Spectral width increased 
significantly after 24 h exposure (** denotes p<0.01).  Shown are the mean and standard error of 
the mean.  For each condition, spectra were analyzed from 63 to 125 cells.  The percent of cells 
exhibiting sufficient NP signal for analysis is also plotted.  At low exposure dose and duration, 
only a small proportion of cells in the cell population displayed sufficient NP signal since most 
cells had not yet internalized a substantial number of NPs at this time.  Spectral width was only 
analyzed for cells containing sufficient NP signal (not dominated by cell scattering); see pg. 69 
for details.  Thus, at low exposure doses and durations, the spectral width measurements reflect 
only the small subset of cells that had internalized NPs and thus had sufficient NP signal to be 
analyzed. 

We attribute the broadening of spectra at t=24 h mainly to the longer period of time 

provided for cells to accumulate NPs and process them into various endosomes and lysosomes, 

which contributes to larger degrees of heterogeneities in the NPC sizes and geometrical 
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configurations in the cell ROI.  The simultaneous presence of newly endocytosed NPs of modest 

NPC sizes and larger NPCs accumulated from an earlier time creates a range of NPCs confirmed 

by cellular TEM images (Supplementary Figure 5.3). Averaging of the disparate spectra from the 

various NPC configurations inside the cell plays a major role in increasing the broadening of cell 

ROI spectra.  The broadening is also contributed by the complex spectral characteristics of 

individual large NPCs, as will be discussed next.  

NPC ROI Spectra Represent Optical Response from Individual NPCs.  While cell 

ROI spectra reflect the overall optical response from cells containing NPCs, they do not 

represent local spectral properties attributed by specific NPCs.  We defined ROIs around NPCs 

and hypothesized that their corresponding spectra could provide a closer measure of the 

plasmonic properties of specific NPCs within cells.  For optically triggered subcellular 

applications of AuNPs, this type of spectral information can be important for knowing how 

NPCs will optically respond, and if spectral overlap is of possible concern (by assessing 

broadness of the NPC ROI spectra).  We focused our analysis on the 24 μg/mL exposure dose at 

t=2, 5, 10, and 24 h.  For each time point, we analyzed at least 10 cells for which we previously 

analyzed cell ROI spectra.  Within these cells, we analyzed spectra for all present NPC ROIs (n 

= 56 to 180 NPC ROIs per condition).   

Like the cell ROI spectra, NPC ROI spectra showed an increasing red-shift of the peak 

spectral wavelength and spectral broadening over time.  At all exposure times, NPC ROI spectra 

had greater mean peak wavelengths than those measured from cell ROIs (Supplementary Figure 

5.6).  We attribute the greater mean peak wavelength of NPC ROI spectra to the decreased 

contribution of cell scattering in NPC ROI spectra, which are only defined around individual 
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NPCs.  In other words, because cell ROI spectra are measured by integrating across a whole cell, 

cell ROI spectra may experience a dampened red-shift caused by the cell scattering contributions 

that have higher intensities at lower wavelengths (Figure 5.2). 

Spectral broadening was also observed from NPC ROIs.  Spectral width ranged from 

48.7 ± 14.9 nm after 2 h NP exposure to 64.9 ± 24.5 nm after 24 h exposure (Supplementary 

Figure 5.7B).  After 24 h of cellular exposure to NPs, NPC ROI spectra were significantly 

broader than after 2, 5, or 10 h of exposure (Supplementary Figure 5.7B, p<0.01).  We attribute 

this broadening to the spectral properties of the larger NPCs seen in TEM at t=24 h 

(Supplementary Figure 5.3), as large NPCs exhibit more complex spectral properties than 

monomers and dimers due to the excitation of higher-order modes [89].  Inter-particle coupling, 

which contributes to the overall optical response of a NPC, can be wavelength-dependent; for 

larger NPCs, this coupling can be manifested at a broad range of wavelengths red-shifted from 

the plasmonic resonance of individual AuNPs.  Although it is difficult to recapitulate the NPC 

configurations found in cells exactly with simulations, we demonstrate the complex nature of 

inter-particle coupling using a full-wave electromagnetic simulation program COMSOL 

Multiphysics.  We created five NPC configurations resembling the most frequently observed 

geometries in cellular TEM images (Supplementary Figure 5.3 and Supplementary Figure 5.5) 

and plotted the electric field between AuNPs in the logarithmic scale at six excitation 

wavelengths from 550 to 800 nm (Figure 5.8).  For a 100-nm single AuNP in water, the peak 

resonance wavelength was between 550 and 600 nm (first row of Figure 5.8), consistent with the 

Mie calculation of 580 nm.  For a dimer structure with a 20 nm interparticle gap, the resonance 

peak (i.e. strongest inter-particle coupling) is red-shifted to between 650 and 700 nm (second 

row of Figure 5.8).  The larger 3-, 7-, and 12-NP clusters exhibit various degrees of strong 



 50 
 

electric fields around/within the NPCs at wavelengths longer than 700 nm (third, fourth, and fifth 

row of Figure 5.8), illustrating how large NPCs exhibit more complex spectral properties than 

monomers and dimers.  Spectral broadening can also arise from other factors not characterized 

by simulations in Figure 5.8.  Major among these is the polarization of the excitation light.  

Excitation polarized along different geometrical axes of asymmetrical NPCs may generate 

distinct spectral shapes.  Because our experiments were performed with un-polarized light, the 

measured spectra represent the averaging of spectra from different polarizations, and thus, 

broadening of the spectral shape.  Taken together, these effects support our observation that even 

on a NPC level, spectra have broadened significantly through time in a cellular environment. 
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Figure 5.8.  Electromagnetic simulations illustrating the complex spectral properties of large 
nanoparticle clusters.  Normalized electric field plot in log scale, i.e., log(normE), in the middle 
plane of clusters composed of 1, 2, 3, 7, and 12 spherical 3D AuNPs (diameter 100 nm). The 
distance between adjacent AuNPs is between 5 and 20 nm.  Inter-particle distances can be 
determined from the specific coordinates of the AuNPs, listed in Supplementary Table S2. The 
surrounding medium is water.  Polarization of the excitation is in the horizontal direction. 

5.4. Conclusions 

In conclusion, we have quantified changes in the peak wavelength, broadness, and 

distribution of AuNP spectra after NPs are introduced to a cellular environment.  As creative, 

new biomedical applications utilizing the optical properties of plasmonic NPs continue to be 
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developed, it is important to understand how the NP spectra change in a physiological 

environment.  We have shown that when 100 nm AuNPs are exposed to Sk-Br-3 breast 

adenocarcinoma cells, an average shift of approximately 79 nm in the optical spectra can be 

achieved.  As the incubation time increases and cells have a chance to process NPs into larger 

endosomal vesicles containing multiple NPs (as indicated by TEM), the spectra continue to shift 

with time.  At shorter incubation times following NP exposure, smaller shifts were observed, 

suggesting that the time at which the NPs are optically excited is important to consider.  For 100 

nm AuNPs, the NPC ROI spectral peak wavelength stays within 30 nm of its initial peak 

wavelength in the first 2-5 h of incubation but shifts significantly between 10 and 24 h.   

The spectral shift is also sensitive to the NP exposure dose.  Since NPs are internalized 

more quickly with higher doses, a greater shift is experienced.  Although we measured a 

pronounced spectral shift with increasing time and exposure dose, we found that the cellular 

level spectra can also broaden significantly after 24 h of incubation such that at least 95% of the 

maximum optical response can be achieved with illumination wavelengths within a 105 nm 

region around the spectral peak wavelength.  Given this magnitude of spectral broadening, it may 

not be as necessary to precisely account for where the peak wavelength is located when 

designing NP systems for applications based on a cellular level optical response since a similar 

intensity of optical response may be achieved using a wide range of wavelengths.  However, as 

methods for fabricating NPs with narrower resonances are established, the broadening and 

shifting of NP spectra in cells may merit consideration in the design of NP systems for 

multiplexing applications where discrete NPs are excited. 
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The magnitude of spectral shifting and broadening experienced by NPs will likely vary 

for NPs with different size and surface conjugation since these properties influence protein 

corona composition, cellular uptake speed, and NP clustering dynamics within the cell.  The HS 

imaging and analysis approaches utilized here may be applied to study how the optical spectra of 

other nanostructures with varying morphologies are affected by a cellular environment.  Such 

studies can help build a foundation for understanding and predicting how designable NP 

parameters such as size and surface functionalization relate to the amount of shift and broadening 

experienced.   

To address potential agglomeration-associated red-shifting and broadening of NPs, 

plasmonic NPs may be designed to aggregate less or be separated a greater distance from other 

NPs when internalized within cells.  For example, NPs may be designed with a thick surface 

coating [90] that minimizes coupling of resonances within endosomes and preserves the 

originally designed optical NP spectra.  Alternatively, further characterization of the 

agglomeration and resulting changes to spectra for NPs under a variety of physiological 

conditions can enable these agglomeration-associated optical changes to be factored into the 

design of NPs for biomedical applications. 
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5.5. Supplementary Figures 

1.  Optical extinction, scattering, and absorption of 100 nm AuNPs 

 

Supplementary Figure 5.1.  Optical efficiency of extinction, scattering, and absorption 
calculated for 100 nm AuNPs in water (n=1.33) using Mie scattering theory.  AuNPs with a 100 
nm diameter have similar extinction and scattering profiles.  
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2.  Characterizing nanoparticle spectral shift in media before cell 
internalization  

 

Supplementary Figure 5.2.  Peak wavelength of NP extinction spectra before and after 
transferring NPs to complete cell culture medium (containing 10% human serum) at 37°C for 24 
h.  Error bars represent standard error of the mean for n=3.  After transferring NPs to cell culture 
medium, NP spectra red-shifted approximately 5-6 nm due to culture medium effects such as 
protein corona formation on NP surface.  During the same period, NPs in water shifted no more 
than 1 nm.  
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3.  Additional cellular TEM images:  varying incubation time 

 

Supplementary Figure 5.3.  Additional TEM images of Sk-Br-3 cells following A) 2 h, B) 5 h, 
C) 10 h, or D) 24 h incubation with 24 μg/mL 100 nm AuNPs.  TEM images of multiple cells are 
shown to highlight the diversity of NP distribution inside cells.  
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Supplementary Figure 5.3.  Additional TEM images of Sk-Br-3 cells following A) 2 h, B) 5 h, 
C) 10 h, or D) 24 h incubation with 24 μg/mL 100 nm AuNPs.  TEM images of multiple cells are 
shown to highlight the diversity of NP distribution inside cells.  
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Supplementary Figure 5.3.  Additional TEM images of Sk-Br-3 cells following A) 2 h, B) 5 h, 
C) 10 h, or D) 24 h incubation with 24 μg/mL 100 nm AuNPs.  TEM images of multiple cells are 
shown to highlight the diversity of NP distribution inside cells.  
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Supplementary Figure 5.3.  Additional TEM images of Sk-Br-3 cells following A) 2 h, B) 5 h, 
C) 10 h, or D) 24 h incubation with 24 μg/mL 100 nm AuNPs.  TEM images of multiple cells are 
shown to highlight the diversity of NP distribution inside cells.  

  



 60 
 

4.  Cell viability results 

 

 

Supplementary Figure 5.4.  Cell viability determined by Live/Dead assay for cells exposed to 
0, 12, 24, 48, or 96 μg/mL NPs for 2, 5, 10, or 24 h. Cells maintain viability following NP 
incubation at the NP exposure doses utilized, suggesting the plasma membrane is intact and 
spectral changes are not due to loss in membrane integrity.  Error bars represent standard error of 
the mean for n=3. 
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5.  Additional cellular TEM images:  varying exposure dose 

 

Supplementary Figure 5.5.  Additional TEM images of Sk-Br-3 cells following 24 h incubation 
with A) 12, B) 48, or C) 96 μg/mL 100 nm AuNPs.  TEM images of multiple cells are shown to 
highlight the diversity of NP distribution inside cells.  
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Supplementary Figure 5.5.  Additional TEM images of Sk-Br-3 cells following 24 h incubation 
with A) 12, B) 48, or C) 96 μg/mL 100 nm AuNPs.  TEM images of multiple cells are shown to 
highlight the diversity of NP distribution inside cells.  
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Supplementary Figure 5.5.  Additional TEM images of Sk-Br-3 cells following 24 h incubation 
with A) 12, B) 48, or C) 96 μg/mL 100 nm AuNPs.  TEM images of multiple cells are shown to 
highlight the diversity of NP distribution inside cells.  
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6.  Nanoparticle cluster ROI spectral peak wavelength and broadness 
measurements 

 

 

Supplementary Figure 5.6.  NPC ROI-derived spectral peak wavelengths for cells exposed to 
24 μg/mL NPs for 2, 5, 10, or 24 h.  For comparison, peak wavelengths of spectra extracted from 
cell ROIs of the same samples are plotted as open squares.  Error bars denote the standard error 
of the mean for 56 to 180 NPC ROIs and 32 to 107 cell ROIs (representing the subset of cells 
containing sufficient signal for analysis out of the 64 to 111 cell ROIs that were defined; see 
Supplementary Table 5.1 on pg. 69 for details). 
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While cell ROI spectra showed a symmetric distribution of peak wavelengths across the 
cell population (Figure 5.6 in main text), NPC ROI spectra had an asymmetric distribution of 
peak wavelengths that was positively skewed with a large portion of NPCs exhibiting spectral 
peaks at shorter wavelengths (580-600 nm) after 5-10 h NP exposure (Supplementary Figure 
5.7A).  This may be because at these early time points, a large proportion of the NPCs within 
cells contain only few NPs (Supplementary Figure 5.3), and the small number of larger NPCs is 
responsible for the low frequency of NPC ROI spectra with longer peak wavelengths.  By 24 h, 
the peak wavelengths of NPC ROIs were more equally distributed; indeed, cells in TEM images 
show a diversity ranging from 1-20 NPs per NPC and larger clusters are common Supplementary 
Figure 5.3).   

As expected since NPC ROI spectra do not contain a large cell scattering component and 
are not integrated over multiple NPC ROIs exhibiting a variety of spectra, NPC ROI spectra 
were narrower than those of cell ROI spectra.  Spectral width ranged from 48.7 ± 14.9 nm after 2 
h NP exposure to 64.9 ± 24.5 nm after 24 h exposure (Supplementary Figure 5.7B).   

 

Supplementary Figure 5.7.  A) Distribution of peak wavelengths of NPC ROI spectra following 
cellular exposure to 24 μg/mL AuNPs for 2, 5, 10, or 24 h.  B) Mean spectral width at 95% of 
maximum intensity with increasing exposure duration.  Error bars denote standard error of the 
mean for 56 to 180 NPC ROIs.  ** denotes p<0.01.   
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7.  Additional darkfield HS imaging methods and supporting rationale  

Hyperspectral images were taken at both the slide plane, which coincides with the cell’s 
basal plane of attachment to the slide, as well as 5 μm above this plane.  As seen in the slide 
plane images (left column), NPs are visible in areas on the slide where no cells are present.  NPs 
from the NP suspension in culture medium deposit onto the slide surface, similar to what has 
been observed by other studies [20, 91, 92].  Spectra for analyses were extracted from the 
hyperspectral images taken at 5 μm above the slide plane in order to obtain spectra primarily 
arising from intracellular NPs.  While light scattering interactions with other planes can still 
contribute to the spectra, analyzing spectra from this consistent focal plane position within cells 
allows us to capture spectra dominated by contributions arising from NP clusters within the cell.  

 

Supplementary Figure 5.8.  Representative HS images taken at the slide plane (left column) or 
5 μm above the slide plane (right column images).  Spectra were extracted from HS images taken 
5 μm above the slide plane to focus analysis on the optical response from intracellular NPs.  
Scale bar denotes 20 μm. 
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Supplementary Figure 5.9.  Confocal z-stack image of Sk-Br-3 cells on chamber slide to 
confirm cell height.  The plasma membrane was labeled with wheat germ agglutinin (WGA)-
Oregon Green conjugate.  The X-Z and Y-Z slice views depict cross sections of the cell, showing 
that cell height ranges from 10~20 μm.  When we moved across cell focal planes using a z focus 
drive in the CytoViva HS Imaging System setup at 40x magnification (~<1 μm depth of field), 
we also found that cell height ranged from 10~20 μm.  
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Supplementary Figure 5.10.  Impact of how region of interest (ROI) is defined on the scattering 
spectra for 100 nm AuNP.  A) HS image of AuNP with ROI defined as single pixels.  B) 
Corresponding spectra extracted from the single pixels defined in A.  Spectra vary when 
extracted from a single pixel of the NPC, depending on the pixel selected.  C) HS image of 100 
nm AuNP with ROI defined as a 12 pixel, 52 pixel, or 116 pixel ellipse ROI around the NPC.  D)  
Corresponding spectra extracted from multi-pixel ellipse ROIs shown in C.  By defining a multi-
pixel ellipse ROI around the NPC, variations are averaged out and ROIs can be defined 
consistently.  Scale bar represents approximately 1 μm.  
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8.  HS image analysis and sample sizes 

In order to measure HS image from cells without bias toward cells with greater NP 
uptake, cell ROIs were defined around all cells in each HS image (except when the boundaries of 
the cell could not be unambiguously defined).  Because of this, the sample size n varied.  For 
Figure 5.4 in the main text, 63 to 125 cell ROIs were defined per condition.  However, because 
some cell ROI spectra were dominated by cell scattering and a peak wavelength could not be 
calculated, the resulting sample size actually ranged from n=12 to 113 cell ROI spectra.  All n ≥ 
63 except for the 96 μg/mL at 2 h, 12 μg/mL at 5 h, and 24 μg/mL at 5 h exposure dose/time 
conditions.  For these conditions, although 74, 125, and 111 cell ROI spectra were measured, n = 
35, 12, and 32, respectively because only this subset of spectra had sufficient NP signal for peak 
wavelength analysis (the cell scattering spectra dominated over the minimal NP scattering at 
these early time points). 

Below is a table that summarizes the # of cell ROI spectra measured for each condition 
(“# ROIs”) and the # of spectra with sufficient signal for calculation of peak wavelength (“n”).  
The % of cells with sufficient NP signal is plotted in Figure 5.7 of the main text.  Criteria for 
determining if cell ROI spectra had sufficient NP signal for analysis is described in Methods. 
 

Supplementary Table 5.1.  Summary of the # cell ROI spectra that were defined for each 
condition and n cell ROI spectra that were included in peak wavelength analyses.  Peak 
wavelengths could only be calculated from cell ROI spectra with sufficient NP signal.  Thus, n ≤ 
# ROIs, especially at early time points where cell ROI spectra of a majority of cells were 
dominated by cell scattering. 

 
12 μg/mL 24 μg/mL 48 μg/mL 96 μg/mL 

Time n # ROIs n # ROIs n # ROIs n # ROIs 
2 h 0 63 0 65 0 64 35 74 
5 h 12 125 32 111 69 98 90 91 
10 h 83 93 63 64 90 90 77 77 
24 h 113 113 107 109 96 96 91 91 
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9.  Electric field calculation setup 

 

Supplementary Figure 5.11.  A typical simulation geometry with the E field polarized in x in 
plane with the NPC and propagating through the NPC in z.  

 

Supplementary Table 5.2.  Coordinates of the center positions of AuNPs in each simulation. 
Diameter d = 100 nm, g = 5 nm. 
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Chapter 6 

Changes in Optical Properties of Plasmonic 
Nanoparticles in Cellular Environments are 
Modulated by Nanoparticle PEGylation and 

Serum Conditionsc 

6.1. Introduction 

In Chapter 5, we developed methods for utilizing darkfield hyperspectral (HS) imaging to 

systematically quantify the extent of spectral shifts, the associated spectral broadening, and the 

variability of the spectral shifts among cells in a cell population using 100 nm bare AuNPs as a 

model NP.  In order for NPs to be more precisely designed to account for such cell-associated 

spectral changes in biomedical applications (preventing unintended optical effects and achieving 

                                                 
 

c Adapted from:  Chen AL, Jackson MA, Lin AY, Figueroa ER, Hu YS, Reiser EM, Asthana V, Young JK, 
Drezek RA, “Changes in Optical Properties of Plasmonic Nanoparticles in Cellular Environments are Modulated by 
Nanoparticle PEGylation and Serum Conditions,” Manuscript in Preparation. 
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more precise, predicted optical response), further understanding of how NP design parameters or 

environmental factors can influence the spectral changes that are realized in a cellular 

environment is needed.  For example, it is unknown how NP size, surface chemistry, or cell type 

will impact the magnitude of spectral change or broadening of the NP spectra in a cellular 

environment.  To build a framework for understanding how much designable parameters will 

influence the resulting spectral changes—which can aid in accounting for the changes differently 

based on the parameters used in an application or to aid in choosing the proper parameters during 

NP design to elicit or avoid the spectral shift—in this chapter we study the effect of 1) coating 

NPs with poly(ethylene glycol) (PEG) and 2) serum concentration in the cellular environment. 

PEG is one of the most popular coatings for NPs to be used in in vivo applications 

because its hydrophilic and steric nature minimizes protein adsorption and reduces detection by 

the reticulo-endothelial clearance system (RES), prolonging blood circulation for improved 

cellular target delivery [93].  In certain in vitro cellular diagnostic or gene-delivery applications, 

PEG-free NPs are used [37, 40, 94] while in other applications, especially those that are in vivo, 

NPs are often PEGylated [95, 96].   Walkey and colleagues demonstrated that AuNPs not grafted 

with PEG (‘bare AuNPs’) or grafted with different densities of PEG exhibited major differences 

in the cellular uptake and intracellular agglomeration state [21].  TEM imaging showed that 

increasing the PEG density decreased intracellular agglomeration of NPs and reduced the 

number of NPs per vesicle following incubation with J774A.1 macrophages [21].  These 

previous results suggest a possibility that the extent of spectral shifting for PEGylated AuNPs 

following cellular interaction could depend on whether NPs are PEGylated since the optical 

properties of plasmonic NPs are highly sensitive to their local dielectric environment and 

proximity to other plasmonic NPs [24, 27, 29].  Furthermore, it is unknown if the added PEG 
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layer on PEGylated AuNPs provides a sufficient separation distance between PEGylated AuNPs 

when PEGylated AuNPs are clustered within intracellular vesicles, capable of decreasing 

plasmonic coupling-associated spectral shifts.  Because NPs in many applications will be 

characterized by either being bare or PEGylated, it is therefore important to understand how this 

factor affects the extent of the shift in the NP spectra that occurs.  In this chapter, we seek to 

quantitatively assess the shifts that occur when a NP is PEGylated compared with when it is bare 

to allow for finer design of the NP optical response for a given application. 

In addition to the properties of the NP, the role of the biological environment in 

influencing the extent of these shifts also needs to be considered.  Plasmonic NPs are being 

utilized in applications spanning from serum-free to serum-containing conditions of various 

serum concentrations [37, 97-101].  Given the importance of the NP’s protein corona in 

mediating interactions between NPs and cells (e.g., cellular uptake and subsequent intracellular 

transport) [11, 17, 22, 23], we hypothesized that the presence and absence of serum proteins 

during NP-cell interaction may importantly modulate the intracellular agglomeration and spectral 

shift accompanied by nanoparticles.  Lesniak and Dawson previously showed that silica NPs 

incubated with A549 cells in serum-free media had higher uptake and distinct intracellular 

localization compared with when incubated with cells in 10% serum-containing culture media 

due to different mechanisms of interaction with cells [20].   Zhu and Rotello also showed that 

increased serum concentration (from 0% to 10% to 50% serum) significantly decreased uptake of 

2 nm AuNPs in HeLa cells [102].  Dawson et al. also recently showed that NP-cell interactions 

differ remarkably in 10% (in vitro) and 100% (in vivo-mimicking) serum concentration 

conditions [101].  These previous studies led us to hypothesize that increased serum 

concentrations and a move from in vitro to in vivo serum levels may lead to smaller NP 
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agglomerates within cells and smaller shifts in spectra, with possible implications in the 

comparative importance of considering cellular uptake-associated spectral changes of NPs in in 

vitro applications compared with in in vivo applications.  Consequently we study the effect of 

serum concentration on shifts of the spectra of PEGylated AuNPs following cellular uptake, 

aiming to determine how much the NP spectra may additionally be changed in conditions when 

the serum concentration may be different. 

By applying the HS imaging and analysis approach we previously established, in this 

chapter we therefore quantify the spectral changes experienced in cellular environments by 

PEGylated AuNPs as compared with bare AuNPs, and study how spectra are further impacted by 

serum concentration (0, 10, 25, or 50% human serum).  We explain the impact of these NP 

design and environmental factors on the spectral changes exhibited by considering the 

differences in NP protein corona and intracellular agglomeration.  This study demonstrates how 

HS imaging can be utilized to construct a design framework to enable more precise design of 

plasmonic NPs for light-based biomedical applications. 

6.2. Materials and Methods 

Functionalization of AuNPs with PEG.  Citrate-stabilized spherical AuNPs (100 nm, 

Ted Pella) were sonicated to ensure particles were well-separated before functionalization.  To 

functionalize AuNPs with PEG, AuNPs at a concentration of 5.6 x 109 NPs/mL were incubated 

overnight with 11.6 μM (end concentration) of methoxy-terminated thiolated PEG (mPEG-SH, 

MW = 5000 Da, NanoCS).  To ensure optimal surface coverage of PEG, the solution was 

progressively raised to 10 mM sodium phosphate, 0.1% v/v Tween 20 and 0.1 M NaCl and 
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incubated overnight.  Excess PEG molecules were then removed by three washing steps of 

centrifugation at 3000 g for 30 minutes followed by re-suspension in milliQ water.  PEGylated 

AuNPs were stored at 4°C until use. 

Introducing PEGylated AuNPs to cells.  Sk-Br-3 breast adenocarcinoma cells 

(American Type Culture Collection) were cultured in McCoy’s 5A growth media supplemented 

with 10% v/v human off-the-clot type AB serum (Valley Biomedical) and 1% penicillin-

streptomycin and maintained at 37°C in a 5% CO2 incubator.  For incubation time and exposure 

dose experiments, Sk-Br-3 cells were plated in LabTek II CC2 4-well chamber slides at a density 

of 100,000 cells/mL and grown to 70% confluence.  After 24 h, culture media was removed and 

cells were incubated with PEGylated AuNPs in complete phenol-red free media (CPRFM) 

containing 10% human serum (HuS) for 2, 5, 10, or 24 h in an incubator at 37°C and 5% CO2 as 

described in detail in Section 5.2.  For serum concentration experiments, Sk-Br-3 cells were 

cultured in McCoy’s 5A media supplemented with 1% penicillin-streptomycin and either 10, 25, 

or 50% v/v human off-the-clot type AB serum (Valley Biomedical).  Sk-Br-3 cells cultured in 

media containing 25 or 50% v/v HuS were weaned progressively from media containing 10% v/v 

HuS through the course of multiple passages.  Cells were then plated into LabTek II CC2 4-well 

chamber slides at a density of 100,000 cells/mL in media containing their respective 

concentration of serum.  After 24 h, culture media was removed from wells.  Wells with cells 

cultured in media with 10% v/v HuS were then incubated with 24 μg/mL of PEGylated AuNPs 

either in PRFM (0% HuS) or in CPRFM containing 10% HuS.  Wells with cells cultured in 

media with 25% or 50% v/v HuS were incubated with 24 μg/mL PEGylated AuNPs in CPRFM 

containing their respective HuS concentrations.  Cells were incubated with PEGylated AuNPs in 
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these serum concentration conditions (0, 10, 25, or 50% HuS) for 5, 10, or 24 h before spectral 

measurements were performed. 

Measuring optical spectra for PEGylated AuNPs introduced to cells.  Following 

incubation with PEGylated AuNPs, cells were rinsed 3x with 1X Dulbecco's phosphate buffered 

saline without magnesium and calcium (PBS, Invitrogen) to remove extracellularly bound NPs.  

Cells were fixed using 4% formaldehyde (15 min, BD Biosciences) and rinsed again 2x with 

PBS.  Chamber slides with cells and internalized PEGylated AuNPs were wetted with PBS, 

covered with a coverslip, and sealed with nailpolish to prevent drying.   

Cells were imaged at 40x magnification (Plan Fluorite, NA=0.75, Olympus) using an 

Olympus BX-41 upright microscope with a CytoViva high-resolution illuminator and a quartz 

halogen lamp with aluminum reflector (400 – 1000 nm).  The CytoViva Hyperspectral Imaging 

System was used to collect spectral data across the sample through automated movement of the 

sample across a transmission diffraction grating spectrograph (Specim) using a X-Y motorized 

stage (Prior).  In order to measure spectra primarily originating from NPs within the cells, 

darkfield HS images were taken 5 μm above the slide plane (controlled by a Prior motorized z 

focus drive with 0.002 μm minimum step size; see Supplementary Figure 5.8 and Supplementary 

Figure 5.9 on pg. 66 for more details).  HS images, which contain full spectral data at each X-Y 

pixel location were analyzed using ENVI software (ITT Visual Information Solutions).  As 

described in Section 5.2, cell regions of interest (‘cell ROIs’) and NP cluster ROIs (‘NPC ROIs’) 

were defined to measure spectra representing the cellular-level optical response and subcellular, 

local NPC-level optical response, respectively.  Cell ROIs were defined by tracing around cell 

boundaries using the polygon ROI tool, and NPC ROIs were defined by drawing 12-pixel 
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circular ROIs around NPCs (see Supplementary Figure 5.10 on pg. 68 for more details).  To 

ensure objectivity in analysis, all cells within a HS image were defined as long as cell boundaries 

could be unambiguously identified.  For each experimental condition in which NPC spectra were 

analyzed, all NPC ROIs within cells were defined for at least 10 cells in the condition.  So that at 

least 80 NPC ROIs could be analyzed for each experimental condition, NPCs were defined from 

up to 30 cells for each experimental condition (for certain experimental conditions, there were 

fewer NPCs per cell so NPCs from up to 30 cells needed to be defined in order to analyze at least 

80 NPC ROIs).  Spectral data averaged across the pixels of each ROI was extracted by the ENVI 

software.  Spectral data was divided by the normalized lamp spectrum to calibrate for variations 

in lamp intensity.   

Peak wavelength determination.  To objectively determine the peak wavelengths of 

spectra, the peak analyzer function of OriginPro 9.1 Data Analysis and Graphing Software 

(OriginLab) was employed.  Savitzky-Golay smoothing with a window size of 50 was 

performed, followed by peak finding using a local maximum method with 2 local points.  

Spectra that were dominated by cell scattering (characterized by an optical spectrum that 

monotonically decreases in intensity with longer wavelengths) and had insufficient NP spectral 

contributions were excluded from analysis since a peak wavelength could not be accurately 

assessed (see Section 5.2 for more details).  Spectra were deemed cell scattering-dominated and 

not included in analysis if the normalized intensity at 500 nm was 0.95 or higher. 

Spectral broadening measurement.  To calculate the spectral broadness, defined as the 

width of the spectrum at 95% of the maximum intensity, a custom MATLAB program was 

utilized which was discussed in full detail in Chapter 5.2.  Briefly, spectra were smoothed using 
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a Savitzky-Golay algorithm and shifted downward by a constant value equivalent to 95% of the 

spectrum’s maximum intensity.  The difference between the two points of zero crossing was then 

calculated, which represented the spectral width at 95% of the spectrum’s maximum intensity. 

Characterizing spectral shift of PEGylated AuNPs in CPRFM.  To measure the shift 

in NP spectra attributed to protein corona formation or agglomeration in CPRFM prior to cellular 

uptake, extinction spectra were collected using an Agilent Cary 60 UV-vis spectrophotometer.  

Spectra were measured for PEGylated AuNPs in water as well as in CPRFM (containing phenol 

red-free McCoy’s 5A media (HyClone), 1% penicillin-streptomycin (Sigma-Aldrich) and either 

0, 10, 25, or 50% HuS (Valley Biomedical)) through time.  PEGylated 100 nm AuNPs were 

centrifuged, redispersed in CPRFM, and incubated at 37°C and 5% CO2 in a cell culture 

incubator.  NPs in water only and CPRFM alone were also kept under same conditions.  All 

spectra were collected with water as the baseline. 

Cellular TEM for bare and PEGylated AuNPs.  Following incubation with NPs, cells 

were rinsed 3x with 1X PBS, fixed with 2.5% formaldehyde / 2.5% glutaraldehyde in 0.1 M 

sodium cacodylate buffer (Electron Microscopy Sciences) at room temperature, and kept at 4°C 

overnight.  After fixation, the samples were washed in 0.1 M cacodylate buffer and treated with 

0.1% Millipore-filtered buffered tannic acid, post-fixed with 1% buffered osmium tetroxide for 

30 min, and stained en bloc with 1% Millipore-filtered uranyl acetate.  The samples were washed 

several times in water, then dehydrated in increasing concentrations of ethanol, infiltrated, and 

embedded in Spurr's low viscosity medium.  The samples were polymerized in a 60°C oven for 2 

days.  Ultrathin sections were cut in a Leica Ultracut microtome, stained with uranyl acetate and 

lead citrate in a Leica EM Stainer, and examined in a JEM 1010 transmission electron 
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microscope (JEOL, USA, Inc.) at an accelerating voltage of 80 kV.  Digital images were 

obtained using an AMT Imaging System (Advanced Microscopy Techniques Corp). 

Cellular TEM for PEGylated AuNPs introduced in different serum conditions.  

Following incubation with NPs, cells were rinsed 3x with 1X PBS and fixed with 2.5% 

formaldehyde / 2.5% glutaraldehyde in 0.1 M sodium cacodylate buffer at 4°C.  After fixation, 

the samples were washed in 0.1 M cacodylate buffer and post-fixed with buffered osmium 

tetroxide for 30 min.  The samples were washed several times in double-distilled water, then 

dehydrated in increasing concentrations of ethanol, infiltrated, and embedded in Spurr's low 

viscosity medium.  The samples were polymerized in a 60°C oven overnight.  Ultrathin sections 

were cut on an RMC MT6000XL microtome and examined unstained on a JEM 1230 

transmission electron microscope (JEOL, USA, Inc.) at an accelerating voltage of 80 kV.  Digital 

images were obtained using a US1000 high resolution digital camera (Gatan, Inc., Pleasanton, 

CA). 

Statistical analysis.  In comparisons of spectral peak wavelengths among different serum 

concentration conditions, statistical significance was evaluated by performing one-factor analysis 

of variance (ANOVA) followed by a post-hoc Tukey’s HSD test for multiple comparisons.  P-

values less than 0.01 were considered statistically significant.  In comparisons made between 

spectral peak wavelengths (and spectral width) of bare and PEGylated AuNPs following uptake 

by cells, a two-tailed Student’s t-test was performed.  P-values less than 0.01 were considered 

statistically significant. 
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6.3. Results and Discussion 

PEGylation of nanoparticles decreases spectral shift exhibited in cellular 

environment.  To study the effect of PEGylation on how the optical properties of nanoparticles 

change upon cellular uptake, we incubated breast cancer (Sk-Br-3) cells with 100 nm AuNPs 

functionalized with 5 kDa MW methoxy-terminated poly(ethylene glycol) (mPEG-SH).  Cells 

were incubated with PEGylated AuNPs for 2, 5, 10, or 24 h at 12, 24, 48, or 96 μg/mL exposure 

doses.  Following NP exposure, cells were imaged using darkfield HS imaging, in which 

complete optical scattering spectra can be obtained at each pixel location within the images.  We 

employed the analysis approach we developed in Section 5.2 to follow changes in the optical 

spectra following NP interaction and uptake by the Sk-Br-3 cells.  As seen in the representative 

HS images and corresponding spectra in Figure 6.1 for cells exposed either to bare or PEGylated 

AuNPs for 24 h at a dose of 24 μg/mL, PEGylated NPs and bare NPs interacted with cells in 

distinctly different ways, with bare NPs forming large clusters in cells.  The corresponding 

spectra (only a subset is shown for clarity) measured from cells exposed to bare and PEGylated 

NPs differ in both peak wavelength and broadness. 
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Figure 6.1.  Representative hyperspectral (HS) images and optical spectra showed differences in 
cellular interaction for bare and PEGylated AuNPs, which corresponded to spectra that differed 
in peak wavelength and broadness. Shown are representative HS images of Sk-Br-3 cells after 
exposure to 24 μg/mL of bare or PEGylated AuNPs for 24 h, and representative optical spectra 
extracted from regions of interest (ROIs) defined around individual cells (‘cell ROIs’) in the 
measured HS images (only 10 ROIs and only one of the analyzed HS images are shown here for 
clarity).   The representative HS image and optical spectra for bare AuNPs are reproduced from 
Chapter 5 as a reference for comparison with the representative HS image and optical spectra for 
PEGylated AuNPs. 

Quantitative analysis resulting from extracting the spectra from more than 37 individual 

cells in each condition determined that NPs exhibit less spectral shift following cellular uptake 
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when they are functionalized with PEG as compared with when they are bare (Figure 6.2A).  

While spectra for bare AuNPs shifted by as much as 79 ± 24 nm between 2 and 24 h of 

incubation, spectra for PEGylated AuNPs shifted a maximum of 33 ± 12 nm (Figure 6.2A).  The 

spectral shift measured for PEGylated AuNPs was greater than can be attributed to changes in 

local surrounding dielectric constant associated with formation of a protein corona on the 

PEGylated AuNP surface in cell culture media prior to cell uptake (Supplementary Figure 6.1) or 

the contribution of the cellular refractive index of 1.33 ~ 1.38 [80, 81, 103].  As seen in Figure 

6.2A, 12 μg/mL to 96 μg/mL exposure doses of bare AuNPs resulted in spectra with peak 

wavelengths ranging from 623 ± 25 to 645 ± 23 nm after 24 h incubation with cells, while the 

same exposure doses of PEGylated AuNPs only resulted in spectra with peak wavelengths 

ranging from 569 ± 4 nm to 615 ± 12 nm. 
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Figure 6.2.  PEGylated AuNPs experienced less spectral shifting and broadening in cells than 
bare AuNPs, as determined by hyperspectral imaging analysis.  (A) Peak wavelengths of cell 
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ROI spectra following exposure of bare and PEGylated AuNPs to Sk-Br-3 cells. Dotted lines 
denote the peak wavelength of UV-vis spectra for bare and PEGylated AuNPs in water in the 
absence of cells. (B) Spectral width at 95% maximum intensity after 24 h for bare and 
PEGylated AuNPs.  Error bars indicate SEM.  * indicates statistically significant difference 
(p<0.01) based on two-tailed Student’s t-test.  Data for bare AuNPs are re-plotted here from 
Chapter 5 as a reference for comparison with data for PEGylated AuNPs. 

The smaller spectral shift experienced by PEG-coated AuNPs compared with bare 

AuNPs may be attributed to the differences in cellular interaction and intracellular trafficking of 

the two types of AuNPs.  PEGylated AuNPs interface differently with cells than do bare AuNPs 

due to the sterically hindering polymer chains presented on their surface and resulting different 

surface charge [104, 105].  The PEG layer has been found to not only reduce serum protein 

adsorption but also impact the composition of the NP’s protein corona [21], which influences 

where NPs are transported within cells.  Compared with bare AuNPs, PEGylated AuNPs have 

been shown to experience decreased cellular uptake and distinct patterns of intracellular 

distribution and agglomeration [104, 105]. 

Indeed cellular TEM imaging showed that the decreased shifts for PEGylated AuNPs in 

cells correlated with formation of smaller intracellular NP clusters (NPCs) as compared with for 

bare AuNPs under the same exposure dose and time conditions (Figure 6.3).  For example, 

following exposure of cells to 24 μg/mL of bare or PEGylated AuNPs for 24 h, vesicles showed 

1-5 NPs in each cell slice for bare NPs as compared with 1-3 NPs for PEGylated AuNPs (Note:  

TEM images are taken from cell slices, and thus the actual number of NPs per vesicle is larger 

due to the 3D nature of vesicles within cells.  The number of NPs within vesicles from cell slices 

are provided for relative comparison.  Cell slices were consistently taken approximately 1.5 μm 

into the cell).  Likewise, at the 96 μg/mL exposure dose, larger NP clusters (NPCs) were 

observed in cells exposed to bare AuNPs than in cells exposed to PEGylated AuNPs (~8-12 NPs 
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per NPC vs. 2-6 NPs per NPC in TEM cell slices; see Figure 6.3, Supplementary Figure 6.2, 

Supplementary Figure 5.3C, Supplementary Figure 5.3D, and Supplementary Figure 5.5C). 

 

Figure 6.3.  Representative cellular TEM images showed differences in cellular uptake and 
agglomeration for bare and PEGylated AuNPs.  PEGylated NPs associated less with cells, 
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resulting in fewer NPs per NP cluster (NPC) within cells.  The smaller NPCs formed by 
PEGylated AuNPs support the smaller shift and broadening of PEGylated AuNP spectra in a 
cellular environment that was measured by HS imaging. 

Our observations are consistent with previous studies in human alveolar epithelial cells 

and mouse macrophage cells which reported that PEGylated NPs formed smaller intracellular 

agglomerates than did bare AuNPs [21, 105] and experienced decreased cellular uptake [106].  

However, in comparison to a previous study that observed that PEGylated NPs were better 

dispersed and spaced out from one another within vesicles of macrophage cells [21], we did not 

observe a significant difference in distance among particles for the PEGylated NPs compared 

with for the bare AuNPs within endosomes in the Sk-Br-3 cells used in our study (Figure 6.3).  

The decreased spectral shift for PEGylated AuNPs appears to be mainly due to the smaller size 

of AuNP clusters that form when PEGylated AuNPs are uptaken by cells rather than increased 

inter-particle distance (and thus a decreased coupling of nanoparticle plasmon resonances [29]) 

provided by the PEG layer. 

PEGylated AuNPs experience less spectral broadening following cellular uptake 

than bare AuNPs.  The broadness of spectra determines the range of wavelengths at which a 

certain intensity of optical response (absorption or scattering of light) will be achieved.  

Biomedical applications that depend on multiplexing of NPs resonant at different wavelengths 

must utilize NPs with narrow spectral widths in order to prevent unintentional excitation of other 

NP populations when illuminating with a particular wavelength [103].  Therefore, we compared 

the broadening of spectra after introduction of bare and PEGylated AuNPs to cells.  Since the 

spectra were asymmetric, broadness could not be defined as the full width half maximum 

(‘FWHM’).  We defined broadness by measuring the spectral width at 95% of the maximum 
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intensity (‘spectral width’) [103].  As seen in Figure 6.2B, PEGylated AuNP spectra were 

significantly narrower than bare AuNP spectra following cellular interaction.  Whereas the 

spectral width of bare AuNPs ranged from 103.4 ± 20.3 nm to 105.9 ± 11.7 nm for all exposure 

doses after 24 h of cell incubation, the spectral width for PEGylated AuNPs ranged from 57.5 ± 

7.4 nm to 74.9 ± 8.9 nm after 24 h incubation. 

The decreased broadening for PEGylated AuNPs is likely because of the decreased 

heterogeneity in NPC sizes within cells.  Averaging of the various spectra from intracellular 

NPCs of different sizes and peak wavelengths will result in a broader spectrum for cells that 

contain NPCs of diverse sizes [103].  TEM images suggested that for PEGylated AuNPs, most 

intracellular vesicles contained only 1 to 3 NPs up to a maximum of 8 NPs per vesicle (within a 

cell slice) (Figure 6.3, Supplementary Figure 6.2).  In comparison, a greater range of NPC sizes 

(1 to 29 NPs per vesicle) was observed for bare AuNPs (Figure 6.3, Supplementary Figure 5.3, 

and Supplementary Figure 5.5).  This difference in the range of NPC sizes found within cells 

incubated with PEGylated or bare AuNPs is likely to again stem from the decreased uptake and 

unique cellular uptake/intracellular trafficking routes taken by PEGylated AuNPs (as shown 

through inhibition studies previously) [104, 105]. 

In summary, these results show that PEGylated AuNPs experience smaller spectral 

shifting and decreased broadening in a cellular environment compared with bare AuNPs, likely 

due to lower cellular uptake and formation of smaller intracellular clusters.  Such results suggest 

that PEGylating NPs can be utilized as a method for mitigating changes to NPs’ spectral profiles; 

however, we also find that PEGylation does not completely prevent spectral shifting and 
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broadening, and the extent of spectral shifting and broadening is time- and exposure dose-

dependent (Figure 6.2). 

Serum concentration impacts shift magnitude of NP spectra in cells.  Since 

plasmonic NPs are exposed to different biological environments depending on their application 

(e.g., low serum concentration for in vitro applications, but high serum concentration for in vivo 

applications), we further studied the effect of serum concentration on the spectral changes 

experienced by plasmonic NPs in cells.  We chose 0% and 10% human serum (HuS) 

concentrations since plasmonic NPs are used under serum-free and serum-containing conditions 

in vitro.  We chose 25% and 50% HuS to represent higher serum conditions closer to those found 

in vivo.  Consistent with a previous study, we did not test concentrations higher than 50% HuS so 

that we could continue providing nutrients and buffering agents from the base cell culture media 

to the cells [102].  Prior to introduction of NPs, cells were slowly weaned to the 10, 25, or 50% 

serum conditions through the course of multiple passages in order to ensure that measured effects 

were not due to cellular shock to a new environment.  Cells cultured under these serum 

conditions were exposed to NPs suspended in media containing the respective serum 

concentrations and visualized through HS imaging.  Quantitative analysis of HS data showed that 

at early times (5 and 10 h), serum concentration impacted the magnitude of spectral shift 

experienced by AuNPs in cells; however, after 24 h, cellular uptake-associated shifting in the NP 

spectra was comparable among the 10%, 25%, and 50% HuS conditions (Figure 6.4). 
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Figure 6.4.  Serum concentration impacted the magnitude of spectral shift experienced by 
PEGylated AuNPs in cellular environment.  Peak wavelengths of spectra measured from HS 
imaging are displayed for Sk-Br-3 cells incubated with PEGylated AuNPs in 0, 10, 25, or 50% 
HuS conditions for 5, 10, or 24 h.  Error bars indicate SEM for spectral peak wavelengths 
measured from at least 50 cell ROIs for each condition.  PEGylated AuNPs exposed to cells in 
serum-free conditions exhibited spectra with peak wavelengths that were significantly greater 
than spectra for NPs exposed to cells in serum-containing conditions (10, 25, or 50% HuS), 
suggesting a greater spectral shift.  Comparing spectral shifts exhibited by NPs exposed to cells 
in different serum-containing conditions (10, 25, and 50% HuS), shifts were initially smaller at 
higher HuS conditions (25 and 50% HuS) as compared with at the 10% HuS concentration 
typically used in in vitro studies.  However, after 24 h of exposure, shifts became comparable 
and were not significantly different among the serum-containing conditions.  * indicates 
statistically significant difference (p<0.01) based on ANOVA followed by Tukey’s post-hoc 
HSD test.  Note:  No peak wavelength could be calculated at t=5 h for NPs exposed to cells at 
50% HuS since there was insufficient NP signal and cell scattering dominated the spectrum (for 
more information, see pg. 69).  Error bar for 0% HuS at t=5 h is smaller than the blue diamond 
symbol and therefore not visible. 
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At 5 and 10 h, there were distinct differences in the peak wavelengths of spectra for NPs 

introduced to cells cultured in 0, 10, 25, and 50% HuS conditions. NPs introduced to cells in 

serum-free (0% HuS) conditions exhibited spectra with significantly longer peak wavelengths 

than did NPs exposed to cells in serum-containing (10, 25, and 50% HuS) conditions.  Serum 

concentration has recently been shown to greatly impact the composition and thickness of the 

protein corona formed on the NP surface as well as the cellular uptake of NPs [17, 101, 102].  

For instance, Payne et al. showed that incubation of NPs with serum proteins could result in 

either increased or decreased cellular binding of cationic or anionic NPs as a result of the protein 

corona formed on the NP surface [107].  The protein corona of anionic NPs contained serum 

albumin, causing the NPs to bind to cells primarily through the albumin receptor and resulting in 

decreased cell binding as they competed with free albumin proteins to bind the albumin receptor.  

In comparison, the protein corona of cationic NPs contained a denatured form of serum albumin, 

which caused NPs to interact with cells through scavenger receptors and experience increased 

uptake [107]. 

Here in our study, our PEGylated AuNPs were slightly anionic (Supplementary Table 

6.1), and they experienced smaller spectral shifts in serum-containing media (10, 25, and 50% 

HuS) compared with serum-free media (0% HuS) (Figure 6.4).  These results agree with Payne’s 

study in that the presence of serum likely resulted in formation of a specific protein corona that 

caused the NPs to engage particular cell receptors and take a distinct route of internalization and 

intracellular transport.  Decreased cellular uptake of the NPs can result in each intracellular 

vesicle containing fewer NPs, leading to a smaller chance for plasmonic coupling and spectral 

shift. 



 91 
 

At 5 and 10 h of NP exposure, AuNPs also showed decreased spectral red-shifting as 

serum concentration increased from 10% to 25% and 50% HuS (Figure 6.4).  Previous studies 

have demonstrated that increased serum concentrations can lead to decreased cellular uptake of 

functionalized AuNPs or amine-modified polystyrene NPs [101, 102].  Therefore, decreased 

cellular uptake of NPs by cells incubated in higher serum concentrations may be one factor 

explaining the minimal change in spectral peak wavelength for NPs incubated with cells in the 

high serum (25 and 50% HuS) conditions at 5 and 10 h.  In addition to cellular uptake, the 

critical factor determining the extent of shift in the NP spectra is the configuration of NP 

agglomerates in intracellular vesicles.  In Figure 6.5, representative TEM images of cells at t=10 

h show that at the highest serum concentrations (25 and 50% HuS), fewer NPs (1-2 NPs) were 

found within each intracellular vesicle as compared with for cells exposed to NPs in 10% HuS or 

serum-free (0% HuS) conditions (see also Supplementary Figure 6.3).  The decreased number of 

NPs found within intracellular vesicles for cells cultured in higher serum concentration 

conditions is consistent with the smaller shift in the NP spectra that was measured (Figure 6.4). 
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Figure 6.5.  Representative cellular TEM images showed the relative number of PEGylated 
AuNPs within intracellular vesicles 10 and 24 h after incubation with Sk-Br-3 cells in various 
serum concentration conditions. At 10 h, the cells exposed to PEGylated AuNPs in serum-free 
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conditions were observed to have the highest number of AuNPs per vesicle, followed by 
decreasing numbers of AuNPs per vesicle as the serum concentration increased.  After 24 h, the 
largest numbers of AuNPs were found in vesicles when AuNPs were introduced to cells in 
serum-free conditions, while a comparable number of AuNPs was found in vesicles in the serum-
containing conditions (10, 25, 50% HuS). 

Interestingly, after 24 h of incubation of the PEGylated AuNPs with cells, there was no 

longer a significant difference in the spectral peak wavelength among the 10, 25, and 50% HuS 

conditions.  We hypothesize that this is due to ‘cellular conditioning’ of the extracellular media 

through secretion of solutes, proteins, and ions by cells.   Albanese and Chan recently showed 

that this natural ongoing secretion of proteins and molecules by cells into the extracellular media 

(for communication with other cells) causes a change in NPs’ protein corona and aggregation of 

NPs outside of cells [108-110].  Albanese and colleagues showed that between 8 and 24 hours of 

cellular incubation, the composition of the NP’s protein corona begins to include more cell-

secreted proteins and less serum proteins from the original media, resulting in changes in NP 

aggregation and cellular uptake [108].  This supports our finding that serum concentration 

impacted the magnitude of spectral shift experienced by AuNPs at early time points of 

incubation with cells but did not engender differences in spectral shift after 24 h of incubation.  It 

is possible that by 24 h of incubation, cell-secreted proteins and biomolecules have displaced a 

portion of the original protein corona and made the protein corona of the NPs in 10, 25, and 50% 

HuS conditions, more comparable in composition.  A second possible reason or contributing 

factor for the disappearance of significant differences in the spectral peak wavelength among the 

different HuS concentration conditions after 24 hours is that the protein corona evolved to a 

common composition over time for NPs incubated in the different serum conditions.  Monopoli 

et al. showed that such an evolution in the protein corona over 24 h to a more uniform 
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composition no longer dependent on the plasma concentration occurred for sulfonated 

polystyrene NPs [17].  A third explanation is that NPs exposed to 10, 25, or 50% HuS conditions 

could undergo different paths of cellular uptake and intracellular transport due to their distinct 

protein coronas, explaining the earlier differences in spectral shift and slight differences in NPC 

size seen in TEM images; however, after 24 h, NPs in high serum concentration conditions may 

have had enough time to “catch up” in cellular internalization to reach NPC sizes similar to those 

of NPs incubated with lower concentrations of serum.  Indeed, TEM images of cells incubated 

with NPs in 10, 25, and 50% HuS showed that similar NPC sizes resulted after 24 h, which can 

be due to a combination of these three reasons. 

Together, our results suggest that for PEGylated AuNPs, the serum concentration has a 

greater effect on the extent of spectral shift experienced by PEGylated AuNPs at early times 

following introduction to cells, but this effect diminishes with longer incubation time.  However, 

significant larger spectral shifting is achieved for NPs in serum-free conditions compared with 

serum-containing conditions.  As a result, we find that the biological environmental conditions of 

the applications in which plasmonic nanoparticles are used—whether a serum-free or serum-

containing environment—will impact the extent of the change in their optical spectra upon 

cellular interaction, likely as a result of formation of a different protein corona and engaging 

different cellular receptors for uptake and intracellular trafficking. 

6.4. Conclusions 

In this chapter, we examined how design parameters, such as PEGylation of NPs and 

serum concentrations used, impact the extent that the spectra of plasmonic NPs change when 
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plasmonic NPs are introduced into a cellular environment.  We found that PEGylation decreases 

the magnitude of spectral shift and spectral broadening.  Changes in the spectra of plasmonic 

AuNPs in cells is also dependent on the serum concentration in which the NPs are introduced to 

the cells.  In serum-free conditions, NP spectra shift significantly more, and when NPs are 

exposed to cells for short periods of time, spectral shifts are suppressed in higher serum 

concentration environments.  Finally, after 24 h of NP-cell exposure, it appears that the serum 

concentration of the extracellular media does not have a significant effect on the extent of 

spectral shifting either due to evolution of the protein corona to a common composition or due to 

NPs reaching a similar plateau in intracellular agglomeration after 24 h despite initial differences 

in cellular uptake and intracellular transport.  These findings suggest that the spectral shifting of 

plasmonic NPs experienced in biological environments can be engineered when designing 

nanoparticles for biomedical applications.  PEGylation of NPs can decrease spectral shifting and 

maintain a narrow spectral width, which may be important for applications demanding narrow 

spectral outputs to minimize spectral overlap of multiplexed NPs.  Furthermore, spectral shifts 

are less pronounced when PEGylated AuNPs are employed in high-serum environments.  While 

these trends may differ depending on particle type and cell type, our findings offer an initial 

framework for considering the effect of design parameters on the final spectral shifting in cells 

when designing plasmonic nanoparticles for medical applications.  Furthermore, we have 

demonstrated the use of darkfield HS imaging for identifying how NP design parameters and 

environmental factors impact the spectral shift plasmonic NPs experience in cellular 

environments. Continued work towards elucidating the cellular interaction, cellular uptake, 

intracellular trafficking, and intracellular agglomeration of AuNPs in parallel with further 

characterization of how other design parameters impact plasmonic NP spectral changes in 



 96 
 

biological environments will enable the precise design of plasmonic NPs capable of achieving a 

targeted optical response and fate in biomedical systems. 
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6.5. Supplementary Figures 

1.  Characterizing PEGylated AuNP spectral shift in media before cell 
internalization 

 

Supplementary Figure 6.1.  UV-vis absorbance readings show no more than 1 nm in shift of 
spectra after incubation in 10% HuS CPRFM over 24 h.  PEGylated NPs in water serve as a 
comparative reference.  At each exposure dose (12, 24, 48, 96 μg/mL), PEGylated AuNPs in 
10% HuS CPRFM did not exhibit a peak wavelength shift of more than 1 nm.  The peak 
wavelengths differ among PEGylated AuNPs at different exposure doses because of the 
influence of CPRFM components on the spectra.  At high doses of PEGylated AuNPs, the 
contribution of the CPRFM on the spectra are minor.  At lower doses of PEGylated AuNP, the 
AuNP spectral contribution is lower, and the CPRFM spectral contribution causes the overall 
spectral peak to be slightly blue-shifted (shifted to shorter wavelengths).  Nonetheless, within 
each exposure dose, there is no more than 1 nm of culture media-related shift in the spectra of 
PEGylated AuNPs prior to cellular uptake, which is insufficient to account for the shifted spectra 
measured in cells after cellular uptake by HS imaging.  
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2.  Additional cellular TEM images:  varying exposure dose & time 

 
Supplementary Figure 6.2A.  Additional TEM images of Sk-Br-3 cells following 10 h 
incubation with 24 μg/mL 100 nm PEGylated AuNPs.  TEM images of multiple cells are shown 
to provide representative sampling of the relative distribution and number of NPs in each cluster 
and number of clusters per cell (in the two-dimensional slice). 
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Supplementary Figure 6.2B.  Additional TEM images of Sk-Br-3 cells following 24 h 
incubation with 24 μg/mL 100 nm PEGylated AuNPs.  TEM images of multiple cells are shown 
to provide representative sampling of the relative distribution and number of NPs in each cluster 
and number of clusters per cell (in the two-dimensional slice). 
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Supplementary Figure 6.2C.  Additional TEM images of Sk-Br-3 cells following 24 h 
incubation with 96 μg/mL 100 nm PEGylated AuNPs.  TEM images of multiple cells are shown 
to provide representative sampling of the relative distribution and number of NPs in each cluster 
and number of clusters per cell (in the two-dimensional slice). 
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3.  Zeta potential measurement of bare and PEGylated 100 nm AuNPs 
 
The zeta potential for bare and PEGylated 100 nm AuNPs was measured using a Malvern 
Zetasizer Nano ZS at 25°C.  Values are reported as mean ± standard deviation. 

 
Supplementary Table 6.1.  Zeta potential for bare and PEGylated 100 nm AuNPs measured in 
water. 

 Hydrodynamic 
Diameter (nm) 

Zeta Potential 
(mV) 

Bare AuNPs 107.0 ± 0.6 -45.4 ± 0.4 
PEGylated 

AuNPs 
123.3 ± 0.03 -7.2 ± 0.7 
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4.  Additional cellular TEM images:  varying serum concentration at t=10 h 

 
Supplementary Figure 6.3.  Additional TEM images of Sk-Br-3 cells following 10 h incubation 
with 24 μg/mL 100 nm PEGylated AuNPs in 0% HuS.  TEM images of multiple cells are shown 
to provide representative sampling of the relative distribution and number of NPs in each cluster 
(in the two-dimensional slice). 
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Supplementary Figure 6.3.  Additional TEM images of Sk-Br-3 cells following 10 h incubation 
with 24 μg/mL 100 nm PEGylated AuNPs in 10% HuS.  TEM images of multiple cells are 
shown to provide representative sampling of the relative distribution and number of NPs in each 
cluster (in the two-dimensional slice).  
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Supplementary Figure 6.3.  Additional TEM images of Sk-Br-3 cells following 10 h incubation 
with 24 μg/mL 100 nm PEGylated AuNPs in 25% HuS.  TEM images of multiple cells are 
shown to provide representative sampling of the relative distribution and number of NPs in each 
cluster (in the two-dimensional slice).  
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Supplementary Figure 6.3.  Additional TEM images of Sk-Br-3 cells following 10 h incubation 
with 24 μg/mL 100 nm PEGylated AuNPs in 50% HuS.  TEM images of multiple cells are 
shown to provide representative sampling of the relative distribution and number of NPs in each 
cluster (in the two-dimensional slice).  
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5.  Additional cellular TEM images:  varying serum concentration at t=24 h 

 
Supplementary Figure 6.4.  Additional TEM images of Sk-Br-3 cells following 24 h incubation 
with 24 μg/mL 100 nm PEGylated AuNPs in 0% HuS.  TEM images of multiple cells are shown 
to provide representative sampling of the relative distribution and number of NPs in each cluster 
(in the two-dimensional slice). 
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Supplementary Figure 6.4.  Additional TEM images of Sk-Br-3 cells following 24 h incubation 
with 24 μg/mL 100 nm PEGylated AuNPs in 10% HuS.  TEM images of multiple cells are 
shown to provide representative sampling of the relative distribution and number of NPs in each 
cluster (in the two-dimensional slice). 
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Supplementary Figure 6.4.  Additional TEM images of Sk-Br-3 cells following 24 h incubation 
with 24 μg/mL 100 nm PEGylated AuNPs in 25% HuS.  TEM images of multiple cells are 
shown to provide representative sampling of the relative distribution and number of NPs in each 
cluster (in the two-dimensional slice). 
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Supplementary Figure 6.4.  Additional TEM images of Sk-Br-3 cells following 24 h incubation 
with 24 μg/mL 100 nm PEGylated AuNPs in 50% HuS.  TEM images of multiple cells are 
shown to provide representative sampling of the relative distribution and number of NPs in each 
cluster (in the two-dimensional slice). 
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Chapter 7 

Differentiating Cell-Surface Bound and Cell-
Internalized Nanoparticles:  Efficacy and 

Intracellular Effects of Emerging Approachesd 

In order for nanomaterial interactions with cells to be understood with additional clarity, 

it is important to be able to distinguish NPs that are truly internalized by cells from those only 

adsorbed to the cell exterior.  In this chapter, we investigate emerging methods for removing NPs 

from cell surfaces—characterizing their efficacy using confocal imaging—in order to enable 

investigations of nano-bio interactions, NP delivery, and NP fate to advance forward. 

                                                 
 

d Adapted from:  Chen AL, Jackson MA, Lin AY, Young JK, Asthana V, Figueroa ER, Reiser EM, Drezek 
RA, “Differentiating Cell-Surface Bound and Cell-Internalized Nanoparticles:  Evaluation of Efficacy and 
Intracellular Effects of Emerging Approaches,” Manuscript in Preparation. 
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7.1. Introduction 

Robust methods to characterize the cellular uptake and intracellular distribution of NPs 

are paramount to improving understanding of nano-bio interactions and designing NPs for 

optimal efficacy in applications such as drug and gene delivery [111].  Thus far, most studies 

quantifying cellular uptake or subcellular localization of NPs have been unable to separate out 

possible contributions from NPs that are adsorbed to the outer cell membrane.   Most commonly, 

cells are rinsed with a buffer solution after incubation with NPs [83, 92], but some NPs remain 

attached to the cell surface [92].  As a result, measurements of the number of NPs internalized by 

cells (through methods such as inductively-coupled plasma mass spectroscopy (ICP-MS)) can be 

confounded by the presence of both intracellular and extracellular NPs [26, 112].  Cellular 

binding and cellular uptake of NPs have very different implications [91], and therefore methods 

to differentiate cell membrane-bound NPs from cell-internalized NPs are needed. 

Two main approaches have emerged recently in the nanomedicine and nano-bio 

interactions literature.  The first, utilizing an I2/KI etchant to dissolve away AuNPs outside of 

cells and retaining intracellular AuNPs was proposed by Xia and colleagues [112].  The second 

approach, acid stripping, originated from a cell biology technique for removing cell membrane 

ligands such as antibodies [113-115] and has been applied to removing NPs from cell surfaces 

[116-118].  Both approaches have begun to be used in the literature [10, 85, 116-119], but their 

efficacies for selectively removing NPs on the exterior of cells have not been well characterized 

or visually confirmed (validated).  A clear understanding of the efficacy of these approaches and 

the conditions under which they are reliable is necessary for the adoption of such approaches 

toward accurate investigation of the cellular fate of NPs.  Here, we study the efficacy and 
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potential unintended intracellular effects of I2/KI etching and acid stripping on removal of 100 

nm AuNPs from the exterior and interior of Sk-Br-3 breast adenocarcinoma cells.  While a 

couple additional promising methods have been developed recently, they are unfortunately 

largely limited to use with very specific types of NPs so we do not focus on them here.  We 

present these findings to provide visual validation needed for these techniques to be used 

confidently in the nano-bio realm and highlight important considerations for their accurate use.  

The drawbacks of each method also present opportunities that methods developed in the future 

can seek to address. 

7.2. Materials and Methods 

Exposing cells to AuNPs.  Sk-Br-3 cells (American Type Culture Collection) were 

cultured in McCoy’s 5A cell culture medium supplemented with 10% v/v human off-the-clot 

type AB serum (Valley Biomedical) and 1% penicillin-streptomycin and maintained at 37°C in a 

5% CO2 incubator.  Sk-Br-3 cells were plated on LabTek II CC2 4-well chamber slides at a 

density of 100,000 cells/well and grown to 70% confluence.  After 24 h, culture media was 

removed and cells were incubated with AuNPs in CPRFM for 24 h in an incubator at 37°C and 

5% CO2.  AuNPs in CPRFM were prepared by centrifuging citrate-stabilized AuNPs (100 nm, 

Ted Pella) at 2000 g for 20 min, redispersing in CPRFM, sonicating, passing through a 0.22 µm 

polyethersulfone (PES) sterile filter (Millipore), and diluting in CPRFM to a final concentration 

of 24 μg/mL. 

Preparation of I2/KI etchant.  I2/KI etchant was prepared at a 1:6 molar ratio of I2:KI 

such that the stock concentration of 10 mM I2 also contained 60 mM KI.  I2 and KI were 
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reconstituted with ultrapure milli-Q water.  Dilutions to the concentrations used in experiments 

were performed using 1X PBS. 

I2/KI etching for removal of extracellular AuNPs:  fixation followed by etching.  

After incubation with AuNPs, cells were rinsed 2x with 1X Dulbecco's phosphate buffered saline 

without magnesium and calcium (PBS, Invitrogen), fixed using 4% formaldehyde (15 min, BD 

Biosciences), and rinsed again 2-3x with PBS.  0.5 mL of I2/KI etchant at the investigated 

concentration was added to the well at room temperature and placed on a nutator to ensure 

uniform distribution of etchant cross the well.  After 5 min, etchant was removed and the well 

was rinsed immediately 2-3 x with 1X PBS.  Chamber slides were then prepared for confocal 

imaging as described in the “Confocal imaging” section. 

I2/KI etching for removal of extracellular AuNPs:  etching followed by fixation.  

After incubation with AuNPs, cells were rinsed 2x with 1X Dulbecco's phosphate buffered saline 

without magnesium and calcium (PBS, Invitrogen).  0.5 mL of I2/KI etchant at the investigated 

concentration was added to the well at room temperature and placed on a nutator to ensure 

uniform distribution of etchant cross the well.  After 5 min, etchant was removed and the well 

was immediately rinsed 3x with 1X PBS. Cells were then fixed using 4% formaldehyde (diluted 

with 1x PBS from 16% PFA, Electron Microscopy Sciences) for 10-15 min and rinsed again 2-

3x with PBS.  Chamber slides were then prepared for confocal imaging as described in the 

“Confocal imaging” section. 

Acid stripping with NaCl/acetic acid stripping buffer: fixation followed by acid 

stripping.  To remove NPs and membrane proteins from cells using the NaCl/acetic acid 

stripping method, cells were rinsed 2x with 1X PBS, fixed with 4% formaldehyde (BD 
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Biosciences) for 15 min, and rinsed 2x with 1X PBS.  Then, NaCl/acetic acid stripping buffer 

composed of 0.5 M NaCl and 0.5% acetic acid in ultrapure milliQ water was added to cells on 

ice for 1 minute or 5 minutes.  Immediately after the allotted amount of acid stripping exposure 

time, stripping buffer was removed and cells were rinsed 2x with 1X PBS.  Chamber slides were 

then prepared for confocal imaging as described in the “Confocal imaging” section. 

Acid stripping with NaCl/acetic acid stripping buffer: acid stripping followed by 

fixation.  Cells were rinsed 2x with 1X PBS, and then NaCl/acetic acid stripping buffer 

composed of 0.5 M NaCl and 0.5% acetic acid in ultrapure milliQ water was added to cells on 

ice and gently agitated with an orbital shaker.  After 1 min, stripping buffer was removed and 

replaced with ice-cold 1X PBS for 1 min.  This process was repeated a total of three times.  Cells 

were then fixed with 4% paraformaldehyde (BD Biosciences) for 10 min and rinsed 2x with 1X 

PBS.  Chamber slides were then prepared for confocal imaging as described in the “Confocal 

imaging” section. 

Preparing acidified cell culture medium.  Acidified cell culture medium and 

neutralizing wash medium were formulated as described by Abendroth et al. in ref [114].  

McCoy’s 5A media without bicarbonate in powder form (Sigma-Aldrich) was reconstituted with 

sterile water and sterile filtered with a 0.22 μm PES vacuum filter.  Then, sterile 1 M HCl was 

added dropwise to achieve a pH of 2.4, and the media was supplemented with 1% bovine serum 

albumin (BSA).  Neutralizing medium was made by reconstituting powdered McCoy’s 5A media 

(without bicarbonate) with sterile ultrapure water, passing through a 0.22 μm PES vacuum filter, 

and adding 1 M HEPES for a final HEPES concentration of 0.5 M and pH 7.1. 

Acid stripping with acidified cell culture medium.  For the acid stripping method using 

acidified cell culture medium, cells were rinsed 2x with ice cold 1X PBS, fixed 15 min with 4% 
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formaldehyde (BD Biosciences), and rinsed 2x with 1X PBS.  Cells were then incubated with ice 

cold acidified cell culture medium for 3 or 5 minutes on ice, rinsed 2x with neutralizing wash 

medium, rinsed 1x with 1X PBS, and prepared for confocal imaging. 

Confocal imaging.  After rinsing with 1X PBS, cells were incubated with 5 μg/mL 

Oregon Green – Wheat Germ Agglutinin for 10 min and rinsed 2x with 1X PBS.  Chamber slide 

well dividers were removed, and the sample slide was mounted using ProLong Gold anti-fade 

mounting medium, coverslipped, and sealed partially with nail polish.  The cells were left 

protected from light at room temperature overnight to allow the mounting medium to cure, after 

which the slide was completely sealed with nail polish and imaged with a Nikon A1 confocal 

microscope.  To collect confocal z-stack images of the cells with AuNPs, a 60x oil objective was 

utilized along with 488 nm and 561 nm lasers to excite the WGA and AuNPs, respectively.  Z-

stack images were collected across a thickness of 15 to 20 μm at a 0.1 μm step size to cover the 

depth of the cell and approximately an additional 2 μm above the cell surface. 

Semi-quantitative confocal image analysis.  To semi-quantitatively determine relative 

differences in the presence or absence of extracellular NPs and intracellular NPs after I2/KI 

etching or acid stripping, confocal z-stack images were carefully analyzed by utilizing the “slice 

view.”  In the “slice view” construction of the 3D z–stack image, the X-Z slice can be visualized 

at each X location of the image, and the Y-Z slice can be visualized at each Y location in the 

image.  For each cell, the X-Z and Y-Z slices across the full X and Y ranges of the cell, 

respectively, were carefully viewed to determine the presence or absence of AuNPs inside cells 

or outside of cells (above the cell membrane). 

In order to determine the percent of cells that contained intracellular NPs and the percent 

of cells that contained extracellular NPs, 3D confocal z-stack images were carefully analyzed.  
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The following objective criteria were utilized to ensure consistency in the analyses.  The 

transmission channel was first used to accurately identify cells for analyses in images.  Cells with 

unclear boundaries or that were fused with other cells were not analyzed.  If a large portion of a 

cell was missing the green WGA staining in the X-Z or Y-Z views, the cell was also not 

analyzed.  If a cell displayed red signal (NPs) below the green membrane signal, it was deemed 

to contain intracellular NPs.  Red signal (NPs) that were colocalized with the green membrane 

signal was also considered “intracellular” since this could represent NPs in the process of being 

internalized.  If red signal (NPs) was observed that was distinctly above the green membrane 

signal at any point in the cell image in the X-Z or Y-Z slice, then the cell was deemed to contain 

extracellular NPs.  If red signal (NPs) was observed both below and above the green membrane 

signal, then the cell was deemed to contain both intracellular and extracellular NPs.  In some 

cells, the green membrane signal showed some spikiness.  The spikiness was assumed to 

represent uneven staining rather than the true topology of the cell membrane.  Therefore, NPs 

falling in the ridges of the green membrane outline were considered intracellular if the NP signal 

was below the adjacent green signal.  The “% cell population with intracellular NPs” was 

calculated as (# cells with intracellular NPs) / (total # of cells in image) x 100.  The “% cell 

population with membrane NPs” was calculated as (# cells with membrane NPs) / (total # of 

cells in image) x 100.   

Trypan blue dye exclusion assay.  To assess membrane integrity and cell viability, 0.4% 

trypan blue in phosphate buffered saline (MP Biomedicals, LLC) added to wells containing cells 

for 5 min at room temperature.  Cells were then rinsed 2x with 1X PBS, and 300 uL of 1X PBS 

was added to each well to keep cells hydrated during imaging.  Cells were imaged at 20x 

magnification with a Zeiss Axio Observer.A1m inverted microscope.  The number of cells with 
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uptaken trypan blue dye and number of total cells were counted using ImageJ (National Institutes 

of Health).  Cell viability was determined as (1 - # blue cells / # total cells) x 100%. 

7.3. Results and Discussion 

When performed after cell fixation, I2/KI etching may remove intracellular 

nanoparticles before membrane-adsorbed nanoparticles are fully removed.  To visually 

assess the effectiveness of I2/KI etching on removing extracellular AuNPs, we exposed AuNP-

containing Sk-Br-3 cells to various I2/KI etchant concentrations and imaged the cells using 

confocal z-stack microscopy.  As seen in Figure 7.1’s representative 3D slice-view and volume-

view images, increasing etchant concentrations resulted in removal of a portion of extracellular 

NPs, but intracellular NPs also appeared to be etched away.  If intracellular NPs are also 

removed during the etching process, use of etching as a way of isolating the contribution of 

intracellular NPs (for example, to measure the number of NPs internalized by cells) could lead to 

inaccurate or misleading results.  To further investigate potential intracellular etching, we semi-

quantitatively assessed the removal of extracellular and intracellular nanoparticles at various 

etchant concentrations.  The relative location of NPs with respect to the fluorescently stained cell 

membrane was determined by carefully analyzing the X-Z and Y-Z slice projections of the 3D 

confocal images.  For each etching condition, we counted the number of cells that contained 

intracellular NPs and number of cells that contained extracellular NPs.  We monitored changes in 

the relative percent of cells containing intracellular and extracellular NPs as the etchant 

concentration increased (Figure 7.2). 
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Figure 7.1.  Confocal 3D z-stack images of cells fixed prior to I2/KI etching. Sk-Br-3 cells were 
exposed to 24 μg/mL 100 nm AuNPs for 24 hours, rinsed with PBS, fixed, and rinsed before 
I2/KI etching.  Slice view and volume views of confocal z-stacks are shown for Sk-Br-3 cells 
before and after I2/KI etching at various etchant concentrations for 5 minutes.  3D z-stacks were 
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taken transversely across the whole height of the cells to approximately 2 microns above the cell 
surface.  The cell plasma membrane was stained with wheat germ agglutinin (green).  AuNPs 
were detected via reflectance (red).  Scale bar in the slice view image represents 20 μm.  

 

Figure 7.2.  When cells are fixed prior to I2/KI etching, intracellular AuNPs begin to be etched 
away before extracellular AuNPs are completely removed.  The relative percent of cells 
containing intracellular and extracellular AuNPs are displayed for cells left un-etched or exposed 
to min with 0.125, 0.25, 0.5, or 3 mM I2/KI etchant for 5 min.  75 to 116 cells were analyzed for 
each condition. 

In the absence of etching, 100% of AuNP-exposed Sk-Br-3 cells had at least one 

extracellular NP visible in confocal z-stack images (Figure 7.2).  Greater than 90% of AuNP-

exposed Sk-Br-3 cells also had at least one intracellular NP (Figure 7.2).  Confocal z-stack 

images showed that increased etchant concentrations did remove some extracellular NPs, but 100% 

of cells still contained at least one extracellular NP after being exposed to 0.125, 0.25 or 0.5 mM 

I2/KI for 5 min (Figure 7.2).  Meanwhile, at the same low etchant concentrations, confocal 
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images showed a decrease in the percent of cells with at least one intracellular NP from 94% (no 

etching) to 48% (etching with 0.5 mM I2/KI for 5 min) (Figure 7.2).  These results suggested that 

NPs from within the cell may be etched away before extracellular NPs are completely removed. 

NP etching efficacy and cell viability are highly sensitive to etchant concentration, 

even when I2/KI etching is performed before cell fixation.  In our initial experiment, cells 

were fixed with 4% paraformaldehyde and then etched to ensure that I2/KI would not enter cells 

through any active cellular processes such as non-specific pinocytosis of extracellular fluid or 

ion-channel mediated uptake.  However, it is possible that fixation can lead to increased cell 

permeability and entry of the etchant into cells.  To investigate if the etching of intracellular NPs 

could be attributed to fixation of cells prior to the etching procedure, we performed the same 

confocal imaging and semi-quantitative analysis procedures for cells that were first etched with 

I2/KI and then fixed with PFA.   

When etching was performed before cell fixation, the percent of cells containing 

intracellular AuNPs remained high at the 0.125, 0.25, and 0.5 mM I2/KI etchant concentrations 

(Figure 7.3 and Figure 7.4).  Etching with 0.5 mM I2/KI for 5 min resulted in moderate removal 

of cell surface AuNPs and left only 45% of cells containing extracellular NPs.  However, a slight 

increase in concentration to 1 mM I2/KI led to a drop in the percent of cells containing 

intracellular AuNPs to only 13% (>80% of cells no longer had intracellular NPs) (Figure 7.3 and 

Figure 7.4).  Moreover, a trypan blue dye exclusion assay showed loss in membrane integrity and 

cell viability at all etchant concentrations used (Figure 7.4).  These results demonstrate that even 

when cells are etched before fixation, NP etching efficacy is highly sensitive to etchant 

concentration, and a delicate balance is needed to maximally etch extracellular while preserving 
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intracellular NPs.  Sufficient NP etching from the cell exterior may not be able to be reached 

without negatively affecting membrane integrity and possibly etching intracellular NPs as well. 
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Figure 7.3.  Confocal 3D z-stack images of cells exposed to I2/KI etchant prior to fixation. Sk-
Br-3 cells were exposed to 24 μg/mL 100 nm AuNPs for 24 hours, rinsed with PBS, incubated 
with I2/KI etchant, rinsed with PBS, and fixed.  Slice view and volume views of confocal z-
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stacks are shown for Sk-Br-3 cells before and after I2/KI etching at various etchant 
concentrations for 5 minutes.  3D z-stacks were taken transversely across the whole height of the 
cells to approximately 2 microns above the cell surface.  The cell plasma membrane was stained 
with wheat germ agglutinin (green).  AuNPs were detected via reflectance (red). Scale bar in the 
slice view image represents 20 μm. 

 

Figure 7.4.  When cells are first etched with I2/KI and then fixed, etching efficacy is highly 
sensitive to etchant concentration and cells exhibit poor viability.  The relative percent of cells 
containing intracellular and extracellular AuNPs are displayed for cells left un-etched or exposed 
to min with 0.125, 0.25, 0.5, 1, 2, or 3 mM I2/KI etchant for 5 min.  70 to 112 cells were 
analyzed for each condition. 

Based on these results, I2/KI etching for removing cell membrane-adsorbed AuNPs 

should be employed judiciously because of the possible intracellular etching and the sensitivity 

of the etching effect to minute changes in etchant concentration used.  It is possible that the 

effects observed here are AuNP size-specific.  While our I2/KI etchant (1:6 I2:KI molar ratio), 

range of etchant concentrations and times tested, and cell type (Sk-Br-3) were consistent with 
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Xia et al., we utilized 100 nm AuNP rather than the 18 nm AuNPs used by Xia et al.  Since 

larger AuNPs require a longer time or higher etchant concentration to etch away all of their Au 

atoms, it is possible that lower etchant concentrations that do not impair cell viability or etch 

away intracellular AuNPs can be utilized for smaller AuNPs.  The concentration required to 

completely etch away larger AuNPs from the outside of cells may be high enough to impair cell 

viability and also dissolve away some intracellular NPs.  Therefore, further study of the 

relationships between AuNP size, etchant concentrations/times for efficacy, cellular viability, 

and intracellular NP preservation may be needed to guide use of I2/KI etching for selective 

removal of cell membrane-bound AuNPs.  The impact of etchant on different cell types also 

warrants additional study.  For example, the Sk-Br-3 cells used in both our study and the original 

work by Xia et al., contain sodium-iodide symporters that may offer a route for etchant to enter 

the cells [120, 121].  If the main mechanism of I2/KI entry to cells is through the symporter, the 

use of a sodium-iodide symporter blocker may enable I2/KI etching to be used for a wider range 

of AuNP sizes and doses while minimizing impact on the state of intracellular AuNPs. 

Acid Stripping Partially Removes Cell Membrane Adsorbed NPs And Preserves 

Intracellular NPs.  An alternative emerging approach for removing cell membrane-bound 

nanoparticles is through acid stripping [116-118].  Similar to with the etching approach, we used 

confocal z-stack imaging to assess the effect of acid stripping on removing membrane-associated 

NPs and preserving the state of intracellular NPs.  We tested acid stripping with either a simple 

acetic acid and NaCl salt combination or with an acidified cell culture medium followed by a 

neutralizing buffer (Figure 7.5).  Preliminary analysis showed that acid stripping with the acetic 

acid and salt solution partially removed cell membrane-adsorbed NPs but preserved intracellular 

NPs (Figure 7.6).  In these preliminary studies, acid stripping was performed after cellular 
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fixation in order to minimize the possibility for the acidic solution to impact the cellular 

processes and thus the state of intracellular NPs.  However, cellular fixation with PFA involves 

crosslinking of proteins, which may trap cell membrane-adsorbed AuNPs that may be attached to 

receptors through protein ligands on the AuNP surface.  Therefore, we also evaluated the 

effectiveness of acid stripping when performed prior to cellular fixation.  As seen in Figure 7.5F 

and Figure 7.6, acid stripping prior to cellular fixation successfully removed extracellular NPs, 

resulting in only 39% of cells with extracellular NPs after acid stripping.  Meanwhile, the percent 

of cells observed to contain intracellular NPs remained relatively constant at 100% without acid 

stripping and with acid stripping.  These results visually validate acid stripping as a promising 

technique for removal of extracellular NPs from cell surfaces while maintaining the intracellular 

NPs.  It is also evident from these results that acid stripping (at this current state without further 

optimization) does not remove all membrane-bound NPs, and further work may be needed to 

optimize the approach. 
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Figure 7.5.  Confocal 3D z-stack images of cells exposed to acid stripping to remove surface-
bound nanoparticles. Sk-Br-3 cells were exposed to 24 μg/mL 100 nm AuNPs for 24 hours, 
rinsed with PBS, and then either:  A) not exposed to acid stripping, B) fixed and then exposed to 
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NaCl/acetic acid for 1 min, C) fixed and then exposed to NaCl/acetic acid for 5 min, D) fixed 
and then exposed to acidified cell culture medium for 3 min, E) fixed and then exposed to 
acidified cell culture medium for 5 min, or F) exposed to NaCl/acetic acid for 1 min x 3, with 
PBS rinses between each exposure.  Slice view and volume views of confocal z-stacks are shown.  
3D z-stacks were taken transversely across the whole height of the cells to approximately 2 
microns above the cell surface.  The cell plasma membrane was stained with wheat germ 
agglutinin (green).  AuNPs were detected via reflectance (red). 

 

Figure 7.6.  Acid stripping partially removes cell membrane-adsorbed NPs and preserves 
intracellular NPs.  The relative percent of cells containing intracellular and extracellular AuNPs 
are displayed for Sk-Br-3 that were A) not acid stripped, B) fixed and then exposed to 
NaCl/acetic acid stripping buffer, C) fixed and then exposed to NaCl/acetic acid stripping buffer 
for 5 min, or D) exposed to NaCl/acetic acid stripping buffer for 1 min x 3 with PBS rinses in 
between exposures.  48 to 64 cells were analyzed for each condition. 

7.4. Conclusions 

In conclusion, in this chapter we have utilized confocal z-stack imaging to, for the first 

time, visually evaluate the efficacy of I2/KI etching and acid stripping for removal of 
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extracellular NPs and preservation of intracellular NPs.  While I2/KI etching is capable of 

removing extracellular AuNPs, its effectiveness is highly sensitive to the etchant concentration 

utilized and may lead to dissolution of intracellular AuNPs and loss of cell viability.  Given the 

loss in cell viability at etchant concentrations above 0.125 mM for 5 min, further study of the 

relative etchant concentrations and times that are necessary for effectively etching extracellular 

AuNPs of various sizes will be important.  It appears that AuNPs beyond a certain size will 

require etchant concentrations and etching times that exceed thresholds for preventing etchant 

entry into cells and loss of cell viability.  Therefore it may be important to consider AuNP size, 

cell type, and etchant concentration/time carefully when using I2/KI etching for quantitative 

AuNP-cell internalization studies.  Acid stripping presents another emerging approach that 

appears to not cause removal of intracellular NPs, but has only moderate efficacy in removing all 

extracellular NPs for the 100 nm AuNPs used in our study.  This study points to the promises 

and drawbacks of these two primary approaches for removing extracellular NPs to study the 

effect or presence of cell-internalized NPs.  We hope that further development of new methods 

draw upon these findings to develop improved approaches which combine the potential for 

efficacy displayed by I2/KI etching and the selectivity of acid stripping for removing 

extracellular NPs—leading to a method that can be robustly used to further the precise 

characterization of cellular uptake and fate of NPs in biological systems, and ultimately aiding in 

the design of safe and effective NP-based medical applications. 
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Conclusions 

In the complex biological environment in which NPs are introduced for biomedical 

diagnostics and therapies, NP properties can undergo substantial changes.  Designing biomedical 

NPs for optimal efficacy and safety therefore requires a deeper mechanistic and quantitative 

understanding of their biological interactions and how their properties change so that design 

principles can be developed which take into account these important changes.  In this thesis, we 

established a HS imaging and analysis approach for quantifying spectral shifting, broadening, 

and distribution of plasmonic NPs following introduction to a cellular environment, and we 

demonstrated the application of this approach toward developing a design framework that relates 

NP design parameters with the spectral changes exhibited in a cellular environment.  

In Chapter 5, we established HS imaging and analysis methods, with which we 

determined that after exposure of bare 100 nm AuNPs to Sk-Br-3 breast adenocarcinoma cells, 

spectra can shift by as much as 79 ± 24 nm in an exposure dose- and time-dependent manner.  

This spectral shifting was correlated with an agglomeration of AuNPs into NPCs of increasing 

size within intracellular vesicles (shown by cellular TEM).  We also found that spectra 

broadened with time, achieving a spectral width of 106 ± 12 nm at 95% of the spectrum’s 

maximum intensity after 24 h.  We attributed this relatively broad optical scattering spectrum to 

an averaging of spectra from the large and small NPCs that form in cells with time and to the 

complex spectral characteristics of large NPCs.  The increased spectral broadness has 

implications in the range of wavelengths that can be utilized to excite an optical response as well 

as potential risk of spectral overlapping when multiplexing of plasmonic NPs is employed.  With 

increased exposure time to NPs, the spectral response from different cells within the cell 
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population also became more heterogeneous, likely due to various cells being in different stages 

of uptake and intracellular transport of NPs.  These results suggest that timing may be an 

important factor to consider when exciting plasmonic NPs in situations when the uniformity of 

optical response across cells is important.  

In Chapter 6, we further applied this HS imaging and analysis approach to investigate 

how PEGylation of NPs can impact the spectral changes exhibited by NPs.  NP functionalization 

with PEG effectively decreased the magnitude of spectral shift exhibited by NPs to a maximum 

of 33 ± 12 nm and decreased the magnitude of spectral broadening, likely due to the formation of 

smaller intracellular clusters of more similar sizes (as observed by cellular TEM).  Given the 

important role of the protein corona in guiding the cellular uptake and intracellular trafficking of 

NPs, and biological applications which range from serum-free to 10% serum (in vitro) to 100% 

serum conditions (in vivo), we also investigated the spectral changes of PEGylated NPs in 

different serum conditions.  We found that the greatest spectral shifting resulted when cells are 

exposed to NPs in serum-free conditions.  Furthermore, while spectral shifts were greater in 10% 

serum compared with 25 or 50% serum at early times (possibly due to decreased cellular uptake 

and formation of smaller intracellular NPC sizes shown by TEM for cells in the 25% and 50% 

serum conditions), the final spectral changes were comparable after 24 h incubation for the 10, 

25, and 50% serum conditions.  These quantitative findings provide an initial framework for 

understanding how NP design factors and biological environmental factors can influence the 

spectral shift exhibited by NPs in a cellular environment, and suggest the potential for spectral 

shifting of NPs in biological environments to be engineered. 
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Finally, control of the optical response of plasmonic NPs on a subcellular level and 

further  advancement of nano-bio interactions understanding will require methods to differentiate 

NPs that are internalized by cells from those simply adsorbed to the cell surface.  In Chapter 7, 

we utilized confocal reflectance and fluorescence microscopy to visually characterize the 

efficacy of I2/KI etching and acid stripping as methods for selectively removing cell membrane-

bound NPs.  Our results identified potential challenges in their use and highlighted important 

considerations for accurately obtaining and interpreting data with these emerging methods.   

Looking forward, the application of the spectral imaging and analysis approaches 

presented in this thesis to further study the impact of other design factors such as NP size, NP 

shape, and cell type—coupled with continued work in elucidating nano-bio interaction 

mechanisms and developing theoretical simulations—has the potential to enable plasmonic NPs 

to be rationally designed for more precise optical responses in medical applications.  

Additionally, one can imagine engineering NPs with particular coatings to either prevent 

agglomeration-associated plasmonic coupling of NPs within cells or to actively promote such 

agglomeration-related spectral shifting.  For example, a polymer that is collapsed on the NP 

surface prior to cellular uptake but which stretches out within acidic lysosomes to increase 

interparticle distance and minimize plasmonic coupling is envisioned as a way to maintain 

spectral peak wavelength and narrowness while minimizing changes to its cellular uptake.  This 

work can also be further extended to a three-dimensional cell culture model in order to extend 

understanding of the NP optical changes in biological environments to include additional 

extracellular factors such as diffusion, permeation, and localization of NPs into tissue-like 

environments.  Use of 3D hydrogel cell culture systems additionally offers the possibility for 

simultaneously studying how substrate stiffness (which can increase for certain tumors) impacts 



 132 
 

the cellular uptake of NPs and the corresponding spectral shifting they may exhibit in these 

clinically relevant situations. 

Finally, while this thesis has focused on investigating how the design of NPs can consider 

the end biological environment in which they are utilized, a similar approach can be taken 

toward also improving the design of NPs to consider the end ecological environment.  NPs will 

eventually be released into the ecological environment, where their properties and 

transformations in their properties can have significant implications on NPs’ ecotoxicity [122, 

123].  Incorporating consideration of the biological and/or ecological end environments in the 

design of NPs will undoubtedly help ensure that nanotechnology has the most positive and 

sustainable impact on human and ecological health. 
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