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Recent advances in carbon- and metallic-based nanosurafces have shown that the 

unique optical, electrical, and physico-chemical properties of these materials make them 

exciting platforms for environmental and toxicological monitoring. These surfaces 

provide additional observational angles and novel experimental tools, further increasing 

the number of analyte molecules to be monitored under specific and complex sampling 

conditions. The scope of this dissertation is on nanosubstrate based developments for 

measurement of a variety of environmentally significant, complex samples with much 

attention given to high sensitivity and detection throughput.  

Chapter One provides a quick review on theories, analytical methods, and 

nanotechnologies used within this dissertation. Three areas are covered: i) SERS-based 

trace detection of analytes in aqueous environmental samples, ii) nanotechnology-based 

delivery of anti-tumor agents to monitor cytotoxic effects on cancer cells, and iii) a 
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matrix assisted laser desorption ionization (MALDI)-based omics approach to study 

aquatic toxicity of herbicides in a high throughput fashion. 

Chapter Two describes the development of an environmental sensing technique 

using Surface Enhanced Raman Spectroscopy (SERS) on substrate fabricated with 

nanographene oxide and silver nanoprisms. This dual-enhancing silver-nanoprism-SERS 

and Graphene Enhanced Raman Spectroscopy (GERS) substrate was further modified 

into a throughput sensing method using graphene oxide assisted lithography (GOAL). 

Atomic force microscopy (AFM) in combination with a Raman probe (Rhodamine-6G) 

was used to characterize individual enhancements. The nanoprism-rGO array showed an 

impressive picomolar limit of detection for model compound, and offered multiplexed 

and trace detection of legacy aromatic pollutants.  

Chapter Three describes the synthesis and characterization of a biocompatible 

nanographene oxide vehicle for delivery of antitumor agents into cancer cells, protein 

tracing to monitor chemical exposure, and biosensing on activation of apoptosis. The 

study on camptothecin showed that the GO-nanocarrier could be assimilated with HeLa 

cells. Its biocompatibility under apoptotic stress conditions was conserved, demonstrating 

a temporal drug releasing characteristic in physiological solutions. The protein calpain 

was targeted for its role in Ca2+ mediated activation, a key component in the activation of 

chemical induced apoptosis, which was monitored by fluorescence using a calpain 

sensitive nanocarrier-fluorogenic construct and three apoptosis activators. 

Chapter Four describes a novel gold nanofilm array for omics-based assessment 

of toxicity in a unicellular aquatic species for ecotoxicological characterization of 
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herbicide pollution. The coupling of fluorescence localization and MALDI-MS for 

untargeted lipidomic analysis in whole cells was accomplished using the nanosurface’s 

ability to enhance both fluorescence and MS/MS signals. A lipid library consisting of 

nearly 40 lipids were identified for the test species chlamydomonas reinhardtii. A 

comprehensive chemometric approach based on fold-change, p-values, and PLS-DA was 

used to identify significant changes in abundance of TAG, DGDG, DGTS, and MGDG 

lipids. 
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CHAPTER ONE 

Overview: Nanotechnology-Inspired Solutions to Challenges in Environmental 

Toxicology 

 The application of nanotechnology to analytical detection in biological and 

environmental samples holds remarkable promise in improving the performance, 

especially the sensitivity and versatility of the techniques. In particular, the optical and 

electromagnetic properties of metallic-based, carbon-based, and hybrid nanosurfaces 

provide researchers with better detection limits and a better understanding of the impact 

these materials have exerted on biological systems. In a laboratory setting, advancements 

and novel discoveries in nanosurface designs have enabled investigators to correlate cues 

of environmental toxicity (e.g. mortality) with the specific toxicity of a chemical by 

expanding the boundaries of detection. Raman spectroscopy, fluorescence sensing, and 

mass spectrometry have been used extensively to study toxicants in samples and the 

impacts they have on biological systems. These techniques evolve and improve quickly 

in response to comprehensive characterization and mechanistic understanding of newly 

developed nanoparticle and nanosurface platforms. With each new advancement we gain 

a better understanding the effects of chemicals on the environment and become better 

suited to improve the health of humans and the environment. 

The thesis consists of 5 chapters: Chapter One introduces some fundamental 

properties of nanosurfaces and analytical techniques that are of great significance to the 

work, in particular Raman scattering,2 graphene enhanced Raman scattering (GERS),3 

and surface enhanced Raman scattering (SERS).2 Raman spectroscopy is an effective 
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label-free molecular sensing technique that provides valuable chemical specific 

information without destruction of the sample;2 however, Raman scattering is an 

inherently weak process. SERS has emerged as powerful Raman enhancing tool that has 

gained the attention of environmental scientists.2, 4-6 Current techniques for monitoring 

environmental pollutants in complex matrices requires targeting chemicals of interest 

with specialized equipment.7-8 SERS platforms are attractive because they can provide 

simple, inexpensive, quick, and multiplex analysis that is portable for on-site or in-field 

monitoring.2, 5-6 Chapter 2 describes detailed experimental approaches of nanosurfaces for 

SERS study of coplanar, highly toxic, and persistent environmental pollutants. 

The chemical application of nanosurfaces is not limited to environmental 

monitoring, it also includes the combination of therapeutic and bioanalytical 

applications.9 Currently, there is a tremendous amount of interest in designing carbon-

based nanomaterials for biomedical applications.10-11 Most anti-cancerous agents are also 

toxic to healthy cells; therefore, the design of a nanovehicle that can target unhealthy 

cancer cells and fluorescently monitor the response (e.g., death or apoptosis) is a rapidly 

developing field that offers a strategy for targeted deliver and a method for 

biorecognition. Chapter 3 discusses the fabrication of graphene oxide (GO) nanosurface 

designs to facilitate cellular transport of therapeutic compounds and probes for 

monitoring toxic responses in cellular environments. Principles and challenges associated 

with intracellular transport are discussed, and how miniaturization and derivatization are 

effective tools for carrier transport across plasma membranes will be demonstrated.   
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The final chapter of this dissertation is focused on developing a technical platform 

and framework for environmental health monitoring using green algae as an indicator 

species. Advances in omics techniques are transforming the way we evaluate chemical 

toxicity, which has predominantly focused on data from multiple assays to derive 

toxicological endpoints. However, conventional omics techniques still rely heavily on 

sample processing prior to instrumental analysis. We have developed a new microarray 

substrate that requires minimal sample handling, while providing high-throughput and 

reproducible lipidomic data. A brief overview on topics that include ecotoxicological 

monitoring, nanosurface designs for omics sensing, metal enhanced fluorescence, and 

matrix assisted laser desorption ionization mass spectrometry (MALDI-MS) will be 

provided. Overall this chapter will cover technical achievements in the following 

directions: 

(i) Development of a surface-based MALDI-MS technique to detect lipids in 

algae; (ii) comparison of the herbicides inhibitory concentrations (EC) values to 

change in lipid profiles in algae; (iii) investigation of lipid profile changes 

resulting from exposure to different herbicides; and (iv) development of a method 

for chemometric analysis of MALDI-MS lipidomic data for determination of 

significant lipid changes.  
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1.1 An Overview of Surface-Enhanced Raman Scattering and Related 

Environmental Sensing Applications  

 

A Brief Introduction to Raman Spectroscopy 

The first theoretical prediction and experimental observation of Raman scattering 

occurred separately in the 1920’s by physicists A. Smekal (1923) and C.V. Raman12 

(1928). Smekal showed in his theoretical work that scattered monochromatic light 

produces a discrete wavelength of scattered light with the same energy, as well as a 

material-dependent scattering effect with wavelengths slightly higher and lower in 

energy.13  C.V. Raman received the Nobel Prize for Physics in 1930 for his work 

describing the phenomenon12 that is today known as The Raman Effect. An incident 

wavelength that results in Raman scattering can occur without the absorption of a photon 

and therefore electronic transitions do not exist. As such the phenomena is an intrinsically 

weak process. At the time of its discovery detecting Raman scattering required 

concentrated organic solvents or solids to produce meager signals. In the decades that 

followed, the discovery of lasers and advances in optical detection systems, such as 

gratings, photomultipliers, notch filters, and CCD detectors, enabled Raman molecular 

fingerprinting of a greater number of samples which was particularly useful for analytical 

purposes. And yet still the biggest advances in analytical Raman spectroscopy came with 

the unearthing of surface enhanced Raman scattering (SERS) in the 1970’s. Today SERS 

based detection has become a widely-used analytical technique that provides single 
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molecule levels of detection, material-specific information/data, and without degradation 

of the sample.  

The Raman Effect 

The elastic (Rayleigh) and inelastic (Raman) scattering of monochromated light is 

an inescapable result of interactions between light and matter. Although a majority of 

scattered radiation is elastic in nature a small fraction of inelastic scattering is produced, 

which was originally termed “feeble fluorescence” by C.V. Raman. In fact, only 1 in 107 

photons are scattered inelastically. 

A classical approach to the study of radiation scattering can be demonstrated 

mathematically. For example, if we propose a molecule placed in an electric field (Ε), 

then the induced dipole moment (µ) in a molecule is directly proportional to the applied 

electric field E, 

µ	=	αΕ          (Eq. 1.1) 

where ( is the polarizablity, which is a tensor characteristic to the molecule. 

Additionally, the strength of the electric field oscillation is best described as a function of 

time and displacement by the equation: 

Ε	=	)* +,-(2"0*1)       (Eq. 1.2) 

where 0* is the vibrational frequency, and )* is the amplitude of the electromagnetic 

wave. Substituting equation (1.1) into equation (1.2), we get 

µ	=	α)* +,-(2"0*1)       (Eq. 1.3) 

For small distortions, polarizability is linearly proportional to a bond 

displacement which is represented by (3) occurring at a time (1). We can then let (* 
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represent the steady-state polarizability and 3* represent the coordinates of vibration 

related to their equilibrium position.  

3 = 3* +,-(2"0*1)        (Eq. 1.4) 

Therefore, the polarizability and vibration variations of a molecule can be expanded and 

expressed, considering the normal coordinates of vibration, as a Taylor series. 

( = 	(* + 5
67

68
9
*
3 +⋯       (Eq. 1.5) 

By substituting equation (1.4) into (1.5), we get 

µ	=	(*)* +,-(2"0*1) + )*3* 5		
67

68
	9
*
+,-(2"0*1) +,-(2"0*1) +⋯ (Eq. 1.6) 

Using a common trigonometric formula,  

+,- ; + +,- < =
=

>
[+,-(; + <) +,-(; − <)]    (Eq. 1.7) 

, we can than modify equation (1.6), to derive a classical description and resultant dipole 

perturbations.  

 µ	=	(*)* +,-(2"0*1) +
=

>
)*3* 5

67

68
9
*
{+,-[2"(0* + 0C)1]+	+,-[ 2"(0* − 0C)1]  

          (Eq. 1.8) 

In the first term the electromagnetic radiation causes an induced dipole moment that 

results in a shift of frequency (0*), also known as Rayleigh scattering. In the second part 

of the equation the electromagnetic wave produces a dipole moment with a shifted 

frequency due to resonant phonon oscillations corresponding with the specific molecular 

bonds.  In mathematical terms the frequency of the molecular vibration (0C) causes an 

induced dipole moment that oscillates at a frequency other than that of the incident 

photon (0* ± 0C).  
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Shown in Figure 1.1 is an energy diagram showing schematically the elastic and 

inelastic scattering processes of light. The interaction of the electromagnetic radiation of 

frequency (ℎ0*) with a molecular dipole moment oscillation (ℎ0C) produces light with a 

wavelength that is equal to the energies of the molecular vibrations.  

 

 

 

Figure 1.1 Energy level diagram related to different types of light scattering and IR 
absorption. The three types of scattering can be viewed as processes that occur 
simultaneously, transition to an excited virtual state through absorption of a photon and 
emission of a photon with a return to the ground state.  
 

As shown in Figure 1.1, the simultaneous absorption and emission of a photon (i.e. 

scattering) can be categorized into two groups elastic and inelastic. Since energy is 
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always conserved, the difference in energy of a photon is equal to the molecular 

vibrational or rotational energy of the scatterer (equation 1.9). Hence, 

ℎ0* + ) = ℎ0C + )′          (Eq. 1.9) 

or ∆) = ℎ(0* ± 0C)	       (Eq. 1.10) 

where 0* and 0C are incident and scattered frequencies and ∆E is the difference between 

initial energy ()) and final energy ()′) of a scattered molecule. The last equation 

provides a basis for classifying the types of scattered radiation. Rayleigh scattering is an 

elastic scattering of photons, which means the scattered photon has the same energy as 

the incident photon	) = )′. The other two possible outcomes include scattered photon 

shifts, otherwise known as “Raman Shift,” that result in lost energy or gained energy 

relative to the incident exciting photon. A frequency that is less than the incident photon 

is known as Stokes Scattering and frequency that is greater is called Anti-Stokes 

scattering. 

As shown in Figure 1.1 IR absorption is the excitation of a molecule into a higher 

energy rotational/vibrational state. Similar to Raman, infrared (IR) absorption is 

commonly used to investigate molecular vibrations, however, infrared and Raman 

activity are bond by selection rules that are in fact dependent on a molecule’s symmetry. 

In a general description, a mode is Raman active if it causes a change in polarizablity and 

modes are IR active when there is a change in dipole moment during the vibration. If we 

consider the simplest case, a homonuclear diatomic molecule, then the polarizability 

derivative (ellipsoid) at the equilibrium position is non-zero and Raman active. The same 

molecule does not have a dipole moment, hence the dipole moment derivative at 
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equilibrium position remains zero and vibration is therefore IR inactive. Both types of 

vibrational spectroscopy over a wealth of information, yet Raman scattering is a weak 

process and only 1 in 10 million photons are scattered inelastically. This fact has been 

exploited for environmental sampling in that water is a weak inelastic scatterer and is 

intensely IR active. Advancements in Raman instrumentations has also contributed to the 

viability of the method for molecular detection of pollutants in environmental liquid 

samples. 

Shown in Figure 1.2 is a schematic representation of internal optics and design of 

instrument employed for all Raman and SERS experiments. The confocal Raman 

microscope was designed to work in an epi-configuration. The Horiba LabRam HR800 

spectrometer was equipped with an Nd:YAG laser for excitation at 532 nm, and a 

nitrogen cooled CCD camera. The intense Rayleigh scattering is neglected using notch 

filter, and the spectrographic grating is responsible for separation scattered photons onto 

the charge coupled device (CCD). The instrument parameters were optimized as 

described in Chapter 2. 
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Figure 1.2 Internal optics diagram of the high resolution Horiba LabRam HR800 
spectrometer.  
 

For descriptions of spectroscopic theory, the unit for angular frequency (H) is 

often interchangeably used with frequency (0), where ω = 2"+ṽ, + is the speed of light 

and ṽ is wavenumber. We shall use ω in the next section to describe SERS at the level 

needed to understand enhanced detection of a Raman probe (Rhodamine 6G) and several 

environmental pollutants in the next chapter. 

SERS 

 Raman scattering is a weak process and can only be used to describe molecular 

structure in highly concentrated solutions or solids. Additional enhancement techniques 

are needed for analytical detection of compounds at environmental relevant 

concentrations. Raman for analytics has had several renaissance periods, which is in large 
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part due to the discovery of SERS by Van Dyne in 197714 and advancements in 

nanoparticle synthesis and characterization techniques, which will be discussed below. 

The two agreed upon mechanisms responsible for Raman enhancement are 

electromagnetic (EM) and chemical enhancement (CE). EM enhancement (Figure 1.3) is 

the predominant mechanism and is credited with supporting sub-nanomolar limits of 

detection and enhancement factors on the order of ~107. Briefly, incoming light waves 

are absorbed inducing dipole oscillations around a quantized metal particle with 

frequency conversion occurring from metalloid to analyte-scatterer, which yields an 

enhanced stokes or anti-stokes shift, of nearby molecules (Figure 1.3). A distance 

dependent interplay exists between a target molecule’s cross-section and induced metal 

dipoles radius. EM enhancement theory is supported by empirically increased molecular 

cross-sections and enhancement factors that often times exceed 108 enhancement values. 

Additional evidence for EM enhancement is red- or blue-shifting of Raman frequency 

radiations. Finally, numerical methods such as FDTD simulations have calculated 

enhancement factors15 for single Ag nanoprisms that align with the |E|4 approximation. 

These calculations, however, can often differ from experimentally derived SERS 

enhancements for dimers and aggregates, mostly because experimental conditions are 

more complicated and do not align with a simple additive assumption that is based purely 

on overlapping EM fields. The interactions between molecule and metal particle or metal 

particle and secondary enhancing layers (SAMs) are not considered in a mathematical 

model.  
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Figure 1.3 Schematics showing the electromagnetic enhancement mechanism in SERS. 
Scheme on Top) Interaction between light and nanoparticle excites a dipolar LSPR that 
acts as a nanoantenna. Scheme on Bottom) Interaction of the local electric field with 
molecule near the surface enhances the molecules inelastic scattering intensity.6 

 

After extinction, resulting SERS intensities are proportional to the distance from 

the center of the nanoparticle to the target.  

KLMNL = 	 O
P=>       (Eq. 1.11) 

Therefore, analytes greater than 10nm away from the surface will generally have a highly 

reduced signal. As mentioned earlier, it’s common to modify metal surfaces with 

molecular specific SAM’s to increase affinity, for example cyclodextrin derivatives 

covalently attached to nanoparticles permit host/guest complexation chemistry to 

selectively bind organic compounds16. Likewise, a multitude of alkylthiols conferring 

different terminal groups can form SAMs on metal rendering surfaces receiving to nearly 



 13 

any species17. Lastly, if tailored properly certain monolayers will favorably orient a 

scatterer so its polarizablity is enriched leading to larger molecular cross-sections. Planar 

adsorption is difficult with a SAM; however, GO predominantly adsorbs analytes in a 

planar fashion, which is favorable to the polarization of a scatterer. In this research, the 

addition of GO underlayment to Ag nanoparticle periodic array is a novel way to 

incorporate the benefits of traditional SAMs with the enhancing properties of GO sheets. 

Motivation 

 LC-MS and GC-MS analysis of water samples are EPA approved methods for 

targeted identification and quantification of environmental pollutants that require 

derivatization reactions, cleanup of sample, and extraction. For environmental sensing 

SERS has become an attractive analytical method for several reasons: (i) water is not 

Raman active and samples do not require extraction, (ii) SERS is extremely sensitive, 

(iii) SERS can simultaneously identify and quantify multiple unknown chemical species. 

Like any analytical method, SERS has its limitations, including the distance dependent 

nature of enhancement, analyte selectivity, and reproducibility of signal due to 

inconsistences in nanofabrication processes.  

Nanofabrications for Improved Sample Variability and Selectivity 

 Studies have shown that tuning excitation wavelengths with LSPR extinction 

spectrum will produce the greatest SERS enhancement factors. This also means that 

slight changes in surface morphology or size can have a significant effect on the 

variability of Raman intensity relative to background signal.5, 18 Efforts to reduce signal 

variabilities have largely focused on improving nanoparticle consistency, while efforts to 



 14 

improve enhancement efficiency are predominantly focused on strategies that generate 

localized hotspots. Some of the most frequently used metal nanoparticles in colloidal 

SERS are dimers,19 which is generally due to the formation of hotspots between the 

nanoparticles. Two strategies that have formed highly uniform and strongly enhancing 

SERS substrates are metal film-on-nanosphere (MFON)20 and colloidal lithography.21 

The former technique relies on generation of hotspots or nanogaps to produce the 

strongest enhancement factors on nanospheres covered with a thin metal film. Colloidal 

lithography21 is an analog to the MFON technique; producing nanoprisms with sharp 

electromagnetic field enhancing edges and corners that can easily be tailored to couple 

with a broad spectrum of exciting coherent light sources.6, 22  

Graphene Oxide and Graphene Enhanced Raman Spectroscopy (GERS) 

In the last decade, two carbon allotropes, graphene and graphene oxide, are 

amongst a hand-full of new surface materials that have generated a tremendous amount 

of excitement.23 Since their discovery in 2004, graphene and graphene derivatives have 

been used for chemical analysis in electric devices, biosensors, chemoresistors, and as 

nanosurface substrates for chemical surface modifications.24 There are several reasons for 

the ever-mounting interest in these 2-dimensional carbon-based materials: (i) the 

physicochemical versatility, (ii) a sheet-like nanothin characteristic that is useful as a 

material surface-scaffold for building sensors, (iii) inherent optical properties that enable 

detection via fluorescence, fluorescence-quenching, and other spectroscopy techniques, 

and (iv) the opportunity to use numerous conventional conjugation-functionalization 

processes for application in nearly any environment.3, 25-31 
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Graphene is an atomically thin sp2 carbon allotrope with a unique structure of 

electrons and phonons that have allowed for many types of optical investigations23, 29 and 

sensing applications.32 The chemical disruption of graphene’s aromatic sp2 rings, in the 

presence of strong oxidizing agents, produces oxygen-containing functional groups on its 

surface. This ordered and disordered property of graphene oxide (GO) produce Raman 

detectable bands that have been used for analytical purposes in recent years.33-39 

Moreover, the defects are ideally suited for conjugation, thereby making the material 

highly adaptable to multiple analytical techniques.26 The honeycomb sp2 carbon network 

becomes laced with a wide assortment of oxygen containing functional groups. 

Furthermore, the size range of these materials is typically between centimeter and sub-

nanometer lengths, which allows researchers flexibility in substrate level fabrications.  

1.2. Nanographene Oxide Constructs for Biomedical and Bioimaging Applications  

Nanosized graphene oxide has been used as trans-membrane carrier of chemicals 

and probes in both in-vitro and in-vivo experiments.10 Shown in Figure 1.4 is a schematic 

representation of the structure of graphene oxide. Others have shown GO’s unique 

properties span many fields of cancer research, including screening, imaging,40 

photothermal treatment,40-42 receptor targeting,43 and even therapeutic delivery of in-

soluble drugs such as doxorubicin.40, 43   
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Figure 1.4 The molecular structure of various carbon-based nanomaterials. 

 

With cancer being the second leading cause of death in the United States,44 efforts 

are focused on improving cancer treatments and survival rates. Many chemotherapeutic 

drugs are designed to target characteristics implicit to neoplastic cells, such as resistance 

to apoptosis, enhanced angiogenesis, and replicative immortality.45 Targeting these 

“hallmarks of cancer”45 with chemotherapeutic agents is not always easy. Drug efficacy is 

often negatively affected by poor solubility, molecular instability, poor cancer cell 

selectivity, or quick metabolism and excretion.46 A nano-vehicle formulation has several 

advantages over traditional molecular drug administration due to their biocompatibility, 

biodegradability, and excretion of degradation products.46 In fact, the first nano-delivery 

system to be approved by the FDA47 was an encapsulated liposomal therapy for the 

insoluble compound doxorubicin. The success of liposomal therapy has generated interest 

in engineering new nanoparticle materials48 that are more stabile49 and less expensive, 

such as metal-, silica-, and carbon-based nanocarriers.  

Our goal was to develop novel nanovehicle designs to improve cellular transport, 

therapeutic effect, and/or diagnostic sensing. The research is focused on the effect of 
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nanoparticle size, surface chemistries, and various anticancer agents using in vitro and in 

vivo models. The biocompatibility and background toxicity of these nanoparticles has 

provided inconsistent results, primarily due to variability in synthesis and  

physicochemical properties.50 Carbon-based nanomaterials are receiving increased 

attention for their anticancer therapeutic properties. In particular the relatively facile 

synthesis of GO using oxidative synthesis has made it one the most highly published 

materials in the last decade.51  

There has been considerable interest in the transformation of graphene into highly 

soluble derivatives such as nanomaterial graphene oxide (nGO)52-54, a two-dimensional 

planar material whose unique physical, chemical, and mechanical properties make it a 

good candidate for in vitro drug delivery. There are two major components to GO’s 

network of carbon atoms. First, there are the sp2-defects on GO-carriers that can be used 

to passivate the carrier via chemical modification.  These sp2-defects provide covalent 

bonding sites for attachment of PEG in aqueous solution and ultimately a high degree of 

stability in biological solutions, which is attributable to PEG’s biological compatibility. 

PEG has historically been used to passivate and improve biocompatibility properties of 

materials,55 and the covalent attachment of PEG to GO does not interrupt or delay passive 

uptake into the cell. Furthermore, PEG moieties are easily labeled with fluorescent tags, 

which has proven useful in sensing the biocompatibility properties of nanomaterials.10 

Second, sp2-sites on the basal plane of GO-PEG provide physical parameters that are 

needed for π-π stacking with hydrophobic compound camptothecin (CPT).  
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CPT is an important compound that possesses anti-cancerous properties.56 Its 

strong affinity with a DNA nicking enzyme (topoisomerase-1) leads to enzymatic 

inhibition, which results in DNA double-strand breaks in cancerous cells. However, CPT 

has not been approved for clinical use, because it is insoluble in water and the 

administration of a systemic therapeutic dose is toxic to humans.57 To circumvent some 

of these issues, soluble or prodrug analogues have been synthesized for use with oral and 

intraperitoneal administration. Additional studies have found that fabrication of various 

liposomal-CPT56, 58 and PEG-CPT59 complexes can enhance CPT solubility and efficacy, 

and prevent lactone hydrolysis in some models.  

GO Fabrication and Surface Modification Techniques  

Hummers procedure is one of the most commonly used wet chemical synthesis 

methods for the preparation of graphitic oxide, a precursor structure to GO (Figure 1.4).53 

The technique includes the oxidation of graphite in sulfuric acid using potassium 

permanganate. Maintenance of low temperatures is important to reduce CO2 production, 

and limits the number of holes:defects that form on the C skeleton honeycomb 

framework. Intercalation of oxygen into the stacked lattice structure causes an increase in 

the layer distance. Ultrasonication of graphitic oxide produces a water stable graphene 

oxide with flake sizes that can range 10 nm to 100 µm.60 Ultracentrifugation, dialysis, and 

amicron filters are highly efficient methods for isolating of submicron sized GO from 

polydisperse solutions. All three methods rely on size/weight separation to isolate smaller 

GO flakes from larger flakes. The product is highly oxidized and very stable material that 

can be dried and/or dispersed in other polar solvents.  
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Figure 1.5 Wet chemical synthesis of GO.  

Nanovehicles have aroused a considerable amount of attention in the past 

decade.10 As with any nanomaterial to be used in a biological environment, water 

solubility and biocompatibility must be demonstrated. GO is highly water soluble (>4 

mg/mL); however, due to ionic shielding in physiological solutions the 

biocompatibility/solubility of GO is significantly reduced. Shown in Figure 1.5, a larger 

number of noncovalent surface-functionalizations have been used to impart 

biocompatibility onto carbon-based materials made of sp2. Noncovalent functionalization 

works via interactions between the carbon framework and various coating molecules to 
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form supramolecular structures, including surfactants, lipids, lipid-PEG (LP-PEG), 

branched-PEG-polymers, DNA, and proteins.10  

 

Figure 1.6 Functionalization methods for carbon-based nanomaterials.10   

Our research in nanovehicles has focused on developing carbon-materials that 

have already been functionalized with oxygen. GO is abundant in oxygen containing 

functional groups Figure (1.4), which allows for EDC-catalyzed linking with amine-

terminated PEG molecules or biomolecules. PEG molecules are highly hydrophilic and 

biocompatible, and upon conjugation imparts these qualities onto newly formed 

PEGylated-GO molecules (Figure 1.6). Another potential advantage of functionalizing 

GO with PEG molecules is the ability to cojugate other molecules (peptides, DNA, 

biomolecules, probes) to the free PEG end. In recent years, the conjugation of fluorescent 
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probes to metal nanoparticles has been particularly useful for the detection of biomarkers 

and cancer cells.48, 55, 61 

  

Figure 1.7 Structural representation of PEGylated graphene oxide. 
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1.3. Lipidomics for Ecotoxicological Monitoring 

 The determination of safe chemical levels and/or verification of compliance of 

industries is very important in assessing human and environmental health. Government 

agencies, chemical manufacturers, and managers of the environment are required to 

regulate human-, environmental-, and eco-toxicity with anti-pollution laws. Monitoring 

the direct effects of a compound on communities is typically achieved using the Species 

Sensitivity Distribution (SSD) model, whereby a surrogate species is identified, toxicity 

data is collected, and the results are extrapolated to determine quality standards.62  It is 

not practical to measure organismal response of a chemical in all affected species. 

Instead, environmental monitors rely on toxicity data from indicator species to quantify 

the effects of chemicals on human health and the environment, and/or to restore and 

maintain ecological integrity. The United States Environmental Protection Agency (US-

EPA) has identified several taxa, including green microalga and other aquatic plants, as 

good sentinel species for aquatic chemical risk assessments.63  

Microalgae are considered to be attractive indicator species for investigations in 

water biomes, because they are ubiquitous in aquatic environments, sensitive to many 

chemicals of emerging concern (CEC),64 regenerate quickly, and are easy to culture and 

maintain in a laboratory setting. Common cellular endpoints for describing algae toxicity 

include growth related effects such as biomass, chlorophyll content, and growth rate.63 

The determination of inhibitory concentrations are particularly useful for ecotoxicology 

chemical prescreening, to survey polluted environment samples and to identify stressors, 
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and more complex analysis that involve omics-based methods have been used to 

determine the mechanistic toxicity of chemicals.  

Several omics strategies have been developed to examine biological response to 

chemicals and molecular effects, they include such “hypothesis generating” approaches 

as genomics, transcriptomics, proteomics, metabolomics, and lipidomics. An ambitious 

example of omics data collection and computational analysis is the development of 

conceptual frameworks to enable toxicological evaluation. This integrative approach 

enables researchers to model and then predict a toxic response based on omics patterns of 

an increasing number of substances that effect environmental health. Continued 

development of the framework requires analytical chemists and environmental 

toxicologists to make detection methodologies more efficient and generate data to 

support the modeling of adverse effects.    

Advances in omics techniques have increased efficiency in risk evaluations and 

lead to the discovery of novel mechanisms of toxicity. In particular, lipidomic profiling 

strategies are being developed and utilized to investigate biological responses to toxic 

substances. Lipidomics is defined as the study, characterization, and quantification of all 

of the lipids in a biological system, it also seeks to study the mechanism-of-action of 

toxic substances on lipid-function, -structure, and -dynamics in an organism.65-66 It is not 

surprising that lipidomics has materialized into its own field of research apart from other 

fields in omics. In the next several sections we outline key aspects of lipidomics for 

ecotoxicological monitoring, such as exposure monitoring with lipid profiles, challenges 

in lipidomic research, and technical advancements for lipid profile acquisition.   
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The Model Micro-organism: Chlamydomonas Reinhardtii (C. reinhardtii) 

Algae are model organisms that have been used to investigate biochemical 

processes, screen for toxicity,67 and production of high-value-lipids for biofuel 

alternatives. 68 Previous work has found that under certain conditions some algae will in 

fact produce large quantities of lipids, primarily triacylglycerols (TAGs).68 One species in 

particular is the green-microalgae chlamydomonas reinhardtii (C. reinhardtii), which has 

been used to study metabolic perturbations, photosynthesis, chloroplast biogenesis, algae 

motility. and TAG accumulation.68 C. reinhardtii is a unicellular organism about ~10 µm 

in size that is easily maintained (asexually) in a nutrient rich environment with sufficient 

lighting. General features of the algae include (i) a single cup shaped chloroplast domain 

that is filled with thylakoids and occupies 40% of the total cell volume, (ii) numerous 

cytoplasmic organelles (mitochondria, lipid bodies, and starch grains), (iii) two flagella at 

one end that make this species one of the most motile, and (iv) ability to grow photo-

autotrophically, mixotrophically, or heterotrophically.69  

Lipids in algae play a key role in signaling pathways, and there abundance can be 

stimulated or inhibited by indigenous and/or exogenous compounds.70 Previous work has 

found changes in environment or presence of foreign chemicals can effect lipid profiles 

in non-target organisms like C. reinhardtii .70 Unlike animal cells that primarily consist of 

membranes formed from phospholipids, plant cells contain chloroplasts and 

photosynthetic membranes (thylakoids) that are dominated by polar glycolipids and 

photosynthetic pigments (chlorophylls). Furthermore, algae contain numerous lipid 

bodies that consist almost entirely of neutral lipids.71 Together these lipid components 
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make-up the algae lipid profile, and in Chapter 4 we will show that lipids are good 

biomarkers for environmental screening of toxicity. 

Lipid Structure and Function in C. reinhardtii 

Lipids are one of four types of macromolecules that make up all living things, 

they provide vital cell functionalities such as protein stability, membrane formation, 

energy storage, and intracellular partitioning. The common structures of major lipid 

species found in C. reinhardtii are shown in Figure 1.8. Due to an evolutionary 

adaptation, C. reinhardtii do not contain extraplastidial-phophatidylcholine (PC) lipids, 

making it possible for this particular species of algae to grow in phosphate free 

environments.72 Instead virtually all PCs are replaced with non-phosphorous betaine 

lipids, diacylglyceryl-N,N,N-trimethylhomoserine (DGTS), which are similar enough in 

structure to completely replace the compartmentalization function of PCs and forming 

outer membranes. Galactolipids mono-galactosyl-diacylglycerols (MGDG), di-

galactosyl-diacylglycerols (DGDG), and sulfoquinovosyl-diacylglycerols (SQDG) are 

major components of photosynthetic membranes that are responsible for cell signaling 

and membrane structure, and account for the majority of the total lipids in thylakoids.71, 73 

Other polar lipids include phatidylethanolamine (PE), phosphatidyl-inositols (PI), and 

phosphatidylglycerol (PG).   
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Figure 1.8 Common lipid structures of the most abundant species found in C. reinhardtii. 
R1, R2, and R3 represent fatty acid chain.74  
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MALDI-MS 

A schematic representation of MALDI-MS is presented in Figure 1.8. In the first 

step the sample is co-crystallized with light-absorbing compounds on a sample plate, 

followed by laser irradiation and vaporization of the mixture, and ultimately the 

formation of analyte ions. Shown in Figure 1.9, MALDI-MS instruments are typically 

combined with time-of-flight (TOF) or TOF-reflectron analyzers. Whether analyzing in 

positive or negative ion mode the analyte ions (i.e., M+ or M-) will have the same 

energy; therefore, acceleration of analytes results in analyte separation due to their mass 

difference. The time it takes for the analyte to reach the detector is the absolute mass-to-

charge ratio (m/z). The working mechanism of MALDI is still debated and will not be 

discussed. Instead key application of MALDI for lipid analysis and lipid profiling at 

cellular level will be briefly discussed and reviewed.  
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Figure 1.9 Schematic of MALDI-MS.75 

 

 

 

Figure 1.10 Layout of MALDI-TOF analyzers, linear versus reflectron setups.76 
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Analytical Detection of Lipids 

The field of lipidomics was originally developed from techniques that include 

thin-layer-chromatography (TLC), nuclear magnetic resonance (NMR), gas-

chromatography (GC), liquid-chromatography (LC), and flame ionization detection 

(FID). While these methods have traditionally been used for lipidomic research their 

popularity has decreased in recent decades, which is in large part due to advances in mass 

spectrometry-based approaches.  

Prior to the 1980’s mass spectrometry analysis was limited to GC-MS for the 

analysis of small volatile molecules, such as fatty acids. With the introduction of electro 

spray ionization MS (ESI-MS) and MALDI-MS in the late 80’s it became possible to 

analyze biological samples (both small and large) efficiently and quickly. Since the year 

2000 there has been a steady increase in the number of publications relating to lipidomic 

analysis, demonstrating the field has separated itself apart from other more common 

omics approaches.77 Instrument manufactures realized the potential, and today these two 

techniques are now the leading methods for ionization method analysis. ESI is inherently 

simple to hyphenate with chromatographic techniques for analysis of lipids as well as 

proteins, DNA, and peptides. MALDI-MS imaging has been recognized as a leading 

method to obtain lipid profiles and biomarker information directly from sliced tissue 

samples with very little sample preparation. Conventional MALDI-MS has been 

successful in analysis of biological samples for tumor biomarker identification,78 bacterial 

identification,79 and developments in MALDI-MS methodologies have enabled screening 

of toxic chemicals.80 
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Selecting the right MS technique for the application is largely dependent on the 

type of biological samples and/or sample preparation needed to isolate the target. The 

limitations for the analysis of lipids by ESI-MS include low throughput, significant 

sample preparation, derivatization reactions, sample refinement, and sample enrichment 

techniques. MALDI-MS has some advantages over ESI-MS in the analysis of lipids, 

including softer ionization, decreased fragmentation, and with innovations in surface 

sampling MALDI-MS can significantly improve sample throughput compared to ESI. 

As noted by Rustam and Reid,77 there are two major challenges to the study of 

lipids. The first challenge comes from the current inability to identify the spatial 

distributions of lipids in a sample. This is in large part due to extraction and separation 

procedures required for total lipid analysis. Second, lipids represent a wide diversity of 

organic molecules, identification of all lipids in a sample is painstaking difficult, 

laborious, and requires identification of thousands of individual lipids.  

Many recent developments are addressing these challenges.77 To improve sample 

through-put the shotgun approach to lipid analysis has been used by ESI-MS and 

MALDI-MS platforms, but unlike ESI-MS, MALDI-MS can be coupled with isolation of 

cells for analysis without the need for extraction. The Sweedler81-82 and Zenobi83-84 groups 

recently published work that detailed methods for single-cell analysis by Secondary Ion 

Mass-MALDI-MS and MALDI-MS, respectively, for analysis of cellular phenotypes. 

They were able to observe heterogeneity in cell populations by sampling and identifying 

single cell phenotypes, which has the potential to be used for diagnosis of diseased cells. 

Technical advances in lipid identification are enabling lipid analysts to determine the 
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complete set of lipids that may be present in cell samples; however, identification still 

requires experienced technicians to analyze large data sets and navigate lipid libraries for 

proper lipid identification. MALDI-MS is a surface-based ionization technique that offers 

analysis of biological samples without significant fragmentation or large numbers of 

adduct formations, which makes lipid identification less difficult.  

For analysis of lipids, MALDI-MS has extensively been used to collect lipid 

profiles from cell extracts and monitor lipid response to stress.65-66, 85-87 Further analysis of 

lipid profiles can yield a selective (i.e. targeted) approach to lipid sample analysis. 

Moreover, the design of novel substrates and surface functionalities for MALDI-MS has 

interchangeably improved enrichment of cellular targets and enhancement of signals.65-66, 

77, 88-89 Our lab has primarily focused on developing surface based enhancement 

techniques using novel and highly sensitive MALDI-MS substrates for analysis of 

enzymatic reactions90-91, small molecules,92 and biomarker characterizations.93-95 The 

development of high-throughput analytical techniques, including the MEF/surface 

enhanced MALDI-MS technique described in Chapter 4, is highly applicable to the study 

of lipids, and is directly capably of linking chemical effects on cellular processes to 

effects on biodiversity in an ecosystem. 

Metal Enhanced Fluorescence (MEF) 

C. reinhardtii produces a strong autofluorescence signal using conventional 

fluorescence sensing techniques (i.e. fluoremeters, and fluorescence microscopes). 

Autofluorescence can significantly decrease due to inhibition of photoactive (i.e. 

fluorescing) molecules and thus reduce fluorescence signals to below detectable levels. A 
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gold substrate is an ideal surface for fluorescence enhancement. It has been observed that 

the ideal metal film thickness for generating an evanescent wave with excitation is 50 

nm.96-97 On the gold film’s surface, coupling occurs between the wave and nearby excited 

fluorophores located 20-200 nm from the surface causing a fluorescence enhancing 

effect. This phenomenon, called metal enhanced fluorescence (MEF),98 is a useful and 

effective approach to signal enhancement. In a Reverse Krestchmann configuration 

fluorophores are excited by incident light, and generate a surface plasmon-coupled 

directional emission (SPCDE).99 This coupling between surface plasmons and 

fluorophore’s emission induces more intense radiation (i.e. enhancement).96-97, 100-101 An 

optical coupler, prism, is a requirement for generating surface plasmons via 

Kretschemann configuration or to couple with SPCDE, while a flat gold surface, under 

specific optical configuration, can also exhibit a strong evanescence field and enhanced 

fluorescence emission in the isotropic free space region (i.e. glass side),97 as explained by 

Trollmann and Pucci102 with the Drude Model. Here the thin, flat-dielectric-gold surface 

acts as an optical modulator (or scatterer) of signal via interactions with emission 

radiation. The details of a gold microchip for MEF localization of algae is described in 

Chapter 4. 

Implementation of Lipidomics as a Novel Approach to Environmental Risk 

Characterization and Assessment   

Recent advances in analytical techniques, sampling procedures, instrumentation, 

and instrumentation hyphenation have proved to be valuable for monitoring a 

toxicological response to a pollutant.87, 103 These advances are enabling the measurement 
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and identification of safe (threshold) molecular concentration levels by monitoring 

lipidomic perturbations and answering complex biological questions.65, 104  

Current toxicity monitoring methodologies include inline and multi-compatible 

technologies, such as LC-MS, biomass, UV-Vis, and fluorescence. Analysis of single 

endpoint datasets provides investigators with effective concentration values, and there are 

promising examples of data being used in population modeling to predict the effect on the 

communities.62 However, most of these methods fail to provide in-depth analysis of 

toxicological profiles of chemicals on non-target species.85 There is a considerable 

interest in development and application of nanosurfaces for enhanced characterization of 

toxicity.7-8 It has been shown that even the most advanced tools and searchable (omics) 

libraries are unable to identify effects of toxicity.7-8 We set out to develop a novel method 

to evaluate toxicity using a high-throughput lipidomic approach. Several lipid species are 

measured as a function of herbicide concentration, and we discovered it is possible to 

directly correlate the herbicide’s mode-of-action with effect, that is pathways responsible 

for lipid instability in C. reinhardtii are discussed. This type of method development is 

capable of changing the way environmental toxicologists conduct their assessments. The 

advantages of lipidomic analysis on microchip arrays include (i) a novel understanding of 

the casual mechanism effect on lipid structure, (ii) high-throughput molecular lipid 

targeting combined with statistical univariate or multivariate analysis of results.  In a 

proof of concept experiment chlamydomonas were exposed to omnipresent and 

ecologically harmful herbicides, and toxicity was characterized. Lipidomic phenotype 
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cluster analysis will be developed to evaluate the xenobiotic’s general risk to other 

species with similar ecotoxicological responses. 
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CHAPTER 2: Graphene Oxide Nanoprisms for Sensitive Detection of 

Environmentally Important Aromatic Compounds with SERS 

 

2.1 Introduction 

Sensitive detection with SERS1 has become a mainstream analytical method 

where recent developments have offered ultrahigh detection sensitivity and convenience 

with portable Raman instruments2 for clinical and environmental detection.3 Wider 

acceptance of SERS methods for environmental monitoring has slowly taken effect, 

largely due to the improvements in method and substrate development. SERS based 

detection is very diverse: some focus on optimization of nanoparticle size and geometric 

shape to produce respectable electromagnetic (EM) enhancements, while others place 

emphasis on highly sensitive nanoparticle composites. Ultimately, the greatest 

enhancements are achieved at nanoparticle tip edges or when nanoparticles are oriented 

to form hot spots.4 Strong evidence has shown that nanoparticle edges can amplify 

Raman shifts by several orders of magnitude compared to conventional Raman 

scattering.5 Both colloidal and surface based SERS sensors have shown enhancement 

factors (EFs) on the order of ~108, which are well within the limits for single molecule 

detection.6-8  

However, fabrication of these high performing, monodispersed colloidal 

suspensions with consistent shapes and sizes can be painstakingly difficult, and there are 

additional disadvantages of carrying out SERS using colloidal suspensions, which 

include aqueous instability and a large nonhomogeneous range due to nonuniform 
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molecular density and dynamics within a colloidal suspension. Colloidal lithography, on 

the other hand, is a simple technique for creating nanoparticle arrays9 on substrates with 

strong EM enhancements.10 These arrays are formed from thousands of neatly aligned 

nanoprism structures, with which single molecule detection of resonant Raman molecules 

has been confirmed.7 FDTD simulations for nanoprism arrays confirm strong EM energy 

at nanoparticle tips.11 These regions of concentrated energy, however, lack molecular 

selectivity, and therefore use of the self-assembled monolayer (SAM) is a common 

strategy for collecting molecules of interest. For example, Van Duyne and co-workers12 

used a bimolecular glucose specific monolayer on a metal film over nanosphere surface 

for subcutaneous real-time monitoring of glucose at <8 mg/dL. Although SAMs have 

proven quite versatile and efficient at analyte capture, the assembly of monolayers onto 

nanoparticles for SERS has two main disadvantages in that they do not directly provide 

mechanistic enhancement to the Raman signal, and conjugation of metals with alkyl-

thiols tends to convolute target Raman fingerprints.  

In this work, we report on graphene assisted lithography (GOAL), an approach 

that is based on the substitution of a SAM with a graphene oxide (GO) underlayment for 

multianalyte discrimination of aromatic pollutants at concentrations relevant to regulatory 

monitoring. This novel design incorporating GO offers many of the same functions as 

traditional SAMs while providing additional signal amplification effects. Graphene is a 

two-dimensional allotrope of carbon which has received a considerable amount of 

attention in recent years because of its unique chemical, electrical,13 mechanical,14 and 

optical15 properties. Graphene and GO are atomically thick monolayer sheets having 
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carbon atoms hexagonally arranged in a largely defect-free sp2 formation. The difference 

between graphene and GO is that when graphite is chemically oxidized and mechanically 

exfoliated to become GO, the pristine sp2 sheet contains sporadic sp3-hybridized carbon 

atoms synonymous with basal plane epoxides, hydroxyl functional groups, peripheral 

carbonyl, and carboxylate groups. Applications for graphene and GO derivatives include 

supercapacitors,16-17 fluorescence quenching,15 and solid-phase extraction of aromatic 

compounds from water.18 Graphene enhanced Raman scattering (GERS)19-20 is also a very 

active field, although the precise mechanism for such an enhancement is still debatable. 

Brus et al.21 measured the absorption spectrum of a Raman probe adsorbed onto pristine 

graphene and determined that quenching was responsible for increased detection 

sensitivity but led to an overall decrease in Raman cross-section, which is 

counterintuitive to EM or CT mechanisms. Others have argued that defects in graphene’s 

sp2 network and the presence of oxygen containing functional groups (i.e. GO) contribute 

to Raman enhancements via possible charge transfer excitation.22-23 A change in 

polarizability of targets is also possible since molecules bound to GO are favorably 

oriented to adsorb incoming photons, while kinetic studies conducted in solution have 

shown that charged particles can electrostatically adsorb onto GO to give a 

preconcentration dependent proportional increase in signal intensity.22 The disadvantages 

with GERS detection using colloidal GO are similar to those previously mentioned for 

nanoparticle suspensions, and include aqueous instability and dynamics.  

Here we combine traditional SERS with GERS for surface based detection that 

can be tailored for optimal sensitivity with a significantly large dynamic range. The 
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hyphenated GERS-SERS scheme is advantageous for selective binding of cyclic aromatic 

compounds near size-controlled nanoprisms in a periodic array, via adsorptive forces 

which include π–π stacking, electrostatic adsorption, and hydrogen bonding. Raman 

scattering enhancement can be optimized via reduction of GO underlayment and by 

coupling the excitation laser to the nanoprism’s λmax via tuning of nanoprism size. 

Rhodamine 6G was initially chosen to estimate Raman efficiency and generate optimized 

conditions, as it has a large Raman cross-section and an aromatic anthracene subunit that 

afforded strong affinity with GO via planar adsorption (π–π stacking) onto GO’s 

hydrophobic regions.22, 24 We anticipate that once adsorbed, localized surface plasmon 

resonance (LSPR) emanating from nearby nanoprisms will enhance the resonance Raman 

scattering of bound molecules and the GO will provide mechanistic quenching 

enhancements, thus suppressing convoluting background signals. Additional possible 

advantages of this design include electron mobility via heterojunction activity between 

GO and nanoprisms, plasmon-phonon coupling,25 and direct charge transfer from GO to 

the scatterer,26 which will also be investigated herein. As a result of these mechanistic 

advantages, this novel GO-nanoprism dual amplification scheme can provide quantitative 

and qualitative analysis of environmentally relevant analytes of interest. To explore the 

possibility of GO-nanoprism surfaces to detect hydrophobic persistent pollutants, analysis 

was performed on our hydrophobic reduced GO-NP surface with three 

tetrachlorobiphenyl isomers. The substrate was tested for selectivity, sensitivity, and 

multiplexing capability. 
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2.2 Experimental Section 

2.2.1 Materials 

Graphite powder, sulfuric acid, phosphorus pentoxide, hydrogen peroxide, 

potassium persulfate, hydrochloric acid, sodium hydroxide, (3-

aminopropyl)triethoxysilane (APTES), anhydrous ethanol (EtOH), hydrazine 

monohydrate, Rhodamine 6G, and potassium permanganate were purchased from Sigma-

Aldrich. BK7 glass microscope slides came from Fisher Scientific. High purity water 

(>18 MΩ cm-1) was obtained from Barnstead E-Pure water purification system. 

Carboxylated polystyrene nanospheres were purchased from Phosphorex Inc. PCB 

powders, PCB-47 (2,2’,4,4’-tetrachlorobiphenyl), PCB-52 (2,2’,5,5’-

tetrachlorobiphenyl), and PCB- 77 (2,2’,3,3’-tetrachlorobiphenyl) were purchased from 

AccuStandard Inc. (New Haven, CT, USA) 

2.2.2 Synthesis of GO  

Graphene oxide (GO) was prepared using a modified Hummers method.27-28 

Briefly, graphite powder was stirred into 80˚C H2SO4 for several minutes. Next K2S2O8 

and P2O5 were added with stirring, for 1 hour. The obtained dark blue mixture was 

insulated and allowed to gradually cool to room temperature. After cooling, the mixture 

was diluted ten times with water and washed over filter paper until pH of rinse water 

tested neutral. The product was then allowed to dry under ambient conditions. After 

drying, the obtained preoxidized graphite powder was stirred into concentrated H2SO4 in 

an ice bath. KMnO4 was added gradually so that the reaction did not exceed 20˚C and 

then the temperature was increased to 35˚C. After two hours of stirring at 35˚C, 30% 
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H2O2 was added drop wise to stop the reaction. The yellowish solution again was filtered 

and washed with 1:10 HCl solution to remove unwanted ions. A 2% suspension was 

prepared for dialysis to remove unwanted ions and acids. Sonication of the suspension 

was carried out to facilitate graphite oxide exfoliation thereby producing a uniform 

yellow-brown graphene oxide (GO) solution. Concentrations of GO solutions used in all 

experiments were confirmed using spectrophotometry (Figure 2.2). GO reduction was 

performed after immobilization of GO onto glass slides.  

2.2.3 Preparation of Silane Functionalized Glass Substrates 

Premium BK7 glass microscope slides were cleaned in a boiling mixture of 

H2SO4, and H2O2 (3:1 v:v) for half an hour to generate a hydroxyl surface (Caution!). 

Rinsing slides with water and ethanol followed. After drying in an oven the glass slides 

were immersed in a 10% (v/v) (3-Aminopropyl)triethoxysilane (APTES) anhydrous 

ethanol solution for 15 minutes to form a silanized glass substrate . Finally, the slides 

were rinsed with EtOH and baked at 120˚C for 3 hours. Unused slides were promptly 

stored in a desiccator following silanization. 

2.2.4 Size separation of GO: 

In efforts to maximize GO surface densities exfoliated GO sheets were size 

separated using centrifugation. Various submicron-sized GO sheets were selected for by 

collecting supernatants after centrifugation 3 times at 7000 xg, and 16000 xg. The 

colloidal submicron GO product was used to confirm successful GO synthesis and 

product characterization using AFM, FTIR, and UV-vis spectroscopy as shown below. 
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Beer’s law was used to calculate GO’s absorption coefficient, which we report as 

~41.1134 mL mg-1 cm-1, see Figure 2.2B. 

2.2.5 Fabrication of rGO-NP Modified Substrates 

GO was electrostatically adsorbed onto the silanized glass using the following 

procedure. First, the silanized glass substrates were immersed in ~20 µg/mL GO solution 

for 30 minutes. GO decorated slides were washed 3 times with water, dried under 

pressurized air, and baked at 120˚C for 10 minutes. The immobilized GO was then 

reduced by 90oC hydrazine vapor for 12 hours. After reduction a 2 µL drop of 500 nm 

nanospheres (200 or 500 nm) diluted with EtOH (1:1) was deposited and allowed to dry 

in air on the rGO coated substrates, resulting in the formation of a crystal monolayer of 

polystyrene beads. An E-Beam evaporator equipped with a rotating disc holder was then 

used to deposit 50 nm of Ag onto the surface at an angle normal to the surface. Finally, 

ultrasonication in EtOH released the nanospheres from the surface revealing nanoprisms 

on a silanized reduced GO substrate (Scheme 2.1). 
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Scheme 2.1. Fabrication of Ag-Nanoprisms on top of GO Covered Glass Slides  

 

2.2.6 Preparation of Solutions for Analysis on Fabricated Substrates  

A R6G stock solution was prepared with ultrapure water and serially diluted as 

needed. Substrates were incubated for 48 hours in 1 mL of sample using the incubation 

method or for 30 minutes with 10 µL of sample using the drop-cast method. The R6G 

samples were rinsed away with ultrapure water and dried under ambient conditions prior 

to analysis. PCB powders were dissolved in acetone to make stock solutions and diluted, 

as needed, using acetone. For PCB analysis substrates were either immersed or the PCB 

sample was drop-cast onto the substrate. Immersed samples were removed after a 

specified amount of time and dried in air, whereas drop-cast samples were simply 

allowed to dry prior to analysis. 
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2.2.7 Instruments and Measurements  

AFM measurements were conducted on Aist-NT instrument in tapping mode 

using 40 N force AFM tips supplied by Nanoandmore. For Raman spectra, a Horiba 

LabRam HR800 spectrometer was employed that was equipped with an Nd:YAG laser 

for excitation at 532 nm. All spectra were acquired over 30 second intervals using 60 mW 

of laser power through a 100 nm hole and a 100x objective. All Raman spectra shown 

herein are averaged from 5 spectra acquired from different areas of one sample. The 

working laser spot size on this conventional confocal Raman instrument was estimated to 

be about 1 µm. FTIR data were collected on Thermo Nicolet 6700 FTIR instrument. 

Absorbance spectra were measured with a Cary 50 spectrophotometer. Hydrophobicity 

tests (contact angle) were performed with a home-built device using a QImaging Retiga 

1300 camera and QCapture software. E-beam evaporations were carried out in the UCR 

Cleanroom Facility where vacuum pressure was set to below 5 x 10-6 Torr.  

2.3 Results and Discussion 

2.3.1 Nanoprisms on GO Coated Substrates  

Optical and plasmonic coupling effects become interesting when pristine 

graphene or reduced GO is within a noble metal-localized or -propagating plasmonic 

field29 and this generally leads to enhanced signal enhancement when compared to 

plasmonic materials alone.30 Theoretical simulations and empirical enhancement factors 

suggest that biomaterial coupling enables robust tunable plasmonics,31 and enhances 

optical absorption.30 To fabricate a GO monolayer substrate we have synthesized 

colloidal solutions of GO platelets by using a modified Hummers method.32 The optimal 
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GO solution was determined to be ~0.02 mg/mL and the average sheet size must be of 

submicron size or smaller to prevent unfavorable agglomeration during immobilization 

onto the surface, as this was shown to reduce GERS-SERS signal intensity. FTIR (Figure 

2.1), UV-vis spectroscopy (Figure 2.2), contact angle measurments (Figure 2.3), and 

AFM (Figure 2.4) were used for optimization and characterization of the GO monolayer. 

Details of the optimization and characterization steps are provided in the captions.  

 

Figure 2.1. FTIR transmittance spectra of dried GO film after purification. The labeled 
oxygen absorbing peaks indicate surface oxidation, thus confirming GO synthesis from 
carbonaceous graphite. FTIR spectra reveals the presence of -OH, –C=O, and -CO 
attributed to peaks at 3190cm-1, 1722cm-1, and 976/1041cm-1, respectively. 
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Figure 2.2. Absorption spectra of GO at various concentrations (a) and calibration curve 
(b) were made by diluting a stock solution that had been gravimetrically determined to 
have a concentration = 0.23 mg/mL. A mass extinction coefficient of 41.11 mL mg-1 cm-1 

was calculated using Beer’s law. Graphene oxide’s UV-vis spectra has two characteristic 
peaks one at 230 nm corresponds to π ⟶ π* transition of aromatic C=C bonds and 
another peak at 300 nm corresponds to n ⟶ π* transition of C=O bonds, which agrees 
with the literature. 

Figure 2.3. Snapshots of 1 µL H2O on GO (a), ambient rGO (b), and furnace rGO (c) 
indicating hydrophobicity of surface. The ride angles were used to measure water droplet 
contact angles in Table 2.1. 
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Surface 

Modification 

Contact Angle Property Wetting 

GO 32.5 Very Hydrophilic Good 

Ambient rGO 45.7° Hydrophilic Good 

Furnace rGO 83.5° Hydrophobic Neutral 

 

Table 2.1. Contact angles and surface properties as a function of the degree of GO 
reduction. Results were obtained from (Figure 2.3) water droplet contact angles on GO, 
ArGO, and FrGO covered glass slides. 
 

 

 

Figure 2.4. GO was immobilized onto SiO2 substrates and Atomic force microscopy 
(AFM) was used to indicate the extent of GO size separation, morphology, and thickness. 
AFM images of stock solution (A), after centrifugation at 7000 xg (B) and 
aftercentrifugation at 16000 xg (C) reveals size differences between the various GO 
solutions and optimization for maximium surface coverage and even surface distribution.  
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Scheme 2.1 shows the procedure for generating an amine functionalized SAM 

(APTES) to facilitate monolayer adsorption of negatively charged GO sheets. AFM 

images show a smooth homogeneous monolayer of GO on SiO2, clearly indicating that 

sheet overlaps are sporadic and marginal (Figure 2.5A). For further validation of surface 

homogeneity, the profile in Figure 2.5B shows consistent vertical morphology with 

average individual sheet thickness at ~1 nm, and overall variability in surface thickness 

of roughly 1-3 nm.  

 

 

 
 
Figure 2.5. AFM images reveal surface morphologies at individual GO-NP hybrid 
fabrication steps. (A) GO electrostatically adsorbed onto SiO2 substrate. (C) Hexagonal 
ordered nanosphere mask array. (E) NP morphology after Ag vapor deposition and 
removal of nanosphere mask. Graphs (B), (D), and (F) are the respective height profiles 
for the lines in (A), (C), and (E).  
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Improving specific binding of an analyte to a substrate is important in SERS 

detection and reduced GO is known to facilitate π–π binding and provide a number of 

sites for π–π stacking with cyclic aromatic compounds. Thus, reduced GO can be used 

for adsorption of hydrophobic and/or cyclic aromatics (π–π-stacking), whereas soluble 

charged target molecules can be adsorbed (electrostatic) using GO or reduced GO 

covered substrates. Therefore, GO was reduced prior to nanoparticle deposition where 

both an ambient and a heated hydrazine environment were used to achieve a semi- and 

full reductive state, respectively, of surface-bound GO. AFM confirmed that reduction of 

GO had no effect on GO surface morphology. Contact angle (CA) measurements (Figure 

2.3) were carried out and the results are summarized in Table 2.1 for GO, ambient 

reduced GO (ArGO), and furnace reduced GO (FrGO). The results indicated that surface 

wettability was a function of modulating reduction. GO modified glass slides (32.5°) had 

a lower CA than ArGO (45.7°), and reduction of GO in a heated hydrazine vapor 

environment (FrGO) significantly increased hydrophobicity (83.5°). This behavior is 

ascribed to condensation of aldehyde, epoxide, and ketone groups during reduction, 

which leads to fewer polar bonds, and fewer hydrogen-bonding sites. This variability in 

surface adhesive properties can be used to tailor substrates for improved adhesion of 

targets based on the analytes physicochemical properties. Figure 2.6A shows the Raman 

spectrum of GO, which has two distinct broad Raman peaks that are colloquially referred 

to as the D band and G band. The D band (~1340 cm-1) is assigned to vibrations of a ring 

breathing mode resulting from internal and edge of sheet defects, and the G band (~1600 

cm-1) represents first order scattering of sp2 defect free regions33. Upon increasing the 
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reductive state of GO (GO<ArGO<FrGO), the ratio between D and G peak intensities 

(ID/IG) monotonically increased (0.93<0.99<1.14), which is the product of sp2 domain 

restorations that are smaller in size but more frequent34-35.  

 

 
 
Figure 2.6. Nanoprism SERS spectra obtained from GO, ArGO, and rGO substrates 
indicates plasmon−phonon coupling between the two materials (A) and GERS effect of 
R6G immobilization onto various states of reduced GO (B) without nanoprisms present.  
 

The fabrication of nanoprisms on GO coated substrates was performed using 

colloidal lithography (Scheme 2.1)9. GO assisted lithography (GOAL) is a physical 

process that occurs when cooperative forces at an air-solvent front and hydrodynamic 

flux, along with GO-assisted evaporative capillary actions, can arrange nanospheres with 

P2 symmetry36. It is well-known that the strongest SERS enhancements occur when 

excitation wavelengths are marginally lower in energy than LSPR λmax
37-38 and colloidal 

lithography is an appealing choice for its unparalleled tuning ability. For instance, an 

extinction maximum can be pushed to shorter wavelengths by simply using smaller 

masking nanospheres 38-39. AFM was used to characterize the nanoprism substrates and 
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Figure 2.5 shows images obtained from a hexagonally packed 2-D-lithographic mask 

applied on top of GO (Figure 2.5c), and its complementary profile graph (Figure 2.5d). 

This reveals monolayer application of the mask, which comprises 500 nm polystyrene 

beads, and therefore had a much larger overall thickness relative to that of monolayer 

GO. The novel application of a thin GO underlayment did not interrupt the ordered 

hexagonal close-packing of spheres over large areas. Additionally, the forces contributing 

to packing were unaffected by the presence of GO because GO and SiO2 share physical 

and chemical properties, i.e. both have negatively charged oxygen containing functional 

groups. A comparison of AFM images obtained from traditional colloidal lithography 

substrates9, 36 versus our GOAL substrates (Figure 2.5e) confirmed that the addition of a 

GO monolayer had little effect on mask formation. As can be seen, large periodic arrays 

were achieved when GO was present, although there are regions with minor dislocations 

that ranged in size from ten to hundreds of microns.  

2.3.2 GERS Properties of the Nanoprism Substrate  

The capability of the nanoprism substrate to be used in GERS analysis was 

determined using Rhodamine 6G (R6G) in order to understand possible GO-plasmon 

coupling. R6G was chosen because it favorably interacts with GO and metal NPs40-41, 

carries a charge, and is aromatic. From AFM images, 500 nm polystyrene nanospheres 

make nanoprisms that had an average triangular bisect of 140 nm (n = 50) and a λmax = 

630nm (Figure 2.7). We also tested 200 nm nanospheres, as optimal complementary 

tuning of λmax with excitation wavelengths can enhance resonance of excited conducting 

electrons, which ultimately enhances Raman scattering. Characteristic Raman band 
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assignments for R6G are given in Figure 2.6B and Table 2.2. R6G bound to GO, ArGO, 

and FrGO without nanoprisms has a significant GERS effect, and Figure 2.6B shows the 

spectra of 10-4 M R6G molecules incubated for 4 hours on GO, ArGO, FrGO, and a 

control (SiO2). Strong background fluorescence from the control hindered peak 

assignment of R6G, but the presence of GO and reduced GO strongly encouraged peak 

autonomy and moiety identification. Fluorescence resonance energy transfer upon 

absorption to GO derivatives is ascribed to the reduction of the fluorescence background. 

GERS signal intensities taken from R6G’s 614 cm-1 vibrational band were compared and 

FrGO was found to have 1.6- and 3.2-fold stronger signal than ArGO and GO, 

respectively. Reduction led to a direct intensity increase for all of R6G’s peaks with no 

horizontal Raman peak shifts observed indicating no sign of increased GO doping with 

reduction and only physical interactions. Therefore the increase in sensitivity upon GO 

reduction is likely due to the presence of more delocalized "–bonds which served as 

collection sites for aromatic molecules. Furthermore, the peak at 614 cm-1 (C-C-C 

vibration) showed the strongest enhancement, which suggests coupling with GO’s 

delocalized "–bonds.  
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Figure 2.7. UV-Vis absorption spectra from nanoprisms on a glass substrate. 

 

Raman Shift (cm-1) Assignment  

614 ip XRD, op XRD 

775 op C-H bend, ip XRD 

1186 ip XRD, C-H bend, N-H bend 

1306 ip XRB, N-H bend, CH2 wag 

1364 XRS, ip C-H bend 

1509 XRS, C-N stretch, C-H bend, N-H bend 

1543 Xanthene mode(s) 

1573 XRS, ip N-H bend 

1601 Phenyl mode 

1650 XRS, ip C-H bend 

 

Table 2.2. R6G’s characteristic Raman peaks and assignments 



 62 

Deposition of a nanoprism array, via GOAL, provided coupling of the GO 

underlayment with nanoprism LSPR, which was evidenced by a SERS enhancement of 

GO’s D band and G band. Interestingly, the Raman signal from FrGO compared to ArGO 

and GO (Figure 2.6a) had a 2- and 2.5-fold decrease, respectively, in overall plasmonic 

enhancement. Weakened annealing of GO with nanoprisms occurs when GO is reduced 

prior to evaporative deposition. The reduction in overall intensity of the spectra can result 

from decoupling and transfer of resonance energy to plasmonic nanoantenna (i.e. 

nanoparticle), which may lead to a decrease in polarization of D and G bands. 

Simultaneously, Yu et al.42 suggested destruction of large π-conjugation domains and 

removal of electronegative oxygen species during reduction negatively affected those 

resonant polarizability domains. 

The effects of NP size, GO surface concentration, and surface reduction on 

GERS-SERS signal of R6G were investigated by incubating various GO and NP 

constructs in 10-5 M R6G (Figure 2.8a and 2.8b). GO-NP hybrids made with 200 nm 

nanospheres gave a weaker Raman signal than a substrate fabricated with 500 nm 

nanospheres (Figure 2.8b). Table 2.3 summarizes their intensity ratios (±SD), which were 

calculated from R6G’s 614 cm-1 C-C-C in-plane vibrational mode. Larger NPs showed 

more optimal Raman responses, and I500nm/I200nm intensity ratio > 1 is observed with a 

decrease in NP’s size blue shifting the LSPR λmax and causing a decrease in resonance 

with an exciting wavelength of 532 nm. Previous reports from Van Duyne38 and Masson43 

groups have shown that ideal resonance-coupling occurs when the monochromatic 

exciting-wavelength is aligned with or slightly blue-shifted with respect to the LSPR λmax.  
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Figure 2.8. SERS-GERS combination effects on various GO and NP constructs (A) and 
(B). In part (A) 200 nm nanospheres and (B) 500 nm nanospheres were used to fabricate 
different -sized NPs.  
 

 

GO type and 
Concentration 

200 nm (I500nm ± SD) 500 nm (I500nm ± SD) I500nm/I200nm 

GO 5% 21992 ± 4301 35621 ± 2305 1.62 

GO 10% 12743 ± 3140 27718 ± 590 2.18 

GO conc. 24501 ± 1265 29285 ± 3503 1.20 

ArGO 5% 22994 ± 6982 28920 ± 3225 1.26 

ArGO 10% 14492 ± 1858 19370 ± 4999 1.37 

ArGO conc. 9756 ± 2224 13503 ± 2215 1.38 

 
Table 2.3. Intensities were taken from R6G’s 614 cm-1 Raman peak. The ratio indicates 
substrates fabricated with 500 nm nanospheres are more sensitive than ones fabricated 
with 200 nm nanospheres. 
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From Figure 2.8a and 2.8b, an increase in GO surface density leads to a decrease 

in sensitivity. This is likely a result of charge dispersions and/or loss of scattered light to 

adjoining or stacked sheets.22, 26, 44-45 Zhang et al.45 found similar results when they 

determined that Raman scattering from copper phthalocyanine (CuPc) in powder form 

led to a loss because CuPc particles in close proximity were simultaneously adsorbing 

scattered light. He et al.44 showed stacked GO sheets supported a conducting channel and 

electron mobility, which could lead to Raman signal degradation. They measured charge 

dispersion and found conductance perturbations occurring as a result of π-π interactions 

with catecholamines. Furthermore, it has been shown42, 46 that multilayers of graphene can 

decrease a GERS signal due to the interference effect within a multilayer system. 

Contrary to the GERS increase in intensity after reduction, the reduction of GO in 

GERS-SERS analysis caused a slightly weaker R6G signal compared to GO-NP, IArGO-

NP/IGO-NP = 0.81. This can be ascribed to several factors: a combined affinity of positively 

charged R6G with negatively charged GO and AgNP, which adds to the particularly 

diverse interactions that can occur between GO and an analyte of interest, and fewer 

electronegative oxygen groups contributing to charge transfer between GO-metal 

(heterojunction) and GO-R6G cation. Clearly, NP size, reduction of GO, the presence of 

NP, and GO surface density showed variable impact on the Raman signal.  

Although ArGO-NP surfaces are slightly less sensitive to the model compound 

(R6G) than GO-NP substrates, it appears to us that ambient reduced GO has some 

uniqueness in properties, particularly for detection of hydrophobic compounds. First, 

ArGO is promiscuous owing to its well-balanced ratio of π bonding and electrostatically 
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attracting sites; therefore it is broadly suitable for a variety of molecules that have 

different types of intermolecular characteristics. For the model compound (R6G), when 

NPs are not present ArGO allows for a greater number of parallel adsorbing sites over 

GO which leads to enhancement via resonant electron donor-acceptor coupling between 

R6G’s C-C-C vibration modes and GO’s ground state45. Reduction also forms an 

interfacial barrier with aqueous samples, again favoring π–π stacking and van der Waals 

attractive interactions with trace amounts of target pollutants, such as PCB, that are 

polycyclic and aromatic. GO, however, can be tailored to accommodate molecules having 

various phase separation types. It is important to remember that solute concentrations 

must be high enough to overcome solvation at the interfacial barrier and that when 

insoluble molecules are investigated local precipitation may be favored over graphitic 

adsorption, giving rise to increased LODs. Although the nonreduced GO-NP surface 

proved to be slightly better at detection than the ArGO-NP, we prefer to investigate the 

detection limits for model compound R6G on ArGO-NP as it will be more advantageous 

later while detecting pollutants that are hydrophobic in nature. For these reasons ArGO 

was used as an NP underlayment for the rest of this investigation. 

Figure 2.9 shows spectra of R6G on SiO2, GERS, SERS, and GERS-SERS 

substrates. On SiO2 -only slides R6G could not be detected due to strong background 

fluorescence; however, upon introduction of ArGO onto SiO2, the R6G-GERS bands are 

easily identifiable. Comparing ArGO coated slides to NP-only slides one observes a 

several order amplification which stems from plasmonic EM enhancement. Application 

of the ArGO underlayment to NP slides further amplifies R6G signals. Figure 2.9b shows 
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the details of the Raman spectra to exemplify some key manifestations that arise with the 

introduction of ArGO. A decrease in the fluorescence signal is a clear indication that 

R6G is more tightly bound to the hybrid compared to NPs alone, which facilitates 

distancedependent fluorescence resonance energy transfer. Peaks at 1129, 1314, and 1576 

cm-1 in Figure 2.9b indicate those not present in NP spectra, which suggests physical 

interactions with ArGO. The C-H in-plane bending mode at 1129 cm-1 is broad due to 

multiple vibrations contributing to the band. Newly formed peaks at 1314 and 1576 cm-1 

indicate strong coupling of ArGO with R6G’s C-aromatic ring stretching. The most 

striking manifestation in the spectra is the strongly amplified aromatic in-plane band at 

614 cm-1, especially with respect to the amplification of the aromatic coupled out of plane 

C-H band at 775 cm-1. Nitrogen-associated Raman bands show moderate red shifts 1180-

1186 cm-1 and 1308-1314 cm-1 for N-H bends, and 1507-1512 cm-1 for C-N stretch. The 

loss of photon energy (red shift) as ArGO phonon interacts with these vibrating modes 

was accompanied by an increase in Raman intensity suggesting possible CT between 

electron rich ArGO to electron poor R6G-cation. This is a reasonable assumption since 

CT interactions are permitted between two charged molecules via either ground state 

charge transfer or excited-state charge transfer mechanisms45. These key findings prove 

hybrid-amplification of R6G occurs as a result of ArGO binding near nanoprisms. 
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Figure 2.9. Raman spectra (A) show sensitivity of R6G molecules to various ArGO 
and/or NP surfaces. In (B) a comparison is made between ArGO-NP and plain NP 
substrates. Asterisks indicate peaks that are present in ArGO-NP spectra but not in NP 
spectra. 
 

The ArGO-NP hybrid shows high sensitivity and strong interaction with 10-5 M 

R6G, indicating the potential for quantitative analysis of very low concentrations in 

aqueous samples. Figure 2.10 shows concentration-dependent SERS spectra with two 

different sampling methods, drop-casted and incubated, respectively. Drop-casting was 

ideal for quick detection of molecules down to 10-9 M, and concentration fitting to a 

calibration curve gave a robust adjusted-r2 value equal to 0.9995. Contrary to spotting, 

hybrids were incubated for 48 hours improving detection limits by 1 order of magnitude 

(10-10 M). The detection limits were calculated to be ~10-9 M and ~10-10 M for drop-

casting and incubating sampling, respectively. Incubation improved S/N by 3-fold at 10-10 

M (Figure 2.10A) when compared to 10-9 M on drop-casted substrates (Figure 2.10C). 

The linear range for incubated and spotted samples covered 4 orders of magnitude. 
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Incubation also seemed to reduce background fluorescence, possibly because of the 

increased incubation times allowing for closer planar absorption and/or orientation onto 

the GO47. Again, this effect is due to an enhanced resonance energy transfer process from 

dye molecules to graphene domains. 
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Figure 2.10. Raman spectra (A) show sensitivity of R6G molecules to various ArGO 
and/or NP surfaces. In (B) a comparison is made between ArGO-NP and plain NP 
substrates. Asterisks indicate peaks that are present in ArGO-NP spectra but not in NP 
spectra.  
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2.3.3 SERS Detection of Environmentally Significant Samples  

PCB is a chlorinated biphenyl compound that at one time was in high-production 

for use in building materials, heat transfer fluid, industrial lubricant, and dielectric fluid48. 

Categorized as a persistent organic pollutant, environmental exposure to PCBs poses a 

high risk to human and ecological health48-49.  In our method, reduced GO-NP substrates 

were used to enhance the Raman signal of three highly hydrophobic tetrachlorinated 

PCBs. Structures of PCB-47, PCB-52, and PCB-77, and parent compound biphenyl are 

given in Table 2.4. “Dioxin like” PCB-77 can readily stack onto GO as it maintains a 

coplanar configuration. The two ortho-substitutions on PCB-47 and PCB-52 forces the 

aromatic rings to rotate at the C-C bridge and conform to a perpendicular noncoplanar 

configuration. The high number of chloro-substitutions also increases the chances for 

hydrophobic-hydrophobic interactions with rGO. The C2 axis in these three PCBs is 

perpendicular to 4,4’ carbon atoms. Raman spectra obtained from PCB powders are 

provided Figure 2.11. It was empirically determined that biphenyl was not Raman active 

in powder or GERS-SERS analysis. Even though most of biphenyl’s normal modes 

should be Raman active, it seems that chlorination of biphenyl is required to perturb the 

polarizable tensors of the benzene framework enough for Raman or SERS detection. 

Shown in Table 2.4, PCB powders have several vibrational modes50-51, namely, in the C-

H bond and benzene ring deformation region (600-1100 cm-1), C-H wagging and 

biphenyl bridge stretching region (1100-1400 cm-1), and benzene framework vibration 

region (1400-1650 cm-1). The number of chlorine substitutions and their position on the 

biphenyl backbone can drastically shift a peak or enhance peak intensity. In addition, 
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PCB adsorbed onto rGO-NP substrate can affect a Raman bands harmonic frequency, 

which can cause a shift in Raman peak maximum. Arrows in Table 2.4 represent 

harmonic frequency shifts that were determined by comparing powder Raman peaks to 

the SERS Raman peaks after adsorption onto rGO-NP substrates.  

 

 
 
Table 2.4. Structural Information, Observed Major Raman Peaks, and Limit of Detection 
(LOD) Data of Biphenyl, PCB-47, PCB-52, and PCB-77  
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Figure 2.11. PCB powder Raman spectra acquired directly from pure sample.  

 

2.3.4 rGO and rGO-NP Substrates Enhance PCB Raman Signal  

Table 2.4 summarizes previous work on detecting PCBs using SERS analysis and 

it has been shown that modification of SERS substrates can provide additional 

enhancements and improve overall sensitivity. To demonstrate the ability of an rGO-NP 

surface to enhance a PCB Raman signal, we compared the signals from PCB-47 powder 

to the signal after immersion of rGO and rGO-NP surfaces in a 1 mM solution of PCB-47 

for 2 hours, and dried under ambient conditions. Raman peak shifts to higher or lower 

energies are a good indication of PCB adsorption to rGO and rGO-NP. PCB-47’s C-Cl 

band at ~1141 cm-1 had a notable 4 nm shift. Attention is given to PCB-77, which saw a 



 73 

similar peak shift of the same vibrational band (Table 2.4). This coincidence suggests that 

C2 axis located at the 4,4’ carbon atoms is sensitive to GO adsorption, and when 

chlorinated this interaction between the surface and the chlorine bond can be detected. As 

shown in Figure 2.12, the presence of rGO or rGO-NP gave a significant enhancement to 

signal intensity. Good peak resolution can be attributed to various effects: (i) 

enhancement of signal by increasing the density of molecules in the sensing area; (ii) 

significant increase in intensity of the spectrum acquired from rGO-NP substrate which is 

conducive with EM enhancements that occur when molecules are near nanoprism 

enhancing regions. (iii) An added benefit of using GO for adsorption of PCBs is that the 

majority of PCB’s characteristic peaks are easily distinguishable from GO’s broad 1340 

and 1600 cm-1 peaks, and deconvolution of lower frequency bands from the very broad 

GO peaks is easily resolved.  

 

Figure 2.12. Comparison of PCB-47-powder (bottom curve) to spectra of PCB-47 
(1mM) measured from rGO-NP and RGO surfaces. 
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After incubation in PCB solution, the rGO-NP substrates were rinsed by ultrapure 

water to remove unbound PCB prior to SERS measurements. The y-offset curves in 

Figure 2.13A are GERS-SERS spectra of PCB-77 at concentrations that span 4-orders of 

magnitude. For comparison a PCB-77 powder spectrum is also provided. A detection 

limit of 100 nM was achieved by resolution of 6 characteristic peaks at 671 cm-1 (C-Cl 

stretch), 1027 cm-1 (ring breathing), 1133 cm-1 (aromatic band), 1250 cm-1 (C-H 

wagging), 1302 cm-1 (C-C bridge stretching), and 1599 cm-1 (ring stretching). A 

calibration plot generated from the peak at 1602 cm-1 (ring stretching) gives a linear 

relationship from 100 µM to 100 nM. At a concentration of 100 nM PCB-77 was soluble 

in water and could be used interchangeably without a significant effect on sensitivity or 

identification. Testing of rGO-NP surfaces toward noncoplanar PCB-47 and PCB-52 

indicated that the noncoplanar variants have significantly decreased signal when 

compared to PCB-77 intensity. In fact, PCB-52 was not detectable within the 

concentration range used, and PCB-47 was only detectable at concentrations greater than 

or equal to 1 mM, as shown in Figure 2.12. The inability to detect PCB-52 might be the 

result of the chlorine position and overall symmetry that occurs with a 2,2’,6,6’ pattern of 

substitution. This evidence shows noncoplanar PCBs do not readily compartmentalize 

from solution onto the rGO-NP substrate like coplanar PCB-77, and interactions between 

the surface and the molecule are critical for trace detection of PCB from solution.  
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Figure 2.13. (A) GERS-SERS spectra of PCB-77 after 2 h incubation on rGO-NPs. (B) 
Multiplex identification of PCB-47 (black curve), PCB-52 (red curve), and PCB-77 (blue 
curve) in a mixture containing 333 μM of each. Spectra in (A) and (B) are y-offset for 
viewing purposes.  
 

We then conducted multiplexed PCB detection to identify specific congeners 

from one sample. Stapleton and co-workers have shown strong correlations between the 

concentration of polyhalogenated compounds in soil, dust, and building material and their 
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metabolites in urine samples acquired from humans in close contact with these 

materials52. Their method of analysis for environmental and human samples combines 

simple organic extraction and GC-MS analysis52-54. To mimic a sample extracted from a 

PCB-contaminated environmental sample such as soil, dust, or building material, we 

combined PCB stock solutions to create a mixture for fingerprint identification of PCB-

47, PCB-52, and PCB-77. The final concentration of each PCB in the mixture was 333 

µM in acetone. Figure 2.13B shows GERS-SERS Raman curves of PCB-47 (1 mM), 

PCB-77 (1 mM), the mixture, and a powder spectra of PCB-52. Curves and asterisks are 

color-coded for the purpose of congener fingerprinting. Several very strong EM enhanced 

peaks confirm the fingerprint for coplanar PCB-77. To our surprise noncoplanar PCB-

52—which was not detectable in a unimolecular solution—was fingerprintable in a 

mixture. Peaks in the powder spectra (red curve) match several peaks in the mixture’s 

spectra as indicated by red asterisks. It is plausible a combination of π–π stacking and 

Van-der-Waals attractions promoted PCB-52 compartmentalization from the solution 

onto the Raman enhancing rGO-NP surface. PCB-47 and PCB-52 peaks are shown to 

have autonomy or contribute to peak intensity. All of the peaks marked are confirmed 

using basic peak fitting software. This data suggests that there is great potential for the 

fingerprinting of other environmentally significant PCBs and/or halogenated organic 

compounds that pose a high risk to ecological and human health.  

2.3.5 rGO-NP Arrays for High Throughput Detection of PCB  

To show high throughput analysis on GOAL derived rGO-NP substrates, we 

fabricated 3 x 11 arrays on glass slides. To make the array we used a PDMS hole device 
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that was made from a 3-D printed mold. Perforated PDMS was applied to rGO covered 

glass slides in a way that would prevent bubbles from forming. A liquid tight seal 

between PDMS and rGO covered glass slides provided 3 mm wells from which 0.5 �L 

polystyrene bead solution (1:5, beads:EtOH) was deposited and evaporated under 

ambient conditions. A picture of the array after fabrication by GOAL is shown in Figure 

2.14A. To demonstrate that rGO-NP surfaces have the feasibility for high-throughput 

multiplex analysis we spotted 1.5 µL of PCB-77 onto flat silver, a nanoprism array, and a 

rGO-NP array, and allowed to dry under ambient conditions. We were able to detect 

PCB-77 at 50 µM (green curve) and 5 µM (blue curve) in seconds (Figure 2.14B). 

Compared to nanoprisms and flat silver it is shown that rGO-NP substrates provide a 

considerable enhancement to intensity.  
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Figure 2.14. rGO-NP arrays for high-throughput analysis (A) and (B) GERS-SERS 
spectra of PCB-77 demonstrating the rGO-NP array (blue and green curve) is more 
sensitive than nanoprism array (red curve) and flat silver (black curve). The rainbow 
shown in (A) is a result of incident white light scatter from the nanostructures (i.e., 
nanogratings).  
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2.4 Conclusions 

By combining GO with silver nanoprisms we have fabricated a hybrid system 

capable of analyte capture, Raman enhancement, and trace detection of 

tetrachlorobiphenyls. We have shown that intimate contact between the two materials can 

produce orders of magnitude enhancement to the Raman signal of bound analytes. Model 

compound R6G is a resonant Raman molecule that when adsorbed to various GO and NP 

constructs provided a way to thoroughly investigate and confirm the GERS-SERS 

phenomenon seen herein. Furthermore, adsorption of R6G to ArGO-NP gave rise to 

specific Raman band shifts and amplifications, and offered a limit of detection to 100 pM 

for R6G. A reduced form of GO-NP was used to attract and efficiently secure planar 

aromatic and noncoplanar PCB molecules via the π–π stacking and hydrophobic 

interactions. The presence of several Raman band shifts confirmed absorption of PCBs 

onto the GO-NP surface. The substrate’s limit of detection for coplanar PCB-77 is 100 

nM. A mixture containing three tetrachlorbiphenyl compounds was investigated for 

simultaneous analysis of multiple analytes. By comparing PCB-47, PCB-52, and PCB-77 

spectra to the mixture spectra we showed that it is possible to conduct PCB-isomer 

fingerprinting in a mixture. The surfaces potential for portability, facile detection, fast 

processing, and good limits of detection for environmental significant compounds make it 

an attractive strategy. These GOAL derived GO-NP substrates can be tailored to interact 

with a multitude of different analytes and when combined with multiplexing capabilities 

can prove very useful in real world applications for detection of environmental pollutants.  
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Chapter 3: Graphene Oxide-Nanocarriers for In-vitro Drug Delivery and Their 

Applications in Fluorescent Detection of Ion-Induced Enzymatic Activities 

3.1 Introduction 

With cancer being the second leading cause of death in the United States1, efforts 

are focused on improving cancer treatments and survival rates. Many chemotherapeutic 

drugs are designed to target characteristics implicit to neoplastic cells, such as resistance 

to apoptosis, enhanced angiogenesis, and replicative immortality2. Targeting these 

“hallmarks of cancer”2 with chemotherapeutic agents is not always easy. Drug efficacy is 

often times negatively affected by poor solubility, molecular instability, poor cancer cell 

selectivity, or quick metabolism and excretion. A nano-vehicle formulation has several 

advantages over traditional molecular drug administrations.3 The first nano delivery 

system to be approved for clinical trials4 in the United States was an encapsulated 

liposomal therapy for the insoluble compound doxorubicin. The success of liposomal 

therapy has generated interest in engineering new nanoparticle materials5 that are more 

stabile6 and less expensive, such as metal-, silica-, and carbon-based nanocarriers. 

Another important compound that possesses anti-cancerous properties7 is insoluble 

camptothecin (CPT). Its strong affinity with a DNA nicking enzyme (topoisomerase-1) 

leads to enzymatic inhibition, which results in DNA double-strand breaks in cancerous 

cells. However, CPT has not been approved for clinically use, because it is insoluble and 

the administration of a systemic therapeutic dose is toxic to humans8. To circumvent 

some of these issues, soluble or prodrug analogues have been synthesized for use with 

oral and intraperitoneal administration. Additional studies have found, fabrication of 
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various liposomal-CPT complexes can enhance CPT solubility, and prevent lactone 

hydrolysis in some models7, 9.  

In addition to drug delivery, nano-vehicles can provide biosensing platforms for 

investigation of apoptotic signaling pathways. It was recently shown that monitoring of 

caspase 3 and cytochrome-C can be extended to graphene oxide-based detection schemes 

using in vitro fluorescence imaging10-12. Calpain is another pro-apoptotic protein that has 

received much attention for its role in apoptosis and cancer treatment13, but a method for 

in vitro fluorescence imaging analysis of calpain is lacking. To that end, there is high 

potential in combining nano-vehicles with bioimaging to identify specific proteins and 

pathways responsible for apoptosis.  

We report here the use of various, newly developed PEGylated graphene oxide 

(GO-PEG) nanocarriers to improve camptothecin delivery into cancer cells, and the 

characterization of Ca2+ build-up and its activation of calpain by fluorescence microscopy 

(Scheme 3.1). Nanomaterial graphene oxide (GO)14-16 is a two-dimensional planar 

material whose unique physical, chemical, and mechanical properties make it possible to 

combine in vitro drug delivery with bio-sensing/imaging. GO’s ultra-high surface area 

supports good loading capacity of cyclic aromatic compounds via π-π stacking17. When 

engineering graphene-materials for intracellular-biomedical purposes one must consider 

GO stability in physiological conditions, biophysical compatibility, and its general 

toxicity to healthy host cells. PEGylation involves the attachment of hydrophilic 

polyethylene glycol (PEG) chains, which is often used to combat precipitation and render 

nanoparticles stabile in physiological environments. In addition, various derivatization 
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chemistries have been used to optimize GO-PEG for solubility in physiological 

solution18, make it nontoxic, and improve cellular uptake19. In this work, cellular 

responses were monitored after pre-exposing, and co-exposing HeLa cells to GO, GO-

PEG, and CPT, which provides a better understanding of cytotoxic effects and 

mechanisms of delivery. Through functionalization of PEG-amines, we have 

demonstrated that conjugation with fluorogenic compounds enabled in situ fluorescence 

sensing of calpain activity during cellular apoptosis (Scheme 3.3 and 3.4). This is a novel 

approach for analyzing calpain activity that has an impact in drug discovery. In addition, 

calpain’s participation in apoptosis signaling was characterized using a variety of agents, 

including CPT, hydrogen peroxide and glutamate. The results point to an effective 

biosensor for use in drug development and in environmental toxicity assessment of an 

agent of interest.  
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Scheme 3.1. Graphene Oxide-Derivatives as Nanocarriers for Delivery of Antitumor 
Agents and Biosensing Probes into HeLa Cells.  
 
3.2 Experimental Section 

3.2.1 Materials  

Graphite powder, sulfuric acid, phosphorous pentoxide, hydrogen peroxide, 

potassium persulfate, hydrochloric acid, sodium hydroxide (NaOH), chloroacetic acid, 3-

Aminopropyl)triethoxysilane (APTES), anhydrous ethanol, 1-Ethyl-3-(3-

dimethylaminopropyl)carbodiimide (EDC), potassium permanganate, Sulforhodamine B 

(SRB), trichloro acetic acid (TCA), Trizma base, and paraformaldehyde (4%) were 

purchased from Sigma Aldrich. BK7 glass microscope slides came from fisher scientific. 
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The complete-cell-culture-media consisted of Dulbecco's Modified Eagle's medium 

(DMEM), supplemented with 10% fetal bovine serum (FBS), 1% penicillin and 

streptomycin, trypsin/EDTA, all of which are distributed by Gibco by Life Technologies. 

Nano-pure water (>18 MΩ cm-1) was obtained from Barnstead E-Pure water purification 

system. Amine-PEG-amine (MW 3,400) was distributed by Shearwater. NHS-fluorescein 

was purchased from Thermo Scientific. Suc-Leu-Leu-Val-Tyr-AMC (Suc-LLVY-AMC) 

and calpeptin were purchased from Cayman Chemical. 

3.2.2 Instrumentation  

Zetasizer (Malvern Instruments) was used to conduct dynamic light scattering and 

ζ-potential measurements. Absorption spectra were collected on a Cary-50 UV-Vis 

spectrometer. Absorption readings from 96-well plates were performed on a Powerwave 

340x (BioTek) plate reader. Fluorescence images were collected from a Bioimager 

fluorescence microscope (BIM800FLW) equipped with CHROMA brand filter cubes and 

a monochrome QImaging Retiga 1300 camera. ImageJ software package was used for 

processing of fluorescence images. SynergyX fluorescence spectrometer was used for 

fluorescence intensity measurements. Origin8 and GraphPad Prism 7 were used for 

generating graphs and statistical analysis of data via One-way ANOVA and Tukey’s post 

analysis. 

3.2.3 Fabrication of GO-derivatives  

Graphene oxide (GO) was prepared using modified Hummers method15-16. In 

efforts to maximize GO surface densities exfoliated GO sheets were size separated using 

centrifugation. Various submicron-sized GO sheets were selected for by collecting 
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supernatants after centrifugation 3 times at 7000 xg, and 16000 xg. The colloidal 

submicron GO product was used to confirm successful GO synthesis and product 

characterization using AFM, and UV-vis spectroscopy as shown below. Beer’s law was 

used to calculate GO’s absorption coefficient, which we report as ~41.1134 mg/mL. 

Scheme 3.2 shows the processes for fabrication of two GO-PEG derivatives. 

Hydroxylated-GO (GO-OH) product was prepared from a modified protocol20. Briefly, 

~1g of NaOH was added to 5mL GO (~500 mg/mL), and stirred at 55˚C for 3 hours 

before it was neutralized with 37% HCl. The solution wash washed several times in a 

microcentrifuge and the aggregates were collected for PEGylation. Carboxylated-GO 

(GO-COOH) was fabricated in a 10 mL solution containing 500 mg/mL GO, 125 mM 

NaOH, and 40 mM chloroacetic acid. After sonication for 1 hour the solution was 

microcentrifuged to remove aggregates. Dialysis was performed (14,000 MWCO) to 

remove salts, and to isolate GO-COOH for PEGylation. The PEGylation step was 

identical for both modified-GO products (GO-OH and GO-COOH). A ratio of 5:1 

(mg:mg) was used for adding amine-PEG-amine3,400 to the solution of modified-GO. 

After sonication for 15 minutes 1:1 ratio of EDC to modified-GO was added and 

sonicated for another 30 minutes. An additional equal amount of EDC was added to the 

mixture, sonicated for 20 minutes, and stirred overnight. On the following day the 

products were microcentrifuged at 15,800 x g for 30 minutes to remove aggregates. 

Filtrates were centrifugally washed with water 6 times in Amicron filters having MWCO 

= 100,000 kDa and centrifuge spin speed = 2,200 x g. UV-Vis measurement was used to 

calculate product concentrations of GO-OH-PEG or GO-COOH-PEG in solution.  
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Scheme 3.2 Molecular structure of GO (top) and synthesis scheme outlining the 
procedure used to make hydroxylated-GO (left), carboxylated-GO (right), and 
PEGylated-GO derivatives (bottom). 
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3.2.4 Fluorescence Labeling of GO-PEG’s for Confirmation of Cellular Uptake  

The following steps were conducted in the dark to prevent photobleaching of the 

fluorophore. Fluorescein was covalently bound to free-amine PEG-tails decorated on GO 

using an NHS-Fluorescein linker molecule. Briefly, a 100 µL aliquot of NHS-Fluorescein 

(10 mg/mL) in DMSO was mixed with 2 mL of 200 µg/mL of either GO-OH-PEG or 

GO-COOH-PEG and left overnight. To remove free fluorescein the products were 

dialyzed against water (MWCO = 14,000) for 5 days. UV-Vis spectroscopy was used to 

validate nanocarrier conjugation with fluorescein (Figure 3.4).  

3.2.5 Visualization of Cellular Uptake by Fluorescently Labeled GO-PEG  

Cells were seeded onto circular coverslip slides in 24-well plates at a density of 4 

x 10-4 cells per well. After 24 hours the adherent cells were incubated with a fluorophore 

labeled GO-PEG for 2 hours. The coverslips were washed several times with PBS, and 

then the cells were fixed by adding 100 µL of 4% formaldehyde to wells. After a 10-

minute incubation at 37˚C the wells were washed again with PBS. The coverslips were 

mounted on microscope slides for viewing. 

3.2.6 Loading GO-PEG’s with CPT  

CPT was dissolved in DMSO to make a 3.5 mg/mL stock solution. For maximum 

loading CPT was added dropwise into a respective GO-PEG solution while stirring until 

a mass ratio of 6:1 (CPT:GO-PEG) was reached. The mixture was protected from light 

and stirred overnight. To remove unbound CPT the products were washed at least 6 times 

in an Amicron filter (MWCO = 30,000 kDa). Washes continued until UV-Vis and 

fluorescence filtrate-spectra no longer indicated the presence of unbound CPT. CPT’s 
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extinction maximum at 370nm (!mM = 19.9) was used to measure its concentration in all 

solutions, which was evaluated after the spectral contribution of GO was subtracted from 

that of the GO-CPT complex in Figure 3a. The scaffold’s absorbance contribution at 

370nm (! = 20.61 mL mg-1 cm-1) was calculated from GO-OH-PEG absorbance 

maximum at 801nm (! = 4.122 mL mg-1 cm-1). The washed GO-OH-PEG-CPT and GO-

COOH-PEG-CPT colloidal mixtures were stored at 4˚C and diluted accordingly for cell 

toxicity assessments. 

 

Figure 3.1 Originally dialysis (MWCO = 9,000) was used to remove excess 
(unadsorbed) CPT from solutions that contained GO-OH-PEG, and GO-COOH-PEG. 
UV-Vis spectroscopy was used to acquire the CPT signal in dialysis water. Loaded GO-
nanocarriers were initially washed using dialysis method; it was later determined 
Amicron filter purification was more efficient and thus became our preferred method to 
remove excess CPT and reacted conjugates.   
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3.2.7 Protocol to Determine Cytotoxic and Recovery Responses in HeLa Cells  

Cells were seeded in 96-well plates at a density of 4 x 10-3 cells per well with 100 

µL of complete media and cultured until >90% confluent, approximately 24-48 hours. 

For determination of cytocidal activity the GO, GO-OH-PEG, GO-COOH-PEG, GO-OH-

PEG-CPT, and CPT compounds were diluted in 100 µL aliquot of fresh media and added 

directly to wells. Controls were treated identical to the experiment. The final DMSO 

concentration in all treatments was held constant at 0.5%. To evaluate for cytotoxic 

response SRB assays were performed 4 days after treatments. For the determination of 

cytostatic versus cytocidal cell response, the cells were allowed to recover by removing 

the compound containing media on day 4 and then a quick wash with PBS (1x). Fresh 

complete media was added and SRB assays were performed 2 days later. Controls were 

treated identical to experimental. Final DMSO concentrations in all treatments were held 

constant at 0.5%.  

3.2.8 Co-exposure and Pre-exposure Treatments to GO-nanocarrier  

In co-exposure treatments, various concentrations of CPT were added to 75 

µg/mL and 150 µg/mL of GO-OH-PEG and vortexed overnight. The mixtures were then 

diluted with media to achieve desired concentrations in wells of a 96-well plate with a 

final DMSO concentration equal to 0.5%. In pre-exposure treatments GO-OH-PEG at 14 

mg/mL in media was added to cells in 96-well plates. The resulting media solution was 

aspirated after 24 hours, and the wells were washed with PBS (1x) 3 times. Fresh media 

containing CPT was then added to each well. Cytotoxicity was evaluated 5 days after 

treatments using SRB assay. 
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3.2.9 SRB Cell Viability Assay  

Unless otherwise specified SRB assays were performed 5 days after treatment. 

First the media was discarded from each well of the 96-well plate. Fixation of cells to the 

microplate was achieved by adding 100 µL of cold TCA (10% w/v) solution and 

incubating at 4˚C for one hour. TCA solution was discarded and wells were washed with 

water 5 times and left to air dry at room temperature. SRB stock solution (0.06% w/v in 

1% acetic acid) was then added to each well (100µL) and incubated at room temperature 

for 10 minutes. Next, the wells were washed 5 times with 1% acetic acid and air-dried. 

To solubilize the protein-bound dye 100 µL of 10 mM Tris solution (pH 10) was added to 

each well. Microplates were shaken for 5 minutes on plate reader and cell viability was 

quantified by the averaging of triplicate optical density readings at 492nm.  

3.2.10 Synthesis of GO-nanosensor (GO-PEG-LLVY-AMC)  

A 2:1 mass ratio of GO-OH-PEG and Suc-LLVY-AMC were combined and 

stirred for 4 hours to allow for coupling. The product was washed with water repeatedly 

in an Amicron filter (MWCO = 30,000), sonicated 10 minutes, and washed again to 

remove all unconjugated peptide probe. The product was estimated to have a final 

nanocarrier concentration of 215 µg/mL by UV-spectroscopy.  

3.2.11 Detection of Calpain Activity by GO-nanosensor  

Prior to use the GO-nanosensor stock solution was diluted with 10x PBS to a final 

concentration of 50 µg/mL in 1x PBS. HeLa cells in 24 well plates were gently washed 

twice with 1x PBS followed by addition of complete media (1.5 mL) with the GO-

nanosensor (25 µg/mL). After a 7-hours incubation with the GO-nanocarrier the cells 



 96 

were washed twice with 1x PBS. Stock solutions of CPT, glutamate, and H2O2 were 

diluted with media and 1 mL of each was added to each well. After 1.5 hours the wells 

were washed with PBS and fixed for viewing. To monitor inhibition of calpain, HeLa 

cells were inoculated with calpeptin (50 µm) 1 hour prior to glutamate activation. All 

experiments were done in triplicate.  

3.3 Results and Discussion 

3.3.1 Characterization of GO-nanocarriers and Screening for Biocompatibility 

Hydroxylation and carboxylation are two commonly used GO modifications that 

are used to tailor GO’s physical and chemical properties, such as size, solubility, 

adsorptivity, and conjugatability. Hydroxylation of GO (GO-OH) and carboxylation of 

GO (GO-COOH) yield a higher density of hydroxyl and carboxyl groups on GO’s 

surface through conversion of nonessential oxygen containing moieties. These 

modifications were used to increase PEGylation efficiency to the GO scaffold (Scheme 

3.3), which is important for colloidal stabilization in physiological solution and 

conjugation of calpain probe in later steps. To find the most viable GO-fabricate for cell 

delivery both modifications were investigated, which to the best of our knowledge has 

not previously been studied. Standard EDC crosslinking chemistry was used to form 

amide bonds between amine-PEG-tails and GO’s carboxyl moieties. After PEGylation, 

the scaffolds were loaded with CPT and used as a Trojan-horse for drug delivery. 
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Scheme 3.3 Schematic of PEGylated-GO (GO-OH-PEG) and GO-nanosensor 
fabrication. CPT was loaded onto GO-PEG via "-" attractive forces. Ion activated 
calpain recognizes and cleaves the peptide probe from the quenching scaffold for on 
signal of fluorescence.   
 

For successful translocation of GO-scaffolds into tumor cells, via EPR effect3 and 

endocytosis21, the scaffolds should be smaller than 200 nm and DLS characterizations are 

an effective way to measure hydrodynamic size. The DLS data in Table 3.1 shows that all 

GO-based materials used herein meet this size requirement. Interestingly we found that 

the synthesis of GO-OH resulted in a decrease in hydrodynamic size from 128 to 55 nm 

when compared to GO. This decrease can be attributed to washing of oxidative debris22 

from both sides of the GO sheet, and the conversion of epoxides to hydroxyls during the 

base treatment step. In contrast, the carboxylation of GO only decreased the 

hydrodynamic size of GO to 106 nm. The PEGylation of GO-OH and GO-COOH 

1) NaOH

2) EDC +
PEG-diamine

peptide probe

drug

on-fluorescence

activated-calpain
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increased their hydrodynamic sizes to 171 nm and 185 nm, respectively. Further 

characterization of these nanocarriers has been carried out by AFM, which provides more 

evidence about the carrier size and its distribution (Figure 3.2). 

 

Material Size-Ave 
(nm) 

ζ- potential (mV) pH 

GO 128  -42 7.5 

GO-COOH 106 -24 ~7.5 

GO-OH 55 -37 ~8.9 

GO-COOH-PEG 185 -25 8.9 

GO-OH-PEG 171 -32 7.5 

 
Table 3.1 ζ-potential, size, and pH of GO-products in water. Size and charge were 
determined using DLS and ζ-potential analyzers. 
 

 

Figure 3.2 AFM images of GO (A), GO-OH  (B), and GO-OH-PEG (C). The profile 
graphs below each image correspond with the white line in the image. These GO-
nanocarriers were immobilized onto APTES functionalized glass slides and scanned 
using AFM contact mode on an AIST-NT AFM instrument. 
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In addition to size considerations, GO-scaffolds must be stable in biocompatible 

buffers and media for the duration of a bioassay, which can range from hours to several 

days depending on the bioassay performed. The colloidal stability of GO-scaffolds in 

different solutions, after one week, is shown in Figure 3.3A. In PBS and media, the 

PEGylated scaffolds were the only products to remain stable after several hours and 

would remain stable after a week. The GO-OH-PEG nanocarrier fared slightly better in 

overall stability compared to GO-COOH-PEG, which is likely a consequence of 

PEGylation efficiency. The mixtures also revealed persistent colloidal stability after one 

month in ambient conditions. ζ-potential measurements were acquired to quantify 

electrostatic repulsion between scaffolds and determine if nano-vehicle stability, in 

various biological solvents, is driven by charge magnitude. Table 3.1 showed all GO-

based materials maintain a significant negative charge in water (pH 7.5-8.9). Therefore, 

the sedimentation character of GO, GO-COOH, and GO-OH in ionic solution or media is 

presumably from ionic shielding. We attribute the extraordinary solubility of PEGylated 

derivatives to hydrogen-bonding interactions that occur between the conjugated-PEG 

moieties and water, and the moderate shift to a more neutral charge state which decreased 

the potential for ionic shielding23.  
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Figure 3.3. Images in (A) show the affect of solvent interaction on GO-material stability 
after one week in respective solution. GO and GO-intermediates formed precipitate in 
physiological solutions whereas PEGylation of GO greatly enhanced stability. One-way 
ANOVA results (B) that show correlation of GO-material toxicity with a control.  
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GO-based materials have been investigated for the potential to cause 

nanotoxicity24-25, and it is generally accepted that purity and functionalization can have a 

dramatic effect on cell viability. To determine the level of background toxicity our 

nanocarrier imposes on the HeLa cancer cell line we compared cell viability results 

(Figure 3.3B) from parent material GO, modified-GOs, and PEG-GOs. A range of 

concentrations were administered to HeLa cells (0 to 40 µg/mL) in complete media and 

compared to a media only control. A post statistical analysis of the results using the 

highest concentration given to HeLa cells (40 µg/mL) revealed none of the materials 

tested had a significant adverse effect (p = 0.05) on cell viability when compared to the 

control (n = 3). Our results indicated that GO, GO-OH, and GO-COOH were not entirely 

biocompatible for the purpose of cell-delivery work. Instead, highly soluble PEGylated 

GO products were used for in vitro studies.  

GO-OH-PEG and GO-COOH-PEG were evaluated for cellular uptake and 

cytoplasmic integration in a HeLa cell culture by fluorescence microscopy. To visualize 

the nanocarriers by fluorescence they were labeled with a probe (NHS-Fluorescein) via 

amide linkage at PEG-amine tails and characterized by UV-spectroscopy (Figure 3.4A 

and B). The presence of characteristic fluorescein extinction peaks at 284 and 460 nm in 

the product’s UV spectra verified conjugation of fluorescein to the nanocarriers. A 20µL 

aliquot of stock solution containing GO-COOH-PEG-Fluorescein or GO-OH-PEG-

Fluorescein was mixed with 2 mL of complete media and incubated with HeLa cells for 2 

hours to allow for cell entry. The cells were washed, fixed, and the fluorescein-labeled 

nanocarriers were visualized using an epifluorescence microscope. As shown in Figure 
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3.4, HeLa cells incubated with fluorophore-labeled nanocarriers exhibit a fluorescence 

signal that enables visualization of HeLa cell morphology after only a couple of hours, 

and confirms nanocarrier integration with the cells. Interestingly, investigations of HeLa 

cells after 48 hours (Figure 3.5) revealed consolidation of nanocarriers within the cytosol 

of the cell, and at the same time membrane integrity was investigated using propidium 

iodide. Very weak colocalization of propidium iodide was seen with GO-COOH-PEG-

Fluorescein and no colocalization was evidenced when using GO-OH-PEG-Fluorescein. 

This suggests long-term exposure to the carboxylated nanocarrier had a slight effect on 

deterioration of cell membranes while the hydroxylated derivatives did not have these 

problems. 
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Figure 3.4. Absorption spectra (a) of fluorescein, and fluorescein labeled GO-OH-PEG 
and GO-COOH-PEG. Molecular diagram (b) of fluorescein labeled GO-PEG. To confirm 
nanocarrier internalization GO-PEG-fluorescein compounds were visualized on a 
fluorescence microscopy, (c) and (d). HeLa cells were incubated with the GO-
nanovehicle for 2 hours, fixed and then imaged using an epi-fluorescence microscope.  
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Figure 3.5. HeLa cells exposed to GO-COOH-PEG-fluorescein (top row), and GO-OH-
PEG-fluorescein (bottom row). HeLa cell nuclei stained with DAPI (blue). Propidium 
iodide (red) and fluorescein labeled GO-nanocarriers (green) reveals only weak 
membrane permeabilization after 48 hours.  
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UV-spectroscopy was used to determine drug-loading efficiency of the GO-

nanocarrier. The UV-spectra for GO, hydroxylated derivatives, CPT, and nanocarrier 

loaded with CPT are shown in Figure 3.6. Specific attention is given to the broadening of 

the shoulder peak as a verification of hydroxylation and PEGylation of GO. UV-spectra 

of the carboxylated derivatives produced identical spectra with little variance in loading 

efficiency. Scaffold concentrations and a 2.8% CPT loading efficiency were calculated 

after determining the mass of GO and CPT in solution.  

 

mass	of	drug
mass	of	GO	material 	× 	100 = %loading	efficency 

 

This 2.8% drug loading efficiency is in close agreement with others who have reported 1-

4% CPT loading efficiencies26-28 on similar carbon based materials. The low loading-

efficiency of CPT onto GO is justified by the low abundance of aromatic benzene 

moieties (Figure 3.6B), which are needed for π-π stacking and van-der-walls interactions. 

Using the empirically derived loading capacity it is determined a 1 µg/mL dose of GO-

PEG loaded with CPT delivers a substantial 28 ng/mL dose of otherwise insoluble and 

biofluid incompatible CPT.  
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Figure 3.6 (a) UV-Vis spectra of GO intermediates, PEGylated products, and loaded 
GO-nanovehicle. Molecular illustration (b) of loaded GO-nanovehicle. Low-adverse-
concentration dose response curves to loaded GO-nanovehicles. The black line, blue line 
and red date points represent GO-OH-PEG-CPT, GO-COOH-PEG-CPT, and the control, 
respectively. Solid lines and dotted lines represent the cytotoxic and cell recovery after 
removal of the GO-nanovehicles, respectively. (D) HeLa cell dose-response curves to 
loaded GO-nanocarrier (GO-OH-PEG-CPT) and CPT control. 
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To determine which CPT loaded nanocarriers would elicit the greatest cytotoxic 

response we first probed HeLa cells with low adverse effect concentrations of GO-OH-

PEG-CPT and GO-COOH-PEG-CPT. The solid lines in Figure 3.6C show that a 10 

ng/mL dose of CPT on GO-OH-PEG-CPT caused a cytotoxic response, whereas the same 

dose on GO-COOH-PEG did not induce a cytotoxic effect. These results suggest that 

synthetic GO-PEG may have a significant impact on CPT inhibition of topoisomerase-1. 

The dotted lines in Figure 3.6C represent HeLa cell recovery after the removal and 

exchange of nanocarrier treated media with fresh untreated complete media. Again, the 

recovery response from GO-COOH-PEG-CPT treated cells saw no significant difference 

when compared to the media control, whereas the GO-OH-PEG-CPT vehicle saw a 

decrease in the cytotoxic response after media replacement. Since nanocarriers were 

shown not to modulate cell viability, then it is assumed an increase in proliferation after 

media replacement was not a result of reversed inhibition or hibernation of cellular 

function. A more likely explanation is that removal of GO-OH-PEG-CPT from wells also 

removed unabsorbed GO-OH-PEG-CPT, which affected the CPT storage capacity of the 

media. Since GO-COOH-PEG was found to be slightly less soluble than GO-OH-PEG 

and the HeLa response to low adverse concentrations of GO-COOH-PEG-CPT could not 

be discerned from normal cell growth, we focused solely on using GO-OH-PEG for 

further investigation into the delivery of CPT and later Calpain activity in the cancer cell 

line. 
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3.3.2 Cytotoxicity of GO-OH-PEG-CPT-nanocarriers 

The toxicity of CPT to humans is in part due to its hydrophobicity and quick 

partitioning into –first contact lipophilic– cells, which makes distribution to target tumor 

cells quite difficult. This also makes CPT a poor control when comparing efficacy in 

vitro. Herein we show that the cytotoxic dose-response to our GO-OH-PEG-CPT 

complex is comparatively less than the dose-response to the CPT control (Figure 3.6D). 

We investigated if slow release of CPT from the nanocarrier was responsible for limiting 

the amount of free CPT available for topoisomerase-1 inhibition thereby causing a shift 

in cytotoxic response. To mimic CPT desorption from a nanocarrier in a cellular 

environment, the solution was exchanged for PBS and placed into a 37˚C environment. 

Filtrates were monitored using CPT’s fluorescence maximum (Figure 3.7 and 3.8). It was 

shown after loading CPT on the nanocarrier in water the presence of CPT was not 

detectable at the end of several washes. However, after replacement of water with 

biological solution a desorbed CPT signal could be monitored for several days. As shown 

in Figure 3.8, the presence of desorbed CPT was detected in the filtrates everyday for 3 

days, which explains the dose response shift when compared to CPT alone. This may be 

advantageous for the protection of CPT from the extracellular environment, particularly if 

the nano-vehicle is to be used for oral or intravenous delivery to tumor cells. Moreover, 

the nanocarrier provides a temporal dosing mechanism to cells that selectively 

incorporate our nanocarrier into the cell by the EPR effect.  
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Figure 3.7 (A) Plot of CPT fluorescence intensity versus concentration in 1 x PBS 
solution. (B) Plot of CPT fluorescence intensity versus concentration (log10) in 1 x PBS 
solution. [DMSO] = 0.5%. 
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Figure 3.8 Amicron filters (MW=30,000), a fluorescence spectrometer, and daily 
replacement of PBS solution were used to confirm desorption of CPT in a physiological 
environment. Day 0 is the PBS baselined Fluorescence. GO-OH-PEG-CPT was diluted 
20 times to have a final concentration of 3.5 µg/mL in 1x PBS solution and incubated at 
37˚C. After the first 24-hours a fluorescence spectra of the filtrate was acquired. The GO-
OH-PEG-CPT pellet was diluted 20 times, incubated again, and a filtrate was collected 
the next day. The same procedure was followed for acquiring filtrate on day 3. Since CPT 
is insoluble it was not possible to quantify the total amount of CPT desorbed from the 
nanocarrier; although a calibration curve in provided in Figure 3.7. 

 

Development of liposome, micelle, or carbon-based materials for drug delivery is 

an active research area and many lipid based formulations have been approved for use in 

clinical trials7, 29. The biggest advantage of using nano-lipid encapsulation for CPT 

delivery is that the liquid core can be tailored to sustain acidic pH values. Similarly, we 

have shown GO-nanocarriers are nontoxic (<100 µL) to cells and preloading of CPT onto 

GO-scaffolds can prevent both lactone hydrolyzation of CPT and scavenging of CPT by 

human serum albumin. In addition, GO does not suffer from the same disadvantages as 

nano-lipids encapsulations, such as short half-life, leakage, and high cost.  
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Before GO-PEG nanocarriers can be used analogously it is necessary to 

investigate possible influences of GO-nanocarriers on CPT toxicity. There are numerous 

explorations of various PEGylated GO derivatives for nanocarrier delivery of anti-cancer 

agents to target cancerous cells30. These studies suggest that nanocarrier-mediated 

delivery of agents and ensuing nanocarrier elimination are relatively innocuous to the 

cell. However, to the best of our knowledge, the effects of nanocarrier co-treatment and 

pretreatment on topoisomerase inhibition have not been investigated. Furthermore it is 

not known what long-term exposure to excess nanocarrier will have on the cell or how 

slow-nanocarrier elimination will affect anti-cancer drug treatments. Co-exposure 

treatments with CPT and GO-OH-PEG were conducted to see how excess nanocarrier 

concentrations would affect CPT dose responses in HeLa cells. Cells were dosed with 

various concentrations of CPT mixed with 75 and 150 µg/mL of GO-OH-PEG. After 

dilution in media the final GO-nanocarrier concentrations were 7 or 14 µg/mL. Figure 

3.9A shows cell viability versus CPT concentration when 0 µg/mL, 7 µg/mL and 14 

µg/mL GO-OH-PEG is present. Since GO-OH-PEG absorbs 2.8% of CPT from solution 

two outcomes were expected. Either GO-OH PEG would provide a secondary nanocarrier 

mediated pathway into the cell and enhance toxicity compared to CPT alone or 

nanocarriers may act to scavenge trace amount of CPT and abrogate toxicity at low 

concentration. Figure 3.9A shows adsorption of CPT to 75 and 150 µg/mL GO-OH-PEG 

had no significant effect on fate of CPT or toxicity at high CPT concentrations, but did 

show a slightly reduction in toxicity at low concentrations (P<0.01). An ANOVA test for 
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significance (P<0.01) confirmed low adverse affect concentrations could be modulated 

when small amounts of GO-OH-PEG are present.  

 

 

Figure 3.9 (A) HeLa cells respond to co-treatments with 7 or 14 ug/mL of GO-OH-PEG 
plus CPT and CPT only. (B) HeLa cell response to pre-treatment with 14 ug/mL GO-OH-
PEG for 18 hours, followed by treatment with CPT (blue line). Co-exposure with 14 
ug/mL + CPT (black line) and CPT only (red line) are shown for comparison. (C) Bright 
field images of cells co-exposed (top row) and pre-exposed (bottom row) to 14 ng/mL 
GO-OH-PEG, respectively. From left to right 220, 25, 10, and 1 ng/mL CPT. 
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It was recently shown that mammalian cells pre-treated with parent material GO 

disrupts the cell membrane enough to enhance uptake of pollutants31, which lead to 

detection of enhanced agonist activity of receptor mediated detoxification pathways. 

Another study found GO induced autophagy is responsible for intracellular 

decomposition of environmental pollutants, which attenuates cytotoxicity for some 

pollutants32. The effect of nanocarrier pre-exposure on cancer cell response to CPT was 

investigated by pre-exposing HeLa cells to 14 µg/mL of GO-OH-PEG in complete media 

for 18 hours. The control cells and the pretreated cells were washed with PBS (x3) and 

given fresh media with CPT. The red line in Figure 3.9B shows a normal does dependent 

bimodal response to CPT. The dip in the response (i.e. cell survival rebound) is attributed 

to upregulation of proteins in response to a large cytotoxic event. It is demonstrated, as 

xenobiotic concentrations increase, agonist cell repair pathways can be induced enough to 

help with overall viability of the cell. Control cells and pre-exposed cells showed the 

same initial response to increasing concentrations of CPT, but the apex and dip in the pre-

exposed spectra revealed a decrease in toxicity. As a result the LD50 value for the pre-

exposed cells is higher than that of the control. As suggested by Liu et al.32, the 

pretreatment of cells with GO will induce autophagy and attenuate cytotoxic responses. 

Our work suggests GO-OH-PEG may have a similar effect. Figure 3.9C shows that fewer 

cells survive with larger doses of CPT (far left) and many cells are several times larger 

(necrosis) and smaller (apoptosis) than cells treated with lower doses (far right). The 

second column in Figure 3.9C, contains images from wells representing survival rebound 

(i.e. the dip in the bimodal response), and thus an increase in cell density. 
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3.3.3 In vitro Fluorescence Biosensing of Ion-induced Apoptosis  

Cancer cells have many strategies to inhibit apoptotic signaling pathways; as such 

it is imperative to identify a drugs pro-apoptotic mechanism for proper anti-cancer 

treatment. Drugs are frequently designed to affect the dysregulation and impairment of 

anti-apoptotic activity and knowing the upstream or downstream mechanisms can have a 

significant impact on drug efficacy33. Caspase and cytochrome C are well-characterized 

proteins involved in the progression of apoptotic signaling cascades. Recently, Chu et 

al.10 developed a GO-nanocarrier for aptameric detection of cytochrome C, and Yu et al.11 

used another carbon-based technique for detection of caspase activation. Interestingly, 

calpain has yet to be monitored in vitro using fluorescence imaging; the most common 

technique for monitoring calpain activity is by cell lysate detection kits34.  It is known 

that an apoptotic shift in cytosolic Ca2+ concentration will activate calpain, and provides a 

mechanism for monitoring apoptosis via enzymes sensitive to Ca2+ concentrations35. 

Therefore, we have functionalized GO-PEG-amine with Suc-LLVY-AMC, a fluorogenic 

peptide probe for in vitro fluorescence biosensing of ion-induced apoptosis (Scheme 3.3). 

Proteolytic cleavage of the LLVY peptide linker can occur when Ca2+ ion-concentrations 

reach levels that are large enough to activate the Ca2+-dependent enzyme. The activated 

enzyme cleaves the fluorescence probe from the fluorescence-quenching scaffold to 

produce a fluorescence signal (Scheme 3.4). It is also possible to detect apoptotic events 

when destabilization of intracellular membrane potentials and the endoplasmic reticulum 

occur. With this GO-nanosensor we are able to elucidate several apoptotic pathways via 

fluorescence by cleavage of the peptide linker specific to activated-calpain. In addition, 
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this method may be used to differentiate between conventional apoptosis signaling events 

such as caspase cascades. 

The images in Figure 3.10 are fluorescence and bright field images of treated and 

untreated HeLa cells that were pre-incubated with the GO-nanosensor for 8 hours. 

Untreated HeLa cells pre-exposed to the GO-sensor did not produce a fluorescence 

response or show morphological changes associated with the formation of apoptotic 

bodies or necrotic swelling (n = 3). After a 4-hour exposure to the cytosolic-GO-sensor a 

concentration-dependent increase in fluorescence signal to 0.1µM and 1µM CPT (Figure 

3.10) was observed. CPT induced DNA-damage is known to activate a calpain dependent 

pro-apoptotic pathway36-37 as such the inhibition of calpain has been shown to abrogate 

both mitochondrial permeabilization38 and downstream apoptotic enzymes such as 

cytochrome C and caspase 313. The complimentary bright field images reveal 

colocalization of fluorescence signal with apoptotic bodies, demonstrating the calpain 

recognition element (LLVY) on the GO-nanosensor is cleavable during apoptotic events. 

The colocalization of fluorescence with a change in cell morphology can be attributed to 

the soft activation of calpain, which precedes and contributes to the degradation of 

cytoskeletal proteins39. 
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Figure 3.10 Fluorescence images (column one) and corresponding bright field images 
(column two) of HeLa cells incubated with the GO-nanocarrier probe (scale = 50 µm). 
Images were acquired after after a 4-hour exposure to 0.1 µM CPT, 1.0 µM CPT, 100 µM 
H2O2, 500 µM H2O2, and 100 µM glutamate. 
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Recent evidence suggests calpain and ROS independently target the bax protein to 

promote mitochondrial permeabilization and apoptosis38. A putative yet highly mortal 

way to increase the concentration of intracellular reactive oxygen species (ROS) is to 

treat the cells with H2O2. HeLa cells investigated after a 4-hour exposure to 100µM and 

500µM H2O2 showed spotty yet strong fluorescence signal. Upon investigation of the 

bright field images it was shown addition of ROS caused severe necrosis, which is 

evidenced by the lysing of cells (Figure 3.10). It is possible the GO-nanosensor acted 

synergistically with H2O2 to produce secondary ROS and thus hastily exceeded the cells 

ROS capacity. 

Glutamate toxicity in neuronal cells is well characterized, but less is understood 

about glutamate toxicity in non-excitable cells such as HeLa cells. Glutamate is implicit 

to metabolic and anti-inflammatory processes40, yet its supplementation in non-excitable 

cell’s media produces a putative concentration dependent cytotoxic response41 that has 

been linked to mitochondrial insult42. It is also implicit to the formation of glutathione, a 

compound used to combat ROS stress. We have tested glutamate’s cytotoxicity with the 

GO-nanosensor. A 100µM concentration of glutamate produced an exceptionally strong 

calpain associated fluorescence signal, compared to CPT and H2O2 (Figure 3.10). 

Moreover, glutamate’s cytotoxic properties are completely independent of DNA-damage 

induced apoptosis, which means the activation of the GO-nanosensor is via an alternative 

apoptotic mechanism (Scheme 3.4). It is known that the largest Ca2+ storage site in the 

cell is the endoplasmic reticulum (ER) and that glutamate toxicity in HeLa cells likely 

involves an ER-stress mediated-mechanism (Scheme 3.4)43-44. From this result, the GO-
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nanosensor may be useful in exploring unconventional drug induced pro-apoptosis 

signaling pathways. For validation of glutamate induced apoptosis detection via the GO-

nanosensor, bright-field image shows precise colocalization of fluorescence with cells 

that have formed apoptotic bodies (Figure 3.10). The comparison suggests that the soft 

generation of Ca2+ outperforms apoptotic mechanisms that involve DNA-damage 

signaling pathways or generation of a significant amount of ROS in a short period of 

time. Although CPT, H2O2 and glutamate have previously been used to study calpain 

activity, this work is the first investigation of whole cell calpain enzymatic activity using 

a fluorescence nanosensor.  
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Scheme 3.4 GO-nanosensor for fluorescence-based identification of toxicant induced 
apoptotic pathways in HeLa cells. 
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Figure 3.11 Experiment showing inhibition of calpain activity using molecular inhibitor 
calpeptin. In each image HeLa cells were given the GO-nanosensor several hours prior to 
calpain activation. Top row shows control without gluatame. HeLa cells in the middle 
and bottom rows were given row 100 µM glutamate. The bottom row was given 50 µM 
calpeptin 1 hour prior to addition of glutamate activation of calpain.  
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3.4 Conclusion 

In conclusion, GO-PEG nanocarriers have been synthesized and their application 

to investigation of cytotoxicity of anti-cancer drugs and apoptosis inducers is reported.  

Through extensive characterization of the GO-nanocarrier’s physicochemical properties, 

both in and out of the cell, we have optimized the nanocarrier composition and made it 

ideally suited to perform as both a drug delivery and apoptosis-sensing tool. 

Hydroxylated GO-PEG was shown to be more soluble than carboxylated GO-PEG; 

maintaining a size conducive with tumor uptake, and proved to be better suited for 

intracellular delivery of CPT. In-vitro cytotoxic assessments of nanocarriers and 

nanocarriers loaded with CPT were conducted on the HeLa cell line. GO-OH-PEG had 

no effect on cell viability when co-exposed with CPT; whereas, pre-exposure to GO-OH-

PEG had a cytoprotective effect that increased the drug’s LD50 value. One advantage of 

GO-OH-PEG over other delivery materials is the sustained, slow release of anti-

cancerous agents. Conjugation of the optimized GO-nanocarrier with a fluorescence 

peptide probe proves to be effective for the monitoring of calpain and thus the 

understanding of apoptotic signaling pathways. It may be also useful in identifying a 

deterministic antitumor treatment which requires deconvolution of ambiguous apoptotic 

signaling pathways. It is potentially significant as a wide range of genetic variability in 

cancers can contribute to the ambiguity of apoptosis signaling. With the GO-nanosensor, 

we have quantified the excess build-up of Ca2+ in the cell, which leads to activation of 

calpain and propagated colocalization of fluorescence with apoptotic bodies. The GO-

nanocarrier we developed in this work, which is capable of fluorogenic-based recognition 
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of apoptotic events and drug delivery, could prove valuable to pharmaceutical studies and 

toxicity research involving various cancerous cells.  
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Chapter 4: Development of MALDI-MS-Microchip Platform for Ecotoxicological 

Monitoring of Herbicide Exposure 

4.1 Introduction: 

Despite advances in agri-administration practices and industrial safeguards, 

contamination of waterways and watersheds occasionally results in a significant loss of 

species richness in aquatic systems.1 For example, misuse of herbicides in agri-food 

sectors is often associated with a simultaneous and precipitous decline of health in 

downstream waterways, closure of public areas, and expensive fines and reputational 

damage to negligent growers.1-2 A large number of herbicides are designed to target lipid-

based photosystems contained within invasive plant species, yet their effect is also felt on 

lipid-based photosystems in non-target vegetation and photoactive microorganisms, 

which play key roles in aquatic ecology.1 Therefore, an appealing choice for chemical 

and toxicity characterization in aquatic environments is lipidomic profiling of sensitive 

species such as algae. 

Aberrant herbicide use must be monitored; however, monitoring agricultural 

zones for regulatory purposes is a laborious task, making it evermore necessary to 

develop new methods of detection.3-7 State-of-the-art analytical techniques such as SPE-

LC-MS and ELISA are commonly used for quantitative measurement of herbicide and/or 

characterization of toxicity in a variety of species; however, these techniques yield low 

throughput and require a significant amount of sample preparation and long instrument 

run-times.6 Surrogate (a.k.a. indicator) species assays8 have been used to monitor 

bioactivity and bio-inhibition. These assays offer general proliferative information, but 
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they require additional measurements, extractions, and chemical standards to understand 

the biophysical processes responsible for inhibition.  

An attractive approach for chemical and toxicity characterization in aquatic 

environments is to monitor (toxic-)omic processes (e.g. transcriptomics, metabolics, 

proteomics, or lipidomics) in algae species and their sensitivity to a toxicant of interest.4 

Lipids in algae are considered ideal biomarkers for toxicity exposure and characterization 

of herbicides on non-target species. The extraction of fluorescent photoactive lipids 

(chlorophylls) and subsequent monitoring of fluorescence has been extensively used to 

quantify the effect of herbicides on photosystems in algae.1 An alternative method was 

developed by Zenobi et al. in which indium tin oxide micro-array for mass spectrometry 

(MAMS)9 were used to investigate metabolomic biomarkers in populations of yeast cells 

using MALDI-MS.10 This high throughput biomarker screening technique is attractive for 

many applications including recent developments in hospitals settings for microbial 

identification and diagnosis11-12 The ability to simultaneously monitor the abundance of 

several lipid biomarkers in a mass spectrum is effective to characterize herbicide toxicity 

and obtain a deeper understanding of ecotoxicological impact of herbicides on other 

aquatic species. It should be noted that MALDI-MS analysis is not limited to the 

detection of fluorescent lipids; non-fluorescent lipid molecules are candidates for 

monitoring metabolic processes in cells. Recently Zenobi’s group13 has shown that 

MALDI-chips allow the ability to simultaneously extract, enrich, desorb, and ionize the 

most abundant lipids in a single algae cell,13-14 and provide information of phenotypic 

variation in limited nitrogen environment.15  However, a method for quantitative 
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monitoring of toxic responses to photo-inhibiting herbicides in algae has not yet been 

developed. 

Chlamydomonas reinhardtii (C. reinhardtii) is a well-characterized green alga 

found in fresh water and damp soils that has attracted the attention of researchers for its 

carbon fixation properties and potential in biofuel manufacturing.16 Monitoring the toxic 

effects of chemicals on this ubiquitous, ecologically relevant, and sensitive organism will 

have broader implications on the overall health of ecosystems. With the recent single-cell 

mass fingerprint characterization of this genus of algae13 it may be possible to monitor 

shifts in biomarker abundance.  

In conventional analysis of lipids and lipidomic profiling, the biological sample is 

processed via extraction, derivatization, and separation, followed by analysis using multi-

capable analytical instrumentations, such as GC-FID or LC-MS, or GC-MS.4-7, 17-20 This is 

followed by lipid-database (i.e. LipidBlast,21 Lipid Maps,22 etc) search, which translates 

thousands of mass to charge ratios into their respective lipid species:subspecies. It is also 

possible to analyze changes in lipid content. However, these techniques require laborious 

sample preparation, sophisticated separation and/or enrichment techniques, and extensive 

processing of chromatographic and mass spectral analysis.  

Matrix assisted laser adsorption ionization (MALDI) is a soft ionization technique 

that produces unfragmented identification of molecules and can incorporate high-

throughput analysis with ionic molecular species identification, which has been used to 

collect lipid profiles and monitor lipid response to stress.4, 17-18, 20, 23 MALDI-MS can yield 

simple mass spectral fingerprints for selective (i.e. targeted) lipid sample analysis. Lipids 
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are the most abundant molecules in whole cells. Compared to conventional lipidomic 

approaches previously mentioned, MALDI-MS has many added benefits. MALDI-MS 

can reduce the amount of time for sample preparation, eliminate variation from sample 

handling, and prevent sample degradation, which are inherent characteristics with sample 

processing. In recent years, the design of novel substrates and surface functionalities for 

MALDI-MS has interchangeably improved enrichment of cellular targets and 

enhancement of signals.6, 18, 20, 24-25  

In this work, we show the development of a new platform to evaluate the effects 

of three herbicides on lipids in a model algae species, C. reinhardtii. The method utilizes 

a combination of fluorescence and MALDI-MS on a gold micro-chip array for rapid 

characterization and identification of stressed cells by investigating their lipid profiles. 

The use of gold microchips offers orthogonal investigation of cells via plasmonic 

enhanced fluorescence microscopy and MALDI-MS. To develop a framework for 

monitoring toxicity in aquatic environments (Figure 4.1), chlamydomonas were exposed 

to well-known ecologically toxic herbicides, the toxicity to lipids was characterized, and 

statistical analysis was performed to determine which lipids were good indicators of 

significant toxicity. In addition, the use of algae as a surrogate species is extended to 

lipidomic phenotype cluster analysis (covariant analysis), which is aimed at cluster based 

identification of herbicides. The platform and the associated approach may have 

applications in many fields of environmental research, including assessment of a 

xenobiotic’s general risk to other species with similar ecotoxicological responses. 
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Figure 4.1 Overview of framework to determine the ecotoxicological ramifications of 
aberrant herbicides on the lipidome in the indicator species C. reinhardtii. 
 

4.2 Experimental Section: 

4.2.1 Materials: 

 Super dihydrobenzoic acid, biotechnology certified DMSO, and analytical grade 

solvents were purchased form Sigma Aldrich. POPC (1-palmitoyl-2-oleoyl-glycero-3-

phosphocholine) was purchased from Avanti Polar Lipids, Inc. Atrazine, clomazone, and 

norflurazon were purchased from AccuStandard Inc. (New Haven, CT, USA) and are of 

the highest quality. BK7 glass microscope slides came from Fisher Scientific. High purity 

water (>18 MΩ cm-1) was obtained from Barnstead E-Pure water purification system. C. 

reinhardtii (+) bacteria-free (#152040), and sterile Algae-Gro® medium were purchased 

from Carolina Inc.  
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4.2.2 Algae Culture Conditions and 96-Hour Acute Herbicide Toxicity: 

 Freshwater wild-type algae strain, C. reinhardtii, was maintained in medium at 

25˚C with a “cool white” fluorescent illumination on a 12-hour cycle. For analysis of 

toxicity, the stationary culture was seeded and cultured until exponential to stationary 

phase (~1-2weeks). The analysis of growth was spectrophotometrically determined from 

logarithmic growth scale at 600 nm. Figure 4.2 shows the relationship between the cell 

count and absorbance intensity. At the exponential to stationary growth phase the cells 

were spiked with static concentrations of 3 herbicides, atrazine, clomazone, or 

norflurazon. Cells were collected at 96-hours post herbicide exposure and washed 3 times 

using ultrapure water and 5-minute centrifugation at 2500 g. Cells were promptly added 

to a 10 µL syringe and spotted onto gold µchips using an x-y stage on a nanoliter 

electrodeposition system. To quench the cells, the µchips with cells were immediately 

placed into a vacuum desiccator.  

 
Figure 4.2 Calibration curve that shows the number of cells correlates positively with the 
absorbance at 600 nm. 
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4.2.3 Fabrication of Gold µchip: 

The gold µchip array was fabricated in the Cleanroom Facility at UCR.26 Each 

well on a gold microchip has a diameter of 800 µm, a well base that is 50 nm thick gold, 

and edges of wells that are 200 nm gold. Gold µchips were fabricated by a previously 

reported photo-lithographic method.26 Glass slides (1 x 3 inches) were cleaned with 

Piranha solution (caution!) and dried. Then photoresist was spun-coated onto glass slides 

and baked at 110 °C. A mask aligner and UV-light were used to pattern the array into the 

photoresist. Another baking step preceded exposure of photoresist with UV-flood light to 

cure the image. The image was then developed for 45 seconds in a developing solution. 

Next, e-beam deposition was used to deposit 2/200 nm of Cr/Au onto the arrays. Acetone 

was used to remove the photoresist, followed by e-beam deposition of 2/50 nm of Cr/Au 

onto the surface to produce a pristine 50 nm gold well array. Freshly made µchips were 

placed in a vacuum desiccator for storage. 

4.2.4 Work-Flow: 

To use gold µChip to profile lipid mass fingerprints (LMF) in single cells, we 

coupled a conventional 96-hour EC50 bioassay of ecotoxicity with gold microarrays for 

metabolic analysis of toxicity in C. reinhardtii. A flow-chart of the method is shown in 

Figure 4.1. All tests were conducted after a 96-hour exposure to targeted chemicals. The 

acquisition of lipidomic data required sample preparation, MEF facilitated localization, 

and MALDI-MS (MS/MS). The tandem MS spectra were obtained from a scan of global 

lipid profiles and precursor ion selection of peaks with high resolution and good s/n 

values. A tentative lipid library was compiled from experimental m/z peaks values, 
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MS/MS data, and references. All mean values were calculated from >37 spectra/samples 

to generate charts, heatmaps, and statistical analysis of the results. 

Sample preparation was conveniently achieved using a nanoelectrodeposition. 

The microchip design allows for accurate deposition of cells and deposition of matrix, 

which proves to be an uncomplicated and high-throughput sample preparation technique 

that is capable of yielding large amounts lipidomic data. Integration of the µchips with 

fluorescence and MALDI-MS shows a good combination of ultra-low limits of detection, 

high selectivity, and a degree of quantitation. 

4.2.5 Metal Enhanced Fluorescence/MALDI-MS on µchip:  

Red fluorescence images and bright field images of cells were obtained using an 

epifluorescence microscope equipped with a TRITC filter cube and a QImaging Retiga 

1300 camera. FIJI software was used to assemble individual fluorescence images into 

their respective locations on the array. This grid of fluorescence images (320/chip) was 

interfaced with a template-design using MALDI-MS software. The interface facilitated 

unambiguous localization of cells within wells, which is absolutely necessary for laser 

targeting with MALDI-MS. This step also eliminated unwanted data acquisitions from 

wells that did not contain cells for analysis. The microchip was placed on a holder that 

was modified to accommodate standard 1 x 3-inch glass slides and loaded into the mass 

spectrometer. A reflectron AB-Sciex 5800 MALDI-TOF instrument operating in positive 

mode with a laser fluence 4500 a.u. was used to collect lipid mass profiles of C. 

reinhardtii. A sample is defined as m/z values versus intensity (a.u.) that were averaged 
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from 200 shots collected in a continuous linear or v-shaped laser pattern over the cluster 

of a few cells.  

4.2.6 Data processing and Statistical Analysis  

Metaboanalyst software package27 was utilized to perform the statistical analysis 

of controls (n > 40) versus herbicide exposures (n > 37), and Prism7 was used to generate 

volcano plots. Detailed information will be described in the Discussion of Results. 

4.3 Results and Discussion: 

4.3.1 Fabrication and Characterization of Gold µchip for Lipid Analysis 

The fabrication of gold microchips is schematically represented in Figure 4.3. The 

choice of 50 nm gold substrate is an integral part the substrate design which was made 

based on three potential benefits/analytical merits: (i) enhanced fluorescence signal28-30 

due to the coupling of surface plasmon with the fluorophore’s emission, (ii) enhanced 

MS/MS due to rapid thermalization of excited electrons (i.e. hot electron transfer)31 and 

generation of laser induced plasma at near gold ablation thresholds,32 and (iii) robustness 

of the surface to oxidation, sample processing, and sample archiving. The gold µchips 

were fabricated using photolithography and e-beam evaporation (Figure 4.3). Well size 

was given strong consideration, which simplifies cell localization, high-throughput 

analysis, and smooth interfacing with MALDI-MS software. Nanovolume sampling and 

the capability to isolate cell(s) required a well diameter ≤ 800 µm with 3 mm periodicity. 

An array with f = 100 µm wells was fabricated to test if further miniaturization was 

feasible with the framework described herein. It was concluded that smaller arrays 
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require additional microfluidic controls to isolate cells for high-throughput MALDI 

detection, and thus make the methodology less appealing to a broad group of researchers.  

 

 
 
Figure 4.3 Fabrication of micropatterned gold array. The gold µchip array was fabricated 
in a Cleanroom Facility at UCR.26 The procedure begins with deposition of a negative 
photoresist followed by contact photolithography to produce a reversed image of the 
array on 1 x 3 inch glass slides. An e-beam evaporator was used to deposit 2/200 nm of 
Cr/Au onto the negative photoresist mask. The photoresist/mask was removed to reveal a 
gold-patterned array. Another gold thin film, 2/50 nm of Cr/Au, was E-beaned onto the 
array to create gold filled wells. Each glass slide has three 10 x 12 arrays slide with a well 
diameter of 800 µm. Freshly made µchips were placed in a vacuum desiccator for 
storage.  
 

4.3.2 Overview of Workflow: Metal Enhanced Fluorescence, and MALDI-MS 

Lipidomic Analysis of Unicellular Organisms 

Figure 4.4 shows a schematic representation of the instrumental workflow. A 

rapid technique was selected to plate live unicellular organisms onto the gold µchip. To 

quickly aliquot a nanodroplet (100 nL) of solution into a µwell with accuracy and 
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precision, we used an electrodeposition instrument (Nanoliter Cool Wave Liquid 

Systems). The instrument is equipped with a 10 µL blunt tipped syringe, an x-y stage, 

and a digital readout (1 unit = 2 nL). After washing and spotting live cells onto µchips the 

cells were immediately quenched and stored using a vacuum desiccator. This step limits 

the number of metabolic changes that occur due to evaporation of a live aquatic sample. 

It is known that lipids have a slow rate of metabolic turnover in live cells. Therefore, 

quenching was performed as a safeguard against any changes in lipid concentration. 

 
 
Figure 4.4 Schematic representation of MEF/MALDI-MS method. 

 

Innovations in matrix deposition have been employed in analyzing sample 

surfaces to ensure homogeneous distribution (e.g. tissue samples), and feasible use of 

high concentration of matrix.10, 13, 33 These techniques include sublimation and 

nebulization/spraying to form an even coating of matrix on the surface which reduces the 
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number of hotspots on biological samples. Here we utilized a straightforward 

electrodeposition method to deliver a low concentration of matrix, which enabled 

consistent mixing with clusters of micron sized samples (i.e. cells). The matrix “sDHB” 

is a mixture of two widely characterized lipid ionizing compounds that, when combined, 

create disorder in crystal formation which results in a softer ionization desorption of 

lipids. A nanodroplet of sDHB in water:acetonitrile (2:1) was effective at lysing and co-

crystallizing with the total lipid in desiccated cells (Figure 4.3). Wetting of the desiccated 

cells by electrodeposition and subsequent MALDI-TOF-MS (MS/MS) analysis gave 

good statistical classification of lipids when compared to lipids identified by LC-MS 

(Table 4.1 and references), and is discussed in detail in later sections. 

4.3.3 Characterization of µchip’s Sensitivity and Lipid Mass Fingerprint 

Calibration 

The MS sensitivity of the gold substrate to lipids is very important to this work. 

Figure 4.5A shows that the gold µchips are sensitive to 1-palmitoyl-2-oleoyl-glycero-3-

phosphocholine (PC 34:1). Precise application of a nanovolume aliquot of matrix:sample 

into wells results in a successful 3 orders of magnitude quantitation of PC. This produced 

a confined area for laser targeting of the sample. The s/n intensity values and sample-to-

sample variation was improved relative to hand pipetting. An analysis of the mass spectra 

(red line) in Figure 4.5B shows the zwitterionic compound produces different positive 

adduct forms, protonated [M + H+], sodiated [M + Na+], and potassiated [M + K+]. From 

the adducts that were most efficiently ionized, 132 femtomoles of PC was detected 

reproducibly. The calculated detection limit for the lipid is 8.44 femtomole.  
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Next, we tested the feasibility of PC to be used as a standard for mass calibration. 

Shown in Figure 4.5B (blue line), PC proved to be a good standard for accurate mass 

calibration of spectra obtained from the species C. reinhardtii. The most abundant PC 

peak at m/z 760.585 does not overlap with any significantly abundant peak in algae’s 

lipid profile. However, PC as an internal standard for quantitation of lipids in C. 

reinhardtii had an overall negative impact on ionization efficiency of lipids in algae, due 

to its high ionization efficiency.34 In addition, the effect of premixing PC with matrix may 

have resulted in uneven mixing of PC with the lysed cells, which is likely due to PC-

vesicle formation during matrix preparation and uneven deposition of PC in areas around 

the cells.  

 

 

  



 140 

A 
 

B      

              
 
Figure 4.5 A) Gold µchip sensitivity to common lipid species PC (34:1). B) Mass spectra 
obtained from sDHB background, PC spiked matrix, and PC spiked matrix on lysed cells 
for mass calibration of the lipid profile. 
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4.3.4  “Gold µchip” with MEF Properties for MALDI-MS Interfacing  

An orthogonal, surface enhanced analysis of C. reinhardtii was conducted by first 

locating the cells using MEF, followed by MALDI-MS and surface enhanced MALDI-

MS/MS to acquire a lipid mass fingerprint and identify lipids. For whole cell lipid 

profiling, the laser must precisely irradiate microorganisms that are confined to specific 

regions. An alternative method for analysis on gold µchips is MALDI-imaging. However, 

scanning the surface using an imaging technique with single- or few-cells would prove 

daunting in both data analysis and time required for scanning. Furthermore, the resolution 

of a stand-alone MALDI-MS imaging system has yet to reach a resolution needed for 

single cell analysis,17 35 and the location of cells can only be determined from MS data. 

Herein a systematic and straightforward approach is developed and employed for the 

enhanced identification and characterization of lipid profiles using a fluorescence 

microscope and conventional MALDI-MS.  

The approach is based on a recently reported MALDI-MS platform that used 

droplet deposition on a microarray chip and was also applied for the application of 

biofuel production under nitrogen deplete environments.15 We have incorporated 

plasmonic gold substrates into the design and developed a high-throughput screening and 

data analysis framework to measure the impact of pollutants on environmental health. 

As demonstrated in Figure 4.6, the location of cells on glass (A) and gold (B) 

µchips cannot be determined using bright-field microscopy due to the deposition of 

matrix. Fluorescence has been an attractive method for localization/visualization of cells, 

and algae do not require additional fluorescence labeling due to the presence of a natural 
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fluorophore ‘chlorophyll’ in their lipid profile. However, algae autofluorescence is 

minimal on glass slides (Figure 4.6A), not sufficient enough to render positive 

localization. Thus, this localization could greatly benefit from the enhancement of 

fluorescence. There has been a considerable interest in the development of metallic 

nanosurfaces to quench and/or enhance fluorescence, and thus improve detection of 

fluorophores that are limited by autofluorescence, quantum yield, or photostability.36-37 

For example, metallic-nanoparticles, metallic-nanosurfaces,38 and metallic-hybrids39 can 

enhance fluorescence signals several hundred fold. Moreover, the need for enhancement 

will greatly increase when toxicological experiments are conducted that lead to a 

decrease in chlorophyll concentrations, which is often the case with herbicide studies. 

  A   Bright Field           Fluorescence     B     Bright Field        Fluorescence 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.6 Bright-field and fluorescence images of C. reinhardtii on glass µchip (a) and 
gold µchip (b). The images on top, middle, and bottom were obtained with 10x, 20x, and 
50x objective lenses, respectively. The images reveal that contrast from metal enhanced 
fluorescence vastly improves visualization of cells on the gold chips, and for comparison 
are not identifiable without gold. 
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The gold microarray substrate is an ideal surface for fluorescence enhancement. It 

has been observed that the ideal metal film thickness for generating an evanescent wave 

with excitation is 50 nm.40-41 Here the thin, flat-dielectric-gold surface acts as an optical 

modulator (or scatterer) of signal via interactions with emission radiation. As shown in 

Figure 4.6, MEF was evidenced in the µchip design used here. The fluorescence images 

clearly show a significantly improved signal compared to a glass substrate, making it 

easier to pinpoint cells in fluorescence images.  

Before conducting the MALDI-MS study, fluorescence images of the algae in the 

wells were collected. The images were stitched together into an array of images for 

synchronization with a homebuilt µchip template built by the MALDI-MS software. 

Figure 4.7 is an image of the template and display on the AB-Sciex TOF/TOF™ Series 

Explorer Software. The technique enabled single cell or multiple cells to be quickly 

localized, and prevented unnecessary data acquisitions from areas that did not contain a 

lysed sample. Thus, MEF was an enabling technique to quickly locate cells using the 

MALDI instrument. 
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Figure 4.7 Screenshot of template and display on the AB-Sciex TOF/TOF™ Series 
Explorer Software. 
 

4.3.5 Surface Enhanced MALDI-MS/MS for Lipid Identification 

The dysregulation of lipids in microalgae are associated with stress induced 

genomic regulation4 or oxidative damage45 caused by changes in the environment, 

including nutrient level perturbations, or the presence of harmful exogenous molecules.46 

Lipidome characterization of an indicator species has been used to investigate the impact 

of exogenous herbicide on microalgae.  This is an effective and useful approach to assess 

the impact of chemicals on organisms with similar biochemical blueprints. The most 
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widely used techniques for detailed analysis of the sample’s total lipidome involve lipid 

extraction, chromatographic separation, and ESI-MS ionization.5-7 Another highly 

regarded technique is the shotgun approach to analysis, which incorporates lipid 

extraction with ESI-infusions of the extract.17-18 MALDI-MS instrumentation has some 

advantages over the conventional ESI-MS approaches. First, soft ionization prevents 

fragmentation, which makes analysis and identification less difficult. Second, the nature 

of laser desorption ionization limits adduct formations to 4 types, such as molecular 

(M˙+), protonated (H+), sodiated (NA+), and potassiated (K+); while trimers, dimers, 

and solvent adducts are readily formed in ESI-MS. Third, sample preparation is 

straightforward, which limits the number of error inducing processing steps, since whole 

cells spotted on µchips are quenched, cocrsytillized with matrix, and ionized in a process 

that is more native to molecules of interest.  

In conventional MALDI-MS, the UV-energy absorbing and proton donating 

matrix generates a plume of ablation energy on stainless steel MALDI plates, and a high 

energy UV laser such as the nitrogen gas laser (λ = 337 nm) is a typical irradiation 

source. Gold microchips, on the other hand, are more versatile than conventional stainless 

steel plates, suppressing some parent peaks of lipids (i.e. chlorophylls) in mass spectra, 

and thus improving ionization performance in positive mode. As shown in Figure 4.8, the 

optically transparent 50 nm gold film appended to the ionization of molecules during 

CID-MS and improved MS/MS performance compared to a microchip without a gold 

thinfilm (inset). Laser intensity was increased to 5000 a.u. during MS/MS spectra 

acquisition to near ablation thresholds. For comparison, the inset shows that the relative 
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abundance of fragments obtained from lysed algae sample on glass µchips is significantly 

less (inset) even with laser fluence at 6500 a.u. In fact, repeated measurements found that 

demetaled chlorophyll a (precursor ion: 871.57 m/z) had a twenty-fold average increase 

in relative abundance compared to the glass surfaces. The base peaks in mass spectra 

obtained from gold microarrays were consistently shown to be the fragment 593.3 

whereas on glass the precursor ion was preferentially detected. It is noted, the ionization 

on gold generated additional noise and fragments in CID-spectra. 
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Figure 4.8 CID mass spectrum of chlorophyll a (precursor ion window 871.57 ± 0.2 m/z) 
obtained from a gold µchip with lysed C. reinhardtii sample. For comparison, inset shows 
relative abundance of fragments obtained from lysed algae sample on glass µchips.  
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Although the exact mechanism for metal assisted enhancement is a subject for 

debate, the improved cationization due to the presence of a gold thin film has been 

explained by thermal expansion and thermal confinement.31, 47 As well, the pooling of 

energy from chemical and physical interactions between analyte and the surface will lead 

to an overall increase in thermal desorption and fragmentation efficiency.48 This suggests 

the inherent properties of the material, such as specific heat and thermal expansion, are 

the reason for differences of ionization efficiency between gold and glass. Lastly, if gold 

metal adducts are present during dissociation, then there is a potential for an increase in 

number of collisions during CID. 

4.3.6 Lipid Profiling of C. reinhardtii  

Preliminary MALDI-MS analysis was conducted on mass spectra obtained from 

single-cells and multiple-cells to characterize the algae’s lipid mass profile. Results 

revealed that data from multiple-cell spectra had a smaller amount of variation in signal 

intensity than the single-cell spectra. This is possibly due to the sampling technique used 

where one acquisition is a culmination of 200 shots over a cluster of cells instead of 

discontinuous area sampling over a single cell. Although sampling single-cells is 

necessary for investigation of heterogeneity in populations, normal population 

heterogeneity in C. reinhardtii is < 5%,9, 35 we present averaged data obtained from 

multiple samples that is representative of the entire population (n > 35). Although 

monitoring heterogeneity may be important to identify speciation events due to stress 

from toxicants our focus is characterization, identification, quantitation of toxicity in an 

algae population, therefore heterogeneity is inherently incorporated into the statistical 
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variance that is accounted for later. Our data also revealed that the level of variation 

within a typical population is minimal compared to the C. reinhardtii’s response to 

herbicide. From this point forward, we discuss whole-cell mass fingerprints as consisting 

of an average of multiple spectra (>35) obtained from individual clusters of multiple 

cells.  

Shown in Figure 4.9 is a whole cell mass profile obtained from C. reinhardtii. 

Lipid species are generally grouped into bands based on inherent similarities in head 

group type and their m/z ratio (bands indicated by different colors in the figure). 

Interband species differences are a function of fatty acid chain length and degree of 

unsaturation. As shown, lipid species that are clearly detectable by MALDI-MS include 

DAG/lyso-compounds, DGTS, MGDG, TAG, DGDG, and chlorophylls. Structures of 

these common lipid species with fragment locations are shown in Figure 4.9B. The R1 

and R2 groups represent acyl chain residues of varying length. Many of the lipid 

candidates are in agreement with assignments made by others,13, 49-53 which verifies 

tentative assignments (Table 4.1). Lipophilic extraction has been commonly used to 

characterize C. reinhardtii’s lipid profile.49-54 Recently, Zenobi13 used a titanium oxide  

MAMS™ substrate to monitor heterogeneity in populations by targeting single cells. This 

group initially identified 16 species-specific lipids in C. reinhardtii, and in a later work 

another 13 (TAG) lipid molecules. Similarly, the technique used in this work does not 

require extraction of samples; instead it uses the combination of a patterned gold thin film 

surface with sDHB matrix at an optimized concentration for robust identification of 

lipids.  
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Figure 4.9 MALDI-MS full lipid mass fingerprint (A) of C. reinhardtii. Spectrum 
represents an average of multiple spectra (n > 30) obtained from immobilized algae on 
µchip. Representative CID-MS spectra (B) of lipids: DGTS (16:0/18:3), MGDG 
(16:4/18:3), TAG (16:3/36:2), and DGDG (16:0/18:3).  
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Table 4.1 A list of lipids detected by MALDI-MS. As shown, DGDG, TAG, MGDG, 
DGTS, and DAG/lyso-compound species are categorically organized. Asterisks indicate 
confirmation of the lipid assignment by fragment analysis using CID-MS. Double 
asterisks indicates the confirmation of interfering ion/lipid species. References indicate 
identification of lipid in C. reinhardtii using various MS techniques. List of references: A 
= 49, B = 50, C = 15, D = 51, E = 52, F = 54. 
 
Lipid 
Molecular 
Species 

Adduct 
Species 

Calibrated 
m/z 

Theoretical 
m/z 

Reference 

DGDG (36:2) [M+K+] 983.60 983.61  
DGDG (36:3) [M+K+] 981.60 981.59 E 
DGDG (36:4) [M+K+] 979.57 979.58 E 
DGDG (36:5) [M+K+] 977.54 977.56 E 
DGDG (36:6) [M+K+] 975.54 975.54 A E 
DGDG (36:7) [M+K+] 973.54 973.53  
DGDG (36:2) [M+Na+] 967.51 967.63  
DGDG (36:3) [M+Na+] 965.49 965.62  
DGDG (36:4) [M+Na+] 963.49 963.60  
DGDG (36:5) [M+Na+] 961.50 961.59  
DGDG (36:6) 
DGDG (34:0) 

[M+Na+] 
[M+K+] 

959.59 959.57 
959.61 

A 
D 

DGDG (36:7) * 
DGDG (34:1) 

[M+Na+] 
[M+K+] 

957.59 957.56 
957.59 

A 
D E 

DGDG (34:2) [M+k+] 955.56 955.58 D E 
DGDG (34:3)*  [M+k+] 953.57 953.56 D E 
DGDG (34:4) [M+k+] 951.54 951.54 D E 
DGDG (34:5)* [M+k+] 949.53 949.53 D E 
DGDG (34:6)* [M+k+] 947.51 947.51 D E 
DGDG (34:7)* [M+k+] 945.51 945.50 D 
DGDG (34:8) 
DGDG (34:0) 

[M+k+] 
[M+Na+] 

943.51 943.48 
943.63 

 
D 

DGDG (34:1) [M+Na+] 941.61 941.62 A D E 
DGDG (34:2)* [M+Na+] 939.58 939.60 A C D E 
DGDG (34:3)* [M+Na+] 937.58 937.59 A B C D E 
DGDG (34:4) [M+Na+] 935.57 935.57 D E 
DGDG (34:5) [M+Na+] 933.55 933.56 C D E 
DGDG (34:6)* [M+Na+] 931.55 931.54 A B C D E 
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DGDG (34:7)* [M+Na+] 929.53 929.52 A B D 
DGDG (34:8) 
TAG (54:1) 

[M+Na+] 
[M+K+] 

927.51 927.51 
927.78 

 
D 

TAG (54:2)* [M+K+] 925.62 925.76 D F 
TAG (54:3)* [M+K+] 923.61 923.75 D F 
TAG (54:4) [M+K+] 921.60 921.73 D F 
TAG (54:5) [M+K+] 919.58 919.72 D F 
TAG (54:1)* [M+Na+] 911.64 911.80 D F 
TAG (54:2)* 
Chlorophyll 

[M+Na+] 909.65 909.79 D F 

TAG (54:3)* [M+Na+] 907.64 907.77 D F 
TAG (54:8) 
TAG (52:2) 

[M+Na+] 
[M+K+] 

897.57 897.69 
897.73 

D F 
F 

TAG (52:3)* [M+K+] 895.57 895.72 C  F 
TAG (52:4)* 
Chlorophyll a 

[M+K+] 
[M+H+] 

893.59 893.70 
893.54 

C D F 

TAG (52:5) [M+K+] 891.56 891.68 C D F 
TAG (52:6) [M+K+] 889.56 889.67 D F 
TAG (52:7)* [M+K+] 887.59 887.65 C D F 
TAG (52:8) 
Chlorophyll b* 

[M+K+]  
[M-MG++3H+] 

885.55 885.55 C D F 
C F 

TAG (52:9) [M+K+] 883.57 883.62 C D F 
TAG (52:10) 
TAG (52:2) 

[M+K+] 
[M+Na+] 

881.59 881.61 
881.76 

D F 
F 

TAG (52:3) [M+Na+] 879.56 879.74 F 
TAG (52:4) [M+Na+] 877.56 877.73 D F 
TAG (52:5) [M+Na+] 875.55 875.70 D F 
TAG (52:6) [M+Na+] 873.57 873.69 D F 
Chlorophyll a* [M-MG++3H+] 871.57 871.57 A C F 
TAG (52:8) 
TAG (50:2) 

[M+Na+] 
[M+K+] 

869.58 869.66 
869.70 

D F 
C F 

TAG (52:9)* 
TAG (50:3) 

[M+Na+] 
[M+K+] 

867.56 867.65 
867.68 

D F 
C D F 

TAG (52:10) 
TAG (50:4) 

[M+Na+] 
[M+K+] 

865.56 865.63 
865.67 

D F 
C D F 

TAG (50:5) [M+K+] 863.55 863.65 C D F 
TAG (50:6) [M+K+] 861.58 861.64 C D F 
TAG (50:7) [M+K+] 859.53 859.62 C D F 



 153 

TAG (50:1) [M+Na+] 855.56 855.74 D F 
TAG (50:2) [M+Na+] 853.54 853.73 F 
TAG (48:3)* [M+K+] 839.58 839.65 F 
TAG (48:3) [M+Na+] 823.52 823.68 F 
MGDG (34:7)* [M+K+] 783.46 783.44 D 

MGDG (34:8) [M+K+] 781.46 781.43  
MGDG (34:6) [M+Na+] 769.49 769.49 A D E 

MGDG (34:7)* [M+Na+] 767.47 767.47 A C D 

MGDG (34:8) [M+Na+] 765.46 765.45  
DGTS (36:4)* [M+H+] 760.58 760.61 B C D 
DGTS (36:5)* [M+H+] 758.60 758.60 B C D 
DGTS (36:6)* [M+H+] 756.57 756.57 B C D 
DGTS (36:7)* [M+H+] 754.56 754.56 B C D 
DGTS (36:8)* [M+H+] 752.54 752.55 B D 
DGTS (34:2)* [M+H+] 736.63 736.61 B C D 
DGTS (34:3)* [M+H+] 734.59 734.59 A B C D 
DGTS (34:4)* [M+H+] 732.58 732.58 A B C D 
DGTS (32:0) [M+H+] 712.65 712.61  
DGTS (32:1) [M+H+] 710.65 710.59 D 
DGTS (34:4)* [M-CO2+H+] 690.64 690.60 A 
DGTS (34:3)* [M-CO2+H+] 688.63 688.59 A 
DAG/Lyso-
compounds 

 685.1   

↓ 
 

675.28 
 

 
  659.2   
  646.24   
  631.26   
  629.27   
DAG (34:7)  621.39 621.39  
  615.28   
  613.26   
  599.30   
  591.39   
  585.13   
  584.24   
  583.14   
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Notably, we were able to suppress ionization of chlorophylls [M-Mg++3H]+, 

which was not previously noted in the literature, plus a substantial increase in ionization 

efficiency of all other lipids. This design also facilitated the assignment of numerous 

peaks not previously detectable under similar conditions in a single mass spectrum. 

sDHB is a soft ionizing matrix that is frequently used for detection of glycan 

molecules.55-56 In combination with the low laser fluence energy required when probing 

thin gold films, a similar effect from the matrix is shown to work well for whole cell lipid 

profiling. The results support the general consensus that efficient ionizers such as 

chlorophyll57 should be separated ex situ from samples prior to ionization experiments, a 

process that is no longer necessary using our new approach. 

Data Explorer software was used to mass calibrate the spectrum and export text 

files. An opensource software environment known as mMass58 was used to obtain m/z, 

baseline, peak values (S/N > 5), and conduct a preliminary lipid search to identify lipid 

candidates from the Lipidmaps®
22 library. Precursor ions were selected from the profile 

for elemental composition analysis, of which nearly 40 peaks were confirmed by CID-

MS. For CID-MS analysis the precursor ion window was set to ± 0.2-1.5 m/z units, with 

the window size being contingent on the presence and abundance of nearby peaks. Lipids 

identified by CID-MS are represented by asterisks in Table 4.1. DGDGs, MGDGs, 

DGTS, and TAGs were efficiently desorbed from the gold surface, while DAGs were 

ionized to a lesser extent. Previous work has found MALDI-MS is a useful analytical 

technique to identify and compare TAG and DGDG levels from 500 mL culture of cells 
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using separation, which is not possible with GC-MS due to low abundance and instability 

of derivatized compounds.53 

µChip analysis of C. reinhardtii identifies and determines the relative abundance 

of TAG and DGDG without the need for pretreatment to remove all other interfering 

cellular components.  Weak signals at 871.57 m/z and 885.55 m/z are assigned to light 

capturing molecules chlorophyll a [M-Mg++3H]+ and chlorophyll b [M-Mg++3H]+, 

respectively. The most abundant DGDG and TAG species are assigned to Na+ and K+ 

adducts of DGDG (34:3) and TAG 54:3 and 54:2. MS/MS fragment analysis of the most 

abundant lipid subspecies, from DGDG, TAG, DGTS, and MGDG, are shown in Figure 

4.9B. Gold µchips are highly selective to the ionization of DGDG and TAG compounds. 

Both Na+ and K+ adducts of DGDG and TAG were identified in the LMP, and 

fragmentation of precursor ions confirmed identification and elemental analysis of acyl 

side chains (DGTS 16:0/18:3, MGDG 16:4/18:3, TAG 16:3/36:2, and DGDG 16:0/18:3), 

as shown in Figure 4.9. Due to DGTS’s zwitterionic nature and the acidic matrix 

environment only protonated adducts were ionized.  

A quantitative approach to evaluating lipid concentrations and determining 

percent concentration of lipid subspecies is the untargeted LC-ESI-MS based method, 

which utilizes intensive sample preparation, lipid extraction procedures, and long LC 

runs. TAG lipids have lower ionization efficiency compared to polar lipids, therefore, for 

analysis of percent abundance the lipids are grouped by species type. In this work, the 

relative percent concentration measurements (n = 37 clusters) of each lipid were 

performed (Figure 6.8). The data obtained by the MEF/MALDI-MS µchip method has 
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been compared to previously published research using LC-ESI-MS and they agree well 

with references in Table 4.1. 

Lipid profiling of cells, as described here, offers a wealth of information on many 

levels including individual, population, and community.4  Toxic substances impact all 

levels of biological organization, which makes it difficult to fully address their adverse 

chemical effects. Omics analyses are currently used in Adverse Outcome Pathway (AOP) 

frameworks to describe causal events that result in an ecotoxicological effect.4 Next we 

demonstrate the use of MEF/surface enhanced MALDI-MS technique to the AOP 

paradigm and the linking of chemical effects on cellular processes to effects on 

biodiversity in an ecosystem. 

4.3.7 Gold µchip for Evaluation of the Impact of Herbicides on the Algae Lipidome  

The previous section described the effectiveness of gold µchips in detecting 

lipids. In this section we demonstrate that the gold µchips are highly effective in 

analyzing toxicity on the cellular/molecular level. The framework for the analysis is 

shown in Figure 4.1. To explore the metabolic effects of herbicides, a standard assay of 

toxicity (96-hour bioassay) was hyphenated with the MEF/MADLI-MS technique, which 

facilitated correlation of effective concentration (EC) values with lipid response. As 

shown in Figure 4.10A, EC50 values for three herbicides atrazine (1.2 µM), clomazone 

(>150 µM), and norflurazon (6.6 µM) are ascertained from the dose-response curves at 

96-hours post exposure. These empirically derived EC values agree relatively well with 

those in a recently published articles59-60 for atrazine and norflurazon. It is reported that 

atrazine and clomazone concentrations greater than 0.4 nM are common in U.S. streams 
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and groundwater, and a total molecular concentration of atrazine at greater than 10 µM is 

often observed in consecutive months.61 The atrazine and norflurazon concentrations in 

agricultural streams and shallow groundwater can shift even more dramatically based on 

time of year and region;61-62 spatiotemporal monitoring of downstream rivers associated 

with tributary agricultural streams revealed atrazine levels frequently exceed the 12.5 

ug/mL (58 µM) benchmark set by the USEPA in 2003.61 
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A 

  
B 

 
Figure 4.10 Herbicide dose-response curves (A) and algae lipid profiles showing the 
response to different concentrations of atrazine (B). 
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EC50 values are often used for toxicity characterization; however, comprehensive 

approaches such as omics are needed to determine modes of action. Atrazine, clomazone, 

and norflurazon are broad spectrum herbicides used for control of weeds or invasive 

grasses in agricultural crops and turf-grass. These herbicides target the photosystem of 

algae in different ways. Atrazine targets photosystem II, while clomazone and 

norflurazon target synthesis of pigments (carotenoids and chlorophyll). 

Spectrophotometric based algae bioassays provide a binary analysis on lethality, which 

has been extrapolated to determine risk in other organisms that harbor the photosynthetic 

system in practice,63 or has been combined with lethality data from organisms in higher 

trophic levels to determine overall toxic effect on ecosystem health. However, these 

bioassays cannot directly indicate the cause of change, or tie said change to a particular 

mode of action and may or may not affect other organisms in the system. Here we 

attempt to correlate the changes in the lipid profile to toxicity of the herbicide, and 

definitively identify the herbicide’s downstream lipid targets with statistical tools, which 

is important for pollutant studies in environmental toxicity sensing. A discussion on the 

implementation of lipid based omic technology/information to support the development 

of AOP frameworks is presented in the next section.  

Shown in Figure 4.10B, atrazine at below benchmark concentrations and near 

EC50 values (1 µM) produced a striking decrease in overall abundance of all DGDG 

compounds in algae after 96 hours. Galactolipids (MGDG and DGDG) are major 

components of photosynthetic membranes that are responsible for cell signaling and 

membrane structure.52 In higher plants, di-galactolipids are non-bilayer forming lipids 
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that support protein aggregation in Photosystem II.64 A similar function of DGDG in 

green-algae may explain the apparent decreasing signal of DGDG lipids in response to 

atrazine’s inhibition of plastoquinone binding in photosystem II and the subsequent 

breakdown of the lipid supported photosystem complex (Figure 4.11). The observed 

decrease in DGDG was accompanied by an increase in MGDG abundance, which 

suggests that atrazine induced stress resulted in a breakdown of DGDG, into lyso-DGDG 

forms (i.e. MGDG). TAG signals showed an overall increase in number of TAG 

molecules, which was a compensatory effect of DGDG signal decreases in C. reinhardtii. 

TAG accumulation during stress conditions is a common phenotypic response in many 

types of algae, which  has been reviewed extensively in literature.16  
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Figure 4.11 Lipidomic response to atrazine. Bars are mean values and SEM 95% is 
represented by the error bars. 
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DGTS are nitrogen containing and extraplastidic lipid molecules that have been 

characterized as a substitute for phosphatidylcholines, and function as a proxy for 

structural integrity in membranes. Furthermore, studies focused on nitrogen deprivation50 

and heat stress51 for biofuel production have suggested a varied response, and either a 

causal decrease51, 65 or increase15, 50 effect on concentration of DGTS lipids. This 

discrepancy is attributed primarily to temporal analysis of stress i.e. the length of the 

experiment15, 50 (hours to weeks), which is further nuanced by effects from differential 

lipid remodeling50, algae in various growth stages50 and genetic diversity15. Our results 

show that atrazine, a nitrogen-abundant environmental pollutant, resulted in a dramatic 

increase in the abundance of short-chain DGTS lipids. The increase in DGTS signals 

agrees with temporal model in that our examinations were conducted with cultures in the 

late-stationary growth phase and herbicide stress resulted in the increase in abundance of 

DGTS. Lastly, it appears there is a threshold concentration of atrazine, wherein 50 µM 

and greater, induced a spectrum-wide decrease in lipid signal, and with a post 96-hour 

exposure it ultimately leads to a 100% mortality.  

4.3.8 Statistical Analysis of Variation/Multiple Discriminate Analysis 

Volcano plots are an effective method for visualization of the most significant 

changes in large data sets.19-20 As shown in Figure 4.12, the effect of 10 µM atrazine 

(log2(FC(atrazine/control)) is characterized by a significant excess of TAG molecules and 

a decrease in several DGDG molecules. A significant change threshold of P = 0.05 and 

FC > 2 was used to compartmentalize lipids into the upper left and right corners of the 



 163 

volcano plot. This strategy proved to be highly effective for cell based lipidomic toxicity 

screening. 

 

 
 
Figure 4.12 Statistical analysis of variation in the data reveals significant changes in 
concentration of lipids after 96 hours in atrazine (10 µM), clomazone (75 µM), and 
norflurazon (10 µM). 

 

We have demonstrated that this high-throughput alga probing technique had the 

capability to characterize differences in lipidomic responses to two different herbicides 

with similar modes of action. Norflurazon and clomazone are both inhibitors of pigment 

synthesis, yet their effects on C. reinhardtii are strikingly different. Clomazone at very 

high concentrations had little effect on inhibition of cell growth (Figure 4.10). As 

demonstrated by the volcano plot in Figure 4.12, a relatively high concentration (75µM) 

of clomazone did not have an effect on lipid abundance. In comparison norflurazon saw a 

significant amount of TAG accumulation at a much lower concentration (10 µM).  

Unsupervised multivariate principal component analysis (PCA) was used to 

explain the variance in the data set and distinguish lipid profiles under different herbicide 

induced stress conditions. There was no separation between clomazone and its control as 

the all of the control values fell within the 95% confidence region of clomazone data set. 
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Clearly herbicide clomazone, which inhibits synthesis of high energy photons such as 

carotenoids in certain types of plants, did not have a significant effect on lipidomic 

clustering. It has been speculated that clomazone requires plant-bioactivation to become 

an active inhibitor in photosynthetic organisms66  and this is possibly a null pathway in C. 

reinhardtii.66  

PCA score plots of atrazine and norfluorzon versus control showed good 

separation, and partial least squares discriminate analysis (PLS-DA) was performed to 

further separate the herbicide groups into distinguishable phenotypic clusters (Figure 

4.13). PLS-DA addresses questions on how well the lipid response profile of C. 

reinhardtii predicts which herbicide is responsible for toxicity. Differentiation of lipid 

clusters can therefore be used to facilitate herbicide classification and may be useful in 

the prediction or identification of herbicide contamination in polluted waterways and 

watersheds. From the plot we can determine and predict if the response is due to exposure 

to clomazone, norflurazon, or atrazine. Hence, statistical analysis of exposure data 

obtained from sensitive indicator species can be combined with higher trophic organisms 

to determine and/or measure environmental health. This type of data would also 

complement monitoring data and is useful in determining environmental exposure 

thresholds and in the assessment of damage to aquatic life. 
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Figure 4.13 PLS-DA maximizes the covariance between X (data) and Y (group) and is 
often used in the analysis of large biological datasets. The variance displayed in the plot 
above is the explained variance for X. A pronounced separation is revealed between the 
three groups of data. Ellipses indicate 95% confidence fitting.  

 

4.4 Conclusions 

In this work, we have developed an approach that combines high-throughput array 

analysis, sample archiving, fluorescence microscopy, and whole cell mass spectrometry 

to study toxicity of three herbicides. Electrodeposition was used to deliver nanoliter 

volumes of whole cell samples into gold microwells for lipid analysis. MEF and 

enhanced MALDI-MS/MS were combined to analyze lipids from whole cells in an array 

format. The µchip’s MEF surface enabled facile spatial resolution of lysed cells in a dried 
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matrix. The results showed the gold surface enhanced MALDI-MS/MS, which was 

successfully used to generate a lipid library that now consists of a growing list of 70 

species. We have shown these herbicides have a pronounced effect on many of the 

identified mass spectra peaks from ecological relevant indicator species, C. reinhardtii. 

Analysis of algae lipid response to atrazine and norflurazon showed a significant 

reduction in DGDG content at low concentrations of compound. In contrast, several 

subspecies of TAG saw a meaningful increase in mean concentration of these energy 

storing lipids.  Clamazone with a relatively high EC50 had little effect on DGDG levels 

at the highest concentration tested, and showed only a slight increase in TAG levels. The 

results indicate lipid conversion during herbicide induced stress conditions in algae can 

lead to TAG accumulation and DGDG depletion. Volcano plots were shown to viable 

analysis tools for determining lipid that were markedly effected by different herbicides, 

and  PCA combined with PLS-DA analysis showed that our lipidomic approach can be 

used to analyze trends in lipid abundance for classification of specific herbicide response. 

Compared to other techniques in analysis of lipids from cells, which includes LC-MS and 

GC-MS, this approach can save time as there is no need for  extraction. In addition, this 

approach can be used to study lipid mass profile in similar cell types and may similarly 

be extended to variation analysis in those samples, particularly in efforts to monitor the 

environment.  
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Chapter 5: Concluding Remarks 
 
 The work in this dissertation has demonstrated the improvement of analytical 

performance of molecular detection in complex matrices using a host of technical 

platforms and novel nanosurface designs. These platforms were designed to objectively 

identify, quantify, and monitor toxicants in environmental samples (Chapter 2), and 

biological samples (Chapters 3 and 4).  In the last experimental chapter (Chapter 4), a 

highly innovative technique was built based on our lab’s expertise in designing SPR 

microarrays for high-throughput sensing and an enhanced MALDI surface, and this was 

utilized as the technical foundation to develop a new framework for ecotoxicological 

monitoring.  

In Chapter 2 we described an approach to environmental monitoring that is based 

on combination of two techniques, SERS and GERS, to achieve picomolar detection 

limits for a probe (R6G) and nanomolar detection limits for environmental pollutants, 

respectively. SERS is a mature spectroscopic signal enhancement technique that has 

generated a significant amount of interest due to its ultrasensitive single molecule 

detection capabilities.1 We have demonstrated here that the powerful electromagnetic 

enhancement oscillating elastically near silver nanoprisms, coupled with enhancing 

properties of graphene oxide, delivers ultimate performance for multiplex detection of 

PCBs. Improvements in selectivity were attributed to the presence of the GO, which is 

important for SERS sensing to be used for routine chemical analysis. Hybrid structures, 

as this one represents, hold a tremendous amount of potential for improving selectivity 

and resolving the distance dependent nature of the enhancing effect. 
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The efforts in this dissertation to combine SERS with GERS for selective and 

tailorable enhancement of chemical-based pollutants make SERS sensing a useful tool for 

environmental research. In recent years, the ability of ultrasensitive SERS to detect single 

R6G molecules on metal surfaces has created a stir,2 and hybrid SERS substrates will 

likely make single molecule detection more accessible. Furthermore, the ability to 

capture dioxin-like and coplanar pollutants was realized using graphene’s tailorable 

physical, chemical, and pi-stacking properties. Graphene oxide proves to be a highly 

versatile material for enrichment of compounds, while coupling with silver nanoprisms 

provides a new plasmonic/electromagnetic enhancing material whose LSPR was easily 

tailored to match the plasmon generating coherent light source. The characterization of 

coupling between GERS and SERS substrates is a significant contribution to plasmon-

phonon studies on similar graphene-based and plasmonic surfaces.3-6 The design of our 

SERS-GERS substrate is not intended to be limited to detection of PCB mixtures, instead 

the molecule enriching properties of the surface can be altered to promote detection of a 

variety of hydrophobic and planar molecules. 

The development of graphene-based materials for sensing in complex 

environments was extended in this work to include drug delivery and biosensing in cells. 

In Chapter 3 graphene was loaded with an anti-tumor agent via p-stacking to characterize 

the nanocarrier’s uptake into cytoplasm of HeLa cell line. Additional characterizations of 

graphene oxide included dose-response curves, DLS measurements, desorption 

experiments, zeta-potentials, and fluorescence microscopy, which were instrumental in 

determining the extent of cellular uptake and cellular integration. The study revealed a 
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new optimized nanocarrier using size-separation, chemical derivatization, and 

PEGylation. The development of new constructs requires careful characterization of 

biocompatibility and evaluation of nanocarrier toxicity. In future work, this protocol can 

provide new alternative to improve uptake performance of nanocarriers using PEG 

molecules that have variable length and modifications.  

While vehicle-based drug delivery has been studied for decades,7 theranostics is a 

newly emerging field,8 as the visualization of cell drug interactions with nanocarriers has 

become a reality only recently. In recent years a number of publications have shown that 

metal nanoparticles can be used to monitor signaling events in cells;8 studies with 

graphene oxide have shown this unique material has chemical and physical properties 

that also can be incorporated into new types of sensing techniques in the ever-growing 

field of in vitro biosensing.9 The work in Chapter 3 showed the novel application of GO-

nanocarriers for sensing of a pro-apoptotic protein (calpain) that previously had not been 

detected in vitro, and opens the door for researchers to study calpain activation in tissue 

cultures.. The successful application of this biorecognition technique, described in this 

chapter for peptide cleavable linkers and sensing of apoptotic proteins, also makes 

graphene oxide-based nanosensing more accessible for commercial translation.  

A novel framework was developed in Chapter 4 to analyze toxic responses in 

unicellular organisms. The key innovation in this work was the development of a gold 

microarray for localization of microscopic organisms by surface enhanced fluorescence, 

and surface enhanced MALDI-MS/MS for lipid identification. Green alga was used as a 

model to monitor exposures to environmental pollutants. To study the mechanism of 
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toxicity, alga inhibition was monitored as a function of changes in the alga lipidome 

profile.  This new technique has strong analytical merit and it offers a powerful tool for 

routine ecosystem monitoring.   

At present, an adequate technology is not available that can directly identify a 

dose of chemical that will have a significant impact on a biological system or 

ecosystem.10 Furthermore, rigorous standardization of traditional approaches in a 

laboratory limits the environmental relevance of single-species data to complex 

ecological systems. The adverse outcome pathway10 (AOP) strategy is becoming an 

increasingly attractive framework for modeling the broader impact of chemicals on 

communities and to support comprehensive ecotoxicological assessment. AOP’s rely 

heavily on molecular and biochemical endpoints. As such, technological advances in 

omics-based research are enabling techniques that provide a global view of the effects of 

chemicals on cellular process. The technique we developed here represents a high-

throughput lipidomics-based approach that has the potential to be standardized for 

incorporation into AOPs, and will greatly improve the efficiency of environmental 

assessments. This is particularly valuable in a modern society, where the number and 

quantity of manufactured chemicals is increasing annually.11  

The framework developed in Chapter 4 integrates EC-values with lipidomic data 

to evaluate and determine metabolic endpoints after exposure to herbicides. The 

technique relies on advancements in surface design to facilitate detection at 

environmentally relevant toxic levels. The platform is based on MEF/MALDI-MS single-

cell analysis for targeted lipid analysis to monitor changes in lipid abundance. The facile 
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sample preparation technique requires spotting unicellular organisms on a substrate, 

application of matrix, and characterization of mass lipid profiles by CID tandem MS. 

Significant advantages in sample preparation over conventional MALDI-MS, LC-MS, 

and GC-MS methods include analysis of samples without the need for lipid extraction or 

derivatization, and the ability to run replicate samples congruently on microarrays. This is 

the first example of a plasmonic surface for enhanced lipidomic analysis and 

toxicological monitoring. The efficient localization of whole cells and enhanced 

fragmentation of lipid species shows it is possible to expand the utility of MALDI-

substrates, and offers some improvements over the most reliable single-cell MALDI-MS 

chip on the market (i.e. MAMS-chips®).12 As we have shown, there is the potential to 

improve the number of lipids detected by MALDI-MS. Future areas of improvement 

include the use of other metals or coatings (e.g., thin glass layers or amphiphilic 

assembled monolayers) to provide additional selectivity and enhancement of lipids in 

positive or negative ionization modes, which would improve the number of lipids that can 

be detected by MALDI-MS. In summary, these enhancements are improving our 

understanding of adverse chemical effects in individual species, and the adverse effects 

on the level of community and ecosystem. This work has the potential to reshape the way 

data is collected for evaluation of toxicity, which in turn will upgrade current frameworks 

used for environmental risk assessment. 

The field of ecotoxicology is expanding to include omics-based techniques, which 

is in large part due to advances in instrumentation, the sophistication of analytical 

techniques, and the collection of a vast amount of data from toxicological profiling. 
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Advanced data analysis is required to fully interpret lipidomic data. Chemometric 

analysis is a powerful technique that enables the extraction of important data from 

complex data sets and has the potential to be assigned to sample training for predictive 

analysis of environmental samples. In Chapter 4 we reported the use of volcano plots, 

PCA, and PLS-DA for identification of lipids that differ significantly from controls, and 

enabled discrimination of lipid profiles based on a toxic lipid response to particular 

herbicides. The p-values plotted against fold-change were also used to generate 

biomarker libraries for investigation of herbicide effect on photosynthetic organisms. 

Similar detailed lipidomics libraries are being compiled by research groups around the 

globe using variety of different detection methods; as such, there is a need for 

collaboration and congregation of data for lipidomic-based research to reach its full 

potential. LIPID MAPS is currently the largest opensource database for exploration of 

lipids and classification of lipid classes; yet, the database is only efficient at profiling 

with lipid extracts and requires highly experienced users to perform the analysis. For 

toxicity evaluation a similar system would greatly benefit from the addition of toxicity 

profiles data and biomarker libraries for chemical and exposure identification.  

In conclusion, environmental toxicity monitoring is expanding to include omics-

based techniques, novel spectroscopic techniques for exposure monitoring, and 

fluorescence based biosensing applications. The objective of this research was to design 

nanosurface substrates to address some of the issues facing the assessment of 

environmental and health related issues. As new nanosurface designs continue to evolve 
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they will also influence toxicological evaluations, which will allow regulators to make 

more informed policy-making decisions. 
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