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a unique opportunity to reveal new information about past societies. However, many 

scientists are currently unwilling to accept protein-based results due to problems in 

method development and a basic lack of agreement regarding the ability of proteins to 

bind to, and preserve within, artifacts such as pottery. In this paper, I address these 

challenges by conducting a two-phase experiment. First, I quantitatively evaluate the 

tendency of proteins to sorb to ceramic matrices by using total organic carbon analysis 

and spectrophotometric assays to analyze samples of experimentally cooked ceramic. I 

then test a series of solvent and physical parameters in order to develop an optimized 

method for extracting and preparing protein residues for identification via mass 

spectrometry. Results demonstrate that protein strongly sorbs to ceramic and is not 

easily removed, despite repeated washing, unless an appropriate extraction strategy is 

used. This has implications for the future of paleodietary, conservation ecology and 

forensic research in that it suggests the potential for recovery of aged or even ancient 

proteins from ceramic matrices. 
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CHAPTER 1 

 INTRODUCTION 

 

Archaeologists are increasingly turning to the analysis of organic residues as a 

method of revealing artifact function as well as past dietary patterns (Eerkens and 

Barnard, 2007).  Although DNA has traditionally received the bulk of attention in 

archaeological studies, lipids (Eerkens, 2002, 2005), proteins (Solazzo et al., 2008) and 

alkaloids (Rafferty, 2001) have received more recent attention as valuable sources of 

information about the past.  Such chemicals tend to be more abundant than DNA and 

have been demonstrated to preserve in a wide variety of artifacts including stone tools 

(Gerlach et al., 1996; Yohe II et al., 1991), bone (Collins et al., 2002), ceramics 

(Eerkens, 2005; Solazzo et al., 2008; Rafferty, 2001) and coprolites (Marlar et al., 

2000).  Proteins, in particular, hold great promise in archaeological research because 

their chemical structure directly reflects the underlying genetic code that governed their 

production (Barnard et al., 2007) (Fig 1).  In other words, they are taxonomically much 

more specific than compounds such as lipids, thereby providing greater interpretive 

power to the archaeologist.  

   Aside from bone, or fossilized bone, which has already been demonstrated to 

yield protein fragments in samples that are as old as 80 million years (Schweitzer et al., 

2009), the most popular target materials for archaeological protein studies have 

traditionally been stone tools and paint (e. g. Kooyman et al., 2001; Tokarski et al., 

2006; Barnard et al., 2007; Solazzo et al., 2008).  However, the material that appears to 

be well suited for the preservation and recovery of archaeologically significant protein 
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residues is unglazed ceramic.  Ceramic artifacts, in addition to being commonly 

recovered in many archaeological contexts, were often used as tools for cooking, 

meaning that they are likely to contain residues of prehistoric diet.  Further, they are 

ideally suited to the absorption and preservation of organic residues due to their porous 

structure, which, in addition to trapping residues, serves to shield them from direct 

exposure to taphonomic processes such as weathering (Craig and Collins, 2000; 

Eerkens, 2005).  Also, because ceramic vessels were used as tools for cooking, protein 

residues within them are likely to preserve; heating of proteins results in Maillard or 

„browning‟ reactions, which are known to inhibit the breakdown of proteins by 

microorganisms (Bada, 1991).    

 

 

 

Unfortunately, despite these properties, there has been little progress in the 

analysis of ceramic-bound protein residues compared to other residue or substrate 

types.  This can be traced to four underlying and interrelated causes.  First, proteins are 

Fig. 1. Conceptual pathway linking protein to the underlying genetic code. Each three-letter sequence of 
DNA base pairs codes for a single amino acid. Amino acids link together to form peptides, the subunits of 
proteins. Protein image (far right) from: http://160.114.99.91/astrojan/protein/pictures/ribona.jpg 

 

 

 

http://160.114.99.91/astrojan/protein/pictures/ribona.jpg
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difficult to study in comparison to other residue types.  As large, complex and diverse 

macromolecules, different proteins have very different behaviors.  Collagen, for 

example, is hydrophobic while bovine serum albumin readily dissolves in water.  This 

variability in behavior means that a single method may not be applicable for extracting 

and identifying all types of protein.  In turn, this suggests that a variety of approaches 

will need to be developed depending on the type(s) of protein under study.  

Second, little methodological groundwork has been done on the protein residue 

analysis of archaeological ceramics (but see Craig and Collins, 2000; Barnard et al., 

2007).  Those archaeologists who do study ceramic-bound protein residues tend to 

employ strategies developed for use in biochemical studies of fresh residues without 

evaluating whether or not these strategies are applicable to ancient, weathered 

compounds as would be expected to occur in archaeological artifacts.  Immunoassay, 

for example, has been widely employed for studying ancient proteins in a variety of 

artifact types (see Barnard et al., 2007; Marlar et al., 2000; Yohe et al., 1991).  Although 

apparently successful in many cases, including the above examples, this strategy may 

be limited by hindered or cross-reactivity, issues that become worse when the target 

proteins have been contaminated, denatured or otherwise modified due to diagenetic 

processes (Brandt et al., 2002).  Although this can be countered, to some degree, by 

preparing specialized antibodies based on denatured protein samples (Craig et al., 

2000), this requires specific prior knowledge of the target protein(s); because 

immunoassays are based on antibody-antigen reactions, specific antibodies for each 

protein of interest must be acquired beforehand (Barnard et al., 2007; Solazzo et al., 

2008).  Although not insurmountable, these challenges have not been fully addressed 
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via rigorous testing of experimentally generated residues in ceramics (but see Cattaneo 

et al., 1997; Leach, 1998; Craig and Collins, 2002; Brandt et al., 2002; Barnard et al., 

2007).  As a result, fully accepting the results of protein-based studies may be difficult 

unless supporting evidence, such as skeletal remains or historic accounts, are 

available.  Marlar et al. (2000), for example, reports the successful recovery of human 

myoglobin proteins from cooking implements at the Cowboy Wash site in the Four 

Corners region of the United States and suggests that these residues provide evidence 

of anthropophagy.  Even with supporting evidence, in the form of human bones showing 

evidence of pot polish, this conclusion has been received with great skepticism due to 

the controversial nature of this interpretation and questions regarding the possibility for 

false positives when immunological method are used.  For example, “whether or not 

human myoglobin survives in analytically traceable amounts for 800 years or more has 

yet to be determined.  With ELISA, problems with degradation of blood proteins may 

result in antigen binding that produce nonspecific results” (Dongoske et al., 2000:184). 

Third, the experimental research done to date has yielded conflicting, confusing 

and/or often-disputed, results.  For example, in their examination of protein preservation 

in both archaeological and experimental ceramics, Evershed and Tuross (1996:434) 

conclude that, “very little protein or peptide material is likely to be incorporated into the 

clay matrix of pottery.”  This stands in stark contrast to Craig and Collins (2002), who 

report a sorbed bovine serum albumin (BSA) protein concentration of 32 mg g-1 of 

ceramic in experimentally prepared pottery.  The independent variables present in each 

of the studies, including differences in clay type, exposure protocols and extraction 

method used, makes consensus difficult.  However, these results suggest that, at very 
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least, controlled, replicated experimental research is needed in order to resolve the 

dispute.  

Fourth, and last, this type of research inherently requires a multi-disciplinary 

approach.  In order to achieve the goal of accurately extracting, identifying and 

explaining archaeological protein residues, one must not only have the archaeological 

knowledge to understand artifact form and function and the significance of changes over 

time, but must also be able to learn, understand and utilize a daunting array of analytical 

chemistry techniques and instrumentation.  Most importantly, one must also be able to 

work and communicate effectively with professionals in both fields.  These tasks are not 

easily met, but are facilitated by the development of standard methodology and 

terminology that has been peer-reviewed by members of relevant disciplines.  Although 

this has occurred to some degree already, further development is necessary in order for 

the field to continue to progress. 

The research presented here is designed to address these issues by evaluating 

key gaps in knowledge of archaeological protein-ceramic complexes.  In sum, the 

ultimate goal is to develop a standardized methodology for the study of protein residues 

that is capable of providing archaeologically meaningful data while meeting the 

analytically rigorous requirements of laboratory chemical analysis.  To this end, there 

are several immediate questions that must be answered.  (1) Do proteins sorb to 

ceramic matrices?  If so, in what quantities do they sorb and how does their composition 

influence this value?  (2) Assuming that proteins do sorb to ceramic matrices, what is 

the underlying mechanism for this entrapment and what physical and/or chemical 

parameters can be used to extract the proteins so that they can be characterized?  (3) 
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Once extracted, can a liquid chromatography-mass spectrometry based strategy (see 

Chapter 5) be used to source proteins to particular taxa?  If so, what are the parameters 

for this identification?  (4) What strategies can be used to minimize necessary sample 

size and thereby minimize destructive cost?  The following chapters attempt to address 

each of these topics. 

The results of this research have important implications for studies within 

archaeology as well as within other disciplines.  For archaeologists, the establishment of 

a reliable protein residue methodology means that an additional line of evidence will be 

available for studies of past human subsistence.  This is particularly valuable in 

instances where taphonomic factors have resulted in poor preservation of the floral and 

faunal records.  In addition, this evidence can also be used to supplement floral and/or 

faunal records where preservation is good.  Beyond immediate questions of prehistoric 

diet, however, a new research tool of this type has profound implications in terms of 

being able to contribute to major debates within archaeology, such as the role of 

humans in the terminal Pleistocene North American extinctions.  Simply put, if humans 

caused the extinction of species such as the North American mastodon, Mammut 

americanum, direct evidence of their involvement may be available in the form of 

chemical residues deposited on spear/projectile points or in sediment or rocks from 

Pleistocene-era hearths.  Several projects, such as Loy and Dixon (1998) and Kooyman 

et al. (2001), have pursued this line of evidence but the results of these studies have not 

been unequivocally accepted. 

Other fields may also benefit from the results of this research.  Biochemists and 

evolutionary geneticists, for example, may be able to better understand the 
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development of early life on Earth by examining remnant peptides from early organisms 

trapped within clay beds or other mineral structures.  Beyond Earth, the extraction and 

identification of protein residues could potentially even be used to identify remnants of 

extraterrestrial life on planets like Mars.  For forensic scientists, ceramic-bound protein 

extraction and identification may provide new opportunities to acquire evidence in the 

form of blood or tissue proteins trapped in ceramic tiles.  And for conservation scientists 

and wildlife managers, protein residues may offer a new method for establishing the 

native or exotic status of certain taxa (sensu Lyman, 1996, 1998); by examining the 

distribution of species in the past, as evidenced by archaeological or geological protein 

residues, it may be possible to determine whether or not a reintroduction effort is 

appropriate. 

In the following chapters, I present an analysis of protein-ceramic binding in 

experimentally-prepared samples, emphasizing the development of a standard 

methodology that effectively screens samples, quantifies both bound and released 

proteins and extracts and identifies proteins from ceramic matrices. The experimental 

designs presented here were developed via the collaborative efforts of the University of 

North Texas Archaeological Residues Research Group (appendix A) as part of ongoing 

research sponsored in part by the National Science Foundation. By using total organic 

carbon analysis, protein assays, variable protein extraction protocols and LC-MS 

analysis, this research provides an enhanced understanding of protein-ceramic 

interactions and challenges the assumption that proteins do not preserve in 

archaeological ceramic samples.  
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Chapter 2 provides an overview of the archaeological protein studies done to 

date, with emphasis on the limitations of current methodology.  Additionally, it describes 

the development of total organic carbon (TOC) analysis as a tool in environmental 

chemistry and explains the relevance of this technology to archaeological residue 

studies.  It closes by framing the general research challenges of the project and 

summarizing the methodological approach that was used to address them.  Chapter 3 

explains how TOC is used to address the question of protein-ceramic binding.  It 

includes the experimental methodology for preparing ceramic samples, including 

ceramic grinding, „cooking,‟ and „washing,‟ as well as the TOC methodology that was 

used to analyze the resulting samples to determine whether or not proteins sorb to 

pottery during cooking.  Also included are the results of TOC testing and a discussion of 

their implications for the larger study, namely that proteins are capable of binding to 

ceramic matrices.  Chapter 4 focuses on the extraction and analysis of experimentally 

bound protein residues.  In addition to describing the experimental extraction 

parameters, it considers the results of extraction experiments and proposes an 

explanation of protein-ceramic binding mechanisms.  Chapter 5 further evaluates the 

success of protein extraction strategies by subjecting successful protein extractions to 

LC-MS analysis, thereby providing a qualitative perspective to complement the 

quantitative data presented in Chapter 4.  Chapter 6 summarizes the overall results of 

the experiment with emphasis on addressing the key questions listed above.  It also 

comments on the value of archaeological protein research and discusses additional 

challenges that must be met in order for this type of research to make meaningful 

contributions to major debates in archaeology and related sciences.  



  

9 
 

CHAPTER 2 

 BACKGROUND AND PROBLEM ORIENTATION 

 

Organic Residue Analysis 

The analysis of organic residues in archaeological materials can be roughly 

subdivided into four categories based on the target compounds studied: DNA, proteins, 

lipids and alkaloids.  Although residue-based studies can be traced to the 1960‟s 

(Eerkens and Barnard, 2007), surprisingly even for dinosaur fossil proteins (see Miller 

and Wickoff, 1968), the first substantial attention from the archaeological community 

came with publications by Pääbo (1985), which described the successful extraction and 

cloning of DNA from an Egyptian mummy.  Subsequently, interest in residues grew 

rapidly, as evidenced by the dramatic increase in residue-related publications through 

the 1990s (Eerkens and Barnard, 2007).  Nevertheless, ancient residue-based studies 

in archaeology and paleontology are not without challenges, as evidenced by the variety 

of articles that question interpretation of results and/or the survivability of certain organic 

residues over lengthy periods of time in qualities/quantities sufficient for analysis (e. g. 

Evershed and Tuross, 1996; Dongoske et al., 2000; Reber and Evershed, 2004; 

Buckley et al., 2008; Pevzner et al., 2008).  

Of the aforementioned categories of organic residues, lipids have been accepted 

with less criticism than others for several reasons.  For one, it has been well 

documented that lipids inherently persist in archaeological artifacts, particularly 

ceramics, which absorb residues and subsequently shield them from direct exposure to 

sunlight, moisture and other sources of weathering (Evershed, 1993; Evershed et al., 
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1999).  Further, of the studies reported to date, many, such as Eerkens (2005) and 

Outram et al. (2009), were able to corroborate lipid results with other lines of evidence, 

such as artifact stylistic variation or skeletal morphology, respectively.  Lipids are also 

much less complex than protein and DNA, meaning that the methodology required for 

their extraction and identification is more straightforward, and hence, less frequently 

challenged, than methods required for extracting other types of residues.  Lastly, 

because lipids generally provide a low taxonomic specificity, identifying only broad 

classes of organisms (Malainey et al., 1999; Eerkens, 2005), lipid methodologies 

receive less intensive criticism than studies of „high stakes‟ compounds that may 

provide species or even tissue level identifications, such as protein or DNA.   

Protein research has been more critically challenged, as proteins were not 

initially thought to preserve well in archaeological contexts.  Protein residues are subject 

to a host of transformations including hydrolysis of peptide bonds, deamination, Maillard 

reactions, denaturation and attack by microorganisms (Barnard et al., 2007).  However, 

identifiable peptide sequences have been successfully recovered from a number of 

ancient contexts, including from a fossil hadrosaur, Brachylophosaurus spp. bone dated 

to over 80 million years old (Schweizter et al., 2008).  In comparison, archaeological 

ceramics seem to be ideal candidates for protein preservation due to their relatively 

young age.  Additionally, despite the modifications that take place during exposure to 

heat, cooking is thought to enhance the survivability of proteins by inhibiting micro-

organisms that would otherwise consume protein residues (Barnard et al., 2007).  

Nevertheless, this claim has not been well-evaluated in archaeological materials (but 
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see Craig et al., 2000; Solazzo et al., 2008), reaffirming the need for controlled 

laboratory experimentation.  

Major problems with the study of archaeological protein residues are related to 

protein extraction, which is hindered by a complex interplay of forces, including 

hydrophobic interactions, hydrogen bonding, ionic and Van der Waals forces, that binds 

protein to ceramic makes extraction incredibly difficult (Craig and Collins, 2000, 2002) 

(Table 1, Figure 2).  

 

 

Name 
Cation 

Exchange 
Anion 

Exchange 

Water Bridge 
and Ion-
dipole 

Van der Waal 
bonds 

Hydrophobic 
interactions 

Description 

Electrostatic. 
Positively 
charged 

regions of 
protein bind to 

negatively 
charged 
surfaces. 

Electrostatic. 
Negatively 
charged 

regions of 
protein bind to 

positively 
charged 
surfaces. 

Short range. 
Exchangable 

cations on 
mineral 
surface 

interact with 
organics via 
ion-dipoles 

and hydrogen 
bonding. 

Short range, 
close proximity 
Van der Waals 

interactions. 

Short range. 
Proteins form 
hydrophobic 

interactions with 
organics. 

Participating 
Surfaces 

Negatively 
charged 

regions of clay 
surfaces. 

Postively 
charged 
regions, 

usually crystal 
edges, of clay 

minerals. 

All clay 
minerals. 

Any mineral 
surface. 

Any mineral 
surface rich in 

organics. 

Participating 
Protein 
Regions 

Positively 
charged amino 

groups. 

Negatively 
charged 
carboxyl 
groups. 

Diverse range 
of functional 

groups. 

Diverse range 
of functional 

groups. 

Hydrophobic 
regions of 

protein/peptides. 

 

However, despite the recognition that these interactions play a significant role, a 

standardized, widely-accepted methodology for challenging them is still lacking.  For 

example, the techniques employed by Evershed and Tuross (1996), Craig and Collins 

(2000, 2002) and Solazzo et al. (2008) differ in both extraction and analysis methods, 

Table 1 
Chemical processes involved in protein-ceramic interaction. Reproduced from Craig and Collins (2002). 
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with Evershed and Tuross employing amino acid hydrolysis via hydrochloric acid, Craig 

and Collins using a range of solvents combined with immunoassay, and Solazzo et al. 

using trifluoroacetic acid solvent combined with a LC-MS based approach.  Considering 

the variable degrees of success and different types of data reported in these studies, it 

is difficult to gauge which extraction technique is the most appropriate. 

 

 

 

 

 

In addition to the previous examples, several other reports/syntheses have 

employed a variety of methods for protein extraction.  As reported by Marlar et al. 

(2000), Craig and Collins (2002), Barnard et al. (2007) and Solazzo et al. (2008), 

solutions of Milli-Q (MQ) water, aqueous ammonia, urea, guanidine hydrochloride, 

sodium dodecyl sulfate (SDS), phosphate buffered saline, di-potassium 

ethylenediaminetetra acetic acid (EDTA), tris-(hydroxymethyl)-aminomethane 

Fig. 2. Conceptual model of protein-ceramic interaction.  Electrostatic attraction and/or Van der Waals 
forces result in „piggybacking‟ of proteins on bound proteins or other organic molecues (A).  
Electrostatic attraction between proteins and clay surfaces binds proteins (B). Physical entrapment, 
possibly fostered by hydrophobic interactions, sequesters proteins within pore spaces of ceramic 
matrices (C).   
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hydrochloride (tris-HCl), trifluoroacetic acid (TFA) and hydrofluoric acid (HF) have all 

been employed to extract protein residues from ceramic and/or lithic matrices.  

Temperature control, sonication and/or agitation have also been used to facilitate the 

extraction process (Craig and Collins 2000, 2002; Barnard et al., 2007; Solazzo et al., 

2008).   

Quantitative information regarding the success of these methods has generally 

not been reported, with the exception of Craig and Collins (2002), who report an 

observed yield totaling only 8% of the theoretical yield of surface-sorbed protein in 

experimentally-spiked pottery.  When the total quantity of protein, including both surface 

and interior-bound residue, is considered, this value represents less than .0025% 

recovery.  Although this amount seems meager, there is no way to gauge whether or 

not this result can be considered a success due to the lack of any comparable 

quantitative information. 

  Qualitatively, extraction success in experimentally produced pottery has been 

reported for solvents including guanidine-HCl (Craig and Collins, 2002), urea (Craig and 

Collins, 2002), SDS (Craig and Collins, 2002), SDS and tris-HCl (Barnard et al., 2007), 

TFA (Solazzo et al., 2008), and HF (Craig et al., 2000, 2005; Craig and Collins, 2000) 

using either enzyme-linked immunosorbent assay (ELISA) (Craig and Collins, 2002), 

digestion and capture immunoassay (DACIA) (Craig and Collins, 2000; Craig et al., 

2000, 2005) LC-MS/MS (Barnard et al., 2007) or liquid-chromatography Fourier 

transform ion cyclotron resonance mass spectrometry (LC-FT-ICRMS) (Solazzo et al., 

2008) for identification (Table 2).  Heaton et al. (2009), have also demonstrated success 

using desorption electrospray ionisation mass spectrometry (DESI-MS), although this 
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technique is currently only applicable to surface-bound residues.  Success with 

archaeological samples has been reported by Craig et al. (2000), Marlar et al. (2000), 

and Solazzo et al. (2008), but these results have not been independently verified and all 

but Solazzo et al. (2008) and Heaton et al. (2009) rely on the use of immunoassay, a 

technology that suffers from problems of cross-reactivity, hindered or no response due 

to protein denaturation and, as previously discussed, the need for a priori knowledge of 

target proteins so that appropriate, and potentially expensive, antibodies can be 

obtained or produced. 

 

 

Solution Detection Reference 

Guanidine-HCl ELISA Craig and Collins (2002) 

Urea ELISA Craig and Collins (2002) 

Sodium Dodecyl Sulfate ELISA Craig and Collins (2002) 

SDS and Tris-HCl LC-MS/MS Barnard et al. (2007) 

Trifluoroacetic acid LC-FT-ICRMS Solazzo et al. (2008) 

Hydrofluoric acid DACIA 
Craig and Collins, 2000; 
Craig et al. (2000, 2005) 

 

Proteomics-based approaches may offer an advantage to immunological 

methods in that they do not rely on problematic antibody-antigen reactions and do not 

require the same degree of a priori knowledge.  Instead, proteins are identified via the 

use of mass spectrometry.  Using this strategy, proteins are extracted from the sample 

using a variety of suitable solutions and/or physical parameters.  If samples are 

Table 2 
Summary of successful extractions in experimentally-produced ceramic according to extraction solution 
and detection method employed. 
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sufficiently complex, 1-D or 2-D gel electrophoresis may be used to separate the 

sample into individual protein/peptide components based on size and/or iso-electric 

point (Barnard et al., 2007).  Protein-cleaving agents, such as the enzyme trypsin, are 

then used to break the protein at characteristic points, producing peptides, which are 

subsequently identified and sourced to particular taxa via high pressure liquid 

chromatography-mass spectrometry (HPLC-MS).  In this case, individual peptides within 

a sample are first separated based on their chemical characteristics using HPLC. 

Samples, dissolved in solution, are passed through a narrow capillary tube that is lined 

with a coating that has affinity for certain substrates (e. g. non-polar compounds).  

Those compounds with a greater affinity for the substrate than the solution are retained, 

while those which have greater affinity for the solution move rapidly through the column.  

By changing the composition of solvent over time, it is possible to selectively elute 

compounds so that they can be individually analyzed via mass spectrometry (Pollard et 

al., 2007). 

Mass spectrometry is based on the characteristic fragmentation patterns of 

different types of compounds, which can be used to distinguish between them.  In this 

technique, samples are first broken down into ionic fragments via one of several 

methods.  Electrospray ionization (ESI), for example, sprays samples suspended in 

solvent through a small tube with a charged tip.  As the sample exits the tube, it is 

converted to an aerosol, which is bombarded with an inert gas that promotes rapid 

desolvation and, in a process known as coulombic explosion, the sample constituents 

are broken into smaller ionic fragments.  Subsequently, these fragments, each of which 

has a unique mass to charge (m/z) ratio, are passed through a chamber that has a 
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magnetic and/or electrostatic field.  By modulating the electrostatic field, it is possible to 

selectively allow only specific m/z ratios to pass, thus providing an effective means of 

detecting which compounds, in this case peptides, are present in the sample (Pollard et 

al., 2007).  The results, consisting of a list of observed m/z ratios, are compared to one 

of several online databases, such as SwissProt, or to previously analyzed reference 

standards, in order to assign the samples to a particular origin, e. g. „bovine serum 

albumin.‟  

The real advantage of this strategy, in comparison to immunological techniques, 

is that it readily provides confidence estimates for successful identification.  Probability-

based scores, such as a MOWSE probability score, can be generated and used to 

gauge the statistical likelihood of a real versus chance match of MS results to a 

particular origin (see http://www.matrixscience.com/ ). 

On the other hand, the disadvantages of this technique include the affordability of 

equipment, the degree of pre-treatment necessary in order to process samples, and the 

difficulty in accounting for diagenetic changes in protein composition that complicate 

taxonomic assignment.  To some degree, these challenges, combined with the relative 

novelty of this strategy, may explain the shortage of successful archaeological 

proteomic studies reported in the literature.  However, the successes reported for 

paleontological samples, including Asara et al. (2007), Asara et al. (2008) and 

Schweitzer et al. (2009), lend credence to the plausibility and reliability of this technique, 

as do the archaeological results reported by Craig et al. (2000) and Solazzo et al. 

(2008).  Though no major successes, aside from Craig et al. (2000, 2005), Solazzo et 

al. (2008) and Heaton et al. (2009), have been reported for archaeological ceramics as 

http://www.matrixscience.com/
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of yet, the „Round-robin‟ blind-test study of experimentally-produced ceramic reported 

by Barnard et al. (2007) includes the successful identification of milk from Camelus 

dromedarius, albeit only after the identity of the sample was revealed.  Further, 

proteomics has been used to identify paint binder composition in Renaissance-era 

paintings for the purposes of analysis, restoration and/or replication (Tokarski et al., 

2006).  Although the proteins identified in this case are taken from a unique 

preservation context that is free from the same confounding factors seen in 

archaeological ceramics, e. g. repeated exposure to moisture, sunlight or bacteria, their 

successful analysis provides further evidence that the pursuit of ancient residues is both 

possible and rewarding.  Given the results of these studies, which cover a limited but 

diverse array of contexts, it is clear that additional effort is needed in order to ascertain 

the limits of a proteomics-based method for archaeological ceramic protein analysis and 

establish a standardized technique that can be tested on a variety of ceramic samples 

of differing composition from a diverse array of archaeological contexts. 

 

Problem Statement 

Summarized, there are two major problems that must be evaluated before 

archaeological protein residue analysis results can be accepted as valid lines of 

evidence. (1) Protein-ceramic interactions are poorly understood and, as mentioned 

before, the very notion that proteins bind to ceramic matrices is still debated. (2) A 

systematic evaluation of the variety of extraction methods is lacking (but see Craig and 

Collins, 2002; Barnard et al., 2007).  Addressing these problems has proved to be a 

challenging task due to the fact that the processes behind the sorption and extraction of 
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proteins are obviously linked; without understanding how, and in what quantities, 

proteins sorb to ceramic, it becomes difficult to judge whether extraction methods fail 

due to their unsuitability for extraction, as suggested by Craig and Collins (2002) or 

whether protein simply did not sorb in the first place, as concluded by Evershed and 

Tuross (1996).   

  Craig and Collins (2002) present evidence that proteins do adhere to ceramic.  

In their experiment, crushed ceramic was cooked with a BSA solution for one week at 

85oC, washed twice with 100 mL of MQ water, and then evaluated for TOC content in 

order to confirm binding.  The ceramic was then extracted with urea, guanidine-HCl, 

Ammonia, SDS, phosphate buffered saline (PBS), EDTA or water extraction solvents at 

4oC.  Resulting solutions were dialysed to remove extraction reagent and then tested 

using enzyme-linked immunosorbent assay (ELISA) to determine the effectiveness of 

extraction.  Quantitative results were achieved via spectrometric assay but primarily by 

comparing observed immunological response across a range of antibody concentrations 

to the response in BSA standard solutions across the same range.  Despite the 

important conclusion of this study that proteins sorb to ceramic and are capable of being 

detected via ELISA, it is limited by a cursory discussion of washing procedure that does 

not describe how the ceramic was determined to be clean of any unbound protein.  In 

other words, are two washes of 100 mL of MQ water enough to remove all unbound 

protein and thereby ensure that only bound protein is actually measured via TOC 

analysis?   

On the other hand, accepting the results presented by Evershed and Tuross 

(1996), who question the binding and preservation of significant quantities of protein in 
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ceramic artifacts, requires one to accept the assumption that the extraction method 

used was appropriate.  Specifically, although they do demonstrate that a pH 2 buffer or 

3N HCl solution is effective at removing spiked amino acids from experimentally-

prepared ceramic, they do not consider whether this technique is appropriate for 

experimentally prepared or archaeological pottery potentially containing intact proteins, 

peptides and a host of other compounds, such as lipids, that may interfere with the 

action of the extraction solutions.  Further, although they conclude that only highly 

degraded collagen peptides are possibly present in their archaeological samples, this 

does not rule out the possibility that other samples from different contexts may contain 

residues that are better preserved.  Considering the amount of effort involved in 

conducting extractions following Evershed and Tuross (1996) protocols, the simpler 

methods presented by Craig and Collins (2002), specifically TOC of experimentally 

produced ceramic samples, seem more appropriate for the evaluation of ceramic-

protein binding.  

 

Total Organic Carbon Analysis 

The quantification of carbon in organic samples can be traced to at least the 

early 19th century, when various techniques were used to glean information about the 

basic composition of compounds produced by plants and animals (e.g. Ure, 1822).  

Modern carbon quantification has its‟ roots in the 1960‟s, when VanHall et al. (1963) 

developed a methodology designed for quantifying total carbon (TC) in aqueous 

samples.  Simply put, this methodology involves the combustion of a sample in an 

oxygen rich, carbon dioxide-purged environment, resulting in the production of carbon 
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dioxide from any inorganic and/or organic sources present.  The carbon dioxide is then 

quantified by an analyzer based on its absorbance of infrared light, with the resulting 

measure reflecting the quantity of TC present in the original sample.  

Expanding on this methodology, Emery et al. (1971) pointed out that a simple 

procedural modification could be utilized in order to more accurately distinguish 

between the types of carbon present in aqueous samples.  Specifically, they suggested 

that the quantification of TOC, as opposed to TC, could be achieved by first acidifying 

samples.  This step results in the conversion of inorganic carbon sources (e. g. 

carbonate, bicarbonate) into carbon dioxide, which can then be purged prior to further 

analysis.  As Emery et al. discuss, this technique has important uses in the field of water 

quality management, as it can be used to assess the quality of water sources and 

explain trends in biological oxygen demand.  Later, this TOC technique was further 

expanded to include assessments of carbon content in soils (e.g. Liski and Westman, 

1995) and, more recently, in archaeological samples (Craig and Collins, 2002).  In 

regards to analysis of organic residues in archaeological artifacts, TOC analysis has 

several important advantages in comparison to other available techniques.  

Most importantly, although TOC does not distinguish between different types of 

organic residues, its minimal requirements make it ideal for screening ceramic samples 

for the presence of organics, thereby allowing the archaeologist to identify which 

sherds, and which portions of sherds, contain the most residue and are thus good 

candidates for further testing using more expensive and tedious methods.  Additionally, 

TOC equipment is relatively inexpensive compared to other laboratory equipment such 

as a gas chromatograph-mass spectrometer (GC-MS).  A well-maintained TOC boat 
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sampler/detector is easy to use and requires very little maintenance in terms of both 

labor and financial costs.  TOC equipment is also common-place in most environmental 

science labs and at universities in general, as it is frequently used for soil and water 

quality analyses, thus allowing for interdisciplinary cooperation and/or cost sharing.   

The  generation of TOC results is rapid (Reeve, 2002) and, in the case of 

archaeological samples, requires minimal labor compared to other techniques, with 

approximately fifteen minutes devoted to sample preparation followed by overnight 

treatment in a drying oven (or alternatively, lyophilization), and fifteen minutes or less of 

running time on the TOC unit.  A properly calibrated TOC unit is highly sensitive, 

capable of detecting organic residues at the μg level and yields reproducible results 

(Reeve, 2002: 55).  Current experiments examining total organic carbon content of both 

experimentally-spiked and archaeological ceramics (reported in Chapter 3) suggest that 

an adequate ceramic sample size for evaluating organic residue content is only 10 to 50 

mg of material, a significant reduction as compared to the quantities typically reported 

for residue analysis (250 – 10,000 mg) (see Solazzo et al., 2008; Barnard et al., 2007; 

Eerkens, 2005) (but also see Heaton et al., 2009).   

Lastly, TOC equipment is easy to use and therefore provides a valuable 

opportunity for students and archaeologists to participate in archaeological chemistry.  

In turn, this will likely strengthen the collaboration between archaeologists and chemists, 

expanding the tools available to the archaeologist and fostering interdisciplinary study. 
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Experimental Approach 

In order to address the two major problems described in the previous sections, 

namely the analysis of both protein-ceramic binding and effective extraction strategies, I 

conducted a two part experiment that is designed to address the sorbtion, extraction 

and identification of proteins in experimentally prepared ceramic samples.  In the first 

part of the experiment, four different proteins, all obtained from Sigma-Aldrich (St. Louis, 

MO, USA) were spiked onto crushed ceramic.  These included bovine serum albumin 

(BSA, product number A2153-50G), bovine collagen (COL, product number C9879-5G), 

horse myoglobin (MYO, product number M0630-1G), and bovine casein (CAS, product 

number C3400-500G), as well as an equal parts mixture of all four proteins (MIX).  The 

spiked ceramic was then washed repeatedly and dried under heat in order to mimic the 

effects of weathering and remove any unbound protein.  Successful removal of unbound 

protein was confirmed via a Bradford assay of washings, and any positive tests resulted 

in additional rounds of washing until the supernatant was demonstrated to be free of 

significant quantities of protein.  The remaining ceramic was then assayed for protein 

content using TOC so that a quantitative evaluation of protein-ceramic binding 

tendencies could be made.  In each case, method blanks (unspiked, washed ceramic) 

were included to evaluate sources of interference or background contamination.  In 

addition to providing information about the quantities of protein sorbed to experimentally 

produced ceramic, this phase of the experiment also served as a test to determine 

whether TOC, a relatively inexpensive method, can be used as a sample screening 

method in order to minimize the costs associated with protein residue analysis. 
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In the second part of the experiment, spiked samples were subjected to a variety 

of extraction procedures, including the application of several different solvent and 

physical parameter combinations.  Specifically, solutions of MQ water, SDS, EDTA, 

urea, FA, TFA and HF were compared across parameters of time, heat, pressure, 

sonication and microwave energy.  Most of these have been previously reported in 

some capacity but have not been integrated into a single, holistic study.  In each case, 

spectrophometric protein assays, either UV (λ260, λ280, λ320) or Bradford (λ595) 

assays, were used to evaluate extraction efficiency, which was calculated by comparing 

post-extraction assay results with observed protein loading estimates derived from TOC 

analysis.  TOC analysis was also used to ascertain the amount of residue on post-

extraction pottery so that mass balance could be verified.  Lastly, quantitatively 

successful protein extractions were subjected to a conventional overnight in-solution 

trypsin digestion and then evaluated using LC-MS in order to confirm qualitative 

success.   
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CHAPTER 3 

 BINDING EVALUATION 

 

Problem Statement 

As previously described, the goal of this chapter is to evaluate the propensity for 

protein-ceramic binding interactions that theoretically result in the enhanced 

preservation of protein residues in archaeological ceramics.  Despite attempts to 

address this topic via the examination of experimentally-produced as well as 

archaeological ceramics (Evershed and Tuross, 1996; Craig and Collins, 2002), 

consensus is lacking regarding the specific nature of ceramic-protein binding and, most 

importantly, the quantities in which proteins can be expected to sorb to ceramic 

surfaces and/or interiors.  As a result, the analysis of archaeological protein residues 

has received less attention relative to other compounds such as lipids, alkaloids or 

DNA. 

Craig and Collins (2002), in their study of experimentally-produced, protein-

spiked ceramic, report a sorbed protein content of 32 mg g-1 ceramic, as determined 

from total organic carbon analysis.  Although they are among the first to present 

quantitative data in an attempt to evaluate the topic of protein-ceramic binding, their 

results are not completely demonstrative due to limitations in quality control reporting.  

Specifically, their reported procedure for washing spiked ceramic fails to account for the 

possibility of ineffective removal of unbound protein.  Without explicitly addressing this 

problem, it is difficult to conclude whether or not their results were valid or simply due to 

contamination in the form of unbound protein remnants.  To deal with this issue, the 
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study presented here employs a modified version of the procedures used in Craig and 

Collins (2002).  In doing so, it demonstrates the need for more stringent evaluations of 

methodology but also confirms Craig and Collins‟ conclusion proteins do bind to ceramic 

in appreciable quantities.  

 

Experimental Approach 

Following Craig and Collins (2002), the experimental approach used here 

involved the cooking of various concentrations of five different protein standards in the 

presence of a ceramic substrate.  Any unbound protein remaining after cooking was 

removed via repeated washing of ceramic samples in MQ water.  Confirmation of the 

successful removal of unbound protein was achieved by the periodic testing of washes 

with a Bradford protein assay in order to determine when all unbound protein residue 

was removed.  By implementing this step, it was possible to conclusively demonstrate 

that any remaining protein was present in a ceramic-bound form, thus eliminating 

concerns about inaccurate quantitative results.  This assertion is supported by the 

extraction results (see Chapter 4). 

Quantification of bound protein was subsequently attained by drying the washed 

ceramic, treating it with phosphoric acid to remove inorganic carbon, and testing it with 

total organic carbon analysis (Fig. 3).  This method works based on the premise that 

organic compounds, when burned, produce carbon dioxide (CO2), which can be 

quantified using an infrared absorbance detector.  Because proteins are organic 

compounds containing approximately 50% carbon, simple calculations were used to 

infer the amount of protein present in samples based on their yield of organic carbon. 
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Methods 

 Fired ceramic bisquware tiles were pulverized using a mortar and pestle, ground 

to a finer consistency in a commercial coffee grinder and then passed through a screen 

to standardize particle size (see Figure 4 for a summarized flowchart of the experiment).  

Deviating from Craig and Collins (2002), the particle size cutoff used here was 710 

rather than 250 µm.  This was thought to be a slightly more realistic model, as a 

reduction in exposed surface area more accurately reflects the limited surface area 

present in intact ceramic vessels.  

 To each sample (40 g) of ground ceramic, 20, 100 or 1000 mg of protein 

standard was added along with 200 mL of MQ water and agitated for two minutes to 

promote protein dissolution.  Five different protein spikes were used: bovine serum 

albumin (BSA), bovine casein (CAS), bovine collagen (COL), equine myoglobin (MYO) 

Fig. 3. Total organic carbon analysis. Oxygen (A) flushes the system. Sample is placed on a sliding 
platinum boat in a glass tube (B). The boat slides into an oven (C), where organics are combusted. An 
infrared carbon dioxide detector (D) measures the amount of carbon dioxide generated. Values are 
relayed to a computer (E), which displays the quantity of organic carbon detected. 
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and an equal parts mixture of each protein (MIX).  In addition, a method blank 

consisting of ceramic and MQ water only was prepared in order to evaluate background 

organic carbon levels.  Following the initial round of binding experiments, 2000 mg 

spikes were prepared for BSA and MYO in order to better evaluate protein saturation 

limits. 

 Samples were transferred to amber glass jars sealed with Teflon-lined screw-top 

lids and placed in an oven at 85oC for five days total.  Each sample was removed once 

per day and vigorously agitated for two minutes in order to ensure maximum ceramic 

exposure and protein dissolution.  After the fifth day, each sample was transferred into a 

total of four clear glass conical 50 mL centrifuge tubes with Teflon-lined caps.  Tubes 

were centrifuged for 10 minutes at 3,000 RPM to separate ceramic from the protein 

solution.  The supernatant was decanted and replaced with approximately 30 mL of MQ 

water to wash away unbound protein.  Samples were then vortexed for two minutes, 

centrifuged and decanted as before.  This washing process was repeated a minimum of 

five times per tube. 

After the fifth wash, a sixth wash was conducted with a minimal amount of MQ 

water (approximately 5 mL).  A 50 µL sample of this wash was mixed with 1.5 mL of 

Bradford reagent and 50 µL of 1 M NaOH solution in a 3 mL glass test tube, briefly 

vortexed, and then allowed to sit for 5 minutes at room temperature.  A blank reference 

sample, using the aforementioned formula with 50 µL of MQ water in place of the wash 

solution, was used to zero a spectrophotometer at λ595.  Wash samples were 

evaluated against this, and any with an absorbance greater than .01 were considered to 

contain remnant protein.  Although a .01 absorbance is well below the linear range of a 



  

28 
 

Bradford assay, this value was determined to be a minimum detection limit and was 

therefore used to evaluate whether or not wash samples were free of unbound protein.  

The number of washes required to obtain a „clean‟ Bradford assay varied by sample, but 

was typically in the range of 6-10 washes.  

Following the wash procedure, ceramic was dried in an oven at 103oC until no 

weight change was observed (minimum 24 hours).  Subsamples were then placed on 

watch glasses and mixed with 85% phosphoric acid (H3PO4) at a ratio of 100 mg 

ceramic: 40 µL H3PO4.  Thorough mixing was verified through slight color change, and 

samples were placed back in a 103oC oven for 24 hours to drive off inorganic carbon.  

Afterwards, they were lyophilized and stored in a dessicator.  The room where 

experiments were conducted was also outfitted with a dehumidifier to keep ambient 

humidity at ~40% or lower, thus minimizing the amount of airborne moisture absorbed 

by the clay, ensuring that subsequent weighing would be accurate.  

A Rosemount Dohrmann model 183 boat sampler coupled to a Phoenix 8000 

analyzer were used to evaluate samples of each ceramic spike prepared.  The oven 

was maintained at 800oC and oxygen flow rates were kept at 90 cc/minute.  A 

calibration curve using a 1000 ppm organic carbon standard was performed prior to 

testing to ensure accuracy and sensitivity of the instrument.  A 10 mg sample size was 

determined to be adequate for the 1000 and 2000 mg spike levels, while a 25 mg and 

50 mg sample was deemed to be appropriate for the 100 and 20 mg protein-spiked 

samples, respectively, based on the lower quantity of organic carbon observed in these 

samples.      
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 For each protein spike type/quantity, a total of 5 replicates were tested for total 

organic carbon.  A total of 25 blank samples, ranging in size from 10 to 50 mg ceramic, 

were also tested so that background organic carbon levels could be determined.  

Standardized sorption results were calculated by dividing the total µg of organic carbon 

observed per sample by the mass of ceramic (mg) tested.      

 

Results 

 The results of TOC testing can be seen in Table 3 (see Appendix B for expanded 

results).  Blank samples consistently yielded the lowest levels of organic carbon, 0.064 

+/- .012 µg carbon/ mg ceramic.  The values for all spiked samples ranged from roughly 

Fig. 4. Protein binding experiment flowchart. Preparation (blue), binding (green) and TOC 
preparation/analysis (red) steps are shown. 
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twice as high (20 mg spikes) to two orders of magnitude (2000 mg spikes) greater than 

blanks.  For all spiked samples, the coefficient of variation (CV) was less than 20%.  

 

Discussion 

 The goal of this portion of the experiment was to quantitatively evaluate the 

possibility for ceramic-protein binding.  The results demonstrate that protein is capable 

of binding to ceramic matrices, presumably via non-covalent forces that, in concert, hold 

proteins in place despite exposure to room temperature water.  An alternate or 

complementary explanation is that protein becomes trapped within pore spaces of the 

ceramic matrix, which may be 1 µm in diameter or smaller, and is subsequently difficult 

to remove.  This possibility is further evaluated in Chapters 4 and 5.  

The data presented here mirror those reported by Craig and Collins (2002), who 

evaluated BSA only.  However, the quantity of sorbed protein observed in a comparable 

spike (1 g BSA) is 5.9 µg BSA mg-1 ceramic, roughly six times less than the value 

reported by Craig and Collins.  There are several possible explanations for this 

discrepancy.  The first is that the decrease in surface area to volume ratio for the 

ceramic employed in this study is reflected by an overall decrease in its ability to bind 

protein.  This would indicate that the majority of bound protein is located near exposed 

surfaces and, following this, that the preservation of proteins in archaeological pottery is 

not based on their sequestration within the ceramic matrix.  On the other hand, this also 

suggests the appropriateness of in situ analysis methods of surface-bound residues, 

such as desorption electrospray ionization mass spectrometry (DESI-MS), sensu 

Heaton et al. (2009).  Alternatively, this result may be explained by the washing 
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procedure used in the study reported here, which used comparable volumes of water to 

Craig and Collins (2002) but may have been more efficient due to the use of more 

washes at lower volumes with vigorous agitation.  Lastly, the observed differences may 

simply be due to variation in clay types or the slight decrease in cooking times used 

here. 

 

 

 

 
BSA CAS COL MYO MIX 

Spike Qty 
(mg) 

     2000 5.39 n/a n/a 3.44 n/a 

1000 3.25 3.25 2.48 2.13 3.34 

100 0.5 0.5 0.51 0.65 0.57 

20 0.2 0.2 0.15 0.13 0.15 

0 0.06 0.06 0.06 0.06 0.06 

 

 

Variability in composition across proteins seems to play a role in their ability to 

bind, as evidenced by the different TOC quantities across protein types.  At low spike 

quantities, there are discrepancies in terms of which proteins bind in greatest quantity.  

This is most likely due to a lack of instrument accuracy when quantifying very low levels 

of organic carbon.  At higher spike quantities, however, clear patterns for binding 

emerge, with BSA and CAS binding in much higher quantities than COL or MYO.  The 

mixed sample binds in quantities roughly comparable to BSA and CAS, albeit slightly 

higher.  Simple differences in hydrophobicity across protein types are not enough to  

 

Table 3 
Summary results of TOC analysis by spike quantity and protein type. Values are reported as average 
µg carbon per mg ceramic. Blanks (0 mg spikes) (n=25) are considerably lower than all protein spikes 
(n=5 for each protein). TOC for 2000 mg spikes was only performed for BSA and MYO.  
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explain this tendency; BSA and MYO are hydrophilic while CAS and COL are relatively 

hydrophobic.  However, other differences, such as the number and orientation of 

positively charged amino acid groups, the shape of the intact protein molecule, and/or 

the susceptibility of each protein type to denaturation when exposed to heat are likely to 

play a role.  Further, the „piggybacking‟ effect, whereby one protein is bound to another 

via the aforementioned non-covalent interactions, is also likely to quantitatively differ 

based on protein type(s).  Although a detailed examination of the exact roles of these 

factors is beyond the scope of the current work, the variable success of extraction 

protocols presented in Chapter 4 provides some insight and, at very least, identifies 

which factors are likely to play the major role in protein binding. 

 In concert, the data obtained from cooking experiments suggest the feasibility of 

protein binding and preservation in the context of archaeological samples.  The 

successes reported by Solazzo et al. (2008), Craig et al. (2000, 2005) and Heaton et al. 

(2009) support this interpretation but do not necessarily demonstrate which techniques 

are likely to result in the maximum qualitative and quantitative efficiency.  In the next 

chapter, I evaluate a variety of extraction methods in order to gain a better 

understanding of protein-ceramic binding and explore methods for enhancing protein 

recovery from ceramic artifacts, with the ultimate goal of providing suggestions for the 

development of a standardized protocol for the study of archaeological protein residues.     
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CHAPTER 4 

 EXTRACTION 

 

Problem Statement 

 Having demonstrated in Chapter 3 that protein is strongly bound to ceramic 

under the described conditions, the next question is how to effectively extract protein so 

that it can be analyzed and identified.  To date, there are only a few studies reporting 

the successful extraction and identification of protein from archaeologically relevant 

ceramic samples.  Of these, three, (Craig and Collins, 2000, 2002; Barnard et al., 2007) 

are limited to experimentally-produced or ethnographic pottery samples.  One, Marlar et 

al. (2000), has been received with a great deal of skepticism due to the controversial 

conclusions reached as well a lack of confidence in the methods that were employed 

(Dongoske et al., 2000).  The others, Craig et al. (2000, 2005), Solazzo et al. (2008) 

and Heaton et al. (2009) can be accepted as successes with archaeological samples 

but have not been independently verified.  With the exception of Craig and Collins 

(2002), none report quantitative data for the success of extraction strategies used.  

Without such data, it is difficult to draw conclusions regarding the validity of results.  

 In this chapter, a quantitative comparison of extraction success is made for a 

variety of solvent and physical parameters in order to develop an optimized extraction 

protocol.  The establishment of such a method benefits archaeological researchers by 

enabling cross-artifact, cross-site comparisons to be made in terms of not only quality, 

but quantity of protein recovered.  In turn, this information provides stronger interpretive 

power by allowing the archaeologist to better distinguish between actual residues and 
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background contamination.  Upon further optimization, it may even provide information 

about the intensity of artifact use in regards to particular taxa rather than serve as a 

simple measure of presence/absence.  

 

Experimental Design 

 Restated, the goal of this portion of the experiment is to develop an optimized 

extraction methodology for the removal of proteins bound to ceramic in experimentally 

prepared samples (see Chapter 3 for sample production methods).  In this phase, only 

the 1 g BSA (1 g BSA, 40 g ceramic, 200 mL MQ water) spiked samples were used due 

to the constraints of time and the desire to obtain results that are comparable to 

previously reported experiments that used BSA (e. g. Craig and Collins, 2002).  

 To attain this goal, a „shotgun‟ approach was developed in order to compare a 

variety of chemical (7) and physical (11) parameters (Tables 4 and 5).  A total of seven 

different aqueous solvents, including MQ water, 2% (w/v) sodium dodecyl sulfate (SDS), 

2% (w/v) Disodium ethylenediaminetetraacetic acid (EDTA), 4M urea, 4% (w/v) 

hydrofluoric acid (HF), 2% (v/v) trifluoroacetic acid (TFA) and 18% (v/v) formic acid (FA) 

were evaluated against physical variables including temperature, microwave energy, 

ultrasonic energy, pressure, and time.  Reagents were obtained from Sigma-Aldrich (St. 

Louis, MO).  All solvents were chosen based on their use in previous experiments (see 

Craig and Collins, 2000, 2002; Craig et al. 2000, 2005; Barnard et al., 2007; Solazzo et 

al., 2008) with the exception of FA, which was chosen based on Li et al. (2001), who 

report the successful cleavage of BSA at aspartyl groups via the use of FA under 

pressure at 108oC and pH 2.0.  This FA strategy was thought to combine the extraction 
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capabilities of TFA (see Solazzo et al., 2008) with an in situ cleavage reaction that 

would eliminate the need for enzymatic digestion prior to subsequent analysis methods, 

e. g. 2D gel electrophoresis, LC-MS.  Further, the cleavage of BSA into smaller 

fragments was hypothesized to statistically increase the likelihood of peptide release 

from the ceramic substrate; larger peptides have a greater number of bonds that would 

have to be simultaneously challenged in order to allow the peptide to „let go‟ of the 

ceramic matrix.  

 

 

 

 

 

 

Table 4 
Chemical parameters used in protein extraction. 
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 Similarly, physical parameters were chosen due to their use in previous research 

(Craig and Collins, 2000, 2002; Eerkens, 2002, 2005; Barnard et al. 2007; Solazzo et 

al., 2008; Stevens et al., 2010) for the extraction of protein or other residues.  As 

previously discussed, although several solvent/physical parameter combinations have 

been employed with varying success, a systematic evaluation incorporating the variety 

of suggested parameters has not yet been reported.  The closest attempt to date is 

Craig and Collins (2002), which evaluates several solvent systems but is limited to the 

use of cold temperature (4oC) with gentle agitation (except for SDS, which was tested at 

room temperature to avoid precipitation).  

Table 5 
Physical parameters. Two different exposure limits were used for each parameter. A third parameter, 
„Mid‟ was used for temperature in order to assess extraction effectiveness at room temperature. 
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 In the experiment reported here, 2 sample reps (1 g BSA spiked ceramic) and 1 

blank rep (blank ceramic) were performed for each solvent/physical parameter 

combination, yielding a total of 231 individual samples.  Following extraction, each was 

centrifuged and quantitatively tested via spectrometric assay.  A UV-based (λ260, 280, 

320) assay was used for MQ, SDS and urea solutions, while a Bradford assay was used 

for EDTA, HF, TFA, and FA solutions.  For each solvent, a standard curve was run 

using serial dilution of a BSA standard (see appendix C).  Each resulted in an r2 value 

greater of .99 or greater.  

 Extraction success was calculated as (R/T) x 100, where R equals the observed 

quantity of protein recovered, as indicated by solvent-specific standard curve, and T 

equals the theoretical amount of protein possible to recover, as determined from total 

organic carbon content reported in Chapter 3.  

 

Methods 

 For each sample, a ceramic:solvent mix was prepared according to the ratios 

reported in Table 6.  The ratio for FA samples varies from others due to the desire to 

maintain the pH at 2.0, following the procedure described in Li et al. (2001).  All were 

stored in 7 mL amber glass vials with Teflon-lined caps.  4 % HF, despite being capable 

of corroding silicate matrices such as glass, was not sufficiently concentrated so as to 

interfere with experimentation over short durations of exposure.  However, when 

possible, polycarbonate utensils, e. g. pipettes, cuvettes, were used in favor of glass or 

quartz for all steps involving HF.   
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 In order to test the temperature parameter, each vial was sealed and placed in 

an ice water bath (LOW), kept at room temperature (MID) or heated in a 100oC water 

bath (HIGH) for one hour.  For water baths, the top half of the vial was left exposed to 

prevent water infiltration.  For the HIGH sample, the vial lid was left loose to prevent the 

buildup of pressure.  Although no major changes in solvent level (e. g. > 100 µL) were 

observed due to evaporation, it is possible that some evaporation did occur, which may 

have resulted in slightly higher values for observed protein extraction. 

 Loosened vial lids were also used for the microwave parameter due to the 

possibility of pressure buildup.  In this case, LOW exposure samples were placed in a 

water bath inside a conventional 1000 watt microwave for 10 minutes total at power 

level 1.  Sample temperature was monitored immediately after microwave exposure via 

a mercury thermometer that was cleaned prior to use.  Temperatures were determined 

to remain between 25 and 40oC.  HIGH exposure samples were subjected to a total of 

30 minutes of microwave energy at power level 1, with a temporary rest every 10 

minutes to monitor temperature and replace bath water, if needed, so that temperatures 

remained within the specified range.  As a final, higher intensity exposure, these 

samples were removed from the water bath and microwaved at the highest power 

setting (10) for three intervals of 30 seconds each.  At this stage, sample temperatures 

were observed to exceed 90oC, and although no major changes in solvent level were 

observed, it is likely that a small quantity of sample was lost via evaporation. 

 For ultrasonic energy exposure, samples, with sealed lids, were placed in a 200 

mL room temperature water bath.  A sonic probe was then submerged in the water bath 

and left to run at either 70% (HIGH) or 20% (LOW) intensity for 1 hour total.  Periodic 
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additions of ice cubes as well as gentle stirring of the bath water with a stir rod were 

used to maintain the bath temperature between 25 and 40oC.  However, given the 

nature of sonication, it is possible that temporary „hot spots‟ exceeding these 

temperatures occurred.  

 

 

 

 

To test the effects of pressure, an autoclave was used to generate high pressure, 

high temperature environments.  In order to ensure the exposure of samples to 

adequate pressure and temperature, vial lids were left loose, possibly resulting in subtle 

changes in solvent volume.  HIGH samples were exposed to a 1.05 kg/cm2 atmosphere 

at 120oC for one hour total.  LOW samples were treated at .4 kg/cm2 and 108oC, 

following Li et al. (2001).  

 Lastly, the time parameter was evaluated by sealing samples with their 

respective solvents for either 4 (LOW) or 96 (HIGH) hours at room temperature (~20-

26oC).  From each sample, roughly 1 mL of solvent was transferred to a 1.5 mL 

microcentrifuge tube using a disposable glass pipette and centrifuged for 5 minutes at 

Table 6 
Ceramic:Solvent ratios used in extraction experiments. Formic acid varies due to the need to 
maintain pH 2.0 
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13,000 RPM.  The supernatant was carefully collected, and was either subsampled for a 

Bradford assay or used in full for a UV-based assay, both of which are spectrometric 

techniques that are designed to quantify protein in aqueous samples based on the 

absorbance of certain wavelengths of light.  The observed concentration and sample 

volume was used to determine the total quantity of protein extracted, and this value was 

compared to the theoretical maximum extraction quantity, as determined from total 

organic carbon analysis.  Values were recorded as percent extraction efficiency. 

 

Results 

 Results of the experiment are summarized in Table 7 (expanded results can be 

seen in Appendix D).  Method blanks ranged from -1.38% (HF microwave LOW), 

effectively 0%, to 12.08% (SDS time LOW), with an average value of 2.05 +/- 2.8%, 

effectively 0-5%.  For evaluation purposes, a successful extraction was considered to 

be any sample yielding greater than 40% extraction efficiency.  Successful extractions 

included SDS (HIGH temperature, HIGH microwave, HIGH sonication, LOW/HIGH 

pressure and LOW/HIGH time), urea (HIGH temperature, LOW/HIGH pressure), HF 

(HIGH microwave, HIGH sonication), and TFA (HIGH microwave).  Failed extractions 

included MQ water, EDTA or FA as solvent parameters and LOW temperature, MID 

temperature, LOW microwave, or LOW sonication as physical parameters.  The highest 

efficiency overall was observed for a combination of SDS and high pressure, followed 

closely by SDS and low pressure.  The lowest overall efficiency was observed for a 

combination of FA and 70% sonication.  This result, in particular, is surprising 

considering that FA has already been demonstrated to cleave proteins (Li et al., 2001), 
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which should promote dissociation of peptides from ceramic matrices, and that 

sonication has been succesfully used in several studies to facilitate protein extraction 

(Solazzo et al., 2008).  However, the relatively high concentration of FA used here (18% 

v/v) may hinder extraction efforts by promoting the salting out of peptides.  

 

 

 

 

 

Discussion 

 The goal of this chapter is to evaluate differences in protein recovery from 

experimentally prepared ceramic samples based on variations in solvent and physical 

parameters.  The results demonstrate clear differences between extraction efficiency 

Table 7 
Extraction results. Solvent (rows) versus physical (columns) extraction parameters. Extraction efficiencies 
> 40% listed in bold print.  
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depending on the extraction protocol employed.  These results have implications for the 

studies that have been conducted to date and shed light on the nature of protein 

ceramic interaction.  

 MQ water solutions, not surprisingly, were almost completely ineffective at 

removing bound protein, regardless of physical parameter used.  This result is important 

because it demonstrates the possibility for protein to remain bound to ceramic despite 

exposure to water under a variety of circumstances and because it supports the notion 

that unbound protein was successfully removed via the washing procedure used 

(Chapter 3).  The implication of this observation is that archaeological samples are likely 

to retain, and possibly protect, sorbed proteins. 

The combination of SDS and pressure appears to be the most effective 

methodology for protein extraction, outperforming other parameter combinations by 

roughly 20% or more.  This is surprising considering that only limited success has been 

reported for SDS in the past (Craig and Collins, 2002).  However, the success observed 

here is likely due to the addition of heat and pressure.  Craig and Collins (2002) 

intentionally kept samples cool and at atmospheric pressure because they needed to 

minimize protein denaturation and thereby ensure reactivity in an immunoasay.  This 

likely detracted from their extraction efficiency, as evidenced by the drastic increase in 

efficiency observed when SDS (or other solvents) and heat/pressure were used in the 

experiment presented here.  In addition, because their estimates for extraction 

efficiency were calculated based on immunological response, not total protein content 

extracted, Craig and Collins (2002) may have underestimated their observed yields.  

Lastly, because immunoassay can be hindered due to protein denaturation, the use of 
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SDS was likely detrimental due to its ability to disrupt secondary, tertiary and quaternary 

protein structure.  It should be noted, however, that SDS may present difficulties when 

other compounds, particularly lipids are present (Solazzo et al., 2008) due to its ability 

to draw a wide range of organics into solution.  In this case, additional cleanup steps, 

such as the use of detergent removal cartridges, may be necessary in order to isolate 

target analytes.  

 The success of SDS supports the interpretation that electrostatic attraction, 

specifically cation exchange, is the predominant force involved in the binding of proteins 

to ceramic matrices.  SDS, a surfactant, works by imparting a net negative charge to 

protein molecules; its hydrophobic tail is attracted and binds to the nonpolar regions of 

proteins while its negatively charged head serves to pull the complex into polar 

solutions.  Further, in this case it is hypothesized that the net negative charge serves to 

repel proteins from the surface of the negatively charged ceramic.  In addition, SDS acts 

by disrupting the noncovalent forces (e. g. hydrogen bonds, Van der Waals forces and 

hydrophobic interactions) that are responsible for maintaining protein structure, thereby 

increasing the area of protein exposed to solvent and the likelihood of dissolution 

(Pollard et al., 2007).  

 Like MQ water, EDTA was consistently ineffective at removing bound protein.  As 

a chelating agent, EDTA binds to positively charged (cationic) species.  By binding 

these ions, EDTA may be able to shift the equilibrium of bound versus unbound cations 

and thereby facilitate the release of peptides from the ceramic surface.  Unfortunately, 

either this premise is faulty or, conversely, the abundance of cations associated with 
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clays is too high to be overcome by EDTA.  Despite differences in the physical 

parameters employed, this result mirrors those reported by Craig and Collins (2002).    

 Urea, a reagent commonly used for encouraging protein dissolution, was 

moderately effective when heat and/or pressure were employed.  The success of a urea 

solution relative to water is expected given that it is a superior protein solvent due to the 

structural similarity between urea and the nitrogen/carbon backbone of proteins.  

However, as with SDS, the discrepancy between the results reported by Craig and 

Collins (2002) and those reported here is likely due to the differences in physical 

extraction parameters.  As in Craig and Collins (2002), urea failed to extract appreciable 

quantities of protein when a cold extraction environment was used.  

 The feasibility of using HF for protein extraction is demonstrated by the success 

of this solvent when used with high exposures to microwave and ultrasonic energy, both 

of which serve to enhance the interaction between solvent and substrate by imparting 

vibrational energy to the system.  However, the limitations imposed by HF, including its 

toxicity, its tendency to dissolve glass, the inability to place samples in long term 

storage due to its corrosiveness, and the extra precautions that are generally required 

for its use lead to the conclusion that it is not an optimal extraction solvent when other, 

more user-friendly options are available (but see Craig and Collins, 2002). 

 TFA, when employed in combination with high microwave energy, was 

successful in extracting proteins, confirming the results presented by Solazzo et al. 

(2008).  However, the relatively low yields reported here suggest that Solazzo et al. 

(2008) may have only been successful in extracting only a small fraction (<20%) of the 

protein in their samples because they employed sonication rather than microwave 
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energy.  In addition, Solazzo et al. (2008) note that they were only able to extract 

predominantly hydrophilic peptides.  Considering the low overall extraction efficiency 

that they likely encountered, this may indicate that SDS, or other solutions, may 

enhance results by extracting a greater variety and quantity of residues.  

 Lastly, FA yielded low quantities of protein.  In particular, the combination of FA 

and pressure, following the suggestions of Li et al. (2001), was surprisingly ineffective at 

removing protein (efficiency < 2%).  The reason for this failure is unknown, especially 

considering that other parameters, such as high temperature (efficiency > 25%) were 

more effective.  However, one explanation may be that the change in pH coupled with a 

relatively high concentration (18% v/v) of reagent compared to the others employed 

may have resulted in the precipitation of any removed protein.   

 In sum, these data clearly demonstrate that the choice of extraction methodology 

has major implications for the quantity, and potentially the quality, of recovered protein.  

By maximizing protein yield through careful consideration of extraction protocol, it 

should be possible to minimize the quantity of sample required for testing, thus keeping 

destructive testing to a minimum.  In addition, increased protein yield will enhance the 

capability to identify proteins that are present at very low quantities.  Although further 

testing is needed to evaluate the applicability of these techniques to archaeological 

samples, this study has provided answers to fundamental questions that have 

previously limited the interpretive power of archaeological protein studies.  In the next 

chapter, I present the results of LC-MS analysis that lend support to the interpretations 

presented in Chapters 3 and 4 and further evaluate the potential for protein preservation 

and extraction from ceramic matrices 
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CHAPTER 5  

LC-MS CONFIRMATION 

 

Sample Preparation and LC-MS Justification of Results 

Chapters 3 and 4 demonstrate the sorption of proteins to clay matrices and the 

possibility for their extraction via employment of one of several solvent/physical 

parameter combinations.  However, there is legitimate reason for concern over the 

quality of residues following extraction.  Specifically, do extracted proteins retain their 

original characteristics well enough to be identified with a high degree of confidence?  

Considering that the parameters used here likely result in the denaturation (Solazzo et 

al., 2008) or digestion (Craig and Collins, 2000) of proteins/peptides into potentially 

unrecognizable forms, it was necessary to confirm the quality of extracted residues for 

each of the extraction protocols that were demonstrated in Chapter 4 to be the most 

successful.  This was done by using liquid chromatography – mass spectrometry (LC-

MS, see Chapter 2). 

 There were several challenges that had to be addressed in order to achieve this 

task.  First, potential sources of interference, namely the components of extraction 

solvents such as sodium dodecyl sulfate (SDS), hydrofluoric acid (HF) and formic acid 

(FA), had to be removed in a way that did not further compromise the quality of 

extracted protein residues.  As discussed by Craig and Collins (2002), Barnard et al. 

(2007) and Solazzo et al. (2008), the separation of proteins from surfactant solutions 

such as 2% SDS is a difficult task.  This led them to favor solvents other than SDS for 

the removal of bound proteins.  Although this is understandable given the time 
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limitations and state of knowledge at the time of their research, their conclusion was 

drawn without the knowledge of the results presented in Chapter 4, which suggest that 

SDS, with extraction efficiency in the 90% range, is the most appropriate solvent for 

recovering bound protein.   

Fortunately, the challenge of separating proteins from surfactant solutions has 

recently been addressed via the development of disposable detergent cleanup spin 

columns that are highly efficient at purifying protein from SDS solutions by using a 

combination of proprietary resins.  For this study, Norgen Biotek Proteospin Detergent 

Clean-up micro (Catalog #10200) and macro (Catalog #17100) columns were obtained 

from Norgen Biotek (www.norgenbiotek.com, Thorold, Ontario, Canada) and tested 

using a prepared sample of 125 ppm BSA in 2% SDS and a blank sample of 2% SDS, 

which were processed and then tested via Bradford assay.  In accordance with the 

results reported in the product guide, this experiment confirmed the successful removal 

of SDS from samples, as the blank sample yielded a negligible absorbace (<.01 at λ595) 

while the BSA-spiked sample yielded a 97% efficiency (elution volumes were roughly 

1/3 of the loading volume, resulting in an observed value of 303.08 versus a theoretical 

of 312 ppm).   

Aside from detergents (in the case of SDS), the samples prepared in this study 

were also contaminated with impurities such as FA, urea and, most importantly, salts 

derived from ceramic.  Although the standard curves generated in Chapter 4 

demonstrate that these compounds minimally impact the quantification methods 

employed, the presence of salts, in particular, has the potential to interfere with 

downstream methods and/or damage equipment.  For this reason, desalting cartridges, 

http://www.norgenbiotek.com/
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which separate unbound, low molecular weight compounds, such as ions in solution, 

from higher molecular weight compounds, such as proteins/peptides, were evaluated for 

their ability to purify the extracted protein samples.  Amicon Ultra-4 Centrifugal Filter 

Units with Ultracel-3 membranes (MW cutoff = 3 kD) (Catalog # UFC800324) were 

purchased from the Millipore Company (Billerica, Massachusetts, USA) and, as with 

detergent cleanup columns, tested with prepared solutions of blank ceramic extraction 

solvent spiked with BSA at 125 ppm.  Confirmation of successful salt removal was 

achieved via lyophilization of purified samples, which yielded a large white (salt) pellet 

when cleanup was incomplete.  After repeated experiments, it was determined that the 

successful removal of salts/solvent components requires a total of three desalting 

repititions (~3.5 mL each with a final protein solution volume of ~500 µL).  Purification 

success was confirmed by a lyophilized weight of less than 500 µg (the theoretical 

maximum yield of BSA) with no visible salt present and was further verified by LC-MS 

analysis, as described in the following sections. 

 As discussed in the previous chapters, the use of immunoassay is time/money 

consuming and, more importantly, is of questionable efficacy due to the fact that 

immunoassays require a priori knowledge of target compounds and are not readily 

available for proteins that have been degraded due to taphonomic processes.  Further, 

although immunoassay has been demonstrated to work when protocols similar to those 

employed here are used (Craig and Collins, 2000, 2002), a thorough understanding of 

the potentially detrimental effects of extraction has not been demonstrated.  LC-MS, in 

comparison to immunoassay, requires less a priori knowledge of target proteins and is 

not necessarily hindered by the denaturation or degradation of target proteins.  For 
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these reasons, an LC-MS based approach was used in the study presented here.  This 

approach involved an in-solution trypsin digestion of extracted proteins followed by LC-

MS analysis, with protein identifications achieved by comparison of resulting mass 

spectra to reference databases via the MASCOT (www.matrixscience.com) online 

search engine (see below).  

 

Methods 

 For the experimental extractions presented in Chapter 4, a set of samples 

produced from extractions deemed to be the most successful were selected for further 

analysis.  This set included a total of five samples: SDS (low pressure), urea (low 

pressure), FA (high microwave exposure), TFA (high microwave exposure) and HF 

(high microwave exposure).  Both BSA-spiked ceramic extracts and blank ceramic 

extracts were examined so that any background sources of contamination could be 

factored into analysis.  Because they yielded extraction efficiencies of less than 25%, 

regardless of physical parameter employed, EDTA and MQ water were not further 

evaluated.   

 Urea, FA, TFA and HF extracts were immediately processed following extraction 

by using desalting cartridges.  In each case, the sample was centrifuged for 5 minutes 

at 13,000 RPM to remove suspended solids and the supernatant was transferred into a 

desalting column.  Three mL of fresh MQ water was added to bring the total solution 

volume to ~4 mL, and cartridges were centrifuged at maximum speed (~3,500 RPM) at 

15 minute intervals until the unfiltered volume was reduced to approximately 500 µL.  

This allowed compounds with a smaller molecular weight (e. g. solvents, salts) to pass 

http://www.matrixscience.com/
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through the size exclusion filter while larger compounds (e. g. proteins) were retained 

for analysis.  Typically, a total centrifuge time of ~45 minutes was required to reach this 

point.  Once the volume had been reduced, 3.5 mL of fresh MQ water was again added 

and the process repeated.  In total, the sample was washed with ~10 mL of MQ water.  

 The SDS extract, unlike the other four, required an initial detergent removal step.  

Samples were first centrifuged to remove suspended solids and the supernatant was 

transferred to fresh microcentrifuge vials.  Detergent removal columns were activated 

via centrifugation with a proprietary solution.  During this time, SDS/protein extracts 

were acidified with sample preparation buffer in order to maximize binding potential.  

Each was then transferred into a detergent removal column, which was centrifuged until 

all solution had passed through the pellet.  This step allowed the protein to bind to the 

proprietary resin pellets while SDS and other contaminants flowed through.  Wash 

buffer was added to remove remaining traces of SDS and centrifugation was again used 

to pull solution through the column resin.  Lastly, an elution buffer was added, the 

columns centrifuged and the eluate collected.  To remove any remnant salts, the 

samples were then processed using the desalting procedure described in the preceding 

paragraph. 

 Following detergent and/or salt removal, samples were lyophilized overnight.  If 

not further processed immediately, samples were stored at less than -10o C.  In 

preparation for LC-MS analysis, each was then subjected to a conventional overnight, 

in-solution trypsin digestion, which served to break intact proteins into smaller peptides 

by cleaving them on the carboxyl sides of lysine or arginine amino acid residues, except 

in cases where those residues were followed by a proline.  To accomplish this, each 
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sample was resuspended in 100 µL of 6M urea, 50 mM Tris-HCl (pH 8.0), to which 5 µL 

of 200 mM dithiothreitol (DTT), 50 mM Tris-HCl (pH 8.0) was added.  After vortexing 

followed by 5 minutes of centrifugation to ensure even mixing of the solution, samples 

were incubated for 1 hour at room temperature.  This step allowed protein disulfide 

bonds to be reduced, thereby exposing the protein chain to subsequent reagents.  Next, 

20 µL of 200 mM iodoacetamide, 50 mM Tris-HCl (pH 8.0) was added, the samples 

vortexed and centrifuged as before, and then stored for 1 hour at room temperature in 

the dark.  By adding iodoacetamide, sulfhydryl groups were alkylated, preventing the 

reformation of disulfide bonds.  An additional 20 µL of 200 mM dithiothreitol (DTT), 50 

mM Tris-HCl (pH 8.0) was then added to reduce any unused iodoacetamide and the 

sample was allowed to rest at room temperature for another hour.  A total of 775 µL of 

50 mM Tris-HCl, 1 mM CaCl2 solution was added to bring the total sample volume to 

920 µL.  Promega (Madison, WI, USA) Sequencing Grade Modified Trypsin (Catalog # 

V5111) was prepared as a .2 ppt solution and added to each sample at a theoretical 

ratio of 1:50 trypsin:protein.  Samples were placed at 37o C (the optimum temperature 

for trypsin activity) for 16-20 hours, at which point 20 µL of concentrated FA was added 

in order to reduce pH to below 4, thereby terminating the trypsin digestion.  As before, 

samples were stored at less than -10o C if not analyzed immediately. 

 LC-MS analysis was carried out using an Agilent 1100 series LC/MSD trap 

(Agilent Technologies, Santa Clara, CA, USA).  Chromatography was performed using 

an Agilent brand Zorbax 300 SB C18 capillary column (part number 5064-8267) and a 

gradient elution with solvents A (.1% formate in MQ water) and B (.1% formate in 

acetonitrile).  Flow rate was held at 4 µL/minute and the elution proceeded from solvent 
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A to solvent B over the course of 1 hour.  Electrospray ionization and positive ion 

detection were used.  A blank (50:50 ACN:MQ) solution and a BSA tryptic digest 

reference standard were run prior to each set of samples in order to verify system 

performance.  The resulting mass spectra were processed using Agilent ChemStation 

software before being submitted to the online MASCOT program in Mascot generic file 

(.mgf) format.  The SwissProt database was used for comparison, and no restrictions 

were placed on identifiable (expected) species.  Cleavage patterns were specified as 

trypsin-derived with up to 2 missed trypsin cleavages allowed.  Peptide tolerance was 

set as +/- 1.2 Daltons and peptide charge was set as +1, +2 and +3. 

 

Results 

 The results of LC-MS analysis are presented in table 8.  For each sample, results 

include the protein(s) identified, protein score(s) and percent coverage(s).  The protein 

score is calculated as the sum of individual ion scores.  Individual ion scores are 

calculated as -10*log(P) where P equals the probability that an observed match is due 

to chance (www.matrixscience.com).  In other words, the protein score reflects both the 

number of peptide ions identified, as well as the likelihood that those individual 

identifications are erroneous, with higher scores representing a greater number of 

matched peptide ions and/or a decreased likelihood of error in individual ion scores.  

This value, while non-probabilistic, allows suggested protein matches to be compared 

by strength of identification.  This is important because many proteins can be highly 

conserved across species.  In sheep albumin, for example, one peptide, K.IVTDLTK.V, 

differs from the corresponding bovine albumin peptide, K.LVTDLTK.V, by a single 

http://www.matrixscience.com/
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amino acid mutation from isoleucine (I) to leucine (L).  Because these amino acids differ 

by only a single methyl group, it is difficult to distinguish between them.  Many other 

peptides, such as R.RHPEYAVSVLLR.L, are identical between these species, further 

confounding identification.  However, when individual ion scores are summed, a clearer 

identification may be suggested.  Although not probabilistic, for example, an 

identification with a score of 300 is relatively more likely to be correct than a competing 

identification with a score of 150.  Percent coverage, on the other hand, reflects the 

portion of a protein that has been identified from the peptides recovered.  Coverage of 

11%, for example, means that of the total sequence of peptides in a protein, 11% are 

represented by the peptides documented in the MS results. 

 In the samples analyzed in this study, protein scores ranged from 0 (no protein 

identified) to 412, with only the SDS (303) and HF (340) yielding scores comparable to 

the BSA digestion reference standard (412) (Table 8).  Similarly, only SDS (11%) and 

HF (17%) had coverages that approached the reference standard (18%).  In 

comparison, other samples either failed to result in a positive match (FA, TFA) or had 

scores/coverages that were relatively lower, such as urea (127, 4%).  Importantly, all 

method blanks were demonstrated to be free of identifiable protein. 
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SAMPLE 
DESCRIPTION 

EXTRACTION 
SOLVENT 

EXTRACTION 
PHYSICAL 

PARAMETER 

PROTEIN(S) 
IDENTIFIED 

PROTEIN 
SCORE 

% 
COVERAGE 

BSA reference 
digest 

n/a n/a 

ALBU BOVIN, 
ALBU CANFA, 
ALBU FELCA, 
ALBU MOUSE 

412, 116, 
113, 60 

18, 4, 5, 2 

Blank MQ n/a n/a n/a n/a n/a 

1 g BSA ceramic 2% SDS Low Pressure 
ALBU BOVIN, 
ALBU SHEEP  

303, 144 11, 4 

blank ceramic 2% SDS Low Pressure n/a n/a n/a 

1 g BSA ceramic 4 M Urea Low Pressure ALBU BOVIN  127 4 

blank ceramic 4 M Urea Low Pressure n/a n/a n/a 

1 g BSA ceramic 
18% Formic 

Acid 
High 

Microwave 
n/a n/a n/a 

blank ceramic 
18% Formic 

Acid 
High 

Microwave 
n/a n/a n/a 

1 g BSA ceramic 2% TFA 
High 

Microwave 
n/a n/a n/a 

blank ceramic 2% TFA 
High 

Microwave 
n/a n/a n/a 

1 g BSA ceramic 4 % HF 
High 

Microwave 

ALBU BOVIN, 
ALBU SHEEP, 
GDL4 ARATH, 
RL23 RHEI6 

340, 194, 
55, 55 

17, 8, 1, 7 

blank ceramic 4 % HF 
High 

Microwave 
n/a n/a n/a 

 

 

Discussion 

 Only three of the samples included in this analysis, HF, SDS and urea, yielded 

identifications via LC-MS analysis.  In each case, the match with the highest score was 

 
Table 8 
LC-MS Results. Protein matches and associated scores/coverages are listed in respective order. 
„ALBU BOVIN‟ = serum albumin from Bos Taurus, „ALBU CANFA‟ = serum albumin from Canis 
familiaris, „ALBU FELCA‟ = serum albumin from Felis catus, „ALBU MOUSE‟ = serum albumin from 
Mus musculus, „ALBU SHEEP‟ = serum albumin from Ovis aries, „GDL4 ARATH‟ = esterase/lipase 
from Arabidopsis thaliana, „RL23 RHEI6‟ = ribosomal protein from Rhizobium etli. 
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bovine serum albumin, confirming the successful spiking, extraction, purification and 

identification of the target protein after prolonged cooking at 85oC (Chapter 3).  As 

expected, the digested BSA reference standard had the highest score and percent 

coverage.  Matches with species aside from Bos taurus reflect homology in protein 

structure, hence the value of a protein score for determining the most likely match.  But 

even when other species are identified, often they are in the same family (Bovidae) or 

represent the same protein (serum albumin).  The blank solution and the blank ceramic 

extracts failed to yield any identified peptides and were not further examined.   

 On the basis of protein score and percent coverage, the combination of 4% HF 

and high microwave energy was the most successful technique in this study.  This result 

is not completely surprising, as Craig and Collins (2000) document the efficacy of this 

solvent when used in combination with immunoassay.  However, due to their concern 

for protein degradation in the presence of HF, Craig and Collins (2000) utilized digestion 

and capture vessels specially designed to trap protein residues before they were broken 

down.  In light of the results presented here, this step may not be necessary.  By using 

microwave energy to speed extraction and by quickly diluting and desalting extracted 

protein solutions, it may be possible to avoid the requirement for specialized digestion 

and capture vessels.  On the other hand, the HF extraction was also the only one to 

feature the presence of unexplained matches (A. thaliana and R. etli).  Whether this is 

due to accidental contamination or is an artifact of the method employed is unknown, 

but considering that A. thaliana is a commonly employed model organism in laboratory 

studies and that species like R. etli are typically found in association with plant roots, 

contamination is the most likely explanation.  Regardless, it is difficult to draw 
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comparison between the methods used by Craig and Collins (2002) and those used 

here without additional, standardized experimentation. 

 The combination of 2% SDS and pressure, despite extracting the highest 

quantity of protein (approximately 90% extraction efficiency), was apparently less 

successful at recovering identifiable peptides, resulting in a relatively lower protein 

score (303) and percent coverage (11%) than the HF extraction.  A comparison of 

identified peptides (Figs. 6 & 7) demonstrates that between the two methods, 7 peptides 

are shared and 12 are unshared, suggesting that a combined approach may be 

worthwhile.  However, SDS was more advantageous in this case in that it did not result 

in any erroneous matches, possibly because it is less destructive of protein primary 

structure.  Further, SDS is less toxic than HF and does not require the equipment or 

safety precautions necessary for the use of HF.  On the other hand, SDS does require 

an additional detergent cleanup step.  Therefore, a careful consideration for expense, 

available time and lab personnel qualifications will play a role in determining which 

method is more appropriate for use in a given project.         

 Lastly, urea, while minimally successful at extraction, had a lower score and 

percent coverage than the other successful methods employed (but see Stevens et al., 

2010).  Although potentially still useful as a low-cost method, it did not recover any 

peptides that were not found in the HF or SDS extractions performed in this experiment.  

Nevertheless, further optimization of this, and other methods, may render it more useful.  

This potential is further discussed in Chapter 6.  
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 Fig. 7. A comparison of shared and unshared peptides identified via 2% SDS (pressure) and 4% 

HF (microwave) extractions.  

Fig. 6. A comparison of identified peptides in SDS (top) and HF (bottom) extracts. BSA sequence is 
listed with peptide matches highlighted in bold red. Note that a single highlighted sequence may 
represent more than one peptide. Images generate via www.matrixscience.com  

http://www.matrixscience.com/
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CHAPTER 6 

 SUMMARY RESULTS AND CONCLUSIONS 

 

Results Summary 

The goals of this project are to assess the ability of proteins to bind to clay 

matrices and to evaluate methods of extracting bound proteins from these matrices in a 

manner that is compatible with downstream identification methods, namely LC-MS.  

Results clearly demonstrate that the proteins used in this study are capable of being 

strongly bound to ceramic matrices despite repeated exposure to water.  Although other 

factors that would be expected in a natural environment, such as exposure to direct 

sunlight, bacteria and leeching by plant roots, were not included as variables in this 

study, the controlled experiments presented here provide a valuable contribution to the 

debate over the potential for protein preservation in archaeological ceramics by 

providing quantitative data.   

 The results of experiments presented in Chapter 4 demonstrate the success of 

several different extraction methodologies.  Quantitatively, 2% sodium dodecyl sulfate 

(SDS) solutions, when combined with heat and pressure, provide optimal extraction, at 

least in the case of bovine serum albumin (BSA)-type proteins.  Qualitatively, however, 

SDS finishes second to hydrofluoric acid (HF)/microwave energy, despite that HF 

extraction efficiency was demonstrated to be much lower.  The reasons for this 

discrepancy are unknown, and without further research, it is difficult to ascertain 

whether this result is due unidentified detrimental effects of SDS extraction (e. g. loss of 

specific peptides during detergent removal steps), variability in effectiveness of trypsin 
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digestion, or human/instrument error.  Nevertheless, the success of both of these 

methods bolsters the results presented by Craig and Collins (2000, 2002) and Barnard 

et al. (2007).   

 Surprisingly, the ineffectiveness of formic acid (FA) and trifluoroacetic acid (TFA) 

in terms of both quantitative and qualitative results suggests that they do not hold as 

much potential as other approaches.  In the case of Solazzo et al. (2008), who used a 

1% TFA solution to successfully extract mammal proteins from archaeological ceramics, 

this raises the question as to whether their results were due to the successful extraction 

of bound proteins.  Given the results of the study presented here, it seems more likely 

that they recovered unbound surface residues, which can only be expected preserve 

under certain environmental conditions (cold and/or dry).  If so, only pottery with very 

well preserved residues can be expected to produce meaningful results using TFA. 

 Lastly, the failure of both water and ethylenediaminetetraacetic acid (EDTA) 

extraction solvents, when combined with the results obtained through TOC analysis and 

the other extraction methods employed here, disconfirms the hypothesis that proteins 

do not bind to ceramic matrices.  Although not definitive, these observations provide 

insight into the nature of protein-ceramic binding and strongly favor the interpretation 

that electrostatic attraction, Van der Waals bonding and hydrophobic interactions, as 

opposed to simple physical sequestration, play a major role in the entrapment of 

proteins in ceramic matrices.  Determining the exact nature of these interactions, as well 

as the applicability of this method to archaeological samples, requires additional 

research, as the conditions used in this experiment were highly controlled.  To this end, 

the next section provides suggestions for future research.  
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Future Research 

 Many studies have demonstrated the potential for protein preservation in a 

variety of contexts including in bone (Collins et al., 2002), fossilized bone (Schwiezter et 

al., 2009), pottery (Craig et al., 2005; Solazzo et al., 2008), paint (Tokarski et al., 2006; 

Kuckova et al., 2007; Fremout et al., 2009) sediments (Belluomini et al., 1986) and on 

the surfaces of stone tools (Kooyman et al., 2001).  Others, such as Craig and Collins 

(2002), Heaton et al. (2009) and the study presented here, have attempted to gain a 

better understanding of the potential for protein preservation by testing experimentally 

produced protein-ceramic complexes.  Although valuable, these studies have generally 

relied on relatively non-realistic models to assess protein preservation.  For example, 

the preparation of samples has involved the use of purified protein standards rather 

than actual foodstuffs (but see Barnard et al., 2007).  In real world scenarios, it is likely 

that protein binding and preservation will be partially mediated by the presence of other 

compounds such as essential oils, alkaloids or lipids which could enhance preservation 

by inhibiting the growth of microorganisms or by forming a water-impermeable barrier.  

Results published by Stevens et al. (2010) indicate that a mixture of proteins enhances 

binding and survivability of residues (see Chapter 3).  On the other hand, compounds 

such as starches or sugars may detract from preservation by fostering the growth of 

microorganisms.  Future research will need to evaluate the potential for these effects by 

using real foodstuffs and by subjecting experimentally-produced pottery to aging 

processes that more closely mimic the natural environment (e. g. allowing 

experimentally-prepared ceramic to age in a natural environment for several years 

rather than several weeks).  
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 Secondly, the processes of protein diagenesis in archaeological contexts are 

poorly understood.  Although it is obvious that processes such as enzymatic digestion, 

decarboxylation and deamination are likely to occur when proteins are exposed to 

natural environments over long periods of time (Barnard et al., 2007), it is unclear 

exactly how these processes manifest under various environmental circumstances.  The 

fact that the successful recovery of archaeological proteins has typically involved 

samples from theoretically ideal, e. g. cold and/or dry, environments (see Gerlach et al., 

1995; Loy and Dixon, 1998; Marlar et al., 2000; Craig et al., 2005; Tokarski et al., 2006; 

Solazzo et al., 2008), supports the notion that environment plays a key role in 

determining protein preservation.  However, the precise limits of these environmental 

constraints have not been thoroughly examined.  Additional studies, both experimental 

and archaeological, are needed in order to evaluate this topic.  

Third, concern has been expressed regarding the potential for the infiltration of 

contaminants from soils or deposited waste materials during burial of artifacts 

(Evershed and Tuross, 1996; Craig and Collins, 2002; Barnard et al., 2007), as well as 

from post-excavation handling (Barnard et al., 2007).  The results presented to date, 

notably Barnard et al. (2007) and Solazzo et al. (2008), hint that this may not be a major 

problem because those analyses did not detect proteins other than those anticipated.  

Nevertheless, this topic has not been sufficiently addressed and will require additional 

study.  For example, fired, sterile sherds could be buried for a number of weeks, 

excavated and processed by hand and then subjected to the extraction and 

identification methods presented here in order to evaluate whether background 

contaminants from soil or handling contribute significantly to protein content.  
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Lastly, more robust protein identification strategies must be developed with 

archaeological residues in mind.  The techniques used to date, while successful in a 

number of aforementioned circumstances, were originally developed for use in modern 

biological samples and, therefore, may have limited applicability in the examination of 

archaeological residues.  For example, the heat-induced condensation reaction 

between proteins and sugars, the „Maillard‟ or „browning‟ reaction, ultimately results in 

the formation of ketosamines and/or melanoidins (Barnard et al., 2007).  Although these 

compounds are more resistant to microbial degradation relative to their protein/amino 

acid parent compounds, the change in structure and molecular weight potentially 

interferes with both immunoassay and MS identification.  Further, any situation (e. g. 

high temperature, salt exposure) that results in the denaturation of proteins via the 

breaking of hydrogen or disulfide bonds renders immunoassay useless because, as 

previously discussed, immunoassay relies on the reaction between an intact protein and 

a corresponding, highly specific antibody.  Considering the limitations imposed by these 

reactions, the development of novel immunological and /or proteomics-based strategies 

that are specifically designed for archaeological applications is of the utmost 

importance.  Assuming that these limitations can be overcome, however, the results of 

archaeological protein studies have the potential to contribute to a number of topics 

spanning a range of disciplines.            

 

Significance 

If a standardized, efficient method of archaeological protein residue analysis can 

be developed, the results of this type of research may be used to address several 
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important topics aside from the simple question of what prehistoric peoples were eating 

for dinner.  As discussed by Loy (1983), Hyland et al. (1990) and Petraglia et al. (1996), 

for example, protein residues have the potential to reveal information about 

environmental conditions and species biogeography in the past.  In turn, this information 

may provide evidence regarding the nature and timing of environmental change.  In 

addition, it may have implications for wildlife management.  By determining the 

distribution of species across past landscapes via the analysis of protein residues, it 

may be possible to establish the native or exotic status of a species being considered 

for reintroduction and/or extermination efforts.  Lyman (1996, 1998), for example, points 

out the relevance of zooarchaeological and paleontological remains for determining 

whether or not the exotic status and extermination of mountain goats, Oreamnos 

americanus, in Olympic National Park in northwestern Washington State, is appropriate.  

Expanding on this notion, protein residues recovered from robust artifacts such as 

ceramics or stone tools may be capable of supplementing the zooarchaeological and/or 

paleoethnobotanical records when faunal/floral remains are scarce or even absent 

altogether.   

Harpole (2004), to give another example, reports on the difficulty of ascertaining 

the prehistoric status of elk, Cervus canadensis, in a proposed reintroduction area 

consisting of ten counties in southeastern Missouri. Although elk were certainly native to 

Missouri in general, as suggested by paleozoological and historic records alike, debate 

exists regarding their nativity within this particular region.  In Missouri, pottery is thought 

to have been widespread by 2200 BP (O‟Brien and Wood, 1998) and is commonly 

recovered from archaeological sites near the proposed elk reintroduction areas (Lynott 
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et al., 2000).  Should the ceramic artifacts of this region be demonstrated to contain 

identifiable proteins, it may be possible to shed light on this debate by determining 

whether elk were ever harvested locally as a food source. 

In similar studies, protein residue analysis is currently being used to address the 

question of the North American Terminal Pleistocene megafaunal extinction.  For over 

thirty years, Paul Martin has made the argument that the extinction of the North 

American megafauna during the Terminal Pleistocene was largely the result of 

prehistoric human hunting (Martin 1973, 2005).  Expanding on this concept, he has 

repeatedly called for the „rewilding‟ of North American wilderness via the introduction of 

proxy species, such as African elephants and cats, designed to replace original 

Pleistocene inhabitants (see also Donlan et al., 2005; Caro, 2007).  When challenged to 

present evidence for these claims, Martin argues that the speed and voracity of the 

earliest human migrations in the New World would have produced an archaeological 

record of overkill that is scarcely visible (Martin 1973, 2005).  However, this explanation 

has been criticized with the argument that the absence of evidence is not evidence of 

absence (Grayson and Meltzer, 2003; Wolverton et al., 2009).  Although not 

unchallenged, several protein residue-based studies have contributed to this debate by 

providing tangible evidence of the interaction between prehistoric humans and North 

American species that are now extinct.  Loy and Dixon (1998), Kooyman et al. (2001) 

and Patterson (2009), for example, report the successful recovery of protein residues 

derived from now extinct North American large mammals including mammoth, 

Mammuthus columbi, mastodon, Mammut americanum, Harlan‟s musk ox, Bootherium 

bombifrons, the North American horse, Equus occidentalis and the North American 
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camel, Camelops hesternus.  Although these studies focus on the recovery of residues 

from stone tools, not ceramics, they nevertheless demonstrate the potential of protein-

based studies and may benefit from the results gleaned from the project presented 

here.  It is a different, but related question as to whether or not these residues reflect 

hunting, scavenging and ultimately human-mediated extinction through overkill. 

Beyond archaeological significance, the results of this study may be applicable to 

other fields as well.  Establishing a database of ancient proteins may enable biologists 

to better understand evolutionary changes by comparing ancient proteins to modern 

ones.  Within forensic studies, the establishment of methods that are designed to 

recover and identify old proteins may provide new lines of evidence in cold cases.  The 

methods developed here may even find use in the search for extraterrestrial life; clay 

beds on planets such as Mars may preserve traces of ancient proteins.  These, and 

other potential topics, will likely benefit from the continuation of methods development 

within archaeology.  

 

Conclusion 

The study presented here is among the few projects (see Evershed and Tuross, 

1996; Craig and Collins, 2002; Barnard et al., 2007; Heaton et al., 2009; Stevens et al. 

2010 and the other works referenced here) that have attempted to perform the 

methodological groundwork necessary for developing a successful technique for the 

extraction and identification of proteins bound to clay matrices of archaeological 

ceramics.  Importantly, it is the first to present a quantitative and qualitative evaluation 

of both protein binding and extraction within a single, comprehensive research project.  
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Although several other publications have presented demonstrably successful methods 

for the recovery of proteins, this research has clear implications for the future of the 

techniques used in other studies.  Specifically, it suggests that the majority of methods 

utilized so far, although successful, may not be realizing their full potential due to the 

use of suboptimal extraction solvents and/or physical parameters.  By further evaluating 

this topic, archaeologists will benefit from the availability of a new line of evidence and 

may gain additional insight into the long-term relationships between humans and their 

environments.  This will require careful consideration for the challenges discussed in the 

preceding Chapters as well as a continued focus on methods development rather than 

on the attainment of attention-grabbing results.           
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2,000 mg spikes 

Type 

Sample 
Weight 
(+/-.3 
mg) 

Rep 1 Rep 2 Rep 3  Rep 4 Rep 5 AVERAGE 
STD. 

Deviation 

BSA 10 50.9525 59.2911 60.4101 45.9008 53.1634 53.94358 6.013597126 

CAS 10 n/a n/a n/a n/a n/a n/a n/a 

COL 10 n/a n/a n/a n/a n/a n/a n/a 

MYO 10 34.5939 34.3802 34.6537 38.8155 29.7703 34.44272 3.202498645 

MIX 10 n/a n/a n/a n/a n/a n/a n/a 

 

 

1,000 mg spikes 

Type 
Sample 
Weight 

(+/-.3 mg) 
Rep 1 Rep 2 Rep 3  Rep 4 Rep 5 AVERAGE 

STD. 
Deviation 

BSA 1 10 32.39605 35.6082 30.567 31.50265 28.5647 31.04698 1.948756376 

BSA 2 10 31.7719 30.9159 29.9971 32.3096 33.00895     

BSA 3 10 30.8188 31.45555 29.92945 27.5121 29.3467     

CAS 1 10 32.4913 32.1652 34.8697 28.5339 33.2058 32.51375 2.783375992 

CAS 2 10 32.2939 32.75325 29.8064 29.6264 31.43775     

CAS 3 10 30.2879 33.40595 35.95985 31.25995 39.60895     

COL 1 10 25.5609 25.74005 23.4647 21.708 23.51135 24.75292 2.210630361 

COL 2 10 20.5608 24.2361 23.20345 23.35515 24.0314     

COL 3 10 26.9655 26.2112 26.9867 28.0224 27.73605     

MYO 1 10 20.7011 18.5996 21.30055 20.4342 23.6113 21.27354 1.725609474 

MYO 2 10 17.52775 23.76725 22.3386 22.96385 21.97175     

MYO 3 10 21.0115 21.0535 21.65955 22.30025 19.86235     

MIX 10 37.6396 36.5312 35.7157 24.7211 32.3107 33.38366 5.23568603 
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100 mg spikes 

Type 
Sample Weight 

(+/-.3 mg) Rep 1 Rep 2 Rep 3  Rep 4 Rep 5 AVERAGE STD. Deviation 

BSA 25 13.4547 13.5575 13.0835 13.0335 14.0548 13.4368 0.413607507 

CAS 25 12.2515 12.4957 13.3007 12.0521 12.5247 12.52494 0.474606603 

COL 25 12.9084 12.2768 13.0096 12.5026 13.0217 12.74382 0.335871124 

MYO 25 16.3218 16.949 16.7603 15.5268 15.9506 16.3017 0.581690743 

MIX 25 15.433 14.1453 14.2691 13.6164 13.2118 14.13512 0.840258447 

 

 

20 mg spikes 

Type 

Sample 
Weight (+/- 1 

mg) Rep 1 Rep 2 Rep 3  Rep 4 Rep 5 AVERAGE STD. Deviation 

BSA 50 8.4353 8.0046 9.6895 9.085 10.5557 9.15402 1.011673637 

CAS 50 8.7113 10.5782 9.9641 10.6262 9.6372 9.9034 0.786359368 

COL 50 10.1653 6.359 6.4661 6.9512 6.4293 7.27418 1.633038645 

MYO 50 6.4931 4.4483 7.1581 7.2073 6.7875 6.41886 1.139366836 

MIX 50 8.564 7.2339 7.4685 6.8659 7.562 7.53886 0.632904766 
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Blanks 

Sample 
Weight (+/- .3 

mg) 
TOC 
(µg) 

TOC 
(μg/mg) OVERALL Ave (μg/mg) 

OVERALL 
STDEV 

10 0.51605 0.051605 0.06398716 0.012406575 

10 0.68225 0.068225 
  10 0.50545 0.050545 
  10 0.61025 0.061025 
  10 0.7214 0.07214 
  10 0.6071 0.06071 
  10 0.9912 0.09912 
  10 0.5799 0.05799 
  10 0.58675 0.058675 
  10 0.51605 0.051605 
  10 0.68225 0.068225 
  10 0.50545 0.050545 
  10 0.61025 0.061025 
  10 0.7214 0.07214 
  10 0.7026 0.07026 
  25 1.6659 0.066636 
  25 1.2439 0.049756 
  25 1.63 0.0652 
  25 1.5214 0.060856 
  25 1.5767 0.063068 
  50 4.2846 0.085692 
  50 3.572 0.07144 
  50 2.7061 0.054122 
  50 4.1247 0.082494 
  50 2.329 0.04658 
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APPENDIX C 

 BRADFORD AND UV ASSAY STANDARD CURVES 
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APPENDIX D 

 EXTRACTION RESULTS  
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Values reported as extraction efficiency (% recovery) 

solve
nt 

Low 
Heat 

Mid 
Heat 

High 
Heat 

Low 
Micro
wave 

High 
Micro
wave 

Low 
Sonic 

High 
Sonic 

Low 
Press
ure 

High 
Press
ure 

Low 
Time 

High 
Time 

MQ  5.06 5.18 11.16 4.65 6.11 5.05 8.49 7.59 10.61 4.93 6.05 

MQ  4.67 5.19 10.86 4.43 6.92 5.07 12.22 9.06 9.7 4.88 5.9 

MQ 
Blank 6.09 6.05 5.25 3.19 3.18 5.25 3.28 4.84 3.53 6.71 6.4 

4 M 
Urea 8.61 11.28 41.86 8.07 11.26 10.97 14.39 48.17 50.87 10.22 14.44 

4 M 
Urea 8.77 11.06 41.03 7.94 12.42 9.16 13.12 47.76 55.28 9.32 18.03 

4 M 
Urea 
Blank 4.16 4.11 1.64 0.98 0.75 1.73 1.14 2.05 -0.05 5.47 2.6 

2% 
SDS 16.7 21.17 73.22 13.75 42.65 38.92 60.9 90.23 93.76 37.27 62.41 

2% 
SDS 15.77 24.14 59.37 15.36 60.79 36.46 58.42 83.64 91.27 41.01 59.02 

2% 
SDS 

Blank 6.91 6.22 3.38 2.09 2.29 6.22 8.63 0.13 -2.17 12.08 8.18 

2% 
EDTA 1.54 1.22 11.59 1.33 3.08 2.42 2.53 12.51 13.45 1.76 11.85 

2% 
EDTA 2.2 1.43 10.81 1.54 3.42 2.2 2.42 11.72 15.08 1.65 11.32 

2% 
EDTA 
Blank 1.33 1.54 1.33 2.2 -3.34 1.98 1.54 1.76 1.98 1.33 1.11 

2% 
TFA 1.26 6.58 26.08 2.57 48.64 4.57 15.04 22.77 23.31 13.29 4.57 

2% 
TFA 2.08 6.41 22.03 2.74 39.64 3.07 10.34 24.6 22.03 11.37 7.94 
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2% 
TFA 

Blank -0.21 0.76 -0.21 -1.03 1.75 8.96 0.44 1.09 0.44 0.11 -1.35 

4% HF 12.18 21 28.35 23.74 66.61 4.77 55.53 22.56 15.67 12.72 26.73 

4% HF 14.93 18.88 30.6 25.52 59.32 2.4 41.66 20.61 14.19 10.91 22.95 

4% HF 
Blank -0.57 -0.89 0.09 -1.38 2.24 -0.4 0.09 -0.08 -0.08 -0.57 -1.05 

18% 
FA 3.19 8.24 30.17 2.57 25.8 0.49 0.05 0.99 0.84 3.67 0.74 

18% 
FA 3.72 8.64 25.73 2.37 29.16 0.74 0.44 1.14 1.09 3.14 0.69 

18% 
FA 

Blank 0.39 0.2 0.34 0.74 0.54 0.54 0.44 0.49 0.44 -0.25 0.64 
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