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ABSTRACT OF THE DISSERTATION  

 Integration of a Novel Co-solvent Enhanced Lignocellulosic Fractionation (CELF) 
Pretreatment Technology with Biological Conversion to Ethanol 

 by 
 
 Thanh Yen Vuong Nguyen 
 Doctor of Philosophy, Graduate Program in Bioengineering 

University of California, Riverside, August 2016 
Dr. Charles E. Wyman, Chairperson 

 
 
 
 

The biological process of converting lignocellulosic biomass into ethanol has the 
potential to reduce dependence on petroleum-based liquid fuels. If ethanol is to be 
competitive with current gasoline prices, improvements in processing costs are required. 
Specifically, the pretreatment step is often explored for process improvements because it 
is expensive and plays a key role in downstream yields and productivity. The recently 
developed Co-solvent Enhanced Lignocellulosic Fractionation (CELF) pretreatment 
technology shows great potential in enhancing the biomass conversion economics by 
producing highly digestible solids that achieved economical ethanol titers of >50 g L-1 
with near-theoretical yields at low to moderate enzyme loadings of 5 to 15 mg-protein g-
glucan-1 and high solids loadings of >15%. Optimized conditions for CELF pretreatment 
with corn stover comprise of a 1:1 v: v ratio of tetrahydrofuran (THF) and water with 
0.5% sulfuric acid reacted for 25 minutes at 150°C with 200 RPM stirring in a Parr 
reactor. Characterization of recovered solids showed that the high digestibility was likely 
due to greater enzyme accessibility due to high glucan composition after extensive lignin 
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removal and hemicellulose solubilization, allowing near-theoretical sugar and ethanol 
yields to be achieved at lower enzyme loadings than previously possible with other 
pretreatments. Specifically, simultaneous saccharification and fermentation (SSF) of 
CELF and dilute acid (DA) pretreated corn stover showed that CELF achieved greater 
ethanol titers and yields in less time at a similar glucan and enzyme loading of 10-11% 
and 15 mg-protein g-glucan -1, respectively, with 58.8 g L-1 ethanol and 89.2% yield in 5 
days as opposed to 47.8 g L-1 and 73.0% yield in ~21 days. Furthermore, the SSF of 
CELF pretreated corn stover achieved ethanol titers comparable to glucose fermentations 
with 86 g L-1 ethanol at 23% solids loading and15 mg protein g-glucan-1 enzyme loading, 
indicating that the major limiting factor in the process is related to the fermentative 
capability of the yeast strain. Optimization of SSF operating parameters showed that the 
best parameters that resulted in near-theoretical ethanol yields with Saccharomyces 
cerevisiae D5A were 20% solids and 10 mg-protein g-glucan-1 that achieved 79.6 g L-1 at 
89.6% yield in 7 days.    
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The core of this dissertation focuses on the lignocellulosic conversion process to ethanol. 
Due to a change in research direction, previous publications in the biomaterials field were 
also added as supplemental chapters. 
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Chapter 1: Introduction  
  



 2

1.1 Motivation for developing sustainable fuels 
The global utilization of the fossil fuels crude oil, natural gas, and coal have 

resulted in the accumulation of carbon dioxide and other greenhouse gases that drive 
global climate change. Unfortunately, fossil fuels continue to be the source of about 80% 
of the total world’s energy (Nick, Oliver et al. 2010), emphasizing the need to reduce the 
world’s dependence on fossil fuels by securing and diversifying energy supplies. 
Renewable resources such as wind, solar, geothermal, hydrothermal, and hydropower can 
diversify the energy supply and reduce greenhouse gas emissions for stationary power 
generation, however, finding a renewable resource for the liquid transportation fuel sector 
is particularly important because nearly all energy consumption in this sector (97.4%) is 
from petroleum-based fuels (EIA 2011). Lignocellulosic biomass in the form of 
agricultural, forestry, and industrial residues and energy crops provides the only abundant 
and low cost sustainable option to address global energy demands and reduce dependence 
on petroleum-based liquid fuels (Wyman 2007; Wyman and Huber 2009). Specifically, 
the agricultural residue corn stover is the most plentiful agricultural residue produced in 
the United States, and predicted 2030 harvests were estimated to be between 170 and 256 
million dry tons, possibly displacing 5-8% of current U.S. petroleum consumption 
(Palmqvist and Hahn-Hägerdal 2000). Although natural gas production from fossil 
resources can serve to reduce petroleum consumption in the near-future, it is a finite 
resource and its consumption still contributes to overall atmospheric greenhouse gas 
(GHG) emissions. In contrast, bioenergy from lignocellulosic biomass is sustainable for 
the long-term, and the carbon dioxide produced from burning biofuels originates from 
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atmospheric carbon dioxide sequestered by photosynthesis through reabsorption by 
growing new plants to replace those harvested. In light of this, realistic and scalable 
technologies are particularly needed to transform the energy in lignocellulosic biomass as 
aromatic, hydrocarbon, and alcohol transportation fuels. 
1.2 Overview of the biological conversion process  

Many processes and pathways exist for conversion of lignocellulosic biomass into 
liquid fuels. Specifically, ethanol is the dominant commercial biofuel in the United States 
that is further driven by the Renewable Fuels Standard (RFS2) program mandate for 
increased production of renewable fuels from lignocellulosic sources. As a result, newly 
opening commercial facilities such as Abengoa, POET/DSM, and DuPont Cellulosic 
Ethanol are emerging, in which hemicellulose and cellulose hydrolysis coupled with 
fermentation is commonly utilized to produce ethanol (Brown and Brown 2013). Figure 
1.1 outlines a “biological conversion process” Sankey diagram, in which the thicknesses 
of the streams correspond to energy yields of the different components, based on 
stoichiometric conversions to provide an overview of the energy balance of the major 
biomass components that were converted to the desired fuel product, ethanol. The raw 
biomass feedstock, corn stover, passes through 3 different process steps, colored grey, in 
which the primary goal is to economically extract the maximum amount of sugars 
(glucose, xylose, arabinose, galactose, and mannose) from cellulose and hemicellulose to 
ferment to ethanol. Ideally, 100% of the sugars can be recovered in the first two steps of 
pretreatment and enzymatic hydrolysis (Stage 1 and Stage 2 in Figure 1.1) to obtain the 
highest possible ethanol yields downstream. Unfortunately, the higher severity 
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pretreatment conditions that effectively reduce the costly enzyme loading requirement to 
achieve high enzymatic hydrolysis sugar yields also reduce the total sugar yields of the 
process due to the degradation of the hemicellulose sugars to dehydration products such 
as furfural (Alvira, Tomás-Pejó et al. 2010). Additionally, the dehydration products 
inhibit downstream fermentations (Palmqvist and Hahn-Hägerdal 2000). Accordingly, 
different pretreatment technologies are typically optimized for total sugar recovery before 
further processing.  

 Figure 1.1. Sankey diagram outlining the biological conversion of lignocellulosic biomass to ethanol. 
Stream thicknesses corresponds to energy yields based on stoichiometric conversions. Values in parenthesis 
indicate the energy value of the component masses, in mega joules (MJ).  
 The hydrolysis and fermentation steps in the biological conversion process are 
typically configured in a separate hydrolysis and fermentation (SHF) sequence as 
different process steps or in a simultaneous saccharification and fermentation (SSF) 
configuration as combined process steps. While SHF has the advantage of operating at 
optimal temperatures and conditions for each process step, SSF has the advantage of 
decreasing enzyme inhibition caused by high sugar concentrations. Nonetheless, the 
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major challenge for these steps is achieving high yields and ethanol titers in the product 
stream to >5 wt%, because it has been previously shown that this concentration is 
necessary for economic downstream distillation (Galbe, Sassner et al. 2007). In batch 
SSF operations, high solids loadings are necessary to obtain economically attractive 
ethanol titers, however, an increase in solids loadings have been previously correlated 
with a decrease ethanol yields. It has been speculated that the decrease in yields were 
observed due to incomplete saccharification from mixing issues or enzyme exhaustion 
(Zhang, Chu et al. 2010). Accordingly, different strategies have been explored to improve 
mixing, such as incorporating a pre-hydrolysis step or using fed batch or continuous 
operation strategies (Zhang, Chu et al. 2010; Kang, Chung et al. 2015). 

The recalcitrant nature of the biomass that makes it resistant to breakdown during 
enzymatic hydrolysis leads to inefficient or incomplete saccharification at economically 
lower enzyme loadings, resulting in low total sugar and ethanol yields (Lynd, Wyman et 
al. 1999; Lynd, Laser et al. 2008; Yang and Wyman 2008) . Consequently, the 
pretreatment step aims to alter the biomass to increase enzyme accessibility to cellulose 
and hemicellulose remaining in the solid fraction for optimal conversion into fermentable 
sugars. Currently, dilute acid (DA) pretreatment is the benchmark often advocated for 
preparing cellulosic biomass for biological conversion. DA can hydrolyze most of the 
hemicellulose to sugars and disrupt the lignin to produce a solid residue that enzymes can 
breakdown to fermentable sugars. Considerable research has been devoted to optimizing 
DA for a variety of biomass materials at the bench and through pilot and now commercial 
operations. In addition, techno-economic and life cycle analyses have focused on 
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estimating the cost and impacts of dilute acid pretreatment integrated into an overall 
biomass conversion operation (Aden and Foust 2009; Tian, Liao et al. 2011). Overall 
process costs are still high due to the combined cost of pretreatment and high enzyme 
loadings required to achieve high yields. In this dissertation, a novel pretreatment strategy 
invented at UC Riverside employs aqueous tetrahydrofuran (THF) solutions, called 
CELF (Co-solvent Enhanced Lignocellulosic Fractionation) was investigated as a 
strategy to significantly enhance dilute acid pretreatment. THF is a polar aprotic solvent 
that is miscible with water over a wide range of conditions and concentrations and has the 
added advantage that it can be sustainably produced from biomass. In the miscible regime 
at high reaction severities, it was previously shown that reacting lignocellulosic biomass 
with acidified aqueous-THF solutions (1:1 THF-to-water volume mixture) removed most 
of the lignin from the solids and solubilized most of the hemicellulose to enhance overall 
yields of sugar dehydration products called fuel precursors (furfural, 5-
hydroxymethylfurfural, and levulinic acid) (Lloyd and Wyman 2005; Cai, Zhang et al. 
2013). These results prompted the current examination of CELF as a pretreatment 
technology for lignocellulosic biomass, in which lower severity reaction conditions was 
applied to minimize the production of sugar dehydration products. It was hypothesized 
that optimizing the CELF pretreatment technology would solubilize most of the 
hemicellulose sugars and remove most of the lignin to produce solids highly enriched in 
glucan that can potentially improve downstream process economics. Specifically, the 
highly digestible nature of glucan rich solids can potentially resolve issues with 
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incomplete saccharification at reduced enzyme loadings so that near theoretical ethanol 
yields can be achieved at economically feasible high ethanol titers of >5 wt%.  
1.3 Thesis organization 

The goal of this dissertation is to understand and optimize CELF pretreatment 
towards developing a cost effective process for ethanol production from corn stover. 
Accordingly, Chapter 2 begins with a review of the techno-economic perspectives for 
lignocellulosic ethanol production so that key process parameters that impact the 
economics can be identified and understood. Chapter 3 introduces the CELF pretreatment 
technology when applied to the feedstock corn stover by determining optimal 
pretreatment conditions that achieved maximum total sugar yields. This chapter also 
compares CELF pretreatment with dilute acid pretreatment in terms of pretreatment 
optimization features, total sugar yields, enzyme hydrolysis kinetics, ethanol yields (at 
low solids loadings), and structural features of the pretreated corn stover. The remarkable 
efficacy of CELF pretreatment in breaking down the biomass to reduce substrate 
recalcitrance prompted the investigations of Chapter 4, which characterizes different 
substrates (corn stover, maple wood and poplar wood) pretreated with various 
pretreatment technologies (CELF, DA, and Organosolv) in order to better understand the 
substrate features that impact recalcitrance, as demonstrated by the enzymatic hydrolysis 
kinetic rates. Chapter 5 builds on developing CELF pretreatment for industrial ethanol 
production by comparing the fermentation configurations of SSF and SHF while also 
investigating the effects of increasing solids loadings and decreased enzyme loadings to 
achieve more economical ethanol titers with minimal enzyme utilization. Results 
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prompted the studies performed in Chapter 6, which investigates the limiting factors 
during the SSF of CELF pretreated corn stover so that key operating parameters can be 
identified to maximum ethanol yields and titers. Chapter 7 summarizes the key findings 
of this dissertation.  
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2.1 Abstract 
The Renewable Fuels Standard (RFS2) provides market motivation, assurance 

and value to lignocellulosic ethanol, prompting continued efforts for process economics 
improvements that are vital to its advancement and commercial success. Improving yields 
represents the best opportunity for improving the economics of the biological conversion 
process due to its influence on feedstock and capital costs, which have consistently been 
identified as key economic factors. Unfortunately, the trade-offs for high yields typically 
come at high capital and operating costs from the additional energy and resources 
required to overcome the recalcitrance of the biomass. Pretreatment is considered the 
most expensive step of the process regardless of technology, however further advancing 
or developing pretreatments is vital towards unlocking high yields, minimizing enzyme 
requirements, and achieving target ethanol titers. Since the high cost of enzymes is also a 
major economic barrier in the process, it is important to balance the trade-offs between 
yields and enzyme cost. Additionally, continued yield improvements through 
pretreatment are vital for achieving target ethanol titers to lower energy demand during 
high solids loading fermentations. Detailed techno-economic analyses are invaluable in 
selecting the optimal process design that would produce yields that more than offset 
additional capital or operating costs. These different analyses are complicated by the 
different underlying assumptions (e.g. feedstock cost, availability, and composition, 
ethanol production capacity) and variations in process designs that depend on the 
selection of the feedstock, pretreatment technology, and process configuration. Therefore, 
understanding the economic aspects of different process design options and the 
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complexity and uncertainties of the process design assumptions presented in this review 
can aid in the development of future specific process designs with relevant and consistent 
assumptions. 
2.2 Introduction 

The extension of the Renewable Fuel Standard (RFS) in 2007, also known as the 
RFS2, continues to provide market motivation, assurance, and value for advanced and 
cellulosic biofuels by setting renewable volume obligations to parties involved with the 
production, distribution, and sale of transportation fuel 
(Biotechnology_Industry_Organization 2011). The RFS2 mandates volumes for the 
nested biofuel categories of total renewable fuel, advanced biofuel, cellulosic biofuel, and 
biomass-based diesel. Unfortunately, the cellulosic biofuel category has historically 
fallen short of the mandate (Brown and Brown 2013), prompting the recent volume 
reduction for this category by the EPA (EPA 2015; Lane 2015) and increased interest and 
investment in this untapped market. In recent years, a number of high profile 
lignocellulosic ethanol projects were introduced in the U.S. with capacities of over 20 
million gallons per year, including Abengoa, POET, and Beta Renewables (Brown and 
Brown 2013). These projects continue to face technical challenges that result in lower 
than anticipated yields and titers so that commercial success is yet to be demonstrated. 
Lignocellulosic ethanol comprised of less than 2% of the roughly 140 million gallons of 
cellulosic biofuel produced in 2015 (EPA 2016). Consequently, continued economic 
improvements are vital to the advancement and commercial success of lignocellulosic 
ethanol. This paper reviews the different process steps for the biological conversion of 
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lignocellulosic biomass to ethanol in relation to their impact on the vital economic factors 
of yield, capital costs, and operation cost. The goal is to create a greater understanding of 
the interactions of different process parameter assumptions and process steps as it relates 
to the total process economics to further guide the development of future specific process 
designs with relevant and consistent assumptions. 

The process steps can generally be divided into feedstock handling/logistics, 
pretreatment, enzymatic hydrolysis, fermentation, and product recovery. Different 
combinations of specific process designs can be extrapolated from these steps in which 
the selection of feedstock, pretreatment technology, and process configuration determines 
not only the capital and operation costs for the process, but also the yields. Accordingly, 
large variations in ethanol product values or minimal ethanol selling prices (MESP) have 
been estimated across different techno-economic analyses for lignocellulosic ethanol, 
with different assumptions concerning composition and cost of varying feedstocks, 
conversion efficiencies, and energy conservation (Kazi, Fortman et al. 2010; D. Humbird 
2011). MESP is defined as the price of the product needed for a net present value of zero 
with a 10% rate of return. Nonetheless, a general consensus of key economic factors in 
the conversion process appear to converge towards high feedstock and capital costs 
(McAloon, Taylor et al. 2000; Wyman 2007). The estimated capital cost of commercial 
scale cellulosic ethanol projects from companies such as Beta Renewables, DuPont, and 
Zea Chem ranged from $170-391 million (Brown and Brown 2013). Compared to the 
investment cost for 15-40 million gallon dry mill corn ethanol plants which ranges from 
$27-45 million (Whims 2002), the capital investment requirement for 20-25 million 
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gallon cellulosic ethanol is significantly higher, likely due to the more complex 
conversion process (McAloon, Taylor et al. 2000). The contribution of the capital costs to 
the MESP in various techno-economic evaluations have ranged from 35-46%, while the 
contribution of feedstock costs have ranged from 32-58%, depending on the specific 
process design assumptions (Hamelinck, Hooijdonk et al. 2005; Gnansounou and Dauriat 
2010; Carriquiry, Du et al. 2011; Tao, Aden et al. 2011; Tao, Aden et al. 2011). Techno-
economic analyses performed by Gnansounou et al on a specific process design utilizing 
wheat straw, poplar and switchgrass, show that the total production costs consisted of 50-
55% feedstock costs, 35-40% investment costs, and 10% variable costs (Gnansounou and 
Dauriat 2010). Interestingly, the use of a cheaper feedstock such as eucalyptus in that 
same design significantly decreased the cost contribution of the feedstock to 32%, and 
increased the cost contribution of the investment to 46%. This highlights the sensitivity of 
the process economics to specific process design parameters such as feedstock selection. 
Additionally, although the cost contribution of the feedstock may seem high, it is actually 
corresponds to less than $20 per barrel, which is relatively low when considering that 
feedstock costs typically represent 70-80% of the final product cost for commercial 
commodity products (Wyman 2007). The feedstock for corn ethanol accounts for roughly 
55 to over 70% of the production costs (McAloon, Taylor et al. 2000).  

Yield is the most important economic factor that effects all cost components, 
therefore improving yields represents the best opportunity for reducing the cost of 
cellulosic ethanol (Wyman 2007). For example, improved yields can decrease the 
feedstock expenditure per liter of ethanol output and can also lower investment costs for a 
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given production capacity, since lower treatment capacity and therefore smaller 
equipment is required per amount of product (Gnansounou and Dauriat 2010). 
Unfortunately, maximizing yield while minimizing capital and operating costs continues 
to be a major challenge due to the diversity and recalcitrance of the feedstock. Depending 
on the type of feedstock utilized for a specific process design, the maximum ethanol 
production, recalcitrance, and corresponding downstream processing strategies for 
optimal yields may vary due to differences in feedstock molecular and chemical 
properties. For example, higher ethanol production capabilities linearly correlate with 
feedstocks of higher combined cellulose and hemicellulose content (Huang, Ramaswamy 
et al. 2009). Additionally, recalcitrant feedstocks that are more resistant to chemical or 
biological breakdown typically require additional capital and operating expenditures to 
obtain optimal yields. Pretreatment provides the key processing strategy to unlock the 
recalcitrance of feedstocks for enhanced sugar and ethanol yields (Wyman 2007), 
however, the trade-offs for high yields typically come at high capital and operating costs 
from the additional required energy and resources. For example, the higher investment in 
capital and operating costs during more severe pretreatment technologies or conditions 
allows for more efficient initial break down of the biomass and a decrease in 
recalcitrance, which is crucial for higher maximum obtainable sugar yields at reasonable 
enzyme loadings. Subsequently, the decrease in recalcitrance from pretreatment can also 
provide operational costs savings by decreasing the costly enzyme loading required for 
high sugar yields. These high sugar yields and corresponding concentrations during the 
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saccharification step are vital during the fermentation step in which high titers are 
necessary for energy efficiency and economic downstream distillation.  
2.3 Feedstock diversity, availability, cost, and composition 
2.3.1 Diversity of different feedstocks offers large availability 

The US Billion-Ton Update predicts that over 1.4 billion dry tons of 
lignocellulosic biomass could be made available by 2030 as a feedstock for renewable 
energy applications, potentially replacing 30% of petroleum derived gasoline (R.D. 
Perlack 2011). The diverse availability of potential lignocellulosic feedstocks can either 
be acquired from the unused residues or wastes of existing industries (i.e. agricultural 
residues, forestry residues, municipal/industrial solid wastes) or grown as low-cost and 
low-maintenance harvests known as energy crops (herbaceous or woody). Agricultural 
residues consist of crop wastes from corn (corn stover), wheat (wheat straw), and 
sugarcane (bagasse), contributing to about 31% of the annual total tonnage of biomass for 
biofuel in the US (Limayem and Ricke 2012). Forestry residues consist of fuel wood 
extracted from forestlands and residues from logging, primary wood processing mills, 
and secondary wood processing mills. Utilization of municipal solid wastes (putrescibles, 
papers, cardboards and plastics) and industrial wastes (peelings and scraps from fruit and 
vegetables, meat and poultry wastes, pulp and fiber from sugar and starch extraction, 
coffee grounds) can limit environmental problems associated with the disposal of garbage 
household, processing papers, food processing by-products, black liquors and pulps 
(Limayem and Ricke 2012; Ho, Ngo et al. 2014). While the residues and wastes provide a 
tremendous source of readily available biomass without additional land cultivation, the 
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energy crops provide higher energy yields and a steady supply stream avoiding costly 
storage of large biomass volumes between harvests (Ho, Ngo et al. 2014). Herbaceous 
energy crops consist of perennial grasses such as switchgrass, miscanthus, reed canary 
grass, and alfalfa, while woody energy crops consist of short rotation wood crops such as 
poplar, willow, and eucalyptus. 
2.3.2 Variable feedstock composition and maximum ethanol production  

Depending on the type of feedstock, the physical structure and chemical 
composition of the major components of lignocellulosic biomass, which includes 
cellulose, hemicellulose, and lignin, can differ significantly. Lignocellulosic biomass 
feedstocks generally comprises of a heterogeneous matrix of cellulose and hemicellulose 
that is tightly linked to lignin through covalent and hydrogenic bonds (Limayem and 
Ricke 2012). Cellulose is structurally linear consisting of a long chain of glucose 
monomers linked by beta (1-4) glycosidic bonds with degrees of polymerizations ranging 
from 5000-7500 glucose monomer units for plant cell walls and 10,000 for wood 
(Wyman, Decker et al. 2005).  Hemicellulose is structurally amorpheous consisting of 
different heteropolymers that contain hexose (glucose, galactose, and mannose) and 
pentose sugars (xylose, arabinose), as well as other components such as acetic, ferulic, 
and uronic acids (glucuronic, galacturonic, and methylgalacturonic acids) (Wyman, 
Decker et al. 2005; Limayem and Ricke 2012). The heteropolymers are classified 
according to the main sugar residue in the backbone, in which xylan and mannan have 
xylose and mannose in the backbone, respectively. While xylans make up the prevalent 
class of hemicellulose found in hardwoods and herbaceous residues, 
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galactoglucomannans are the dominant softwood hemicellulose (Wyman, Decker et al. 
2005). Lignin is structurally aromatic and rigid consisting of phenolic monomers of 
phenyl propionic alcohols (cuomaryl, coniferyl, and sinapyl alcohol) (Limayem and 
Ricke 2012). In order of lowest to greatest levels of lignin, agricultural residues contain 
3-15%, grasses contain 10-30%, hardwood contains 30-55%, and softwoods contain 30-
60% (Wyman, Decker et al. 2005).  

For the application of ethanol production from lignocellulosic biomass, the 
cellulose and hemicellulose is broken down into its constituent sugars through 
pretreatment and enzymatic hydrolysis. Organisms are then utilized to ferment those 
sugars while the leftover lignin is typically used as a high energy content fuel. The 
maximum ethanol production depends on the sum of the cellulose and hemicellulose 
(also known as holocellulose) composition since the hexose and pentose sugars extracted 
from those components can be utilized by microorganisms for ethanol production. 
Accordingly, in an analysis done by Huang et al, the biomass species with the largest 
ethanol production per unit biomass in decreasing order were aspen wood, switchgrass, 
hybrid poplar, and corn stover (Huang, Ramaswamy et al. 2009). The biomass species 
that generated the most excess electricity in decreasing order was also reported to be 
switchgrass, hybrid poplar, corn stover, and aspen wood. The excess electricity 
generation increased with total combined lignin, acetate, protein, and extractives 
composition (Huang, Ramaswamy et al. 2009). This is likely due to the higher heating 
values of the biomass with greater lignin composition, as the higher heating value has 
been previously shown to linearly correlate with lignin content (Demirbaş 2001). Sassner 
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et al also highlights the importance of utilizing both the hexose and pentose fraction of 
the biomass for good process economy. Compared to the base case scenario in which 
only the hexose fraction is utilized, the ethanol yields for the SSF of SO2 catalyzed steam 
pretreated salix (hardwood), corn stover (agricultural residue), and spruce (softwood) 
increased by 32%, 42%, and 8%, respectively when the pentose fraction was utilized 
(Sassner, Galbe et al. 2008). A greater increase in yield was seen for the biomass species 
that had higher compositions of xylan and arabinan (Sassner, Galbe et al. 2008).  
2.3.3 Defining feedstock costs and the importance in process production capacity 
selection 

Feedstock costs can be divided into non-transport (farm-gate) and transport costs, 
which can also be further divided into distance fixed costs (DFC) and distance variable 
costs (DVC). The farm-gate prices of different biomass resources vary drastically 
depending on its impact on land, generally consisting of a farmer premium, land rent, 
fertilizer (to compensate for the loss of nutrients removed with biomass), 
production/farming, collection/harvest, storage, and pre-processing (i.e. 
grinding/chipping). The DFC is a relatively fixed component that includes the costs of 
loading, uploading and stacking of the biomass at the biorefinery (Golecha and Gan 
2016). The DVC can generally be defined as the cost of hauling the biomass over a 
specific distance, which is generally determined by the production capacity of the facility 
and the availability of the feedstock within a collection radius, making these two 
parameters very important to the total delivered cost of the biomass and the economics of 
the process. Other factors that affect the DVC include the type of biomass, the form, the 
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bulk density, the mode of transport, travel distance, and road infrastructure of the location 
(Sultana and Kumar 2011). Interestingly, traffic congestion has been previously reported 
to be a major constraint for the delivery of feedstocks to a large-scale facility (Sultana 
and Kumar 2011). Existing estimates for the delivered costs of a specific feedstock can 
vary widely among different techno-economic analyses due to various assumptions in 
feedstock production capacity, supply, logistics, and costs associated with preprocessing, 
storage, and transport (Carriquiry, Du et al. 2011). Carriquiry et. al reported a wide range 
of estimated costs for corn stover from various sources of literature that ranged from $19-
84, in which the lower value was estimated according to low harvest, transport, and 
fertilizer costs compared to more recent estimates, while the higher value was estimated 
with higher assumed baling and transport costs with an additional $11 tonne-1 incentive 
for farmers (Carriquiry, Du et al. 2011). 

The selection of the location and production capacity are vital parameters to the 
economics of the process because they determine the capital investment costs, fixed 
operating costs in the form of salaries and maintenance costs, and feedstock transport 
costs. Since large scale production facilities are desirable for economies of scale, 
operating costs are negligible due to their relatively low contribution to the total 
production costs. A larger production capacity would also result in lower investment 
costs on a per liter ethanol produced basis; however, it would also lead to larger required 
collection area and longer transportation distance that would increase feedstock transport 
costs. Therefore, selecting the optimum production capacity becomes a trade-off between 
investment costs and feedstock transport costs, which depends on regional conditions and 
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the availability of the feedstock for a selected location (Cameron, Kumar et al. 2007; 
Gnansounou and Dauriat 2010). Gnansounou et al showed that increasing the production 
capacity from 100 to 200 to 400 million liters of ethanol per year (corresponding to 
treatment capacities of 980, 1960, and 3920 ton-DM day-1) decreased the production 
costs of processing wheat straw from $0.84 L-1 to $0.73 L-1 to $0.67 L-1 (Gnansounou and 
Dauriat 2010). The National Renewable Energy Laboratory (NREL) plant size sensitivity 
study identified 2205 tons-DM day-1 of corn stover to be the optimal treatment capacity, 
since only modest costs reductions were achieved through economies of scale beyond 
that value, assuming 10% availability of corn stover within 50 mile radius (D. Humbird 
2011). Huang et al also showed that the suitable plant sizes for the feedstocks aspen 
wood, hybrid poplar, switchgrass, and corn stover range from 2000-4000 dry-Mg-
biomass day-1 (2205-4409 tons-DM day-1), which was consistent with NREL reports 
(Huang, Ramaswamy et al. 2009).  
2.3.4 Feedstock availability and cost uncertainties 

Varying feedstock availability in the form of seasonal availability or annual 
changes in yield create uncertainties in feedstock costs by interacting with biomass 
market structures to affect cost and utilization rates (Golecha and Gan 2016). Golecha et 
al show that variations in country level corn stover production from 2004-2014 ranged 
20-30%, excluding a few outliers (Golecha and Gan 2016). Additionally, the variable 
availability and spatial distribution of the feedstocks lead to supply restrictions within a 
given radius, creating challenges in defining and establishing the optimal production 
capacity (mentioned previously to be dependent on availability), supply, and logistics for 
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large scale commercial operations, as there are many potential methods for specific 
production/farming, harvest, handling, storage of biomass and transportation (Ho, Ngo et 
al. 2014). Consequently, optimization of processing, handling, delivery logistics, and 
transport modes and pathways are required to properly design a feedstock transportation 
system that is cost competitive and reliable (Miao, Shastri et al. 2012). Sultana et al 
optimized processing configurations for different combinations of multiple forms of 
feedstocks including agricultural and woody biomass. Results showed that the least 
expensive form of delivery was bales for agricultural residues at plant sizes ranging from 
1000-7000 DT day-1, chips for woody biomass made up of forest residue at intermediate 
plant sizes ranging from 1000-4300 DT day-1, and pellets for woody biomass made up of 
sawdust and forest residue at larger plant sizes ranging from 4300-7000 DT day-1 
(Sultana and Kumar 2011). Interestingly, the authors also found that the delivery cost of 
biomass could be lowered by using a combination of woody and agricultural biomass, in 
which the optimal combination for a biorefinery with a capacity of 5000 DT day-1 was 
30% bales and 70% wood chips (Sultana and Kumar 2011). With efforts to achieve 
economies of scale with larger production capacities, the utilization of multiple 
feedstock, or mixed feedstocks, may be the solution to issues of feedstock constraints in 
the form of variability and availability within a given collection radius. Shi et al 
demonstrated that the application of ionic liquid pretreatment of mixed feedstocks 
densified into both flour and pellets showed no obvious negative impact on sugar yields 
and/or hydrolysis kinetics, indicating the viability and value in the utilization of mixed 
feedstock (Shi, Thompson et al. 2013). Kou et al also proposed the idea of a multiple 
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feedstock strategy for thermochemical biofuel plants, showing an 18% improvement in 
net present value with the multiple feedstock strategy compared to a single feed strategy 
for a hypothetical facility using Aspen modeling (Kou and Zhao 2011). With the potential 
of utilizing mixed feedstocks, the development of feedstock agnostic pretreatment 
technologies to accept different types and mixes of feedstocks is desirable for the stability 
and economics of a specific biorefinery.  
2.4 Pretreatment: the key to unlocking higher yields  

A major challenge in producing ethanol from lignocellulosic biomass is 
maximizing yield while minimizing capital and operating costs due to feedstock 
recalcitrance, which refers to the natural resistance of the biomass to physical or chemical 
breakdown. While the diverse availability of different types of feedstock may increase 
general availability of lignocellulosic biomass, the different chemical and structural 
properties of the various feedstocks lead to varying degrees of recalcitrance. 
Consequently, different types of downstream processing optimization strategies are 
required for different feedstocks to efficiently breakdown of the cellulose and 
hemicellulose components into constituent sugars for fermentation. Even though the 
pretreatment step has been projected to be the most expensive step regardless of 
technology (D. Humbird 2011), it is a vital process step that initially breaks down the 
biomass for subsequent hydrolysis with enzymes. Interestingly, removing this step 
completely would significantly decrease yields and increase operating costs of 
downstream processes to the point where its removal would be more expensive (Wyman 
2007). Therefore, the added investment in pretreatment is necessary for required yields 
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that drive the economic feasibility of the process. The relationship between capital 
investment and yields were best described by Haque et al in which the breakeven ethanol 
prices of an ethanol biorefinery that uses switchgrass were computed for different 
combinations of 3 investment costs and 3 conversion rates (Haque and Epplin 2012). For 
a lower investment cost of $200 million and a lower conversion rate of 250 L Mg-1, the 
breakeven cost was calculated to be $0.56 L-1. Hypothetically, if an increase in 
investment to $400 million were necessary to increase the conversion to 417 L Mg-1, the 
breakeven cost would be lower at 0.52 L-1 (Haque and Epplin 2012). This indicates that 
yield improvement can more than offset the high additional cost of investment from 
pretreatment, therefore developing and improving yields through pretreatment 
technologies plays a key role in the advancement of lignocellulosic ethanol.  

The capital and operating costs of pretreatment vary significantly between 
pretreatment technologies, which can be generally be divided into physical, chemical 
(acidic, neutral, alkaline), physiochemical, and biological. While the utilization of 
physical pretreatments such disk milling and extrusion effectively reduce the particle size 
of the biomass while increasing the surface area, the high energy requirement coupled 
with poor sugar conversion makes it less economically favorable (Balan 2014). Chemical 
pretreatments are not as energy intensive as physical pretreatments, however, additional 
costs incurred can include chemicals, special reactors, and added steps for washing or the 
recovery of catalysts. Chemical and physiochemical pretreatment technologies include 
dilute sulfuric acid (DA), organic acid, acidic Organosolv, SPORL, liquid hot water, 
ozonolysis, ammonia fiber expansion (AFEX), ammonia recycle percolation, soaking in 
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aqueous ammonia (SAA), NaOH, alkaline H2O2, lime, alkaline wet oxidation, ionic 
liquid (IL), steam explosion (catalyzed using SO2) and supercritical CO2 (Balan 2014). 
Biological pretreatments do not have additional incurred costs or high energy 
requirements, however, their longer residence times of 10-15 days requires monitoring 
coupled with less than ideal sugar conversions making this type of pretreatment less 
favorable (Balan 2014). Interestingly, although the costs for physical and biological 
pretreatments are generally lower, their limited effectiveness resulted in poor sugar 
conversion making it less economical. Accordingly, the more effective chemical and 
physiochemical pretreatment technologies appear to be more economically favorable 
since the higher costs can be offset by improved yields. Therefore, an ideal pretreatment 
technology would improve yields significantly enough to surpass the higher capital 
investment. Tao et al investigated the economics of a modified dilute acid pretreatment 
with the added steps of deacetylation and mechanical refining (Tao, Chen et al. 2012). 
Results demonstrated lower MESP for the modified technology when compared to the 
control dilute acid case, indicating that yield improvements were substantial enough to 
more than offset the added capital and operating costs required for deacetylation and 
mechanical refining (Tao, Chen et al. 2012). When an added washing step was 
incorporated into the process, an increase in MESP resulted from the added capital cost 
of solid-liquid separation, indicating that the improved yields from this particular step 
could not offset these costs (Tao, Chen et al. 2012). Interestingly, different results are 
reported when AFEX pretreatment was applied to corn stover, in which adding a washing 
step decreased the MESP (Tao, Aden et al. 2011), showing that each technology should 
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be treated individually and a complete analysis on the effects of different processing 
strategies should be executed for cost optimization.   

Yield continues to be the single most important factor in determining the 
projected production value or MESP. In a process-specific sensitivity analysis performed 
by Kazi et. al, the product values were most sensitive to cellulose conversions, regardless 
of pretreatment (Kazi, Fortman et al. 2010). A reduction in cellulose to glucose 
conversion in a dilute acid pretreatment process from 91% to 67% resulted in a 20% 
increase in product value, while a reduction in a hot water pretreatment process from 
90% to 65% resulted in a 31% increase in product value (Kazi, Fortman et al. 2010). In 
that same study in which the economics of specific processes utilizing dilute acid, hot 
water, and AFEX pretreatments of corn stover were compared, the higher yielding 
process resulted in lower, more economical product values. The ethanol yields and 
corresponding product values for dilute acid, hot water, and AFEX pretreatment 
processes were reported to be 76.3 gal MT-1 at $3.40 gal-1, 55.8 gal MT-1 at $4.44 gal-1, 
and 65.9 gal MT-1 at $3.69 gal-1, respectively (Kazi, Fortman et al. 2010). A similar trend 
was observed in a comparison of the application of leading pretreatment technologies 
dilute acid, hot water, AFEX, Lime, SAA, and SO2 with switchgrass. Their reported 
yields and MESPs for their analysis of AFEX and SAA were 76% at $2.74 gal-1 and 52% 
at $4.07 gal-1 respectively (Tao, Aden et al. 2011).  
2.5 Enzymatic hydrolysis: trade-offs between the high cost of enzymes and yields 

A sensitivity analysis of the impact of different processing parameters on the 
product value for a dilute acid pretreatment design showed the enzyme cost had the most 
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significant impact among other variable factors such as electricity price, installed 
equipment cost, pretreatment reactor costs, contingency, enzyme loading, and feedstock 
cost (Kazi, Fortman et al. 2010). An increase in enzyme cost from $507 Mg-1 to $1460 
Mg-1 of broth resulted in a 39% increase in product value (Kazi, Fortman et al. 2010). 
The large range in enzyme costs in this sensitivity analysis reflect the significant 
differences in predictions found in literature. In a techno-economic report done by NREL, 
their design model for onsite cellulase production within a bioethanol facility estimated a 
cellulase cost of $4.24 kg-protein-1 (D. Humbird 2011). In another study by Klein-
Marcuschamer et al, the Joint BioEnergy Institute (JBEI) modeled a standalone cellulase 
production facility and estimated the cost of enzymes to be $10.14 kg-protein-1 (Klein-
Marcuschamer, Oleskowicz-Popiel et al. 2012). These different estimates have also led to 
much debate in the cost contribution of enzymes, where the optimistic cases in literature 
estimated values between $0.10 gal-ethanol-1 to $0.40 gal-ethanol-1 and Klein-
Marcuschamer et al estimated values between $0.68 gal-ethanol-1 to $1.46 gal-ethanol-1 
(Klein-Marcuschamer, Oleskowicz-Popiel et al. 2012). Regardless, the cost of enzymes 
are generally high, as major enzyme manufacturers such as Genencor and Novozymes 
have previously estimated enzyme costs to be $0.50 gal-ethanol-1 produced (D. Humbird 
2011). Assuming an MESP of $2.15 determined by NREL (D. Humbird 2011), enzymes 
would contribute to about 23% of the MESP.  

Another sensitivity analysis performed by Humbird et al showed that a change in 
enzyme loading from 10 to 20 to 30 mg-protein g-glucan-1 had a significant impact on 
MESP, in which increasing increments of enzyme loadings increased the MESP by about 
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$0.18 gal-1. The enzyme loading plays a significant and complex role in the process 
economics of lignocellulosic ethanol because it greatly impacts the final sugar yields and 
determining the optimal loading varies with specific process designs. The selection of the 
feedstock and pretreatment technology determines the recalcitrance of the biomass during 
enzymatic hydrolysis. Consequently, the optimized amounts of enzymes required for 
sufficiently high yields varies for each specific design based on several process 
parameters such as temperature, residence time, and solids loadings (D. Humbird 2011). 
With the high cost of enzymes estimated by Klein-Marcuschamer et al and the general 
trend of yields increasing with increasing enzyme loading, the tradeoffs between high 
yields and enzyme cost should be considered. According to Figure 2.1A, the cost 
contribution of enzymes was calculated to be $1.31 gal-ethanol-1 for an enzyme loading 
of 20 mg-protein g-glucan-1 with 91% yields and $0.89 gal-ethanol-1 for a loading of 10 
mg-protein g-glucan-1 with 67% yield. While using the lower enzyme loading with lower 
yields may seem more appealing based on the lower cost of enzyme per gallon of ethanol 
produced, the lower yields must also be considered in the cost estimation since they 
affect the product value of the process. A sensitivity analysis done by Kazi et al showed 
that a decrease in cellulose yield from 91% to 67% resulted in an increase in product 
value by $0.67 gal-ethanol-1. (Kazi, Fortman et al. 2010) Consequently, the enzyme costs 
estimated above can be adjusted to account for these cost effects on yield, as shown in 
Figure 2.1B by the dotted lines. Accordingly, the adjusted enzyme cost calculation for a 
loading of 10 mg-protein g-glucan-1 and 67% yield becomes $1.56 gal-ethanol-1. Since 
this adjusted value at the lower enzyme loading with lower yields becomes more 
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expensive than the higher enzyme loading option with higher yields, the use of higher 
enzyme loadings would be the optimal choice because the yields can offset the high cost 
of enzymes.  
 

  
Figure 2.1. A) The linear relationship between enzyme loading and enzyme cost, expressed as $/gallon 
ethanol produced, at different ethanol yields. B) Adjusted enzyme costs at different enzyme loadings, 
assuming a base case of 91% yield so that the other yields shown as dotted lines account for changes in 
product value determined in the 2011 NREL report. 
 2.6 Fermentation and distillation: the challenge of producing high ethanol titers at 
high solids loading 

The process configurations for the hydrolysis and fermentation of lignocellulosic 
biomass include separate hydrolysis and fermentation (SHF), simultaneous 
saccharification and fermentation (SSF), simultaneous saccharification and co-
fermentation (SSCF), and direct microbial fermentation or consolidated bioprocessing 
(CBP). In SHF, cellulase production, cellulose hydrolysis, and glucose fermentation is 
performed in separate process steps. For CBP, all three steps are consolidated into one 
step; although, a microorganism (or combinations of microorganisms) that has the 
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capability to produce economical ethanol concentrations and yields is yet to be 
established (Hamelinck, Hooijdonk et al. 2005; Lynd, van Zyl et al. 2005). For SSF and 
SSCF, the hydrolysis and glucose fermentation steps are combined in a single vessel after 
separate cellulase production. In SSCF, both glucose and xylose are fermented with a co-
fermenting strain. Although the configurations with combined process steps have lower 
capital investment costs from fewer required equipment, the additional capital costs from 
separate steps can be offset by corresponding improved ethanol yields or the utilization of 
co-fermenting strains. Meyer et. al compares the techno-economic performance of four 
different ethanolagen strains that fermented steam pretreated corn stover, including 
glucose fermenting strain Saccharomyces cerevisia, glucose and xylose co-fermenting 
strains Pichia stipitis and Recombinant Saccharomyces cerevisiae, and filamentous 
fungus Fusarium oxysporum. The co-fermenting strains had the highest yield and lowest 
MESP at $2.51 gal-1 for recombinant S. cerevisiae and $2.63 gal-1 for P. stipitis (Meyer, 
Tews et al. 2013). Saccharomyces cerevisia had the lowest yield since it only utilized 
hexose sugars, resulting in the second to highest MESP at $3.35 gal-1 (Meyer, Tews et al. 
2013). Accordingly, the importance of utilizing both the glucose and xylose sugars 
extracted from the process is highlighted. The comparison of the multi-organism and 
consolidated process configuration for F. oxysporum in Meyer et al’s analysis also 
showed that the consolidated processing configuration had a lower MESP of $3.06 gal-1 
vs. $3.36 gal-1 due to lower capital costs and higher electricity credits (Meyer, Tews et al. 
2013). When comparing the process configurations SHF and SSF, SSF processes are 
often favored since capital costs are lower and glucose inhibition is limited from its rapid 
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conversion to ethanol often resulting in faster rates, higher yields, and greater ethanol 
concentrations (Spindler, Wyman et al. 1988; Wright, Wyman et al. 1988). Wingren et al 
showed that the capital cost for SSF was lower at $130 million compared to SHF at $169 
million when SO2 catalyzed steam exploded pretreatment and spruce wood chips was 
utilized in the process design (Wingren, Galbe et al. 2003). The SSF configuration was 
also shown to have superior yields, so the production cost of ethanol was more cost 
effective than SHF, estimated at $0.69 L-1 compared to $0.76 L-1 (Wingren, Galbe et al. 
2003). With continued efforts towards utilizing the pentose fraction of the biomass, a 
techno-economic analysis comparing SSCF with separate C5 and C6 (SSF) fermentations 
was also performed in the NREL report for dilute acid pretreated corn stover. Results 
indicate that while the separate fermentations did achieve slightly higher yields of 79.3 
gal MT-1 (compared to 76.3 gal MT-1 for SSCF), the additional fermentation vessels 
required for the separate C5 fermentations led to a product value that was 8% higher than 
the SSCF case (Kazi, Fortman et al. 2010).  

Ethanol is commonly recovered through a distillation step that consists of a beer 
splitter column (or a stripper column) that separates the solids and non-volatile 
compounds from the ethanol, followed by a rectification column that concentrates the 
ethanol close to the azeotropic point. The distillation step is a cost-intensive operation 
that accounts for a major part of the process energy demand (Galbe, Sassner et al. 2007), 
therefore continued efforts have focused on lowering the demand. Kazi et al investigated 
the use of a less energy intensive pervaporation membrane in place of a beer column to 
decrease operation costs, however, the added capital cost of the membrane resulted in a 
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product value increase of $0.14 LGE-1 (Kazi, Fortman et al. 2010). Another strategy to 
lower energy demand is by increasing ethanol feed concentrations from fermentation, 
since a higher process energy demand is correlated with lower concentrations (Galbe, 
Sassner et al. 2007). Consequently, an ethanol titer target of >5% is commonly cited 
since process energy demand reductions beyond 5% become minimal (Galbe, Sassner et 
al. 2007; Zhang, Chu et al. 2010; Nguyen, Cai et al. 2016). Unfortunately, achieving high 
titers have been a major challenge because increasing substrate loadings often results in 
lower ethanol yields due the issues associated with poor enzyme digestibility at high 
solids operations (Mohagheghi, Tucker et al. 1992; Zhang, Chu et al. 2010). Therefore, 
advances in pretreatment technologies to increase digestibility and glucan content of solid 
substrates are important in achieving target ethanol titers to lower energy demand and 
improve process economics.  
2.7 Conclusions 

The global diversity of different types of feedstocks lead to significant variations 
in composition and recalcitrance as well as uncertainties in feedstock cost and local 
availability. All of these factors lead to various process designs and assumptions, 
resulting in a wide range of estimated selling prices or MESPs. The process designs 
depend on the selection of feedstock (corn stover, switchgrass, poplar wood, etc.), 
pretreatment technology (dilute acid pretreatment, hot water pretreatment, steam 
explosion, etc.), and process configuration (SHF, SSF, SSCF, and CBP). The different 
process assumptions can include various feedstock costs, feedstock compositions, 
feedstock availability which determines optimal production capacity, enzyme costs, 
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conversion efficiencies, and energy conservation. Nonetheless, the key to improving the 
economics of the process in terms of lowering the product value or the MESP relies on 
selecting technologies or configurations that balance the trade-offs between important 
economic parameters. Early in the process design, it is important to select the optimum 
production capacity, which is essentially a trade-off between investment costs and 
feedstock transport costs that heavily rely on regional conditions and the availability of 
the feedstock for a selected location. For the rest of the process design, improving yields 
represents the best opportunity for improving the economics of the biological conversion 
process due to its influence on feedstock or capital costs, which have consistently been 
identified as key economic factors in various techno-economic analyses.  

Although pretreatment is considered the most expensive step of the process 
regardless of technology, advancing pretreatment technologies holds the key towards 
reducing biomass recalcitrance to essentially improve yields, reduce enzyme 
requirements, and achieve target ethanol concentrations for economical downstream 
processing. Since the high cost of enzymes is also a major economic barrier in the 
process, it is important to balance the trade-offs between yields and enzyme cost. 
Additionally, the challenges associated with high solids loading fermentations highlight 
the importance of continued yield improvements through pretreatment in order to achieve 
target ethanol titers to lower energy demand. A full techno-economic assessment is 
recommended for each specific process design, in which the trade-offs between yields 
and additional investment costs is considered in the selection of technologies or 
configurations.   
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 3.1 Abstract 
We introduce here a new pretreatment called Co-solvent Enhanced 

Lignocellulosic Fractionation (CELF) to dramatically reduce enzyme costs for high sugar 
yields from hemicellulose and cellulose as essential to low cost biomass conversion to 
fuels. CELF employs THF miscible with aqueous dilute acid to obtain up to 95% 
theoretical yield of glucose, xylose, and arabinose from corn stover even when coupled 
with enzymatic hydrolysis at only 2 mg-enzyme g-glucan-1. The unusually high 
saccharification with such low enzyme loadings can be attributed to very high lignin 
removal, as supported by compositional analysis, fractal kinetic modeling, and SEM 
imaging. Subsequently, nearly pure lignin product can be precipitated by evaporation of 
volatile THF for recovery and recycle. Simultaneous saccharification and fermentation 
(SSF) of CELF solids with low enzyme loadings and Saccharomyces cerevisiae produced 
twice as much ethanol as dilute acid pretreatment when both were optimized for corn 
stover. 
3.2 Introduction 

Lignocellulosic biomass, in the form of agricultural, herbaceous, and woody 
residues and energy crops, promises to provide a sufficient sustainable resource to 
address global energy demands and reduce dependence on petroleum-based liquid fuels 
(Wyman 2007; Wyman and Huber 2009). Its low cost is also attractive with 
lignocellulosic biomass at $60 dry-ton-1 equivalent in unit energy cost basis to oil at about 
$20 barrel-1 (Perlack and Stokes 2011). Although natural gas production from fossil 
resources can serve to reduce petroleum consumption in the near-future, it is a finite 
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resource, and its consumption contributes to overall atmospheric greenhouse gas (GHG) 
emissions. In contrast, bioenergy from lignocellulosic biomass is sustainable for the long-
term, and the GHGs produced from burning biofuels originate from atmospheric carbon 
dioxide sequestered by photosynthesis through reabsorption by growing new plants to 
replace those harvested. In light of this, realistic and scalable technologies are particularly 
needed to capture the energy in lignocellulosic biomass as aromatic, hydrocarbon, and 
alcohol transportation fuels, because the transportation sector currently consumes about 
two-thirds of the world’s petroleum production (Lynd, Greene et al. 2006; Lynd, Laser et 
al. 2008).  

Lignocellulosic biomass is comprised of hemicellulose, cellulose, and lignin in a 
heterogeneous matrix that is recalcitrant; it is structurally durable and resistant to 
microbial or enzymatic breakdown (Lynd, Wyman et al. 1999; Yang and Wyman 2008). 
This recalcitrance is the major economic obstacle to converting biomass to sugars or 
other reactive intermediates with high yields at low enough costs for widespread use 
(Wyman 2007; Lynd, Laser et al. 2008). Biomass pretreatment has proven to be essential 
to overcome the recalcitrance of most biomass materials to downstream biological and 
chemical processes. Chemical and physical pretreatment methods include heat, acid, 
and/or chemicals, usually in aqueous-based reactions (Mosier, Wyman et al. 2005; Yang 
and Wyman 2008; Kumar, Mago et al. 2009). In these two-stage operations, 
thermochemical pretreatment (Stage 1) opens up the biomass structure for subsequent 
enzymatic saccharification (Stage 2) by a mixture of enzymes (“cocktails”) that release 
sugars from the pretreated solids (Mosier, Wyman et al. 2005; da Costa Sousa, 
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Chundawat et al. 2009; Wyman, Dale et al. 2013). Although modern saccharification 
enzymes are highly stable and selective, their effectiveness is largely influenced by the 
efficacy of the pretreatment stage where 1) incomplete removal/relocation of 
hemicellulose and/or lignin has been shown to impede enzyme function, necessitating 
higher enzyme loadings that significantly increase costs and 2) ineffective alteration of 
the polysaccharides remaining in the solids from pretreatment can reduce enzyme access 
to binding sites, limiting potential sugar yields (Arantes and Saddler 2011; Kumar and 
Wyman 2013). Thus, it appears desirable for an effective pretreatment to remove 
hemicellulose and lignin to improve accessibility of the pretreated solids to enzymes so 
that high total sugar yields from both hemicellulose and cellulose can be achieved with 
low enzyme loadings (Zhang, Ding et al. 2007; Kumar and Wyman 2013). 

Currently, leading pretreatment strategies that appear attractive for commercial 
use include, but are not limited to, those by hydrothermal, dilute acid, solvent (such as 
ethanol-Organosolv or cellulose solvent and organic solvent based lignocellulose 
fractionation, COSLIF), ammonia (ammonia fiber expansion (AFEX), ammonia recycled 
percolation (ARP), and soaking in aqueous ammonia), and alkali based processes (da 
Costa Sousa, Chundawat et al. 2009; Karimi, Shafiei et al. 2013; Wyman, Dale et al. 
2013). Although each approach has its advantages, incremental implementation costs 
must be compensated by significant improvements in total sugar recovery and the 
capability to achieve high yields of fuels in downstream bioconversion processes at low 
enzyme loadings. We present here a new solvent-based pretreatment strategy called 
CELF (Co-solvent Enhanced Lignocellulosic Fractionation) that employs aqueous THF 
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solutions to significantly enhance dilute acid pretreatment. Dilute acid pretreatment is a 
research and commercial pretreatment benchmark (Schedemann, Ihmels et al. 2010) as 
evidenced by its wide adoption for pretreatment-related research and choice for NREL 
techno-economic analyses (Humbird, Davis et al. 2011) as a relatively low cost and 
effective pretreatment for corn stover and other feedstocks (Weiss, Nagle et al. 2009).  

CELF employs THF because it is a unique polar aprotic solvent that is miscible 
with water over a wide range of conditions and concentrations and has the added benefit 
that it can be sustainably produced from biomass (Cai, Zhang et al. 2013). In its miscible 
regime at high reaction severities, we previously showed that reacting lignocellulosic 
biomass with acidified aqueous-THF solutions caused extensive lignin removal from 
biomass solids and catalyzed solubilization of cellulose and hemicellulose to enhance 
overall sugar dehydration product yields (furfural, 5-hydroxymethylfurfural, and levulinic 
acid) that could be used as fuel precursors for catalytic reactions (Cai, Zhang et al. 2013; 
Cai, Nagane et al. 2014). These results prompted us to hypothesize that lower severity 
reaction conditions would solubilize most of the hemicellulose sugars with limited 
breakdown to dehydration products and remove most of the lignin to produce cellulose 
rich solids that would lend themselves to nearly complete sugar release at low enzyme 
loadings.  Thus, the study reported here was undertaken to optimize CELF as a 
pretreatment of corn stover as a model biomass feedstock, directly compare the resulting 
performance with that by dilute acid pretreatment to define the unique advantages of 
CELF, and demonstrate its integration with simultaneous saccharification and 
fermentation (SSF) to produce valuable fuels and chemicals.  
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3.3 Experimental methods 
3.3.1 Materials 

Compositional analysis of corn stover was performed according to the established 
National Renewable Energy Laboratory (NREL) procedure (version 8-03-2012) in 
triplicates, with a resulting mass composition of 37.1 ± 0.7% glucan, 25.1 ± 0.3% xylan, 
4.2 ± 0.1% arabinan, 14.5 ± 0.4% K-lignin, and 28.0% other materials (Sluiter, Ruiz et al. 
2010). Other materials are usually comprised of ash (4 -6 wt %), proteins (2 - 3 wt %), 
acetic acid (2 - 4wt %), sugar acids (1 - 2 wt %), and extractives (2 - 8 wt %) that were 
not quantified in this study (Templeton, Scarlata et al. 2010). Frozen stock of 
Saccharomyces cerevisiae (D5A) was prepared from plate monocultures that were 
transferred and cultured in a shaker incubator at 150 RPM and 38 °C in yeast peptone 
dextrose (YPD) media containing 10 g L-1 yeast extract, 20 g L-1 peptone, and 50 g L-1 
glucose. After 24 h incubation, a 40 wt% glycerol in water solution was added, and 1 mL 
aliquots of the resulting mixture were transferred to sterile cryo-vials and placed in a -70 
°C freezer. Before each SSF run, the inoculum was prepared by thawing, transferring, 
and growing the thawed stock on a shaker incubator at 150 RPM and 37°C for 12 h in a 
250 mL baffled flasks with 50 mL of YPD medium. The inoculum was then centrifuged 
and re-suspended in sterile DI water twice for washing and prepared for inoculation at a 
0.5 optical density (O.D.).  
3.3.2 Analytical procedures 

All chemical analyses were based on Laboratory Analytical Procedures (LAPs) 
documented by NREL. Liquid samples along with appropriate calibration standards were 
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analyzed by HPLC (Waters Alliance 2695 system equipped with a Bio-Rad Aminex® 
HPX-87H column and Waters 2414 RI detector) with an eluent (5 mM sulfuric acid) flow 
rate of 0.6 ml min-1. The chromatograms were integrated by Empower 2 software 
package (Waters Co., Milford, MA). As developed and consistently practiced in our 
laboratory (Lloyd and Wyman 2005; Zhang, Kumar et al. 2013), combined total sugar 
yields (Stage 1 + Stage 2) from each pretreatment were determined as the sum of total 
mass of soluble glucose, xylose, and arabinose released by pretreatment (Stage 1) plus 
the total mass of these three sugars released by saccharification of the washed pretreated 
solids with enzymes (Stage 2, enzymatic hydrolysis). Details of the calculation of sugar 
yields are outlined in the Supporting Information. Due to their greater abundance in corn 
stover composition, total sugars were considered to include glucose, xylose, and 
arabinose. Total lignin recovered was calculated from the mass of total unwashed K-
lignin precipitated upon recovery of THF solvent whereas delignification was calculated 
from the percentage of K-lignin remaining in the pretreated material compared to the 
initial K-lignin content of the raw material. 
3.3.3 Pretreatment of corn stover 

Pretreatment reactions were performed in a 1 L Hastelloy Parr® autoclave reactor 
(236HC Series, Parr Instruments Co., Moline, IL) equipped with a double stacked pitch 
blade impeller rotated at 200 rpm. The THF co-solvent mixture for CELF pretreatment 
contained a 1:1 volume ratio of THF (>99% purity, Fisher Scientific, Pittsburgh, PA) and 
water. A 0.5 wt% sulfuric acid (Ricca Chemical Company, Arlington, TX) concentration 
in the mass of the water and THF solution was found to achieve the highest total glucose 
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plus xylose plus arabinose yields from dilute acid alone or CELF pretreatment coupled 
with subsequent enzymatic hydrolysis (Lloyd and Wyman 2005). Prior to each reaction, 
corn stover was added to the acid solution and soaked overnight at 4°C. Corn stover solid 
loadings were 5 wt% for both the CELF and dilute acid non-solvent pretreatments based 
on the total working mass of liquids and solids in the reaction. All reactions were 
maintained at temperature (±2°C) by convective heating with a 4 kW fluidized sand bath 
(Model SBL-2D, Techne, Princeton, NJ), with the reactor temperature directly measured 
by an in-line thermocouple (Omega, K-type). The sand bath temperature was set to 
340°C to reduce the heat-up time to under 3 min (Yang and Wyman 2009). At the 
conclusion of each reaction, the reactor was cooled by quickly submerging it in a large 
room temperature water bath. The solids were then separated from the reaction liquor by 
vacuum filtration at room temperature through glass fiber filter paper (Fisher Scientific, 
Pittsburgh, PA). Mass and density of the liquid fractions were measured to complete 
accurate yield calculations. Due to differences in density between the co-solvent mixtures 
and pure water, final densities were determined by weighing 25 mL of the reacted liquid 
in a volumetric flask after each reaction. Liquid samples were analyzed by HPLC as 
previously described.  
3.3.4 Enzymatic hydrolysis of pretreated corn stover and avicel cellulose  

As noted in the NREL standard protocol (Selig, Weiss et al. 2008), enzymatic 
hydrolysis of pretreated materials was performed in triplicate using 125 mL Erlenmeyer 
flasks with a 50 g total working mass containing 50 mM citrate buffer (pH 4.8) to 
maintain pH, 0.02% sodium azide to prevent microbial growth, and approximately 1 wt% 
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glucan from pretreated solids or Avicel® PH-101 cellulose (Sigma Aldrich, St. Louis, 
MO). The cellulase enzyme (Accellerase®1500, DuPont Industrial Biosciences, Palo 
Alto, CA) loadings were varied from 2 to 30 mg-enzyme g-glucan-1 on a basis of the 
mass of glucan in the raw corn stover, as described elsewhere (Gao, Kumar et al. 2014), 
and not according to the glucan content of the pretreated material to provide a useful 
comparison among different pretreatments (Mosier, Wyman et al. 2005; Garlock, Balan 
et al. 2011; Wyman, Balan et al. 2011; Wyman, Dale et al. 2013). Basing enzyme 
loadings on the raw material is important because a pretreatment should not be penalized 
for releasing sugars before enzymatic hydrolysis, as total sugar yields from both Stage 1 
(pretreatment) plus Stage 2 (enzymatic hydrolysis) should be maximized (Pollet, Davey 
et al. 2014). The flasks containing biomass slurry were placed in a Multitron™ orbital 
shaker (Infors HT, Laurel, MD) set at 150 RPM and 50°C and allowed to equilibrate for 
1 hour before enzyme addition. Samples of about 0.75 mL were periodically taken into 2 
ml centrifuge vials (Fisher Scientific, Pittsburgh, PA) from each flask and centrifuged at 
14,000 rpm for 5 min to determine the progress of enzymatic hydrolysis. The supernatant 
was then transferred into 500 µl HPLC vials (Grace Davison, Deerfield, IL) for HPLC 
analysis. 
3.3.5 Fractal modeling of hydrolysis kinetics  

A fractal model based on first order chain breakdown to form glucose was found 
to best describe cellulose hydrolysis with the rate coefficient kt related to the hydrolysis 
time raised to the fractal exponent h (Eqn 1) (Wang and Feng 2010):   
 = , ℎ  =  (1) 
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The model described by Eqn 2 was used to fit the experimental data from the enzymatic 
hydrolysis by non-linear regression using MATLAB 7.0 (damped least squares) where 

= %  and =   ℎ: 

 = 100 ∗ (1 − − 1 +   (2) 

3.3.6 Cell cultivation and simultaneous saccharification and fermentation 
Consistent with NREL standard protocols (NREL LAP, “SSF Experimental 

protocols- Lignocellulosic Biomass Hydrolysis and Fermentation,” Dowe et Al., 2001), 
SSF was performed in triplicates in 125 mL flasks with a 50 g working mass containing 
50 mM citrate buffer (pH 4.8), 10 g L-1 yeast extract (Becton, Dickinson and Company, 
Redlands, CA), 20 g L-1 peptone (Becton, Dickinson and Company, Redlands CA), 40 
mg L-1 tetracycline (Sigma Aldrich, St. Louis, MO) as an antimicrobial agent, 
Accellerase® 1500 cellulase (loaded at 5 or 15 mg-protein g-glucan-1), and D5A frozen 
stock culture. DI water and solids were loaded into flasks (with attached bubble traps) to 
achieve 4 wt% glucan loading of either the pretreated solid residues or Avicel® PH 101 
cellulose, and masses of the whole flask assembly were recorded before autoclaving at 
121 °C for 30 minutes. Flasks were then cooled, reweighed, and moved into a laminar 
flow hood (Baker and Baker Ruskinn, Sanford, ME) for aseptic re-addition of pre-
sterilized DI water to replenish water loss, yeast extract, citrate buffer, tetracycline, 
Accellerase® 1500 cellulase, and cell inoculum.  
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3.3.7 Scanning electron microscope (SEM) imaging 
A field emission scanning electron microscope (SEM, Philips XL-30) provided 

images of the raw, pretreated, and post enzymatic hydrolysis corn stover. Air-dried 
samples of each were placed on pin stub mounts with carbon tape and sputter coated with 
platinum in a Cressington 108 Auto (Ted Pella Inc, Redding CA). The surface macro and 
microstructures of the samples were characterized at an accelerating voltage of 2 kV. 
3.4 Results and discussion 
3.4.1 Optimizing corn stover pretreatment to maximize overall total sugar yields  

This study focused on the fate of glucose, xylose, and arabinose during CELF and 
dilute acid pretreatments in light of their dominance in corn stover composition. To 
present a fair comparison, we first optimized reaction conditions to achieve the highest 
total sugar yields (glucose, xylose, and arabinose) from CELF or dilute acid pretreatment 
of corn stover (Stage 1) combined with subsequent enzymatic hydrolysis of the pretreated 
solids (Stage 2). Dilute sulfuric acid (0.5 wt%) was used for both CELF and dilute acid 
pretreatments as it is an inexpensive strong acid that can be neutralized easily at dilute 
concentrations and is often the acid of choice. We selected a 1:1 THF-to-water volume 
mixture for all CELF reactions as it was previously found to be the lowest solvent 
concentration required for effective delignification of lignocellulosic biomass (Cai, 
Zhang et al. 2013). Although higher solvent ratios up to 7:1 can further improve biomass 
solubilization, formation of unwanted sugar dehydration products is also increased. For 
CELF, the lowest optimal reaction temperature of 150 °C was chosen to remain outside 
the known miscibility gap for THF-water mixtures between 71.8 °C and 137.1 °C 



 48

(Matous, Novak et al. 1972). Short heat-up (< 4 min) and cool-down (< 1 min) times 
insure that the reactants spend little time passing through the immiscible region to 
minimize the possibility of some impact on reaction kinetics. For optimization, Stage 2 
enzymatic hydrolysis of pretreated corn stover solids was performed with Accellerase® 
1500 enzyme cocktail (cellulase + β-glucosidase) at an enzyme loading of 15 mg-enzyme 
g-glucan-1 to yield glucose monomers. Enzyme loadings were based on the glucan 
composition of the corn stover prior to pretreatment for a fair comparison between the 
two pretreatments (Mosier, Wyman et al. 2005).  

As shown in Figure 3.1, the total sugar yields from combined pretreatment and 
enzymatic hydrolysis were determined over a range of pretreatment times to find the 
optimal reaction time for CELF pretreatment of corn stover. As shown, most of the 
xylose and arabinose was released from Stage 1 whereas a majority of the glucose was 
obtained from Stage 2, consistent with the typical production of sugars from dilute acid 
pretreatment. However, in contrast to dilute acid pretreatment trends in which Stage 2 
glucose yields tend to continually increase with pretreatment time, Stage 2 glucose yields 
from enzymatic hydrolysis of CELF pretreated corn stover remained relatively constant 
over a range of pretreatment times, as shown in Figure 3.1A. Since little degradation of 
glucose occurred at the pretreatment conditions applied and enzymatic hydrolysis was 
effective over a wide range of pretreatment times, the total glucose yield from both stages 
was nearly 100% of the theoretical maximum and paralleled the trend for Stage 2. On the 
other hand, the Stage 1 xylose yield peaked at 89% for about a 25-minute pretreatment, 
with further reaction reducing xylose yields due to degradation. Because most of the 
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xylose was released in Stage 1 and most of the xylose remaining in the pretreated solids 
was released in subsequent enzymatic hydrolysis, the total xylose yield paralleled the 
trend for Stage 1. Arabinose yields were fairly constant at about 80% of theoretical over 
the course of the reaction times. As a result of these trends, the optimal reaction time of 
25 min for total combined sugars yield shown in Figure 3.1C was largely dictated by the 
xylose yield from Stage 1 (Figure 3.1B). This outcome suggested that CELF pretreatment 
of corn stover could simply be optimized based on xylose recovery in the liquid 
hydrolysate from pretreatment.  

The optimal reaction conditions developed in this study for dilute acid 
pretreatment of corn stover without THF were consistent with those established by 
previous work (Lloyd and Wyman 2005): a 20 min reaction at 160°C with 0.5 wt% 
sulfuric acid. Maximizing total sugar yields from combined pretreatment and enzymatic 
hydrolysis required tradeoffs as sugar yields from enzymatic hydrolysis continually 
increased with pretreatment time while xylose yields from pretreatment peaked well 
before the maximum glucose yield was obtained. This contrasts with CELF pretreatment 
in which xylose was not sacrificed in Stage 1 to realize high enough yields in Stage 2 to 
achieve the highest possible overall total sugar yields (Lloyd and Wyman 2005). 
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  Figure 3.1 Optimization of pretreatment times for CELF pretreatment of corn stover to maximize total 
sugar (glucose, xylose, and arabinose) yields from combined pretreatment (Stage 1) and enzymatic 
hydrolysis (Stage 2): A) glucose yields, B) xylose yields, and C) total combined glucose plus xylose plus 
arabinose yields. Reaction conditions: 5 wt% corn stover, 150°C, 0.5% H2SO4, and 1:1 THF:water volume 
ratio. Stage 2 was performed using 15 mg-protein g-glucan-1 loading of Accellerase® 1500 enzyme based 
on glucan in corn stover prior to pretreatment. 
 Compositions of solids from both dilute acid and CELF pretreatments of corn 
stover at the optimal conditions for the highest overall total sugar yields are shown in 
Figure 3.2 based on 100 g mass of initial raw corn stover prior to pretreatment. These 
results show that although the fates of glucan and arabinan were similar for both 
pretreatments, CELF pretreatment dramatically improved removal of xylan and lignin 
compared to dilute acid, with remaining component masses of 1.3 g xylan and 3.4 g 
lignin for the CELF pretreated solids compared to 2.9 g xylan and 15.0 g lignin for the 
dilute acid pretreated solids on the basis of 100 g of corn stover initially (Figure 3.2). In 
fact, the reduced solid mass from CELF pretreatment was largely due to extensive 



 51

delignification not possible with dilute acid pretreatment; higher solubilization of other 
components such as ash, proteins, and extractives; and less pseudo-lignin formation due 
to sugar degradation that may actually increase the measured K-lignin content in 
pretreated solids from the dilute acid pretreatment (Sannigrahi, Kim et al. 2011; Kumar, 
Hu et al. 2013). As observed previously with maple wood,(Cai, Zhang et al. 2013) THF is 
highly effective in delignifying biomass, in this case, producing a much more glucan-
enriched material than from dilute acid pretreatment (75 wt% vs. 52 wt% glucan, 
respectively). However, the total mass of glucan remaining in the solids was comparable 
after dilute acid and CELF pretreatments despite a 10°C reduction in temperature  with 
CELF at optimal reaction conditions, supporting our early observation that THF can 
catalyze hydrolysis of biomass sugars (Cai, Zhang et al. 2013). 

 
Figure 3.2. Tracking the mass of glucan, xylan, arabinan, lignin, and other compounds left in the solids 
produced by dilute acid (DA) and CELF pretreatments at conditions optimized for recovery of highest total 
overall sugar yields. The values shown for dilute acid and CELF are based on the content of each 
component in 100 g of corn stover prior to pretreatment. Reaction conditions: dilute acid: 160°C, 0.5% 
H2SO4, 20 min; CELF: 150°C, 0.5% H2SO4, 25 min, 1:1 THF:water volume ratio. 
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3.4.2 The effect of reduced enzyme loadings on total sugar yields 
Because enzymes contribute about 20% of the total cost of producing fermentable 

carbohydrates from lignocellulosic biomass (Lynd, Laser et al. 2008), one of the most 
important challenges in developing effective pretreatment technologies is reducing the 
enzyme requirement for high sugar yields. Enzymes have been estimated to cost up to 
$1.47 gal ethanol-1 based on typical yields and conversions (about 70%) for ethanol 
production from corn stover based on a benchmark dilute acid pretreatment at a moderate 
loading of 20 mg-enzyme g-glucan-1 (Klein-Marcuschamer, Oleskowicz-Popiel et al. 
2012). Thus, as an example, reducing the enzyme loading by a factor of 4 could 
significantly lower enzyme costs to a more economical value of $0.37 gal ethanol-1. 
Figure 3.3 shows results from Stage 2 enzymatic hydrolysis of solids produced from 
optimized dilute acid and CELF pretreatments of corn stover for loadings of 30, 15, 5, 
and 2 mg-enzyme g-glucan-1 based on the raw glucan composition. These results show 
that CELF pretreatment (Figure 3.3B) achieved higher total sugar yields at all enzyme 
loadings compared to dilute acid (Figure 3.3A). Additionally, CELF pretreated material 
realized nearly theoretical yields of glucose even at low loadings of 2 and 5 mg-enzyme 
g-glucan-1, albeit at longer incubation times (16 days and 5 days, respectively). These 
profiles are in stark contrast to those for dilute acid pretreated corn stover solids that had 
lower rates of glucan release and incomplete hydrolysis at loadings of 15 mg-enzyme g-
glucan-1 or less, likely due to cellulose surface blockage by lignin and pseudo-lignin 
and/or enzyme inhibition/adsorption by lignin and/or pseudo-lignin (Yang and Wyman 
2006; Ding, Liu et al. 2012; Kumar, Arantes et al. 2012; Kumar, Hu et al. 2013). The 
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glucose yield profiles vs. enzymatic hydrolysis incubation time also show that long term 
glucose yields for solids from dilute acid pretreatment dropped with each successively 
lower enzyme loading, whereas long-term yields climbed to nearly 100% for CELF 
pretreated material, albeit requiring longer reaction times. Thus, CELF pretreatment 
reduced the recalcitrance of corn stover to such an extent that a 10-fold reduction in 
enzyme loading still achieved very high yields and could translate into the enzyme cost 
potentially dropping to $0.15 gal ethanol-1, a savings of over $1.00 gal ethanol-1. Future 
techno-economic analysis are needed to evaluate the cost of implementing CELF 
pretreatment compared to dilute acid pretreatment to demonstrate overall cost savings. As 
described later, the extent of THF recovery would be crucial to plant economics. 

 
Figure 3.3 Comparison of glucose yields from enzymatic hydrolysis of solids from optimized A) dilute 
acid and B) CELF pretreatments of corn stover vs. enzymatic hydrolysis time over a range of Accellerase® 
1500 enzyme loadings from 2 to 30 mg-enzyme g-glucan-1. Pretreatment reaction conditions were those 
that gave the highest total combined sugar yields at a loading of 15 mg-enzyme g-glucan-1: dilute acid: 
160°C, 0.5% H2SO4, 20 min; CELF: 50°C, 0.5% H2SO4, 25 min, 1:1 THF:water volume ratio. 
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Figure 3.4 Overall Stage 1 + Stage 2 yields of glucose, xylose, and arabinose from CELF and dilute acid 
(DA) pretreated corn stover solids based on 100 g of total monomeric equivalent of the glucan, xylan, and 
arabinan content in unpretreated corn stover. The Stage 2 incubation time in days is shown at the top of 
each bar, e.g., D14 represents 14 days. 100% corresponds to the maximum amount of sugars that could be 
realized from the total glucan, xylan, and arabinan in corn stover. 
 Figure 3.4 shows the total combined sugar yields at loadings of 2, 5, and 15 mg-
enzyme g-glucan-1 for solids from CELF and dilute acid pretreatments at optimized 
pretreatment conditions, expressed as the sum of glucose, xylose, and arabinose masses 
obtained from Stage 1 + Stage 2 divided by the initial total mass of these three sugars, 
normalized on the basis of 100 g total sugars in the initial material before pretreatment. 
Although xylose (34% to 36%) and arabinose yields (5%) were comparable for both 
CELF and dilute acid pretreatments as a result of similar sugar release in Stage 1, total 
combined sugar yields were higher for CELF pretreatment than for dilute acid at all 
enzyme loadings due to higher glucose release in Stage 2. It is particularly noteworthy 
that overall sugar yields from CELF pretreated solids reached about 95% even at the low 
enzyme loading of 2 mg-enzyme g-glucan-1, albeit requiring 14 days to reach this level, 
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while yields from dilute acid solids were only about 70% after 14 days at this low 
enzyme loading. The apparent rate of glucose release was also higher from CELF 
pretreated solids, as illustrated by over 95% of the total potential sugar in corn stover 
being recovered in only 2 days following CELF pretreatment compared to the 14 days 
needed for dilute acid pretreatment to achieve an 85% total sugar yield at a loading of 15 
mg-enzyme g-glucan-1. Even at these longer incubation times for the latter, the lower 
total combined sugar yields were mostly attributable to incomplete glucan hydrolysis in 
Stage 2, as xylose and arabinose recovery was comparable to that from CELF 
pretreatment.  
3.4.3 Insights gained by a fractal model of enzymatic hydrolysis kinetics  

A fractal kinetic model based on an empirical curve fit to the enzymatic 
hydrolysis results presented provided additional insights into the cause of the sugar yield 
plateau suffered by dilute acid pretreated corn stover compared to the highly reactive 
material produced by CELF. The fractal model used is based on classical first-order 
kinetics but replaces the rate constant k with a transient rate coefficient kt = kt-h that 
decays over time by a fractal exponent h. The values of the transient rate parameter kt can 
be interpreted in terms of both substrate features and enzyme loadings to suggest 
mechanistic differences in enzymatic hydrolysis of CELF and dilute acid pretreated 
solids. When kt is plotted against glucan conversion in Figure 3.5A, differences in the 
enzyme-substrate interactions can be seen. Specifically, in the higher glucan conversion 
regime of 60% to 100% where the accessible substrate surface area had been significantly 
reduced, CELF pretreated corn stover exhibited higher kt values that dropped more 
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slowly with increasing conversion from 0.039 to 0.030 h-1 (Figure 3.5A) at the lower 
loading of 5 mg-enzyme g-glucan-1, compared to the larger drop for dilute acid pretreated 
corn stover at higher loadings from 0.019 to 0.006 h-1 for 15 mg-enzyme g-glucan-1 and 
0.027 to 0.007 h-1 for 30 mg-enzyme g-glucan-1. This large difference suggests that CELF 
pretreatment produces substrates that sustain greater accessibility to enzymes over the 
course of hydrolysis compared to dilute acid pretreatment, resulting in nearly complete 
digestion of CELF pretreated corn stover solids. 

From a different perspective, Figure 3.5B depicts the change of reaction rate 
coefficient kt with respect to hydrolysis time for both dilute acid and CELF 
pretreatments. As shown, the temporal progressions of kt from the CELF pretreated corn 
stover at 2 and 5 mg-enzyme g-glucan-1 loadings were consistently 3 to 4 times greater 
than values for dilute acid pretreated corn stover at corresponding enzyme loadings, 
validating the superior enzymatic reactivity of CELF pretreated corn stover. Because 
dilute acid and CELF removed similar levels of hemicellulose, these results can be 
attributed to extensive removal of lignin during CELF pretreatment resulting in less 
cellulose surface blockage and enzyme inhibition than for dilute acid pretreatment. Wang 
et al. (Wang, Xu et al. 2011) also proposed that a smaller h value correlates with less 
lignin inhibition, and a lower h was observed from CELF pretreated corn stover (0.169 at 
5 mg-enzyme g-glucan-1) in comparison to dilute acid at the same enzyme loadings 
(0.607 at 5 mg-enzyme g-glucan-1). Future work with CELF pretreatment will be coupled 
with fractal kinetic modelling to further investigate how delignification by CELF 
pretreatment affects substrate and enzyme interactions.  
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Figure 3.5. Comparison of change in fractal kinetic rate coefficient with respect to: A) percent conversion 
in the higher glucan conversion regime of 60% to 100% where accessible substrate surface area had 
significantly decreased for CELF pretreatments at 5 mg-enzyme g-glucan-1 (CELF, 5 mg) and dilute acid 
pretreatments at 15 and 30 mg-enzyme g-glucan-1 (DA, 15 and DA, 30 mg respectively) and B) enzymatic 
hydrolysis time for the dilute acid and CELF pretreatments at low loadings of 2 and 5 mg-enzyme g-glucan-
1 (denoted as DA/CELF, 2 mg and DA/CELF, 5 mg respectively).  
3.4.4 Changes resulting from lignin removal by CELF observed by SEM  

In Figure 3.6, an SEM comparison is shown of the macro- and micro-structure 
between raw corn stover and solids produced by dilute acid and CELF pretreatments to 
aid in understanding mechanisms that could account for the extraordinary reactivity of 
CELF pretreated corn stover with cellulolytic enzymes. Due to the heterogeneous 
distribution of raw corn stover, particles with common surface features were imaged for 
comparison. In Figure 3.6A, the outer structure of raw corn stover appears porous, with 
sheet-like pleats surrounding the open vascular networks used for water and nutrient 
delivery to the plant. When the corn stover was pretreated with dilute acid, Figure 3.6B 
shows how the macro-structure of the solids changed by destruction of the sheet-like 
walls to reveal the porous vascular network underneath, likely a primary feature for 
improving accessibility for enzyme attack. The significant amount of lignin still present 
in solids following dilute acid pretreatment apparently preserved major features of raw 
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corn stover. In contrast, Figure 3.6C shows that CELF significantly altered macro and 
micro-structure features that are vital to efficient deconstruction of lignocellulosic 
biomass (Kumar and Wyman 2013), likely due to extensive lignin removal collapsing 
most of the super-structure so that neither the sheet-like walls nor the vascular channels 
can be easily distinguished. This drastic destruction and collapse shown in the dried cell-
wall structure from CELF pretreatment may be responsible for the substrate’s sustained 
reactivity to enzymatic hydrolysis. The visible “wrinkling” of material by CELF was 
likely due to drying of the sample, indicating that the material may be structurally weaker 
and become readily expanded when rehydrated by water, somewhat like a sponge. Our 
next steps include applying 13CP NMR and Simons’ staining and water retention to 
compare the relative effects of CELF and dilute acid pretreatments on crystallinity and 
accessibility, respectively, as well as develop more extensive SEM images and particle 
size distributions to test these hypotheses. 

   
Figure 3.6. SEM images of solids at 1000X magnification from A) raw corn stover, B) dilute acid 
pretreated corn stover (160°C, 0.5wt% sulfuric acid, 20 min), and C) CELF pretreated corn stover (150°C, 
0.5wt% sulfuric acid, 25 min). Scale bar is shown. 
 
3.4.5 SSF of pretreated corn stover to ethanol 

We applied SSF to both CELF and dilute acid pretreated solids to demonstrate the 
compatibility of CELF pretreatment with achieving high ethanol yields by fermentation. 



 59

SSF combines enzymatic hydrolysis of biomass to sugars with sugar fermentation to 
ethanol in a single step to reduce end product inhibition of enzymes by high soluble sugar 
concentrations and thereby increase ethanol yields and titers (Andrić, Meyer et al. 2010; 
Schedemann, Ihmels et al. 2010). In this study, SSF was applied to pretreated solids in 
125 mL shake flasks at 4 wt% glucan loading; each flask contained 50 mL working 
volume and was fitted with a bubble trap and inoculated with the D5A strain of S. 
cerevisiae yeast along with Accellerase® 1500. Figures 3.7A and 3.7B present the 
ethanol yields obtained when SSF was applied to solids produced by dilute acid and 
CELF pretreatments at optimized conditions compared to yields from an Avicel® 
cellulose control at loadings of 5 and 15 mg-enzyme g-glucan-1. These results show that 
although a concern of solvent-based pretreatment such as with ionic liquids can be 
toxicity of residual solvent in pretreated solids towards enzymes or microbes that would 
reduce ethanol yields, simply washing CELF solids with water through a vacuum filter 
was sufficient to achieve high yields via SSF. Furthermore, consistent with our results for 
just enzymatic hydrolysis of the same solids, higher SSF ethanol yields were obtained for 
solids from CELF pretreatment at both enzyme loadings. For the higher loading of 15 
mg-enzyme g-glucan-1, Figure 3.7A shows that the ethanol yield plateaued at about 90% 
and 83% of theoretical for solids from CELF and dilute acid pretreatments, respectively, 
and that the yield rose much more rapidly for CELF pretreated solids. On the other hand, 
Avicel microcrystalline cellulose proved more recalcitrant than corn stover solids 
produced by either pretreatment, with ethanol yields still increasing at ~300 h 
fermentation time. These results suggest that, unlike CELF pretreated material, the high 
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lignin content of dilute acid pretreated corn stover and the lower enzyme accessibility of 
crystalline Avicel® limit the effectiveness of hydrolytic enzymes and reduce overall 
ethanol yields. The differences are even more dramatic at a more commercially 
affordable enzyme loading of 5 mg-enzyme g-glucan-1, with yields from CELF pretreated 
solids peaking at over 90% in only 4 days, while yields for dilute acid pretreated solids 
are only about 50% after 6 days. Thus, CELF pretreatment gave superior conversion of 
corn stover to ethanol compared to either of the other two substrates, consistently 
achieving ~90% or higher ethanol yields at both 15 and 5 mg g-glucan-1 enzyme 
loadings. Future study will optimize SSF ethanol yields from CELF pretreated solids at 
higher solids concentrations to realize more economically attractive ethanol titers. 

Figure 3.7C shows yields of metabolites after 7 days of culture to close material 
balances on sugars. As shown, more glycerol was produced by conversion of CELF than 
dilute acid pretreated corn stover solids, likely due to the greater osmotic stress generated 
by the higher initial glucose concentrations (Nevoigt and Stahl 1997) or higher ethanol 
concentrations at the completion of the fermentation. Additional optimization to reduce 
residual glucose concentrations during culture may further improve ethanol yields. Acetic 
acid and cellobiose concentrations remained minimal throughout the fermentation for 
each of the samples. Thus, ethanol yields from SSF were mostly governed by the extent 
of sugar release by enzymes and not by yeast performance.  
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Figure 3.7. Ethanol yields from SSF of solids from dilute acid (DA) and CELF pretreatment of corn stover 
and Avicel® PH-101 cellulose vs. culture time at A) 15 mg-enz g-glucan-1 and B) 5 mg-enz g-glucan-1 
loading of Accellerase® 1500 enzyme. C) Cumulative percent yields of SSF metabolites from a 7-day 
culture.  

Figure 3.8 outlines the integration of CELF pretreatment with SSF to produce 
ethanol from lignocellulosic biomass in a simplified block flow diagram. As shown, THF 
and sulfuric acid can be directly introduced to wet biomass and fed to a high solids 
reactor (i.e., Pandia reactor) that is heated to reaction temperature by direct steam 
injection. After the CELF reaction, depressurizing the contents at the reactor exit rapidly 
drops the temperature to 100oC to quench further reaction. The solids from the reactor 
can then be separated from the liquids and washed with water in a countercurrent belt 
filter to remove soluble inhibitors released in pretreatment while limiting sugar dilution. 
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The liquids are then delivered to a distillation island where THF can be recovered. 
Although THF forms a 95% azeotrope with water, further energy intensive separation is 
not required because the recycled THF stream does not require high purity (Cai, Zhang et 
al. 2013). Furthermore, the CELF process is inherently aqueous-based and does not 
require distillation of THF to dryness, avoiding concentration of THF-peroxides to 
dangerous levels. If needed, industrially practiced methods of peroxide destruction, such 
as caustic soda treatment, can be implemented without detriment to the process. Upon 
removal and recovery of THF, the dissolved lignin product precipitates as a solid that 
could potentially be catalytically upgraded to valuable chemicals and fuel products or 
burned to provide process heat and power. Neutralization and conditioning of the liquid 
stream by a suitable base (e.g., over-liming with calcium hydroxide) is applied to make 
the dissolved xylose and arabinose released during pretreatment suitable for biological 
fermentation. Although Figure 3.8 shows both the liquid and washed-solid streams 
feeding the same SSF operation, the liquid stream rich in xylose and arabinose from 
CELF pretreatment could be fed to one fermentation train, and the cellulose rich solids 
fed to a separate SSF operation. In the latter case, micro-organisms engineered for 
fermentation of dissolved xylose and arabinose sugars could be employed in the first 
fermentor, and conventional yeast such as S. cerevisiae employed for combined 
enzymatic hydrolysis and fermentation of the cellulose rich solids in the second, with 
high ethanol yields expected based on the results in this study. Our future work will 
undertake fermentation of soluble sugars from Stage 1 to ethanol. 
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Figure 3.8. Illustration of a simplified block flow diagram for a proposed biomass conversion process that 
integrates CELF pretreatment with SSF to produce ethanol.  
3.5 Conclusions 

THF is a biomass-sourced green solvent with catalytic qualities that promote 
biomass deconstruction and delignification, and we have shown here that significant 
augmentation of traditional dilute acid pretreatment by application of THF as a miscible 
co-solvent represents a significant advancement in pretreatment technology. Optimization 
of this pretreatment strategy, called CELF, at 150°C with 0.5 wt % sulfuric acid resulted 
in total (arabinan, xylan, and glucan) combined (Stage 1 and Stage 2) sugar yields of 
~95% of the theoretical maximum at the low enzyme loading of 2 mg g-glucan-1. Unlike 
dilute acid pretreatment, yields from enzymatic hydrolysis of solids from CELF 
pretreatment of corn stover remained high over a wide range of pretreatment times, such 
that optimization of the process could just focus on maximizing xylose recovery in Stage 
1. The exceptional sugar yields from enzymatic hydrolysis of CELF pretreated solids also 
translated into excellent SSF performance with S. cerevisiae D5A of over 90% ethanol 
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yields at an enzyme loading of only 5 mg protein g-glucan-1. A process strategy was 
outlined such that CELF pretreatment could be integrated with SSF to produce ethanol 
directly from lignocellulosic biomass and THF could be recycled. Future characterization 
of the pretreated solids on multiple feedstocks is planned to better understand how CELF 
alters physiochemical features of biomass and enhances sugar yields. 

CELF also gave new insights into promising pretreatment strategies that could 
enhance enzymatic hydrolysis. Tracing the fate of the primary components in biomass 
after dilute acid and CELF pretreatments showed that virtually complete lignin removal 
was the key difference that could account for enhanced enzymatic hydrolysis of the solids 
from CELF pretreatment. Our fractal kinetic analysis of the experimental enzymatic 
hydrolysis data also pointed to lignin removal by CELF resulting in higher accessibility 
and less inhibition towards cellulolytic enzymes than possible for dilute acid 
pretreatment. SEM images showed that extensive lignin removal by CELF pretreatment 
apparently altered the vascular and support structures of corn stover dramatically such 
that the cell walls were completely collapsed and the material appeared “wrinkled” after 
air-drying.  
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Chapter 4: Understanding biomass recalcitrance through characterization of 
substrates pretreated with various technologies 

**This chapter was completed in a collaboration between the University of California, 
Riverside,1 the University of Tennessee Knoxville,2 and Oak Ridge National Laboratory.3 
Thanh Yen Nguyen performed data analysis, kinetic analysis and SEM imaging.1 Charles 
Cai performed pretreatments and enzymatic hydrolysis studies.1 Yunqiao Pu and Arthur 
Ragauskas performed molecular weights/degree of polymerization and cellulose 
crystallinity determination.2,3 
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4.1 Abstract  
Biomass recalcitrance is a major obstacle to economic conversion of 

lignocellulosic biomass to fuels and renewable chemicals that could sustain current and 
future energy demands. Recalcitrance is a multi-layered phenomenon influenced by 
physical and chemical characteristics of biomass that prevent enzymes from accessing 
and hydrolyzing its sugar polymers into fermentable monomers. Remarkably, a 
significant reduction in recalcitrance has been previously demonstrated with the 
application of CELF, a highly-effective pretreatment strategy that uses tetrahydrofuran 
(THF) as a renewable co-solvent to enhance both biomass deconstruction and 
delignification and achieve unprecedented sugar yields from raw agricultural feedstocks. 
We report here physiochemical changes in biomass that result from CELF to understand 
factors that could be responsible for its unprecedented digestibility, comparing results 
from CELF for two different biomass feedstocks (corn stover and maple wood) to those 
from application of leading ethanol-Organosolv and dilute-acid options. When using 
fractal kinetic modelling to determine the varying levels recalcitrance after applying 
different pretreatment technologies, CELF pretreatment of maple wood produced solids 
with the highest yields and reaction rate coefficients (100% yield and 0.032-0.037), 
followed by Organosolv (100% yield and 0.020-0.031) and dilute acid pretreatments 
(25% yield and 0.0003-0.0011). The substrate features that correlated well with the 
different levels of recalcitrance from different pretreatment technologies include particle 
size and lignin content, where the pretreatment technologies that caused the greatest 
decrease in particle size and/or lignin content resulted in the largest reduction of 
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recalcitrance. Conversely, a correlation between degree of polymerization/crystallinity 
and recalcitrance was not observed. 
4.2 Introduction 

Lignocellulosic biomass has long been recognized as a potential low-cost resource 
for producing sustainable fuels and chemicals. Unfortunately, these resources are 
recalcitrant, or naturally resistant to deconstruction by chemical, enzymatic, and or 
microbial routes, leading to challenges in minimizing capital and processing costs while 
maintaining high product yields. Consequently, understanding the mechanisms of 
biomass recalcitrance and identifying key substrate features is vital towards the 
advancement of conversion technologies for lignocellulosic fuels and chemicals. A 
common screen for biomass recalcitrance analyzes the resulting sugar yields from 
chemical pretreatment and/or enzymatic hydrolysis (Lloyd and Wyman 2005; Wyman, 
Dale et al. 2005). Accordingly, enzymatic hydrolysis kinetic modeling can also serve as a 
tool for distinguishing varying levels of recalcitrance for substrates with similar final 
sugar yields at specific enzyme loadings. Examples of substrate features that have been 
correlated to enzymatic performance include lignin and hemicellulose content, cellulose 
crystallinity, and cellulose degree of polymerization (DP), and many of these properties 
affect the accessibility of the polysaccharide to enzymes (Yang, Dai et al. 2011). 
Accordingly, a lower DP correlates with shorter polymer chain lengths and a higher 
number of reducing ends. Consequently, lower DP was previously observed to improve 
cellulose digestibility during enzymatic hydrolysis due to the increase in effective 
exoglucanase activity on the cellulose chain reducing ends (Martínez, Reguant et al. 
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1997; Hallac, Sannigrahi et al. 2010). The shorter chains of the low DP substrates form 
weaker hydrogen bonding networks, making the cellulose more amenable to enzymatic 
deconstruction by permitting greater possibility for enzyme access (Pan, Xie et al. 2007; 
Pan, Xie et al. 2008). Enzymatic saccharification  and recalcitrance are also effected by 
the different types of crystalline cellulose allomorphs (cellulose Ia and cellulose Ib), para-
crystalline cellulose, and amorphous cellulose effect since they are consumed at different 
rates by cellulases (Pu, Ziemer et al. 2006). The lignin content is also important since the 
presence of lignin acts as a physical barrier that prevents the digestible parts of the 
substrate to be hydrolyzed, and can also non-productively binds to cellulytic enzymes 
(Alvira, Tomás-Pejó et al. 2010).  

In the biological conversion process in which pretreatment initially breaks down 
the biomass for subsequent enzymatic hydrolysis and fermentation, various pretreatment 
technologies were developed to reduce biomass recalcitrance for the efficient extraction 
of mixed sugars for fermentation, including dilute acid, Organosolv, and recently 
developed Co-solvent Enhanced Lignocellulosic Fractionation (CELF) (Alvira, Tomás-
Pejó et al. 2010; Nguyen, Cai et al. 2015). Originally CELF was directed towards using 
an acidified tetrahydrofuran solution under high severity conditions (high temperatures or 
reaction times) to produce fuel precursor products, such as furfural and hydroxymethyl 
furfural. Upon application of CELF as a pretreatment technology by utilizing lower 
severity conditions to limit fuel precursor formation, unprecedented total sugar yields 
were achieved. High xylose sugar yields were recovered from the pretreatment liquor 
from hemicellulose solubilization, and the remaining glucan-rich solids were also highly 
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digestible to enzymes, achieving theoretical glucan yields during enzymatic hydrolysis at 
enzyme loadings as low as 2 mg-protein g-glucan-1  (Nguyen, Cai et al. 2015). 
Accordingly, the highly digestible solids produced from CELF pretreatment represents a 
sample with an extreme sugar release phenotype in which detailed investigations of 
recalcitrant-related chemical, structural, and molecular features will contribute to the 
greater understanding of the mechanisms responsible for biomass recalcitrance. While 
varying degrees of recalcitrance were determined by kinetic analysis of enzymatic 
hydrolysis rates, the chemical, structural, and molecular features were investigated with 
compositional analysis, scanning electron microscopy, and degree of polymerization and 
crystallinity determination, respectively. 
4.3 Experimental methods 
4.3.1 Materials 

Maple wood chips obtained in upper New York State were provided by Mascoma 
Corporation (Lebanon, NH), air-dried Kramer corn stover was provided by the National 
Renewable Energy Laboratory (NREL, Golden, CO, Lot #33A14), and Bioenergy 
Science Center standard poplar, BESC STD, was provided by Oak Ridge National 
Laboratory (ORNL, Oak Ridge, TN). All feedstocks were knife milled to pass through a 
1 mm particle size interior sieve using a laboratory mill (Model 4, Arthur H. Thomas 
Company, Philadelphia, PA). Raw biomass compositions were determined according to 
the established National Renewable Energy Laboratory procedure (TP-510-42618, ver. 8-
03-2012) in triplicates with a resulting composition of 40.9 ± 0.3 wt% glucan, 15.5 ± 
0.2% xylan, 2.1 ± 0.1% mannan, 24.4 ± 0.3% K-lignin, and 17.1% other material for 
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maple wood, 32.7 ± 0.4 wt% glucan, 20.7 ± 0.2% xylan, 2.6 ± 0.1% arabinan, 16.0 ± 
0.1% K-lignin, and 28.0% other material for corn stover, and 41.5 ± 0.2 wt% glucan, 11.4 
± 0.3% xylan, 20.6 ± 0.5% K-lignin, and 26.5% other for poplar (Sluiter, Ruiz et al. 
2010). Other materials are usually comprised of ash (4 -6 wt %), proteins (2 - 3 wt %), 
acetic acid (2 - 4wt %), sugar acids (1 - 2 wt %), and extractives (2 - 8 wt %) that were 
not quantified in this study (Templeton, Scarlata et al. 2010). Cellulolytic enzyme 
cocktail Accellerase® 1500 was generously provided by DuPont Industrial Biosciences 
(Palo Alto, CA). BCA protein concentration and activity were about 82 mg ml-1 and 50 
FPU ml-1, respectively, as reported by Kumar et al. (Kumar, Hu et al. 2013)   
4.3.2 Analytical procedures 

All chemical analyses were based on Laboratory Analytical Procedures (LAPs) 
documented by NREL. Liquid samples along with appropriate calibration standards were 
analyzed by HPLC (Waters Alliance 2695 system equipped with a Bio-Rad Aminex® 
HPX-87H column and Waters 2414 RI detector) with an eluent (5 mM sulfuric acid) flow 
rate of 0.6 ml min-1. The chromatograms were integrated by Empower 2 software 
package (Waters Co., Milford, MA).  
4.3.3 CELF, DA, and Organosolv pretreatments  

Pretreatment reactions were performed in a 1 L Hastelloy Parr® autoclave reactor 
(236HC Series, Parr Instruments Co., Moline, IL) equipped with a double stacked pitch 
blade impeller rotated at 200 rpm. The THF co-solvent mixture for CELF pretreatment 
contained a 1:1 volume ratio of THF (>99% purity, Fisher Scientific, Pittsburgh, PA) and 
water. The mixture for the ethanol-Organosolv pretreatment contained 1:1 volume ratio 
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of ethanol and water. A 0.5 wt% sulfuric acid (Ricca Chemical Company, Arlington, TX) 
concentration in the water and THF or water and ethanol solutions was found to achieve 
the highest total glucose plus xylose plus arabinose yields from dilute acid alone or CELF 
pretreatment coupled with subsequent enzymatic hydrolysis (Lloyd and Wyman 2005). 
Prior to each reaction, the select feedstock was added to the acid solution and soaked 
overnight at 4°C. Solid loadings were 5 wt% for all pretreatments based on the total 
working mass of liquids and solids in the reaction. All reactions were maintained at 
temperature (±2°C) by convective heating with a 4 kW fluidized sand bath (Model SBL-
2D, Techne, Princeton, NJ), with the reactor temperature directly measured by an in-line 
thermocouple (Omega, K-type). The sand bath temperature was set to 340°C to reduce 
the heat-up time to under 3 min (Yang and Wyman 2009). At the conclusion of each 
reaction, the reactor was cooled by quickly submerging it in a large room temperature 
water bath. The solids were then separated from the reaction liquor by vacuum filtration 
at room temperature through glass fiber filter paper (Fisher Scientific, Pittsburgh, PA). 
Mass and density of the liquid fractions were measured to complete accurate yield 
calculations. Due to differences in density between the co-solvent mixtures and pure 
water, final densities were determined by weighing 25 mL of the reacted liquid in a 
volumetric flask after each reaction. Liquid samples were analyzed by HPLC as 
previously described.  
4.3.4 Enzymatic hydrolysis of pretreated substrates and avicel cellulose  

As noted in the NREL standard protocol (Selig, Weiss et al. 2008), enzymatic 
hydrolysis of pretreated materials was performed in triplicate using 125 mL Erlenmeyer 
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flasks with a 50 g total working mass containing 50 mM citrate buffer (pH 4.8) to 
maintain pH, 0.02% sodium azide to prevent microbial growth, and approximately 1 wt% 
glucan from pretreated solids or Avicel® PH-101 cellulose (Sigma Aldrich, St. Louis, 
MO). The cellulase enzyme loadings were varied from 2 to 15 mg-protein g-glucan-1 on a 
basis of the mass of glucan in the raw material, as described elsewhere (Gao, Kumar et al. 
2014). The flasks containing biomass slurry were placed in a Multitron™ orbital shaker 
(Infors HT, Laurel, MD) set at 150 RPM and 50°C and allowed to equilibrate for 1 hour 
before enzyme addition. Samples of about 0.75 mL of supernatant were periodically 
taken from each flask after centrifugation at 14,000 rpm for 5 min to determine the 
progress of enzymatic hydrolysis. The supernatant was transferred into 500 µl HPLC 
vials (Grace Davison, Deerfield, IL) for HPLC analysis. 
4.3.5 Fractal modeling of hydrolysis kinetics  

As previous described (Nguyen, Cai et al. 2015), a fractal model based on first 
order chain breakdown was utilized, in which the rate coefficient kt is related to the 
hydrolysis time raised to the fractal exponent h (Eqn 1) (Wang and Feng 2010):   
 = , ℎ  =  (1) 
The model described by Eqn 2 was used to fit the experimental data from the enzymatic 
hydrolysis by non-linear regression using MATLAB 7.0 (damped least squares) where 

= %  and =   ℎ: 

 = 100 ∗ (1 − − 1 +   (2) 
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4.3.6 Scanning electron microscope (SEM) imaging 
A field emission scanning electron microscope (SEM, Philips XL-30) provided 

images of the raw and pretreated substrates. Air-dried samples of each were placed on pin 
stub mounts with carbon tape and sputter coated with platinum in a Cressington 108 Auto 
(Ted Pella Inc, Redding CA). The surface macro and microstructures of the samples were 
characterized at an accelerating voltage of 2 kV. 
4.3.7 Degree of polymerization (DP) and crystallinity determination 

Hollocellulose pulping was performed on pretreated substrates in preparation for 
molecular weight (DP) and crystallinity determination by stirring samples in a vial 
containing 5% peracetic acid (5.5 g PAA/g dry biomass) at 25ºC for 24 hours. The 
mixture was then centrifuged and washed 6 times with deionized (DI) water before being 
freeze-dried for further sample preparation.  

For degree of polymerization determination, 1.0 g of hollocellulose samples were 
stirred in a flask with 17.5% NaOH (50 mL) at 25ºC for 2 hours. An additional 50 mL of 
DI water was then added to the flasks where samples continued to stir for 2 hours. The 
mixture was then filtered, washed with 50 mL of 1% acetic acid and 100 mL of DI water, 
and the remaining solids were dried overnight in a fume hood and further dried in test 
tubes under vacuum at 40ºC. Dried samples were derivatized with anhydrous pyridine 
(4.00 mL) and phenyl isocyanate (0.50 mL) at 70ºC for 48-72 h until the samples 
dissolved. After derivatization, methanol was added to quench any remaining phenyl 
isocyanate and the mixture was added dropwise to a 7:3 methanol/water mixture (100 
mL) to promote precipitation of the derivatized cellulose. The solids were collected by 
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filtration and then washed with 7:3 methanol/water (1 x 50 mL) followed by DI water (2 
x 50mL). The derivatized cellulose was then dried overnight under vacuum at 40ºC and 
dissolved in THF (1 mg/mL), filtered through a 0.45 μm filter and placed in a 2 mL vial. 
Molecular weights were measured by gel permeation chromatography, GPC, with an 
Agilent GPC Security 1200 system equipped with four Waters Styragel columns (HR0.5, 
HR2, HR4, HR6), Agilent refractive index detector and Agilent UV detector (270 nm). 
THF was utilized as the mobile phase (1.0 mL min-1) with injection volumes of 25 μL. A 
calibration curve was constructed based on 12 narrow polystyrene standards ranging in 
molecular weight from 1.2 x 103 to 3.6 x 106 g mol-1. Number average degree of 
polymerization (DPn) and weight average degree of polymerization (DPw) for the 
cellulose samples were obtained by dividing Mn and Mw by 519 g mol-1, the molecular 
weight of the tricarbanilated cellulose repeat unit. 

For crystallinity determination, hemicellulose was removed from hollocellulose 
by treatment with 2.5 M HCl in a boiling water bath for 4 hours, and filtered and washed. 
The solid-state CP/MAS 13C NMR experiments were performed on a Bruker Avance III 
400 MHz spectrometer. The samples were packed in a 4 mm ZrO2 rotor fitted with a Kel-
F cap and spun at 8,000 Hz, at ambient temperature. CP/MAS 13C data were acquired 
with a Bruker CP pulse sequence with pulse delay of 4 s, contact pulse of 2000 ms and 
2048 number of scans. Each sample was run duplicate and crystallinity results were 
averaged. 
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4.4 Results and Discussion 
4.4.1 Determining varying levels of recalcitrance from kinetic analyses  

Although lignocellulosic biomass is a highly abundant feedstock that can be 
acquired from the unused residues of existing industries or grown as low-cost and low-
maintenance harvests known as energy crops, the heterogeneity of the different types and 
sources lead to varying levels of recalcitrance. Recalcitrance of various feedstocks can be 
screened according to resulting sugar yields from pretreatment and/or enzymatic 
hydrolysis, in which the National Renewable Energy Laboratory (NREL) developed a 
high throughput system for the comparative analysis of biomass by using a 96-well multi-
plate reactor capable of hydrothermal pretreatment and enzymatic hydrolysis (Selig, 
Tucker et al. 2010; Studer, DeMartini et al. 2010). Due to the varying degrees of 
recalcitrance among different types of feedstocks, different pretreatment technologies or 
conditions are often utilized to maximize production of target sugar or chemicals such as 
furfural. For example, results indicated that the optimized conditions for maximum sugar 
production from corn stover required a lower severity CELF pretreatment condition when 
compared to maple wood (150°C vs. 160°C). Additionally, compared to the CELF and 
DA pretreatment conditions required to maximize sugar production (150-160°C), higher 
severity conditions were required for the maximum production of furfural (170°C). 
Because pretreatment aims to efficiently break down the biomass for subsequent 
enzymatic hydrolysis, the hydrolysis of the substrates after different pretreatments can 
often achieve similar yields. Consequently, in order to compare the performance of 
different pretreatment technologies, fractal kinetic models can be used as a tool to track 
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the changing kinetic rate coefficients kt with respect to conversion, as shown in Figure 
4.1.  

According to Figure 4.1, the feedstock corn stover was generally less recalcitrant 
than maple wood, achieving higher yields and/or calculated reaction rates coefficients 
over conversion, regardless of pretreatment technology applied. For DA pretreated corn 
stover and maple wood, corn stover achieved a higher maximum conversion of 72% 
when compared to maple wood, which achieved only 25% conversion. For CELF 
pretreated corn stover and maple wood, while both feedstocks achieved near theoretical 
conversions of about 99-100%, the calculated reaction rate coefficients were consistently 
higher than for corn stover, ranging from 0.049-0.52 as compared to 0.031-0.037. 
Additionally, CELF pretreatment produced solids with the highest yields and reaction 
rate coefficients regardless of substrate, followed by Organosolv and dilute acid 
pretreatments. For maple wood, CELF and Organosolv pretreated substrates achieved 
near theoretical conversions, while dilute acid pretreated substrates only achieved 25% 
conversion. Although CELF and Organosolv pretreatments yielded similar conversions 
when applied to maple wood, CELF pretreatment was determined to be superior in 
reducing recalcitrance as demonstrated by the consistently higher reaction rate 
coefficients. An interesting characteristic of the CELF pretreatment technology is shown 
in Figure 4.2 in which increasing the pretreatment severity for both substrates (higher 
severity conditions depicted as dotted lines) resulted in a consistent decrease in reaction 
rates over conversion. Conversely, the reaction rates for DA pretreated corn stover and 
maple wood slightly improved with increasing pretreatment severity.  
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  Figure 4.1. Comparison of change in fractal kinetic rate coefficient with respect to percent conversion for 
corn stover (CS) and maple wood (MW) pretreated with CELF pretreatment (CS-CELF-150°C or MW-
CELF-160°C), dilute acid pretreatment (CS-DA-160°C or MW-DA-160°C) or Organosolv pretreatment 
(MW-Organosolv) at enzyme loadings of 5 mg-protein g-glucan-1.   

 
Figure 4.2. The effects of increasing pretreatment severity conditions on the fractal kinetic rate coefficient 
with respect to percent conversion for corn stover (CS) and maple wood (MW) pretreated with CELF 
pretreatment and dilute acid pretreatment.  
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4.4.2 SEM imaging of structural changes after applying different pretreatment 
technologies  

The particle sizes and microstructure of maple wood after pretreatment with the 
different technologies were investigated through scanning electron microscope (SEM) 
images taken at various magnifications. The general overview of the different particle 
sizes can be seen in Figure 4.3, showing a collage of SEM images at 50x magnification of 
raw maple wood, and CELF, DA, and Organosolv pretreated maple wood. Compared to 
raw maple wood, the particle sizes were significantly reduced with the application of the 
CELF and Organosolv pretreatment technologies, with CELF pretreatment resulting in 
slightly smaller particle sizes. Conversely, the dilute acid pretreatments did not appear to 
have a large impact on particle size. These results support a correlation between the small 
particle size and reduced recalcitrance measured by increased kinetics from the 
hydrolysis of substrates after different pretreatment methods. Accordingly a reduction in 
particle size have been previously correlated with increases in specific surface area, and 
subsequently the accessibility of cellulose to the enzymes (Alvira, Tomás-Pejó et al. 
2010; Pu, Hu et al. 2013). For example, Chen et al. observed an increase in specific 
surface area with decreasing average particle size of sugarcane bagasse pretreated with 
dilute sulfuric acid at different severity conditions (Chen, Tu et al. 2011). The 
microstructure of CELF and DA pretreated maple wood is also shown in Figure 4.4. The 
destruction of the maple wood’s macrostructure by the CELF pretreatment is evident in 
the 1000x magnified SEM images when compared to the dilute acid pretreated solids that 
maintained its aligned structure for the most part. Under 10,000x magnification, the 
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differences in macrostructure between the CELF and DA pretreatments showed more 
jagged features on the surface of the CELF pretreated solids compared the smoother more 
rounded edges found in the DA pretreated solids.  

   
Figure 4.3. SEM images comparing the particle size and distribution of raw maple wood with substrates 
produced from dilute acid, CELF and Organosolv pretreatments of maple wood. 
 

 

  
Figure 4.4. SEM images comparing the microstructure of maple wood after dilute acid, CELF and 
Organosolv pretreatments at 1000x and 10,000x magnification.   
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4.4.3 Correlating substrate features with changes after pretreatment 
Pretreatment technologies were developed to reduce biomass recalcitrance for the 

efficient extraction of mixed sugars for fermentation. Consequently, it is important to 
understand how the changes in various substrate features after pretreatment correlates 
with the resulting recalcitrance of the pretreated substrates. Substrate features that have 
been previously correlated with recalcitrance include degree of polymerization (DP), 
crystallinity, and lignin content. Martínez et al. found that reducing cellulose DP of 
almond shells using auto-hydrolysis and dilute acid pretreatment technologies resulted in 
an increase in enzymatic saccharification (Martínez, Reguant et al. 1997). Similarly, Pu et 
al determined that decreasing cellulose DP during DA and hydrothermal pretreatments 
reduced the biomass recalcitrance and favored the cellulose-to-glucose bio-conversion 
(Pu, Hu et al. 2013). Lower cellulose crystallinities have also been associated with 
increased enzymatic saccharification and sugar yields, in which Hall et al. showed that 
reducing the crystallinity of Avicel with phosphoric acid pretreatment improved 
enzymatic digestibility. Finally, lower lignin content has been associated with increased 
enzymatic saccharification as well, since the presence of lignin acts as a physical barrier 
that prevents the digestible parts of the substrate to be hydrolyzed, and also non-
productively binds to the cellulytic enzymes (Alvira, Tomás-Pejó et al. 2010). 
Unfortunately, various literature reports have been published contradicting these 
correlations so that uncertainties remain in the exact contribution of these substrate 
features to the myriad of multiple recalcitrance-contributing characteristics. Therefore, 



 84

continued analysis of these correlations is vital in establishing the relative importance the 
different substrate features.  

The changes in different recalcitrance-related substrate features after applying 
CELF, Organosolv, and DA pretreatment were calculated according to the difference in 
features of the pretreated (Xp) and raw substrate (Xr), in which a percent change was 
calculated according to the following equation:  

 ℎ =  100 ∗  −  

Figure 4.6 showed that the pretreatments investigated generally resulted in a decrease in 
degree of polymerization and an increase in crystallinity. Dilute acid pretreatment 
resulted in an increase in lignin (likely due to the deposition of pseudo-lignin), while 
Organosolv and CELF resulted in a decrease in lignin content. Lignin content is a 
substrate feature that correlated well with the different levels of recalcitrance from 
different pretreatment technologies. In order of least recalcitrant to most recalcitrant, 
CELF < Organosolv < DA, correlating to the pretreatment technologies that was most 
efficient in reducing lignin content. CELF pretreatment decreased lignin content by 75%, 
Organosolv decreased lignin content by 45%, and DA increased lignin content by 38%. 
The changes in degree of polymerization and crystallinity after applying different 
pretreatments did not correlate as well to the varying levels of recalcitrance produced by 
the 3 pretreatment technologies. The different pretreatment technologies caused a similar 
increase in crystallinity (ranging from 15.5-16.3%) and decrease in DP (ranging from 68-
83%). 
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Figure 4.5. Percent change of maple wood degree of polymerization (DP), crystallinity, and lignin content 
after CELF, Organosolv, and DA pretreatments.    
 4.5 Conclusions 

It is important to understand the key properties that contribute to recalcitrance in 
order to effectively develop strategies for making the process improvements. When using 
fractal kinetic modelling to determine the varying levels recalcitrance of different 
feedstocks, corn stover was generally less recalcitrant than maple wood, as demonstrated 
by the consistently higher calculated reaction rate coefficients for corn stover, ranging 
from 0.049-0.52 as compared to 0.031-0.037. Additionally, CELF pretreatment produced 
less recalcitrant solids than Organosolv and dilute acid pretreatments as demonstrated by 
the higher yields and consistently higher reaction rate coefficients regardless of substrate. 
The efficiency of CELF pretreatment in reducing recalcitrance served as a valuable tool 
in evaluating different substrate features as they relate to recalcitrance. The particle size 
and lignin content are among the most significant structural alterations observed in 
pretreated biomass to have highest correlation with recalcitrance. Conversely, a 
correlation between degree of polymerization/crystallinity and recalcitrance was not 
observed.  
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5.1 Abstract 
A major challenge to economically produce ethanol from lignocellulosic biomass 

is to achieve industrially relevant ethanol titers (> 50 g L-1) to control operating and 
capital costs for downstream ethanol operations while maintaining high ethanol yields. 
However, due to reduced fermentation effectiveness at high biomass solids loadings, 
excessive amounts of enzymes are typically required to obtain reasonable ethanol titers, 
thereby trading off reduced operating and capital costs with high enzyme costs. In this 
study, we applied our newly developed Co-Solvent Enhanced Lignocellulosic 
Fractionation (CELF) pretreatment to produce highly digestible glucan-rich solids from 
corn stover.  Simultaneous saccharification and fermentation (SSF) was then applied to 
pretreated solids from CELF at 15.5 wt% solids loadings (corresponding to 11 wt% 
glucan loadings) in modified shake flasks to achieve an ethanol titer of 58.8 g L-1 at 
89.2% yield with an enzyme loading of 15 mg-protein g-glucan-in-raw-corn-stover-1 (-
RCS)-1 in only 5 days. By comparison, SSF of corn stover solids from dilute acid 
pretreatment at 18.3 wt% solids loading (or 10 wt% glucan loadings) only achieved an 
ethanol titer and yield of 47.8 g L-1 and 73.0%, respectively, despite needing longer 
fermentation times (~20 days) and an additional 18 h of prehydrolysis at 50°C. 
Remarkably, although longer fermentation times were required at more economical 
enzyme loadings of 5 and 2 mg-protein g-glucan-in-RCS-1, high solids SSF of CELF 
pretreated corn stover realized final ethanol titers consistently above 50 g L-1 and yields 
over 80%. 
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5.2 Introduction 
Ethanol is the dominant commercial biofuel in the United States, with 

production from lignocellulosic biomass offering significant environmental, 
economic, and strategic benefits (Wyman 2007; Dale, Anderson et al. 2014). 
According to the Renewable Fuels Association, 198 ethanol plants in the U.S. were 
in operation as of January 2015, producing about 14.58 billion gallons of ethanol 
(RFA 2015). Although more than 98% of this ethanol is currently made from corn 
starch, the Renewable Fuels Standard (RFS2) program mandates increased 
production of renewable fuels from lignocellulosic sources, such as corn stover, to 
complement the current supply of ethanol and alleviate concerns about increased 
corn starch production (RFA 2015). However, although full-scale biological 
conversion of lignocellulosic biomass to ethanol is currently being introduced in 
the U.S., costs for pretreatment and enzymatic digestion of lignocellulosic 
feedstocks impede commercial success.  As a result, the US EPA recently reduced 
the volume of cellulosic ethanol required by RFS (EPA 2013). 

Various processing strategies can effectively extract sugars from 
lignocellulosic biomass and ferment them to ethanol (Lynd, Weimer et al. 2002). 
For example, in separate hydrolysis and fermentation (SHF), the solids are first 
hydrolysed by enzymes followed by fermentation of the sugars released to ethanol 
by yeast or other microbes. The major advantage of this strategy is that enzymes 
and yeast can both be operated at optimal temperatures and pH. Additionally, 
because it is possible to send an aqueous stream to fermentation, recycling of the 
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culture broth for subsequent fermentations is more feasible. An alternate approach 
is simultaneous saccharification and fermentation (SSF) in which the enzymatic 
hydrolysis and fermentation steps are performed together with the major advantage 
of an integrated process that limits the effect of enzyme inhibition by hydrolysed 
sugars through their immediate conversion to ethanol (Olofsson, Bertilsson et al. 
2008). Other SSF advantages include lower capital costs and a reduced risk of 
contamination if high enough ethanol titers are achieved. For SSF, a prehydrolysis 
(PH) step may be employed prior to adding yeast so the enzymes have a “head 
start” to release sugars at a higher optimal temperature and liquefy some of the 
solids before lowering the temperature to accommodate subsequent introduction of 
yeast. 

Achieving ethanol titers of >50 g L-1 from fermentation of cellulosic 
biomass is important to reduce energy demands for downstream ethanol recovery 
and achieve significant savings in operating as well as capital costs (Zhang, Chu et 
al. 2010; Kang, Chung et al. 2015). However, realizing this goal while maintaining 
high ethanol yields is challenged by key technical barriers including biomass 
recalcitrance (Lynd, Wyman et al. 1999), enzyme inhibition by sugars and 
oligomers (Kumar and Wyman 2014). surface blockage and/or unproductive 
binding of enzymes by lignin and pseudo-lignin  (Yang and Wyman 2006; Kumar, 
Hu et al. 2013; Li, Pu et al. 2014), and large enzyme demands for high solids 
operation (Kristensen, Felby et al. 2009). Consequently, an important opportunity 
is to improve biomass pretreatment technology to enable pretreated solids to be 
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more susceptible to enzymatic digestion so lower loadings of costly enzymes are 
needed (Wyman, Dale et al. 2013). Several pretreatment technologies are now 
being applied in newly opening commercial facilities such as Abengoa, 
POET/DSM, and DuPont Cellulosic Ethanol including hydrothermal, steam 
explosion, dilute acid (DA), and dilute ammonia pretreatments to disrupt the 
biomass cell wall structure (Balan, Chiaramonti et al. 2013). Although these 
pretreatments reduce biomass recalcitrance, high enzyme dosages (>15 FPU g-dry-
matter-1) are still needed to achieve high yields, particularly at high solids loadings 
(Öhgren, Rudolf et al. 2006; Zhang, Chu et al. 2010; Qureshi, Zhang et al. 2015). 
Consequently, achieving >50 g L-1 ethanol titers at low enzyme loadings for 
economic downstream processing has been challenging. 

Here, we demonstrate integration of a novel pretreatment called Co-Solvent 
Enhanced Lignocellulosic Fractionation (CELF) with SSF to achieve >50 g L-1 
ethanol production from corn stover while maintaining higher ethanol yields at 
reduced enzyme loadings compared to DA pretreatment. CELF has been 
previously introduced as a promising new pretreatment technology for hardwoods 
and corn stover by applying an aqueous co-solvent mixture consisting of 
tetrahydrofuran (THF) in combination with dilute acid to enhance biomass 
deconstruction through promoting extensive delignification and solubilization of 
biomass with minimal sugar degradation. When applied to corn stover, CELF 
achieved over 95% recovery of total xylose, glucose, and arabinose sugars using 
enzyme loadings as low as 2 mg-protein g-glucan-in-RCS-1 (Nguyen, Cai et al. 
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2015).  Furthermore, THF was selected for CELF because it is a low boiling 
renewable solvent that can be easily recovered, with any makeup THF regenerated 
catalytically from furfural (Cai, Zhang et al. 2013), a natural pretreatment 
byproduct that is inhibitory to ethanol fermentation. While our previous work 
focused on establishing optimized CELF pretreatment conditions that achieved 
high sugar and ethanol yields at low enzyme loadings (Nguyen, Cai et al. 2015), 
we extend here the application of CELF in combination with high solids enzymatic 
hydrolysis to 1) differentiate performance in combination with SHF and SSF 
processing strategies, 2) compare maximum ethanol yields and titers achieved 
from corn stover solids produced by CELF and DA pretreatments, and 3) 
demonstrate that CELF can reduce enzyme loadings required to realize >50 g L-1 
ethanol titers while maintaining 80-90% ethanol yields (of theoretical). We also 
explore whether prehydrolysis of CELF and DA pretreated corn stover solids can 
enhance SSF performance as advocated by others (Hoyer, Galbe et al. 2013). 
5.3 Experimental methods 
5.3.1 Materials 

Air-dried Kramer corn stover for this study was kindly provided by the 
National Renewable Energy Laboratory (NREL, Golden, CO). The corn stover 
was knife milled to pass through a 1 mm particle size interior sieve using a 
laboratory mill (Model 4, Arthur H. Thomas Company, Philadelphia, PA). 
Compositional analysis of corn stover was performed according to the established 
NREL procedure (version 8-03-2012) (Sluiter, Ruiz et al. 2012) in triplicates, with 
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a resulting mass composition of 34.2 ± 0.3% glucan, 23.7 ± 0.2% xylan, 3.8 ± 
0.1% arabinan, 17.9 ± 0.9% K-lignin, and 20.2% other materials that include 
extractives, organic acids, inorganics, and ash. Cellulolytic enzyme cocktail 
Accellerase® 1500 was generously provided by DuPont Industrial Biosciences 
(Palo Alto, CA). BCA protein concentration and activity were about 82 mg ml-1 
and 50 FPU ml-1, respectively, as reported by Kumar et al. (Kumar, Hu et al. 2013) 
The non-xylose fermenting Saccharomyces cerevisiae D5A yeast strain used for 
SSF was kindly supplied by NREL in plate monocultures. A frozen culture stock 
was prepared as previously described (Nguyen, Cai et al. 2015). Before each SSF 
run, the seed inoculum was prepared by thawing, transferring, and growing the 
thawed stock using a shaker incubator at 130 rpm and 37°C for 12 h in 250 mL 
baffled flasks using 50 mL of sterilized YPD medium. The inoculum was then 
centrifuged and re-suspended in sterile deionized (DI) water for washing and 
prepared for inoculation at a 0.5 optical density (O.D.) determined at 600 nm. 
5.3.2 Analytical procedures 

All chemical analyses were based on Laboratory Analytical Procedures 
(LAPs) documented by the National Renewable Energy Laboratory (NREL, 
Golden, CO) (http://www.nrel.gov/biomass/analytical_procedures.html). Liquid 
samples along with appropriate calibration standards were analysed by HPLC 
(Waters Alliance 2695 system equipped with a Bio-Rad Aminex® HPX-87H 
column and Waters 2414 RI detector) with an eluent (5 mM sulfuric acid) flow 
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rate of 0.6 ml min-1. The chromatograms were integrated by Empower® 2 software 
package (Waters Co., Milford, MA). 
5.3.3 Corn stover pretreatment 

Pretreatments were performed in a 1 L Hastelloy Parr® autoclave reactor 
(236HC Series, Parr Instruments Co., Moline, IL) equipped with a double stacked 
pitch blade impeller rotated at 200 rpm. The reaction solutions, temperatures, and 
times for the CELF and DA pretreatment technologies were selected based on 
conditions that achieved maximum total sugar yields, as reported in previous 
works (Lloyd and Wyman 2005; Nguyen, Cai et al. 2015). Thus, CELF and DA 
reaction solutions were both loaded with 0.5 wt% (based on liquid mass) sulfuric 
acid (Ricca Chemical Company, Arlington, TX), while CELF reactions added THF 
(>99% purity, Fisher Scientific, Pittsburgh, PA) at a 1:1 (v:v) ratio to water based 
on adding equal volumes of each. Temperatures for CELF and DA reactions were 
150°C and 160°C, respectively, while reaction times were 25 and 20 min, 
respectively. Prior to each reaction, corn stover (7.5 wt%) was added to the acid 
solution and soaked overnight at 4°C. All reactions were maintained at temperature 
(±2°C) by convective heating with a 4 kW fluidized sand bath (Model SBL-2D, 
Techne, Princeton, NJ) as previously described (Nguyen, Cai et al. 2015), with the 
reactor temperature directly measured by an in-line K-type thermocouple (Omega 
Engineering, Inc., Stamford, Connecticut). After the reactions, the solids were 
separated from the reaction liquor by vacuum filtration at room temperature 



 96

through glass fibre filter paper (Fisher Scientific, Pittsburgh, PA) and washed with 
room temperature DI water until the filtrate reached a neutral pH. 
5.3.4 Separate hydrolysis and fermentation (SHF) and simultaneous saccharification and 
fermentation (SSF) 

Consistent with NREL standard protocols(Dowe and McMillan 2008), SHF 
and SSF were performed in triplicates in 125 mL flasks with a 50 g working mass 
containing 50 mM citrate buffer (pH 4.8), 10 g L-1 yeast extract (Becton, 
Dickinson and Company, Redlands, CA), 20 g L-1 peptone (Becton, Dickinson and 
Company, Redlands CA), 40 mg L-1 tetracycline (Sigma Aldrich, St. Louis, MO) 
as an antimicrobial agent, Accellerase® 1500 cellulase (loaded at 2, 5, or 15 mg-
protein g-glucan-in-RCS-1), and D5A yeast inoculum (from section 5.3.1). 
Millipore water along with the washed solids were loaded into flasks with attached 
bubble traps to achieve 4, 8, or 11 wt% glucan loadings of CELF pretreated solid 
residues and 4, 8, or 10 wt% glucan loadings for DA pretreated solids. Mass of the 
whole flask assembly was recorded before and after autoclaving at 121oC for 30 
min. The lower glucan content of DA pretreated solids compared to CELF coupled 
with its moisture content after just filtering and mass of enzyme, buffer, media, 
and inoculum additions required limited the highest glucan loading to 10 wt% for 
DA for these experiments. The flasks were then cooled, reweighed, and placed into 
a laminar flow hood (Baker and Baker Ruskin, Sanford, ME) for aseptic addition 
of pre-sterilized Millipore water (to replenish water loss), yeast extract, citrate 
buffer, tetracycline, and Accellerase® 1500 cellulase. The NREL protocol was 
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modified after this step depending on the processing strategy of interest. For SHF 
experiments, the flasks were placed in an orbital shaker incubator set at 150 rpm 
and 55°C as determined to be optimal conditions for just hydrolysis, and another 
shaker was set at 130 rpm and 37°C determined to be optimal for SSF. For SSF 
experiments, the yeast inoculum prepared in the materials section was also added 
to flasks that were then placed in the incubator set at fermentation conditions. For 
those SSF experiments that were preceded by a prehydrolysis step, the flasks were 
initially placed in an incubator set at 150 rpm and 50°C for 18 h followed by 
allowing the flasks to cool before adding yeast inoculum prior to being placed in 
an incubator set at fermentation conditions. Samples were drawn every day or 
every other day as needed to effectively track the entire time course for short and 
long fermentations and centrifuged at 15,000 rpm for 10 min so the supernatant 
could be withdrawn for HPLC analysis for sugars, ethanol, lactic acid, and acetic 
acid. 
5.3.5 Ethanol yield calculations at high solids operations 

If yield calculations assume no volume change occurs during biomass 
hydrolysis and the initial volume and final sugars and ethanol concentrations in 
solution are used in calculations, yields can be overestimated by up to 36% at high 
solids concentrations (10-40 wt%) (Kristensen, Felby et al. 2009). Consequently, 
the following more accurate calculation was applied to take into account the 
changing proportion of insoluble solids to aqueous liquid, as well as changes in the 
specific gravity and aqueous phase concentrations: 
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ℎ  (%) = , ∗ 100 =   ∗ ∗ .
. ∗    (1) 

in which MG is the mass of glucan in g, MEt,G is the mass of ethanol in glucan 
equivalents in g, [EtOH] is the ethanol concentration in the liquid in g L-1, VL is 
the volume of the liquid phase in L, 0.9 accounts for the stoichiometry of glucan 
conversion to glucose, and 0.51 accounts for the stoichiometry of glucose 
conversion to ethanol. The volume of the liquid phase can be estimated by the 
following equation to take into account the change during hydrolysis: 

= =  ( … )  (2) 
in which Mw is the mass of water initially loaded, MDS is the mass of dissolved 
solids, ρ is the density of the solution as estimated from the weight percent ethanol 
in solution, and Vw is the volume of water initially added. The mass of the 
dissolved solids was estimated from the concentrations of all possible products 
from biomass, including ethanol, glucose, cellobiose, glycerol, acetic acid, lactic 
acid, xylitol, and xylose. The density at a specific weight percent of ethanol was 
estimated from published data (Osborne, McKelvy et al. 1913). 
5.4 Results and discussion 
5.4.1 Enhancing glucan content reduces solids loadings required to realize commercial 
desirable ethanol titers over 50 g L-1 

In order to realize commercially feasible production of ethanol from 
lignocellulosic biomass, high solids operation will be necessary to achieve high 
enough ethanol titers to significantly reduce energy and capital costs for 
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distillation, waste treatment, and other downstream operations (Sassner, Galbe et 
al. 2008; Stephen, Mabee et al. 2012). Based on an approximately exponential 
decay in energy demand for distillation vs. ethanol concentration, an ethanol 
concentration of at least 50 g L-1 in the product stream from fermentation is often 
cited as needed to realize reasonable energy and other costs (Hong, Ladisch et al. 
1981; Nguyen and Heyman 1982; Maiorella, Blanch et al. 1983; Gulati, Westgate 
et al. 1996). High glucan and low moisture contents in pretreated biomass are 
important attributes to realizing these ethanol concentrations while keeping overall 
solids loadings low enough for good mixing. Furthermore, removing lignin in 
pretreatment can prove powerful for increasing ethanol concentrations at a given 
solids concentration fed to fermentation since the yeast can only convert sugar 
from the hemicellulose and cellulose fractions to ethanol. In addition, the action of 
cellulolytic, hemi-cellulolytic, and accessory enzymes that are responsible for 
cleaving the glycosidic linkages of biomass polysaccharides are generally hindered 
by the presence of lignin (Yang and Wyman 2006; Kumar and Wyman 2009). 

The conditions used in this study were based on previous study that 
determined CELF pretreatment achieved the highest sugar recovery at 150°C, 
10°C lower than the optimal temperature for DA pretreatment (Nguyen, Cai et al. 
2015). Both DA and CELF pretreatments were effective in solubilizing and 
recovering sugars from hemicellulose, as evidenced by reduced xylan and arabinan 
contents in the solids, but CELF pretreatment removed 57.4% more lignin than DA 
pretreatment after accounting for total solid yields following both pretreatments. 
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Thus, CELF pretreatment produced a solid comprised of 71.2% glucan, 10% 
lignin, and 4.4% xylan, compared to solids following DA pretreatment that 
containing 54.9% glucan, 25.3% lignin, and 3.9% xylan, thereby resulting in a 
30% advantage for CELF in glucan content. 

The pretreated corn stover in this study was not allowed to air dry, as other 
studies have shown that drying of pretreated solids can reduce enzymatic 
digestibility due to lower enzyme binding on the substrate (Jeoh, Ishizawa et al. 
2007; Sathitsuksanoh, Zhu et al. 2011). Consequently, differences in the moisture 
content of solids following filtration and washing of solids from each pretreatment 
limited the maximum solids loadings. Additionally, the maximum solids loadings 
are further limited by the need for vital hydrolysis and fermentation components, 
i.e., enzymes, yeast, nutrients, and buffer, which account for up to 9-10 g of the 50 
g working weight in the flasks. Accordingly, the moisture content of CELF 
pretreated corn stover was 80.6% resulting in a maximum solids loading of 15.5 
wt% that translated into an effective glucan loading of 11 wt%. The moisture 
content of DA pretreated corn stover was 77.2% resulting in a maximum solids 
loading of 18.3 wt% that translated into an effective glucan loading of 10 wt%. 
5.4.2 SSF of CELF pretreated corn stover solids achieved higher yields than SHF in less 
time 

SHF and SSF strategies have disparate features for biological conversion of 
cellulosic biomass into ethanol. For example, while SSF can enhance hydrolysis 
rates by reducing glucose inhibition of enzymes, SHF can be operated at higher 
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temperatures optimal for the highest enzyme activity. Additionally, if liquid and 
solids are separated following enzymatic hydrolysis, SHF offers the possibility of 
cell recycle to enhance subsequent fermentation rates and cut costs (Sarks, Jin et 
al. 2014).  Of relevance to this study, the variability in final ethanol yields for SSF 
vs. SHF when applied to different substrates and loadings reported in the literature 
(Alfani, Gallifuoco et al. 2000; Öhgren, Bura et al. 2007; Manzanares, Negro et al. 
2011) underlines the importance of characterizing the performance of each with 
CELF pretreated corn stover at different solids loadings. For example, a study by 
Alfani et al. showed that SHF achieved 13% higher overall ethanol yields 
compared to SSF (81%) vs. reports that SSF achieved 13% higher overall ethanol 
yields than SHF (72% vs 59% yield) for steam pretreated corn stover (Öhgren, 
Bura et al. 2007). SSF achieved higher ethanol yields than SHF (76% vs. 65%, 
respectively) at a 9 wt% loading of olive pruning solids produced by liquid hot 
water pretreatment. On the other hand, when the solids loading was increased to 17 
wt%, SHF achieved ethanol yields of 63% while SSF yields were only 46% 
(Manzanares, Negro et al. 2011). 

To facilitate comparisons between the amount of ethanol produced in SSF 
and sugars produced by SHF, SHF glucose concentrations were translated into 
expected ethanol concentrations based on assuming glucose could be fermented to 
ethanol at a yield of 90% of theoretical. The ethanol concentrations and yields 
shown in Figure 5.1A and 5.1B for SSF of CELF pretreated solids clearly show 
that SSF achieved better performance than SHF at both 5.6 and 15.5 wt% solids 
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loadings that correspond to glucan loadings of 4.0 and 11.0 wt%, respectively. 
SHF was carried out at 37°C and 55°C to understand how the lower temperature 
required to accommodate SSF yeast impacted rates and yields compared to 
operation at the higher temperature that is optimal for enzymatic hydrolysis. SSF at 
37°C realized higher ethanol concentrations and yields than SHF at the same 
temperature, especially at the highest solids loading of 15.5 wt%, as summarized in 
Figure 5.1. More specifically, Figure 5.1A shows that day 2 ethanol concentrations 
of 19.4 g L-1 for SSF were more than double the value of 8.14 g L-1 for SHF at 
37°C. Moreover, at the higher glucan loadings presented in Figure 5.1B, ethanol 
concentrations reached 58.8 g L-1 in 5 days for SSF, compared to only 22.5 g L-1 in 
7 days for SHF. Consistent with historic findings, the higher yields and faster rates 
for SSF are likely due to removal of sugars that would otherwise inhibit the 
enzymes (Takagi, Abe et al. 1977; Takagi 1984). 

 
Figure 5.1. Comparison of percent ethanol yields of theoretical maximum and concentrations  
(g L-1) for SSF and SHF at 37°C and 55°C for CELF pretreated solids at A) 4 wt% and B) 11 wt% 
glucan loadings and a cellulase loading of 15 mg-protein g-glucan-in-RCS-1. For SHF, ethanol 
yields and concentrations are calculated values based on 90% of theoretical maximum ethanol 
possible.  
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Although one would expect operation at 37°C would favour SSF due to 
removal of inhibitory sugars, this advantage could be lost if improved enzyme 
activity at the higher temperatures optimal for SHF is more than compensated for 
sugar inhibition. However, Figure 5.1 shows that SSF at 37°C still achieved higher 
ethanol production rates and yields than SHF at 55°C, supporting earlier findings 
that sugar inhibition has a greater impact on performance than temperature 
(Spindler, Wyman et al. 1989). SSF also achieved higher ethanol concentrations in 
a shorter reaction time, especially at higher glucan loadings, further showing that 
reducing enzyme inhibition by sugars has a greater effect on performance than 
increasing temperatures.                       
5.4.3 Enhanced substrate digestibility by CELF increased yields at higher solids loadings 

Although high solids operations are needed to achieve >50 g L-1 ethanol 
titers that improve the economics of downstream operations, increasing solids 
loadings can reduce yields, making it vital to determine trade-offs among solids 
loadings, enzyme loadings, ethanol titers, and resulting yields. Mohagheghi et al. 
simultaneously saccharified and fermented solids from dilute acid pretreatment of 
wheat straw over a range of solids loadings and observed that although an ethanol 
titer of 57 g L-1 was achieved for a 20 wt% solids loading, a high enzyme loading 
of 20 FPU g-cellulose-1 (roughly equal to 24 mg-protein g-cellulose-1) (Wyman, 
Spindler et al. 1986) was required to reach that mark.  It is also vital to note that 
ethanol yields dropped substantially from 82.0% to 68.5% when the solids loading 
was increased from 12.1 to 20.0 wt% (Mohagheghi, Tucker et al. 1992). Similarly, 
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Zhang et al. observed that the ethanol yields dropped from 76.5% to 52.1% when 
the loading of solids produced by steam pretreatment of corn stover was increased 
from 15 to 30 wt% (Zhang, Chu et al. 2010). In addition, the maximum ethanol 
titer was 40.6 g L-1, well under the 50 g L-1 commercial goal.  

Because low ethanol yields resulting from solids loadings greater than 15 
wt% are frequently blamed on impeded heat and mass transfer and high local 
inhibitor concentrations as a result of poor mixing in these very viscous slurries, a 
prehydrolysis step in which enzymes are employed initially alone has been applied 
to reduce viscosity and enhance sugar concentrations before adding yeast to 
complete hydrolysis and fermentation in the SSF mode (Zhao and Xia 2009; 
Zhang, Chu et al. 2010; Hoyer, Galbe et al. 2013; Modenbach and Nokes 2013; 
Qureshi, Zhang et al. 2015). However, this additional prehydrolysis step is not 
always reported to be beneficial. For example, Hoyer et al. demonstrated overall 
yield increases from 3.9% to 62.1% for a 22 h prehydrolysis of steam pretreated 
spruce slurry prior to adding yeast for SSF (Hoyer, Galbe et al. 2013), while Zhao 
and Xia reported a 12 h prehydrolysis reduced overall SSF yields from solids 
produced by alkaline pretreatment of corn stover (Zhao and Xia 2009). One could 
hypothesize that these differences in the impact of prehydrolysis could result from 
differences in substrate digestibility due to such factors as reduced substrate 
accessibility, reduced enzyme availability and effectiveness due to inhibition by 
lignin, glucose, or cellobiose, or lower water availability for enzymatic hydrolysis 
(Wang, Kang et al. 2011; Modenbach and Nokes 2013). Consequently, comparing 
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the effects of increasing solids loadings with and without prehydrolysis of solids 
produced by CELF and DA pretreatments of corn stover could shed some light on 
whether the lower lignin content and greater digestibility of solids from CELF 
pretreatment would enhance performance at higher solids concentrations or 
whether other factors control yields. All results for this portion of our study are 
based on loading the same amounts of glucan in the solids from both CELF and 
DA pretreatments so that comparisons could be made based on the same potential 
ethanol titer. 

For SSF of solids from DA pretreatment at 15 mg-protein g-glucan-in-RCS-

1 enzyme loading, Figure 5.2A shows that increasing glucan loadings in SSF from 
4 to 8 to 10 wt% resulted in final ethanol yields dropping from 83.3% to 78.2% 
and then down to 61.4%, respectively, corresponding to a maximum ethanol titer 
of 40.19 g L-1. Although ethanol yields levelled off at about 61% for 10 wt% 
glucan loadings without prehydrolysis, glucose concentrations increased during the 
15 to 22-day period from 9.7 to 19.3 g L-1, suggesting that yeast had lost viability 
but the enzymes were still hydrolysing glucan. When an 18 h prehydrolysis step 
was introduced prior to SSF at a 10 wt% glucan loading, Figure 5.2A by day 21, 
respectively, demonstrating the benefits of prehydrolysis at 10 wt% glucan loading 
for DA pretreated corn stover. However, the overlap in yields over time in Figure 
5.2A shows that prehydrolysis was not beneficial at lower glucan loadings of 4 and 
8 wt%, likely because mixing was much better. 
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Figure 5.2. Effects of glucan loading and 18 h prehydrolysis (PH) at 50°C on percent ethanol 
yields of theoretical maximum for SSF of solids from A) DA and B) CELF pretreatments of corn 
stover. Accellerase® 1500 enzyme loading of 15 mg-protein g-glucan-in-RCS-1. Fermentations 
without PH are shown as solid lines, while fermentations with PH are shown as dashed lines. The 
times include the time for the PH step when appropriate.  

Previous studies have reported that increasing the initial substrate loadings from 5 
to 8 wt% can reduce production costs by 19%, assuming similar yields can be achieved 
(Wingren, Galbe et al. 2003), but maintaining yields while achieving >50 g L-1 ethanol 
titers at such high solids loadings has presented a major challenge (Mohagheghi, Tucker 
et al. 1992; Zhang, Chu et al. 2010; Manzanares, Negro et al. 2011).  However, as shown 
in Figure 5.2B, the long term SSF yields for solids produced by CELF pretreatment of 
corn stover were substantially better at higher glucan loadings than for solids resulting 
from DA pretreatment in Figure 5.2A. In fact, long-term yields were about 89-90% for all 
CELF solids loadings without prehydrolysis. The only significant difference was that 
yields rose more slowly at the 11 wt% glucan loadings due to poorer initial mixing (the 
mixture did not fully liquefy until after 2 days) so that the time required for yields to peak 
was about 120 h instead of only about 72 h for loadings of 4 and 8 wt%.  Furthermore, 
although introducing prehydrolysis increased rates some at 4 wt% glucan loadings of 
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CELF solids, it actually prolonged the times needed to realize maximum yields for 8 and 
11 wt% loadings. The better performance for SSF alone could be explained as resulting 
from higher hydrolysis rates due to yeast consuming sugars that would otherwise 
accumulate in high concentrations at higher solids loading and inhibit enzyme action 
during prehydrolysis. Although as mentioned previously, lower yields at high solids 
loadings are often attributed to poor mixing, the SSF results in Figure 5.2B suggest that 
highly digestible CELF pretreated corn stover can achieve so much better results at high 
solids loadings that prehydrolysis has limited if any benefits. In summary, the data in 
Figure 5.2 shows that higher titers can be achieved at higher solids loadings while 
maintaining high yields for CELF pretreated solids than possible for solids from DA 
pretreatment at an enzyme loading of 15 mg-protein g-glucan-in-RCS-1. 
5.4.4 High yields achieved with low enzyme fermentations at high solids loadings of 
CELF corn stover 

Enzymes have recently been estimated to contribute similar operating costs 
to that of the lignocellulosic biomass feedstock for biological processing, with the 
lowest estimated enzyme cost of $0.68/gal ethanol being for maximum theoretical 
yields at 20 mg-protein g-glucan-1 and a higher cost of $1.47/gal for yields and 
loadings reported in the literature (Klein-Marcuschamer, Oleskowicz-Popiel et al. 
2012). Because catalysts must cost much less than substrates for fuels to be 
economical, various studies have sought approaches to reduce enzyme amounts, 
but the sacrifice in sugar yields and titers that results hurts process economics 
(Varga, Klinke et al. 2004; Zhang, Chu et al. 2010). On the other hand, solids 
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produced by CELF pretreatment have been shown to realize high sugar yields at 
enzyme loadings as low as 2 mg-protein g-glucan-in-RCS-1 (Nguyen, Cai et al. 
2015), and the data above shows that high ethanol yields are maintained at glucan 
loadings of 11% for an enzyme loading of 15 mg-protein g-glucan-in-RCS-1. The 
question remained as to whether high yields can be achieved at low enzyme 
loadings for high enough solids loadings to achieve ethanol titers above 50 g L-1.  

In response, Figure 5.3 shows that an enzyme loading of 5 mg-protein g-
glucan-in-RCS-1 realized ethanol yields of 89.0%, 90.9%, and 90.7% at 4, 8, and 
11 wt% glucan loadings, respectively, for SSF, resulting in a maximum ethanol 
titer of 56.4 g L-1 after 14 days of fermentation. Thus, SSF of CELF pretreated 
corn stover achieved overall ethanol yields over 89% at a more commercially 
viable enzyme loading of 5 mg-protein g-glucan-in-RCS-1, producing an average 
of 56.4 g L-1 ethanol after 14 days of fermentation, while the ethanol yield for SSF 
of DA pretreated corn stover solids was just 73% with 47.8 g L-1 ethanol titer after 
21 days of fermentation. It is noteworthy that the time course of SSF ethanol yields 
with CELF pretreated solids at an enzyme loading of 5 mg-protein g-glucan-in-
RCS-1 was very similar with or without prehydrolysis, although a lag was still 
observed for the 11 wt% glucan loading case with prehydrolysis. Thus, although 
fermentation times increased as enzyme loadings were dropped and solids loadings 
increased, long-term ethanol yields were not sacrificed. Based on enzyme costs 
projected by Klein-Marcuschamer et al., the near theoretical yields achieved at this 
enzyme loading with CELF pretreated corn stover solids could translate into 
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reducing the enzyme cost to $0.17/gallon ethanol, a savings of about $1.30 per 
gallon (Klein-Marcuschamer, Oleskowicz-Popiel et al. 2012). Additional cost 
savings would be realized by the ability to achieve ethanol titers >50 g L-1 at the 
higher solids loadings.  

Figure 5.3 also shows results from cutting enzyme loadings further to 2 mg-
protein g-glucan-in-RCS-1 for CELF pretreated corn stover solids. Ethanol yields 
dropped from 88.1% to 84.3% as solids loadings were increased from 8 to 11 wt% 
at this low enzyme loading, with the result that the maximum ethanol titer was 
53.4 g L-1 after 23 days of fermentation. Although these times were longer, the 
overall fermentation time needed to achieve the maximum yield of 11 wt% glucan 
was similar to those for only 4 wt% DA pretreated corn stover at an enzyme 
loading of 15 mg-protein g-glucan-in-RCS-1. Even then, maximum yields from DA 
pretreated solids were lower and the times to reach these yields much longer at 
higher solids loadings. Also similar to results with DA pretreated corn stover at a 
10 wt% glucan loading, the increase in glucose concentration to 7.1 g L-1 by day 
28 for CELF pretreated corn stover at 11 wt% glucan loadings suggested that yeast 
cell viability suffered. Yeast viability tests confirmed that cells were no longer 
alive when the glucose concentrations began to increase after about 22 days. 
Mohagheghi et al. also observed a loss of yeast viability with increasing solids 
loading, with colony forming units dropping to 0 at 20 wt% solids loading, 
resulting in a reduced ethanol yield of 68% and glucose concentration of 16 g L-1 
(Mohagheghi, Tucker et al. 1992). These results coupled with ours suggest that 
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high solids operations are limited by yeast viability. Remarkably, despite the 
similarities in fermentation rates and trends, CELF pretreated corn stover still 
achieved higher ethanol yields and titers with a low enzyme loading of 2 mg-
protein g-glucan-in-RCS-1 than the DA pretreated corn stover could with 7.5 times 
more enzyme.  

 Figure 5.3. The effect of enzyme loadings at 2, 5, and 15 mg-protein g-glucan-in-RCS-1 on SSF 
fermentation times and ethanol yields for CELF solids at glucan loadings of 4, 8, and 11 wt%.  

An interesting observation from SSF of CELF pretreated corn stover at 2 
mg-protein g-glucan-in-RCS-1 was that the lowest yield of 79.2% occurred for the 
lowest glucan loading of 4 wt%. Because enzyme loadings were based on glucan 
content, consistent with accepted practice, lower enzyme cocktail loadings resulted 
in lower concentrations of β-glucosidase in solution (80 mg-protein L-1 for 4 wt% 
glucan compared to 160 and 220 mg-protein L-1 for 8 and 11 wt%, respectively) 
that in turn would reduce the rate of breakdown of soluble cellobiose to glucose. 
Thus, the lower concentration of β-glucosidase could be the limiting factor at this 
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lower glucan loading, as evidenced by no apparent activity detected by the end of 
the fermentation.  
5.4.5 Applying total mass balance to confirm component yields 

To confirm the component yields reported here, a mass balance was 
performed on all components that could be derived from the glucan in pretreated 
corn stover. Although Saccharomyces cerevisiae is a robust organism for industrial 
ethanol production that is able to realize ethanol yields as high as 90-93% of 
theoretical, some glucan losses are attributable to supporting yeast growth and 
maintenance and formation of by-products such as glycerol, acetic acid, and lactic 
acid (Bai, Anderson et al. 2008). Figure 5.4 shows that most of the glucan added to 
fermentation flasks initially could be accounted for since the sum of the 
component yields of ethanol, by-products, unfermented glucose/cellobiose, and 
undigested glucan added up to about 97±3%.  One would expect the total to fall 
short of 100% due to use of glucan for maintenance and cell growth. As expected, 
the major fermentation by-product from SSF of CELF pretreated corn stover was 
glycerol (3.7-6.0%, 0.5-4.1 g L-1), with minimal losses to acetic acid (0.5-2.3%, <2 
g L-1), and lactic acid (0-1%). The by-product yield range for glycerol production 
increased with enzyme loadings from 3.7% to 4.4% glycerol at 2 mg-protein g-
glucan-in-RCS-1, to 5.0% to 5.7% glycerol at 5 mg-protein g-glucan-in-RCS-1, and 
on to 5.2% to 6.0% glycerol at 15 mg-protein g-glucan-in-RCS-1, likely due to 
increased osmotic pressure and lower fluxes of pyruvate from glycolytic 
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intermediate utilization (Bai, Anderson et al. 2008). A similar mass balance was 
also applied to verify yields from SSF of DA pretreated corn stover. 

 
Figure 5.4. Theoretical yields of ethanol, glucose, and glucose derived by-products from SSF of 
CELF pretreated corn stover solids over the range of glucan and enzyme loadings (mg-protein g-
glucan-in-RCS-1). Incubation times for the enzyme loadings of 15, 5, and 2 mg-protein g-glucan-in-
RCS-1 were 5, 14, and 28 days, respectively.  
5.5 Conclusions 

The high cost of enzymes and low ethanol titers due to difficulties in 
handling high solids loadings and end-product inhibition of enzymes have 
presented two of the most important barriers to realizing the low cost potential of 
converting low cost and abundant lignocellulosic biomass to ethanol. In this paper, 
we have shown that CELF pretreatment technology is able to reduce both of these 
obstacles by removing much of the lignin and hemicellulose to leave highly glucan 
enriched solids that are much more easily broken down by enzymes than possible 
with solids from dilute sulfuric acid pretreatment at enzyme loadings of 15 mg-
protein g-glucan-in-RCS-1 in SSF fermentations. Higher yields with shorter 
fermentation times were achieved for application of SSF to CELF pretreated corn 
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stover than possible by SHF at 11 wt% glucan, the solids loadings needed to 
realize economically attractive ethanol concentrations: SSF at 37°C achieved an 
89.2% yield after 5 days, SHF at 55°C achieved a 61.9% yield after 8 days, and 
SHF at 37°C achieved a 52.3% yield after 11 days. Thus, removing glucose and 
cellobiose that are strong inhibitors of enzymes proved to more than compensate 
for the need to run at lower temperatures to maintain yeast viability in SSF. 
Furthermore, the remarkably high digestibility of CELF pretreated corn stover 
solids resulted in ethanol yields >80% and titers >50 g L-1 for SSF of 11 wt% 
loadings of glucan even as enzyme loadings were dropped from 15 mg-protein g-
glucan-in-RCS-1 to more economically viable levels of 5 and 2 mg-protein g-
glucan-in-RCS-1, although fermentation times had to be extended from 5 to 14 and 
23 days, respectively.  Finally, unlike the advantage of applying enzymes alone for 
18 h prior to adding yeast for dilute acid pretreatment, we found that this 
prehydrolysis step did not improve overall SSF yields from solids produced by 
CELF pretreatment, suggesting that prehydrolysis is more beneficial if the 
pretreated solids are not highly digestible.  
  



 114

5.6 References 
Alfani, F., A. Gallifuoco, et al. (2000). "Comparison of SHF and SSF processes for the 

bioconversion of steam-exploded wheat straw." Journal of Industrial 
Microbiology and Biotechnology 25(4): 184-192. 

Bai, F. W., W. A. Anderson, et al. (2008). "Ethanol fermentation technologies from sugar 
and starch feedstocks." Biotechnology Advances 26(1): 89-105. 

Balan, V., D. Chiaramonti, et al. (2013). "Review of US and EU initiatives toward 
development, demonstration, and commercialization of lignocellulosic biofuels." 
Biofuels, Bioproducts and Biorefining 7(6): 732-759. 

Cai, C. M., T. Zhang, et al. (2013). "THF co-solvent enhances hydrocarbon fuel precursor 
yields from lignocellulosic biomass." Green Chemistry 15(11): 3140-3145. 

Dale, B. E., J. E. Anderson, et al. (2014). "Take a closer look: biofuels can support 
environmental, economic and social goals." Environmental Science & 
Technology 48(13): 7200-7203. 

Dowe, N. and J. McMillan (2008). SSF experimental protocols- lignocellulosic biomass 
hydrolysis and fermentation. Golden, Colorado, National Renewable Energy 
Laboratory. 

EPA (2013). EPA proposes 2014 renewable fuel standards, 2015 biomass-based diesel 
volume, EPA. 

Gulati, M., P. Westgate, et al. (1996). "Sorptive recovery of dilute ethanol from 
distillation column bottoms stream." Applied Biochemistry and Biotechnology 
57-58(1): 103-119. 

Hong, J., M. R. Ladisch, et al. (1981). "Vapor-liquid equilibria of the water-ethanol 
system at low alcohol concentrations." Journal of Chemical & Engineering Data 
26: 307-309. 

Hoyer, K., M. Galbe, et al. (2013). "Influence of fiber degradation and concentration of 
fermentable sugars on simultaneous saccharification and fermentation of high-
solids spruce slurry to ethanol." Biotechnol Biofuels 6(1): 1754-6834. 

Jeoh, T., C. I. Ishizawa, et al. (2007). "Cellulase digestibility of pretreated biomass is 
limited by cellulose accessibility." Biotechnology and Bioengineering 98(1): 112-
122. 

Kang, K. E., D.-P. Chung, et al. (2015). "High-titer ethanol production from simultaneous 
saccharification and fermentation using a continuous feeding system." Fuel 145: 
18-24. 

Klein-Marcuschamer, D., P. Oleskowicz-Popiel, et al. (2012). "The challenge of enzyme 
cost in the production of lignocellulosic biofuels." Biotechnology and 
Bioengineering 109(4): 1083-1087. 

Kristensen, J., C. Felby, et al. (2009). "Determining yields in high solids enzymatic 
hydrolysis of biomass." Applied Biochemistry and Biotechnology 156(1-3): 127-
132. 

Kristensen, J. B., C. Felby, et al. (2009). "Yield-determining factors in high-solids 
enzymatic hydrolysis of lignocellulose." Biotechnol Biofuels 2(1): 1754-6834. 



 115

Kumar, R., F. Hu, et al. (2013). "Carbohydrate derived-pseudo-lignin can retard cellulose 
biological conversion." Biotechnol Bioeng 110(3): 737-753. 

Kumar, R. and C. E. Wyman (2009). "Cellulase adsorption and relationship to features of 
corn stover solids produced by leading pretreatments." Biotechnol Bioeng 103(2): 
252-267. 

Kumar, R. and C. E. Wyman (2014). "Strong cellulase inhibition by Mannan 
polysaccharides in cellulose conversion to sugars." Biotechnol Bioeng 111(7): 
1341-1353. 

Li, H., Y. Pu, et al. (2014). "Investigation of lignin deposition on cellulose during 
hydrothermal pretreatment, its effect on cellulose hydrolysis, and underlying 
mechanisms." Biotechnol Bioeng 111(3): 485-492. 

Lloyd, T. and C. Wyman (2005). "Combined sugar yields for dilute sulfuric acid 
pretreatment of corn stover followed by enzymatic hydrolysis of the remaining 
solids." Bioresource technology 96(18): 1967-1977. 

Lynd, L. R., P. J. Weimer, et al. (2002). "Microbial cellulose utilization: fundamentals 
and biotechnology." Microbiol Mol Biol Rev 66(3): 506-577. 

Lynd, L. R., C. E. Wyman, et al. (1999). "Biocommodity Engineering." Biotechnol Prog 
15(5): 777-793. 

Maiorella, B. L., H. W. Blanch, et al. (1983). Vacuum ethanol distillation technology, 
Lawrence Berkeley Lab.: 166 pp. 

Manzanares, P., M. J. Negro, et al. (2011). "Different process configurations for 
bioethanol production from pretreated olive pruning biomass." Journal of 
Chemical Technology & Biotechnology 86(6): 881-887. 

Modenbach, A. A. and S. E. Nokes (2013). "Enzymatic hydrolysis of biomass at high-
solids loadings – A review." Biomass and Bioenergy 56(0): 526-544. 

Mohagheghi, A., M. Tucker, et al. (1992). "High solids simultaneous saccharification and 
fermentation of pretreated wheat straw to ethanol." Applied Biochemistry and 
Biotechnology 33(2): 67-81. 

Nguyen, T. Y., C. M. Cai, et al. (2015). "Co-solvent pretreatment reduces costly enzyme 
requirements for high sugar and ethanol yields from lignocellulosic biomass." 
ChemSusChem 8(10): 1716-1725. 

Nguyen, T. Y., C. M. Cai, et al. (2016). "CELF pretreatment of corn stover boosts 
ethanol titers and yields from high solids SSF with low enzyme loadings." Green 
Chemistry. 

Nguyen, X. N. and E. C. Heyman (1982). Computer-aided analysis of energy 
consumption in ethanol-water distillation operations. Golden Colorado, Solar 
Energy Research Institute. 

Öhgren, K., R. Bura, et al. (2007). "A comparison between simultaneous saccharification 
and fermentation and separate hydrolysis and fermentation using steam-pretreated 
corn stover." Process Biochemistry 42(5): 834-839. 

Öhgren, K., A. Rudolf, et al. (2006). "Fuel ethanol production from steam-pretreated corn 
stover using SSF at higher dry matter content." Biomass and Bioenergy 30(10): 
863-869. 



 116

Olofsson, K., M. Bertilsson, et al. (2008). "A short review on SSF - an interesting process 
option for ethanol production from lignocellulosic feedstocks." Biotechnol 
Biofuels 1(1): 1754-6834. 

Osborne, N. S., E. C. McKelvy, et al. (1913). "Density and thermal expansion of ethyl 
alcohol and of its mixtures with water."   Retrieved July 10, 2015, from 
http://digital.library.unt.edu/ark:/67531/metadc66532/. 

Qureshi, A. S., J. Zhang, et al. (2015). "High ethanol fermentation performance of the dry 
dilute acid pretreated corn stover by an evolutionarily adapted Saccharomyces 
cerevisiae strain." Bioresource Technology 189(0): 399-404. 

RFA (2015). Pocket guide to ethanol. R. F. Association. Washington, DC. 
Sarks, C., M. Jin, et al. (2014). "Studying the rapid bioconversion of lignocellulosic 

sugars into ethanol using high cell density fermentations with cell recycle." 
Biotechnology for Biofuels 7(1): 73. 

Sassner, P., M. Galbe, et al. (2008). "Techno-economic evaluation of bioethanol 
production from three different lignocellulosic materials." Biomass and Bioenergy 
32(5): 422-430. 

Sathitsuksanoh, N., Z. Zhu, et al. (2011). "Cellulose solvent-based biomass pretreatment 
breaks highly ordered hydrogen bonds in cellulose fibers of switchgrass." 
Biotechnology and Bioengineering 108(3): 521-529. 

Sluiter, J. B., R. O. Ruiz, et al. (2012). Determination of structural carbohydrates and 
lignin in biomass. Boulder, CO, National Renewable Energy Laboratory. 

Spindler, D. D., C. E. Wyman, et al. (1989). "Evaluation of thermotolerant yeasts in 
controlled simultaneous saccharifications and fermentations of cellulose to 
ethanol." Biotechnology and Bioengineering 34(2): 189-195. 

Stephen, J. D., W. E. Mabee, et al. (2012). "Will second-generation ethanol be able to 
compete with first-generation ethanol? Opportunities for cost reduction." 
Biofuels, Bioproducts and Biorefining 6(2): 159-176. 

Takagi, M. (1984). "Inhibition of cellulase by fermentation products." Biotechnology and 
Bioengineering 26(12): 1506-1507. 

Takagi, M., S. Abe, et al. (1977). A method for production of alcohol directly from 
cellulose using cellulase and yeast. Bioconversion Symposium, ITT, Delhi. 

Varga, E., H. B. Klinke, et al. (2004). "High solid simultaneous saccharification and 
fermentation of wet oxidized corn stover to ethanol." Biotechnol Bioeng 88(5): 
567-574. 

Wang, W., L. Kang, et al. (2011). "Study on the decreased sugar yield in enzymatic 
hydrolysis of cellulosic substrate at high solid loading." Applied Biochemistry 
and Biotechnology 164(7): 1139-1149. 

Wingren, A., M. Galbe, et al. (2003). "Techno-economic evaluation of producing ethanol 
from softwood: comparison of SSF and SHF and identification of bottlenecks." 
Biotechnology Progress 19(4): 1109-1117. 

Wyman, C. E. (2007). "What is (and is not) vital to advancing cellulosic ethanol." Trends 
in Biotechnology 25(4): 153-157. 

Wyman, C. E., B. E. Dale, et al. (2013). Comparative performance of leading 
pretreatment technologies for biological conversion of corn stover, poplar wood, 



 117

and switchgrass to sugars. Aqueous Pretreatment of Plant Biomass for Biological 
and Chemical Conversion to Fuels and Chemicals, John Wiley & Sons, Ltd: 239-
259. 

Wyman, C. E., D. D. Spindler, et al. (1986). "Simultaneous Saccharification and 
Fermentation of Cellulose with the yeast Brettanomyces clausenii." 
Biotechnology Bioengineering Symposium 17: 221-238. 

Yang, B. and C. E. Wyman (2006). "BSA treatment to enhance enzymatic hydrolysis of 
cellulose in lignin containing substrates." Biotechnol Bioeng 94(4): 611-617. 

Zhang, J., D. Chu, et al. (2010). "Simultaneous saccharification and ethanol fermentation 
at high corn stover solids loading in a helical stirring bioreactor." Biotechnol 
Bioeng 105(4): 718-728. 

Zhao, J. and L. Xia (2009). "Simultaneous saccharification and fermentation of alkaline-
pretreated corn stover to ethanol using a recombinant yeast strain." Fuel 
Processing Technology 90(10): 1193-1197. 

 
  



 118

 
 
 
 
 
 
 

Chapter 6: Factors limiting ethanol titers and yields from simultaneous 
saccharification and fermentation at high solids loadings of CELF pretreated corn 

stover 
 
**This chapter will be submitted to EES. Thanh Yen Nguyen performed the 
experimentation, data analysis, and writing. Charles Cai and Rajeev Kumar provided 
technical expertise. 
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6.1 Abstract 
Simultaneous saccharification and fermentation (SSF) of lignocellulosic ethanol 

production can improve the economics and reduce the complexity of cellulosic ethanol 
production by consolidating process steps and reducing end product inhibition of 
enzymes. However, a long-standing limitation of SSF was reduced ethanol yields and 
titers at high biomass solids loadings compared to direct fermentations of sugar solutions. 
To better understand factors limiting performance, our newly invented Co-Solvent 
Enhanced Lignocellulosic Fractionation (CELF) pretreatment was applied to corn stover 
in this study to produce highly digestible cellulose for application to SSF. First, fed-batch 
glucose fermentations with Saccharomyces cerevisiae D5A showed that the highest 
ethanol concentration range that this yeast could achieve was 73-86 g L-1 due to additive 
stresses on the yeast of high temperature, carbon starvation, and ethanol toxicity. 
Remarkably, at a 15 mg-protein g-glucan-1 enzyme loading, SSF achieved ethanol titers 
of 79.2, 81.3, and 85.6 g L-1 for 20.0, 21.5, and 23.0 wt% biomass solids loadings, 
corresponding to yields of 90.5%, 86.1%, and 80.8%, respectively. Interestingly, the drop 
in yields at the higher solids loadings of 21.5% and 23.0% correlated well with increased 
glucose concentrations and a loss in cell viability, indicating that lower yields was caused 
by limitations in yeast performance and not enzyme activity. Thus, similar maximum 
ethanol concentrations were realized for SSF at a 20% solids loading of CELF pretreated 
corn stover to fermentations of pure glucose while also maintaining about a 90% ethanol 
yield from SSF. Additionally, an enzyme loading of at least 10 mg-protein g-glucan-1 was 
needed to achieve about a 90% yield at a 20% solids loadings. In summary, the key 
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limitations to achieving high ethanol yields and titers for SSF of the highly digestible 
cellulose produced by CELF pretreatment of corn stover resulted from yeast limitations 
to stresses such as ethanol toxicity, temperature, and carbon starvation. 
6.2 Introduction 

The biological conversion of lignocellulosic biomass to ethanol typically centers 
around three major, interdependent process steps: pretreatment, enzymatic hydrolysis, 
and fermentation. The latter two steps can be consolidated into a single simultaneous 
saccharification and fermentation (SSF) operation to reduce capital and operating costs 
by simplifying the process and reducing end-product inhibition of enzymes. However, 
SSF suffers from a number of constraints, including those outlined in Figure 6.1.  For 
one, the SSF temperature must be compromised between higher temperatures of about 
50°C that are optimal for fungal enzymes and lower temperatures of about 30oC that are 
favored by many fermentative organisms. Furthermore, because ethanol titers of at least 
5% are important to facilitate ethanol recovery, SSF must be capable of handling high 
solids concentrations, but then challenges in mixing, sugar release at low enzyme 
loadings, or mass transfer can cause carbon starvation and resulting incomplete or 
reduced saccharification rates. In addition, pretreatment is needed to increase the 
accessibility of biomass to enzymes so that commercially relevant sugar yields can be 
achieved in enzymatic hydrolysis and subsequent sugar fermentation to ethanol or other 
products. Even then, saccharification and fermentation of substrates prepared by 
traditional hydrothermal or dilute acid pretreatments tend to be slow, particularly at 
enzyme loadings that are economical. In particular, pretreatment type and reaction 
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conditions determine biomass digestibility during enzymatic hydrolysis, e.g., low 
pretreatment severities result in slow or incomplete saccharification while high severities 
degrade sugars to products such as furfural that hurt sugar yields and inhibit microbes and 
enzymes. Accordingly, various pretreatment strategies have been explored to improve 
saccharification rates and maximize sugar yields to achieve ethanol titers comparable to 
pure sugar fermentations. 

 
Figure 6.1. Grouping of factors that reduce final ethanol yields and/or titers in SSF according to those due 
to 1) substrate reactivity or 2) fermentation conditions.  
 

Unfortunately, when applied to solids prepared by current state of the art 
pretreatment technologies such as dilute acid and steam explosion, SSF suffered from 
either low theoretical ethanol yields or ethanol titers below the 50 g L-1 threshold 
important for downstream processing at high solids loadings of greater than 15% and low 
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enzyme loadings below 15 mg-protein g-glucan-1 (Mohagheghi, Tucker et al. 1992; 
Zhang, Chu et al. 2010; Agrawal, Satlewal et al. 2015). Mohagheghi et al. previously 
showed that SSF of dilute acid pretreated wheat straw at 15, 17, and 20% solid loadings 
achieved ethanol titers of 57, 40, and 34 g L-1 and corresponding low yields of 54.5%, 
33.2% and 23.9%, respectively (Mohagheghi, Tucker et al. 1992). The cause for this 
trend of decreasing yields as enzyme loadings are reduced or solids loadings are 
increased is often attributed to such saccharification step aspects as the enzyme losing 
activity over extended hydrolysis times, high solids loadings creating mass transfer and 
mixing limitations, and/or inhibition of the enzymes by sugars, oligomers, or ethanol 
(Zhang, Chu et al. 2010). However, for corn stover solids pretreated by a novel 
technology called Co-solvent Enhanced Lignocellulosic Fractionation (CELF), nearly 
theoretical sugar yields were achieved at enzyme loadings as low as 2 mg-protein g-
glucan-1, albeit for long hydrolysis times (Nguyen, Cai et al. 2015). Additionally, SSF of 
solids resulting from CELF pretreatment of corn stover resulted in ethanol titers >50 g L-1 
and yields >80% at solids loading of 15.5% and an enzyme loading as low as 2 mg-
protein g-glucan-1 (Nguyen, Cai et al. 2016). 

Although solids loadings in the previous study were 15.5% due to the high 
moisture content of the solids after pretreatment and vacuum filtration, higher loadings 
and attendant ethanol concentrations were made possible in the current study by pressing 
the solids with a hydraulic press. Consequently, the resulting higher solids CELF 
pretreated corn stover provided a valuable platform from which to identify factors that 
limit SSF. In particular, higher solids loadings allowed us to investigate the effects of 
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higher ethanol concentrations on yields. Additionally, by varying enzyme loadings 
applied to highly digestible CELF pretreated solids, sugar release rates could be 
manipulated to understand their impact on yeast viability. Accordingly, the objectives of 
this study were to establish 1) maximum ethanol concentrations achievable from pure 
glucose by the SSF yeast strain subjected to temperature and carbon starvation stresses 
relevant to SSF, 2) limitations in ethanol titers at high solids concentrations and moderate 
enzyme loadings for SSF with the same yeast, 3) the impact of slow sugar release at low 
enzyme loadings on SSF yields, and 4) process parameters that maximize ethanol titers 
while maintaining maximum theoretical yields in the SSF of highly digestible solids 
produced by CELF pretreatment of corn stover.  
6.3 Experimental methods 
6.3.1 Materials  

Air-dried Kramer corn stover kindly provided by the National Renewable Energy 
Laboratory (NREL, Golden, CO) was knife milled to pass through a 1 mm particle size 
interior sieve using a laboratory mill (Model 4, Arthur H. Thomas Company, 
Philadelphia, PA). As reported previously, the composition of the raw corn stover was 
34.2 ± 0.3% glucan, 23.7 ± 0.2% xylan, 3.8 ± 0.1% arabinan, 17.9 ± 0.9% K-lignin, and 
20.2% other materials that include acetate, extractives, organic acids, inorganics, and ash 
(Nguyen, Cai et al. 2016). DuPont Industrial Biosciences (Palo Alto, CA) generously 
provided the cellulolytic enzyme cocktail Accellerase® 1500. The BCA protein 
concentration and activity were about 82 mg ml-1 and 50 FPU ml-1, respectively, as 
reported by Kumar et al (Kumar, Hu et al. 2013). The non-xylose fermenting 
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Saccharomyces cerevisiae D5A yeast strain used for SSF was kindly supplied by NREL 
in plate monocultures from which a frozen culture stock was prepared as previously 
described (Nguyen, Cai et al. 2015). 
6.3.2 Production of pressed CELF pretreated corn stover 

CELF pretreatment reaction acid concentrations, THF:water ratios, temperatures, 
and times were selected based on conditions that were previously determined to achieve 
highest total sugar yields (Nguyen, Cai et al. 2015). Accordingly, the reaction solutions 
contained 0.5 wt% sulfuric acid (Ricca Chemical Company, Arlington, TX) and THF 
(>99% purity, Fisher Scientific, Pittsburgh, PA) at a 1:1 (v:v) ratio to water. Prior to each 
pretreatment, corn stover (7.5 wt%) was added to the THF/acid solution and soaked 
overnight at 4°C. The pretreatment reactions were then performed at 150°C for 25 
minutes in a 1 L Hastelloy Parr® autoclave reactor (236HC Series, Parr Instruments Co., 
Moline, IL) equipped with a double stacked pitch blade impeller rotated at 200 rpm. All 
reactions were maintained within ±2°C of the target temperature by heating with a 4 kW 
fluidized sand bath (Model SBL-2D, Techne, Princeton, NJ), as previously described 
(Nguyen, Cai et al. 2015), with the reactor temperature directly measured by an in-line K-
type thermocouple (Omega Engineering, Inc., Stamford, Connecticut). After the 
reactions, the solids were separated from the liquor by vacuum filtration at room 
temperature through glass fiber filter paper (Fisher Scientific, Pittsburgh, PA) and 
washed with room temperature DI water until the filtrate reached a neutral pH. The 
separated and washed solids were then pressed to a moisture content of 68-72% with a 
hydraulic press (Westward Model 3ZC62G). The composition of the pretreated corn 



 125

stover as determined according to the established NREL procedure (version 8-03-2012) 
(Sluiter, Ruiz et al. 2012) was 69.7 ± 1.0% glucan, 4.7 ± 0.2% xylan, and 11.9 ± 0.3% K-
lignin, and 13.7% other. 
6.3.3 Pure glucose fermentations, high solids SSF, and fed batch SSF 

Seed yeast inoculum was prepared by thawing and transferring the thawed stock 
into a 250 mL baffled flask with 50 mL of sterilized yeast-peptone-dextrose (YPD) 
medium for propagation in a shaker incubator (New Brunswick Scientific Classic C25) 
set at 130 rpm and 37°C. The inoculum was then centrifuged and re-suspended in sterile 
DI water twice for washing and prepared for inoculation at a 0.5 optical density (O.D.). 
In an attempt to improve yields at an enzyme loading of 5 mg-protein g-glucan-1, the 
target OD for inoculation was doubled from 0.5 to 1. Pure sugar fermentations and SSF 
were performed in duplicate 125 mL flasks with a working mass of 50 g that included 50 
mM sodium citrate buffer (pH 4.9), 10 g L-1 yeast extract (Becton, Dickinson and 
Company, Redlands, CA), 20 g L-1 peptone (Becton, Dickinson and Company, Redlands 
CA), 40 mg L-1 tetracycline (Sigma Aldrich, St. Louis, MO) as an antimicrobial agent, 
and the D5A yeast inoculum at an initial O.D. 0.5, unless noted otherwise.  

Procedures for SSF flask preparations were consistent with NREL standard 
protocols (Dowe and McMillan 2008) with slight modifications to account for differences 
in the fermentation strategy. Fed batch glucose fermentation flasks were first loaded with 
MilliQ water, while high solids and fed batch SSF flasks were initially loaded with 
pressed solids from CELF pretreatment of corn stover to target final solids loadings of 
20.0, 21.5%, or 23.0%. The mass of the flask and its content was recorded before and 
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after autoclaving at 121oC for 30 min. The flasks were then cooled and placed into a 
laminar flow hood (Baker and Baker Ruskin, Sanford, ME) for aseptic addition of pre-
sterilized MilliQ water to replenish any water losses and bring the final working mass of 
each flask to 50 g, followed by adding yeast extract, citrate buffer, tetracycline, and D5A 
yeast inoculum. For fed-batch glucose fermentation, 50 g L-1 glucose was initially added 
aseptically to the flasks before inoculation. In a set of experiments to study the effect of 
carbon starvation, 5 mL of 500 g L-1 concentrated glucose was then fed at 24, 48, and 72 
h, while in another set, starvation was avoided by adding this solution at 12, 36, and 84 
hr.  For high solids and fed batch SSF of CELF solids, Accellerase® 1500 cellulase was 
added for loadings of 5, 10, or 15 mg-protein g-glucan-1). Glucose and SSF flasks were 
placed in a shaker-incubator set at 130 rpm and 37°C. Some fed batch glucose flasks 
were placed in an incubator set at 30°C to limit stress due to high temperature.  

Table 6.1 outlines three substrate feeding strategies applied for fed-batch SSF in 
which pressed and autoclaved solids from CELF pretreatment of corn stover were added 
to flasks 1) all at once, 2) in 2 equal amounts, or 3) in 3 equal amounts to provide 
different effective glucan and enzyme loadings during the first three days.  Enzymes were 
added all at once with the initial batch. The final cellulase loading for all flasks was 5 mg 
protein/total g glucan added. For SSF experiments that applied prehydrolysis with just 
enzymes before adding yeast, the flasks were placed initially in an incubator set at 150 
rpm and 50°C for 18 h. After allowing the flasks to cool, yeast inoculum was added and 
flasks were placed in an incubator set at SSF conditions.  
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Table 6.1: Summary of feeding strategies for fed batch SSF in which pressed CELF pretreated corn stover 
was added to flasks all at once, in 2 batches, or in 3 batches, resulting in different effective glucan and 
enzyme loadings during the first 3 days. Note that glucan and enzyme loadings were the same at the end of 
all fermentations, with 7-g glucan and 5 mg-protein g-glucan-1. 
 Strategy Time (hr) Effective Glucan (g) Effective Enzyme Load (mg-protein g-glucan-1) 

1. All at once 0-240 7 5 2. Two batches 0-48 3.5 10  48-240 7 5 3. Three batches 0-24  2.33 15  24-72 4.66 7.5  72-240 7 5 
 
6.3.4 Sampling and analytical procedures 

Initial fermentation samples of about 400 µl were withdrawn at 24 hours or as 
soon as liquid was apparent in SSF flasks and every 24 hours after that to track 
concentrations of product and colony forming units. For the latter, 100 µl of serial diluted 
samples were spread on YPD agar plates that were then placed in an incubator at 37°C 
for 48 hours followed by colony counts. In tracking products and by-products formation, 
samples were centrifuged at 15,000 rpm for 10 min so the supernatant could be 
withdrawn for analysis of sugars, ethanol, lactic acid, and acetic acid. All chemical 
analyses were based on Laboratory Analytical Procedures (LAPs) documented by NREL, 
in which liquid samples along with appropriate calibration standards were analyzed by 
HPLC (Waters Alliance 2695 system equipped with a Bio-Rad Aminex® HPX-87H 
column and Waters 2414 RI detector) with a 5 mM sulfuric acid eluent flow rate of 0.6 
ml min-1. Chromatograms were integrated by an Empower® 2 software package (Waters 
Co., Milford, MA). 
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6.3.5 Ethanol yield calculations at high solids operations 
As the insoluble solid mass is dissolved during SSF by hydrolysis and subsequent 

fermentation to ethanol, the aqueous liquid volume increases and the specific gravity 
drops. Consequently, ethanol yield was calculated, as previously described (Nguyen, Cai 
et al. 2016), according to the following equations: 

(%) = 100 ∗  ∗ ∗ .
. ∗    (1) 

  =              (2) 
in which [C] is the ethanol concentration in g L-1, MG is the mass of glucan in g, and VL 
is the volume of the liquid phase in L, Mw is the mass of liquid initially loaded, MDS is 
the mass of dissolved solids (including the reacted products of the dissolved solids), ρ is 
the density of the solution as estimated from the weight percent ethanol in solution, and 
the 0.51 and 0.9 factors account for stoichiometric conversion of glucose to ethanol and 
the estimated conversion efficiency of the yeast, respectively. The mass of dissolved 
solids, MDS, was estimated by multiplying the initial volume of liquid initially added by 
the sum of the concentrations of ethanol, glucose, cellobiose, glycerol, acetic acid, lactic 
acid, xylitol, and xylose. The density of liquid at a specific weight percent of ethanol was 
estimated from the published data (Osborne, McKelvy et al. 1913). 
6.3.6 Post SSF solids harvesting and compositional analysis for mass balance closures  

At the end of each high solids SSF run, the dry mass and the composition of the 
remaining solids in each flask were measured to close mass balances and confirm ethanol 
yields. The solids were separated from the slurries by centrifugation at 2400 rpm for 10 
minutes, washed 3 times with DI water, and dried in an oven for 48 h at 105oC. After 
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determination of the final dry weight, the solids were ground with a mortar and pestle and 
mixed well to provide uniform samples for triplicate compositional analysis according to 
the established NREL procedure (version 8-03-2012) (Sluiter, Ruiz et al. 2012). 
6.4 Results and discussion 
6.4.1 Establishing a maximum ethanol concentration range for Saccharomyces cerevisiae 
D5A with glucose fermentations 

To establish baseline performance for the Saccharomyces cerevisiae D5A yeast, 
fed batch glucose fermentations were performed to determine the maximum ethanol 
concentrations and yields for different combinations of stresses. Major fermentation 
stresses expected in our SSF of CELF pretreated corn stover include high temperature, 
carbon starvation, and high ethanol concentrations (Walsh and Martin 1977; Sa-Correia 
and Van Uden 1986; Cheng and Kao 2014), while inhibitor stresses were mitigated 
through prior pretreatment optimization (Nguyen, Cai et al. 2015). Additionally, 
anaerobic conditions and the immediate consumption of glucose from cellulose 
hydrolysis limited oxidative and osmotic stresses. While high ethanol concentration is a 
stress that cannot be avoided in maximizing SSF yields and titers, the effects of 
individual and additive stresses due to high temperature and carbon starvation on 
maximum achievable ethanol titers can be characterized.  

Generally, growth and maintenance of Saccharomyces cerevisiae is best at about 
30°C(Bergman 2001), with the maximum temperature for growth ranging between 37.5-
39.8°C (Walsh and Martin 1977). On the other hand, cellulase enzymes are most active at 
higher temperatures of up to about 50°C (Banat, Nigam et al. 1998). Consequently, an 
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SSF operating temperatures of 37°C is often employed as a compromise to achieve the 
highest enzyme activity while not losing yeast viability (Walsh and Martin 1977; Banat, 
Nigam et al. 1998). However, the negative effects of higher operating temperature on cell 
growth are exacerbated by high ethanol concentrations that are targeted for high solids 
SSF. Figure 6.2A shows that the maximum achievable ethanol concentration from fed 
batch glucose fermentations dropped from 87 g L-1 at 30°C to 73 g L-1 at the typical for 
SSF temperature of 37°C. The drop in fermentation yields at 37°C likely resulted from 
enhanced ethanol toxicity at higher temperatures. The colony forming units over time 
also supports this hypothesis in that CFUs were consistently several-fold lower for 37°C 
fed batch glucose fermentations compared to corresponding 30°C fermentations. Elevated 
temperatures have been previously shown to reduce cell viability due to ethanol toxicity 
in that fermentation of Brix honey solutions at 15°C resulted in no loss of cell viability 
compared to a logarithmic loss at 30°C (Gibson, Lawrence et al. 2007). High 
temperatures and high ethanol concentrations have similar effects on yeast cell viability 
and their combination creates more stress than either one alone. More specifically, both 
stresses increase membrane permeability, which adversely affects nutrients uptake, 
maintenance of the potassium balance, and the regulation of intracellular pH (Banat, 
Nigam et al. 1998).   

Carbon starvation in SSF results from glucan saccharification rates being much 
slower than glucose uptake by yeast. To simulate the effects of carbon starvation, yeast 
was allowed to use virtually all of the glucose in fed batch glucose fermentations before 
more glucose was added. As shown in Figure 6.2A, raising the temperature from 30oC to 
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37oC reduced ethanol concentrations from about 87 to 71 g/L. However, when the 
available glucose concentration was kept above 30 g L-1, Figure 6.2B shows that the 
maximum ethanol concentration at 37°C increased to 80 g L-1. Although fed-batch pure 
glucose fermentations do not entirely duplicate the continual gradual release of glucose 
during SSF of lignocellulosic biomass, these results highlight the influence of low sugar 
availability in limiting ethanol titers and enhancement of this stress at higher 
temperatures. 

 
Figure 6.2. Ethanol and corresponding glucose concentrations resulting from fed batch glucose 
fermentations at A) 30°C and 37°C with carbon starvation and B) 37°C without carbon starvation. Carbon 
starvation (A) resulted from feeding glucose every 24 h, to allow levels to be depleted and then replenished 
while (B) more frequent glucose additions avoided carbon limitations by maintaining available glucose 
concentrations at >30 g L-1. 
 6.4.2 Reduced cell viability from ethanol toxicity limits solids loadings to 20% 

It was previously shown that SSF of CELF pretreated solids can overcome the 
barrier to achieving high ethanol yields at greater than the 5% ethanol titer threshold 
needed for effective downstream ethanol recovery (Nguyen, Cai et al. 2016). However, 
further cost savings can be achieved if even higher ethanol titers can be realized while 
still achieving high yields. While the high moisture content of filtered solids produced by 
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CELF pretreatment of corn stover previously limited SSF solids loadings to 15.5%, 
pressing the filtered solids increased maximum solids loadings to 23-26% and potential 
ethanol titers to 100 g L-1. However, consistent with recent literature reports, the fed 
batch glucose fermentations suggest that ethanol titers will be limited to 73-87 g L-1 for 
the D5A yeast strain, depending on the combination of fermentation stresses that result 
(Lam, Ghaderi et al. 2014). In fact, similar upper concentration limits of 79.2, 81.3, and 
85.6 g L-1 resulted from SSF of CELF pretreated corn stover at solids loadings of 20%, 
21.5%, and 23%, respectively. Figure 6.3A shows that the yield corresponding to the 79.2 
g L-1 ethanol concentration achieved after 7 days of SSF was 90.5% with the 20% solids 
loading. However, while ethanol titers increased to over 8% at solids loadings of 21.5% 
and 23%, yields dropped to 86.1% and 80.8% at these respective loadings, likely due to 
loss of cell viability at higher ethanol concentrations. The drastic drop in cell viability as 
measured by colony forming units over time in Figure 6.3B supports the likelihood that 
greater ethanol toxicity at higher solids loadings limits yields. While day 6 colony 
forming units with 20% solids loading to SSF dropped by about 1 order of magnitude, 
CFUs at solids loadings of 21.5% and 23% dropped by 3 orders of magnitude. The 
greater viability drop is consistent with loss of membrane integrity as ethanol titers 
exceed 8% due to hyperpolarization of phospholipid cell membranes and resulting greater 
fluidity and permeability (Thammasittirong, Thirasaktana et al. 2013). 
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Figure 6.3. The effects of solids loadings on A) ethanol yields, glucose concentrations (g L-1) and B) 
colony forming units over time in the batch SSF of CELF pretreated corn stover at 15 mg-protein g- 
glucan-1.   
 Understanding factors that limit final ethanol yields at commercially desirable 
ethanol concentrations in SSF is important for identification of research opportunities for 
process improvement. The results reported here show that the highly digestible solids 
produced by CELF pretreatment overcame the common limitation at high solids loadings 
of incomplete saccharification. As shown in Figure 6.3A, the extents of saccharification 
at the end of the fermentations were nearly identical at all solids loadings, with the total 
yields of glucose, cellobiose, and ethanol being 92.7%, 92.1%, 92.2% for solids loadings 
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of 20.0%, 21.5%, and 23.0%, respectively.  Thus, saccharification clearly continued to 
release glucose and cellobiose even after ethanol yields plateaued for solids loadings of 
21.5% and 23.0%, Conversely, in a study by Zhang et al., incomplete saccharification 
was evident at higher solids loadings, with ethanol yields being 76.5%, 68%, and 64.8% 
at solids loadings of 15%, 20%, and 25%, respectively, with no glucose accumulation 
(Zhang, Chu et al. 2010). On the other hand, our results show that ethanol toxicity played 
a large part in limiting final yields, with 8% ethanol titers proving to be the upper limit. 
Coupling this outcome with the need to maximize ethanol yields translates into an upper 
limit of 20% for solids loadings, the level used for the rest of the experiments reported 
here.  
6.4.3 Maintaining cell viability to achieve high ethanol yields restricts lower limit to 
enzyme loadings 

Because enzymes represent a major fraction of the costs for biological processing 
of lignocellulosic biomass, it is vital to drive enzyme loadings down while still realizing 
high yields for biological processes to be competitive. Unfortunately, many studies report 
low ethanol yields at economically attractive enzyme loadings due to incomplete or slow 
saccharification (Zhao and Xia 2009; Zhang, Chu et al. 2010; Agrawal, Satlewal et al. 
2015). For instance, Zhang et al. showed that lowering the enzyme dosage from 30 to 15 
and further to 7.5 FPU g-DM-1 for SSF of steam exploded corn stover reduced yields 
from 82.8% to 75.9% and then 52.1%, respectively (Zhang, Chu et al. 2010). Similarly, 
Zhao et al. reported that dropping enzyme loadings from 20 to 15 and then 10 FPU g-
DM-1 for SSF of alkaline pretreated corn stover reduced yields from 0.35 to 0.325 and 
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then 0.258 g-ethanol g-substrate-1 (Zhao and Xia 2009).  Figure 6.4A shows ethanol 
yields over time for SSF of pressed CELF pretreated corn stover for enzyme loadings of 
5, 10, and 15 mg-protein g-glucan-1. These results show that final ethanol yields were 
about 90% at enzyme loadings of 15 and 10 mg-protein g-glucan-1 but dropped 
significantly to 75.6% when the enzyme loading was dropped to 5 mg-protein g-glucan-1. 
Accordingly, a 10 mg-protein g-glucan-1 was chosen as the enzyme loading for 
subsequent SSF runs with 20% pressed solids produced by pretreatment of corn stover. 
For comparison, it was shown previously (Nguyen, Cai et al. 2016) that SSF of 15.5% 
CELF pretreated corn stover solids that had been washed but not pressed achieved high 
yields at a lower optimal enzyme loading of 5 mg-protein g-glucan-1. In this case, the 
yield was over 90% and the final ethanol concentration was 56.4 g/l at a cellulase loading 
of 5 mg protein g-glucan-1, and the yields only dropped slightly to 84% for an enzyme 
loading of 2 mg-protein g-glucan-1. The need for much higher enzyme loadings to 
achieve similar yields from 20% pressed solids compared to 15.5% filtered solids likely 
resulted from additive stresses of higher ethanol concentrations and carbon starvation due 
to slow saccharification, as evidenced by the decline in yeast cell viability in Figure 6.4B. 
Similar to results with high solids loadings, the continued increase in glucose 
concentrations after ethanol yields plateaued and cell viability dropped indicate that 
fermentation stresses and not incomplete saccharification governed ethanol yields. 
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Figure 6.4. The effects of enzyme loadings of 15, 10, and 5 mg-protein g-glucan-1 on A) ethanol 
yields, glucose concentrations (g L-1) and B) colony forming units over time in the SSF of CELF 
pretreated corn stover at 20% solids loadings.  
 Various strategies were investigated to improve ethanol yields and cell viability at 
low enzyme loadings of 5 mg protein/g glucan, including doubling the initial inoculum 
size to 1.0 O.D., operating fed batch SSF to increase initial effective enzyme loadings, 
and incorporating an 18-h prehydrolysis step at 50°C to increase initial sugar availability. 
While prehydrolysis and fed batch SSF strategies increased initial sugar concentrations 
and reduced initial carbon starvation, doubling the inoculum size was an attempt to 
enhance initial yeast cell viability. However, these strategies did not improve yields or 
long term yeast cell viability. In summary, while minimizing enzyme loading is important 
to process economics, lower enzyme loadings slow saccharification rates so much that 
cell viability suffers and final yields drop. Consequently, although fermentation stresses 
of high temperature and high ethanol concentrations must be accommodated in SSF to 
realize high yields with reasonable enzyme loadings, the latter must be high enough to 
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promote sufficient saccharification rates to support yeast metabolism and limit the 
controllable fermentation stress of carbon starvation. 
6.4.4 Total mass balances confirm component yields 

Because at solids loadings that range from 10-40%, ethanol yields can be 
overestimated by up to 36% when calculated using initial volume and final ethanol 
concentrations in solution (Kristensen, Felby et al. 2009), ethanol yield calculations in 
this study accounted for changing liquid volumes, ethanol concentrations, and specific 
gravity with fermentation progress. To confirm calculated ethanol yields, the fate of the 
total glucan mass added to each flask was compared to yields of the following glucan-
derived fermentation products and by-products: ethanol, glycerol, acetic acid, lactic acid, 
and undigested glucan in the solid residues after SSF. Figure 6.5 shows that mass closure 
was achieved within an acceptable range of error in that the sum of the component yields 
based on Equation 1 added up to about 100±5%. As expected, the major fermentation by-
product was glycerol (2.4-3.9%), with minimal losses to acetic acid (0.4-0.8%) and lactic 
acid (0.1%-0.2%). It is important to note that losses to by-products were less than in 
previous studies at lower solids loadings of higher moisture content pretreated corn stover 
solids, in which the maximum glycerol, acetic acid, and lactic acid yields were 6%, 2.3%, 
and 1%, respectively (Nguyen, Cai et al. 2016). However, previous trends of increasing 
glycerol yield with increasing enzyme loadings was also found in this study, with values 
of 2.4%, 2.7%, and 3.9% at 5, 10, and 15 mg-protein g-glucan-1, respectively. 
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Figure 6.5. Yields of ethanol, glucose, cellobiose, glucose derived by-products, and undigested 
glucan from SSF of CELF pretreated corn stover solids over a range of solids and enzyme loadings 
in mg-protein g-glucan-1.  
 
6.5 Conclusions 

Previously, we showed that enzymatic hydrolysis of CELF pretreated solids 
reduces the obstacles of high enzyme costs and low ethanol titers by making the substrate 
far more digestible, thereby addressing the first barrier to saccharification (Nguyen, Cai 
et al. 2016). Consequently, CELF pretreatment can effectively produce highly digestible 
solid substrates that can help identify other limitations to SSF. Fermentation of pure 
glucose at the typical SSF temperature of 37°C showed that the D5A yeast strain used 
here was limited to a maximum achievable ethanol concentration of 80 g L-1. However, 
glucose fermentations with the D5A yeast strain under simulated carbon starvation stress 
showed that it was unable to realize an ethanol concentration of greater than 73 g L-1 at a 
fermentation temperature 37°C, while the maximum titer increased to 87 g L-1 for glucose 
fermentation at 30°C. Remarkably, similar maximum ethanol concentrations of 79.2, 
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81.3, and 85.6 g L-1 corresponding to ethanol yields of 90.5%, 86.1%, and 80.8%, 
respectively, were realized for SSF of 20%, 21.5%, and 23% washed and pressed CELF 
pretreated corn stover solids with an enzyme loading of 15 mg-protein g-glucan-1. 
Additionally, nearly complete saccharification was achieved at all solids loadings, as 
evidenced by the similar calculated endpoint glucan conversion of about 92%. Thus, the 
cause for lower yields at higher solids loadings could be attributed to a loss of yeast cell 
yeast viability, highlighting the role of fermentation stresses in limiting ethanol titers for 
SSF of highly digestible solids. The result was that despite the high digestibility of CELF 
solids, SSF of CELF pretreated corn stover was restricted to 20% solids loadings with 
enzyme loadings of 10 mg-protein g-glucan-1 in order to realize yields of about 90% at 
reasonably high ethanol titers. These limitations are attributed to yeast cell suffering from 
fermentation stresses such as ethanol toxicity at high solids loadings and carbon 
starvation from slow saccharification at low enzyme loadings. Thus, highly digestible 
solids such as produced by CELF pretreatment of corn stover shift control of ethanol 
titers and yields from biomass breakdown to sugars to fermentation stresses, with the 
result that organisms should be used that can achieve high yields at the higher 
temperatures desirable for enhancing enzymatic hydrolysis rates and at economical 
ethanol concentrations that require processing of high solids loadings.  
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7.1 Summary of key results 
Lignocellulosic biomass is comprised of a recalcitrant heterogeneous matrix of 

hemicellulose, cellulose, and lignin that is structurally durable and resistant to microbial 
or enzymatic breakdown (Lynd, Wyman et al. 1999; Yang and Wyman 2008). This 
recalcitrance is the root source for the major economic obstacles associated with 
converting biomass to sugars to fuels, causing low total sugar and ethanol yields from the 
inefficient or incomplete saccharification at economically lower enzyme loadings (Lynd, 
Wyman et al. 1999; Wyman 2007; Lynd, Laser et al. 2008; Yang and Wyman 2008). 
Chapter 2 provided an overview of the different process steps for the biological 
conversion of biomass to ethanol with respect to important economic parameters of 
processing cost, capital cost, and yields, highlighting the importance of the pretreatment 
step in reducing recalcitrance to achieve economical yields. Accordingly, integration of a 
pretreatment technology that is capable of overcoming recalcitrance, such as CELF, has 
the potential to significantly improve process economics by achieving high ethanol yields 
and titers at more economically low enzyme loadings. Chapter 3 determined the optimal 
conditions for CELF pretreatment with corn stover, in which reacting a solution of 0.5 wt 
% sulfuric acid and a 1:1 v/v ratio of THF to water at 150°C for 25 minutes achieved 
maximum total sugar yields. The resulting total combined sugar yield of ~95% of the 
theoretical maximum was achieved from both Stage 1 pretreatment and Stage 2 
enzymatic hydrolysis at the low enzyme loading of 2 mg-protein g-glucan-1. Interestingly, 
the sugar yields from the Stage 2 enzymatic hydrolysis of CELF pretreated corn stover 
remained high over a wide range of pretreatment times, such that optimization of the 
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process could just focus on maximizing xylose recovery in Stage 1. This is particularly 
noteworthy when compared to DA pretreated corn stover optimization, in which 
maximizing total sugar yields from combined pretreatment and enzymatic hydrolysis 
required tradeoffs as sugar yields from enzymatic hydrolysis continually increased with 
pretreatment time while xylose yields from pretreatment peaked well before the 
maximum glucose yield was obtained. The mechanism for which the CELF pretreatment 
technology is capable of overcoming biomass recalcitrance is likely attributed to the 
extensive hemicellulose and lignin removal and resulting glucan rich solids. Tracing the 
fate of the primary components in biomass after dilute acid and CELF pretreatments 
showed that the key difference that could account for enhanced enzymatic hydrolysis of 
the solids from CELF pretreatment was the virtually complete lignin removal. SEM 
images showed that this extensive lignin removal altered the vascular and support 
structures of corn stover such that the cell walls were completely collapsed and the 
material appeared “wrinkled” after air-drying.  

The remarkable reduction in substrate recalcitrance after CELF pretreatment 
opened up new opportunities to further investigate and understand key substrate 
properties that significantly impact recalcitrance. Chapter 4 characterized different 
substrates pretreated with various technologies to correlate the varying degrees of 
recalcitrance (as determined by fractal kinetic analysis from enzymatic hydrolysis) with 
molecular or structural properties. The feedstock corn stover was generally less 
recalcitrant than maple wood, with consistently higher calculated reaction rates over time, 
regardless of pretreatment technology applied. Additionally, CELF pretreatment 
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produced solids with the highest reaction rates regardless of substrate, followed by 
Organosolv and dilute acid pretreatments. The substrate properties of lignin content and 
particle size had a strong correlation with recalcitrance, while crystallinity and degree of 
polymerization did not always show a correlation. Substrates with lower lignin content 
and smaller particle size corresponded to lower recalcitrance in the form of high reaction 
rates.   

Two of the most important barriers to realizing the low cost potential of 
converting lignocellulosic biomass to ethanol include the high cost of enzymes and low 
achievable ethanol titers that result from difficulties in handling high solids loadings and 
end-product inhibition of enzymes. Because the CELF pretreatment technology reacts 
with biomass to remove much of the lignin and hemicellulose, the resulting highly glucan 
enriched solids are much more easily broken down by enzymes than possible with solids 
from dilute sulfuric acid pretreatment. Chapter 5 reported that the SSF of CELF 
pretreated corn stover solids at 11 wt% glucan loadings achieved ethanol yields >80% 
and titers >50 g L-1 even as enzyme loadings were dropped from 15 mg-protein g-glucan-
in-RCS-1 to more economically viable levels of 5 and 2 mg-protein g-glucan-in-RCS-1, 
although fermentation times had to be extended from 5 to 14 and 23 days, respectively. 
The SSF of DA pretreated corn stover at high solids loadings of 10% glucan achieved 
lower yields and titers of 73% and 47.8 g/l at 21 days, and also required an additional 18 
h prehydrolysis step. Interestingly a prehydrolysis step was not necessary to achieve high 
yields during the SSF of CELF pretreated corn stover, suggesting that prehydrolysis is 
more beneficial if the pretreated solids are not highly digestible. Additionally, 
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comparison of process configurations SSF and SHF at high solids loadings of 11% 
glucan show that higher yields with shorter fermentation times were achieved with the 
application of SSF to CELF pretreated corn stover. An 89.2% ethanol yield was achieved 
after 5 days of SSF at 37°C, while a 61.9% yield was achieved after 8 days of SHF at 
55°C, showing that removing the enzyme inhibitors glucose and cellobiose through the 
SSF configuration more than compensated for the need to run at lower temperatures to 
maintain yeast viability.  

Chapter 6 demonstrated that when using highly digestible substrates such as 
CELF, the major yield limitations for the SSF of these solids was heavily based on 
fermentative stresses. The optimal process parameters for the SSF of CELF pretreated 
corn stover that maximized ethanol titers and maintained about 90% yields was 
determined to be 20% solids loadings and 10 mg-protein g-glucan-1, since these 
conditions limited the fermentation stresses that hinder yeast cell performance, such as 
ethanol toxicity at higher solids loadings and carbon starvation from slower 
saccharification at lower enzyme loadings. The maximum achievable ethanol 
concentrations for fed batch sugar fermentations with periodical carbon starvation was 87 
g L-1 and 73 g L-1 at fermentation temperatures of 30°C and 37°C, respectively. 
Remarkably, the SSF of CELF pretreated corn stover was able to achieve similar 
maximum ethanol concentrations at an enzyme loading of 15 mg-protein g-glucan-1, 
producing ethanol titers of 79.2, 81.3, and 85.6 g L-1 with corresponding ethanol yields of 
90.5%, 86.1%, and 80.8% at solids loadings of 20%, 21.5%, and 23%, respectively. 
Complete saccharification was also achieved at all solids loading as evidence by the 
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similar calculated endpoint conversion of about 92%, indicating that the cause for lower 
yields at higher solids loadings was likely due to a decline in yeast cell fermentative 
capacity and yeast cell viability from the higher, more toxic ethanol concentrations. 
Consequently, controlling process parameters such as solids loading and enzyme loadings 
are important for limiting fermentation stresses and achieving maximize ethanol yields 
and titers when working with highly digestible solids such as CELF pretreated corn 
stover. 
7.2 Closing remarks and recommendations for future work 
 The development and commercialization of economic conversion technologies 
that utilize sustainable resources represents a vital step towards alleviating the 
environmental damage imposed by petroleum derived fuels and chemicals, highlighting 
the importance of the work reported in this dissertation. The CELF technology for 
biological conversion of lignocellulosic biomass to ethanol showed great potential for 
commercial applications, effectively reducing the costly enzyme requirement for 
achieving unprecedented ethanol yields and titers when utilizing corn stover as the 
feedstock. Additional work in developing CELF pretreatment with other potential 
feedstocks is recommended to support the feedstock agnostic nature of the technology, 
which may be important for improving local feedstock availability of future commercial 
facilities. A detailed techno-economic analysis of the full process is also suggested to 
investigate whether the increased operating and capital costs from the utilization of THF 
can be offset by the enzyme cost reduction, ethanol yield improvement, and energy 
demand reduction corresponding to the high ethanol titers demonstrated in this 
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dissertation. It is important to note that the ethanol yields and titers reported in this 
dissertation are derived from the solid cellulose fraction of the biomass after 
pretreatment, as the hemicellulose fraction was dissolved in the pretreatment liquor. As 
reported in Chapter 2, utilization of all fractions are important to the economics of the 
process. Therefore, continued endeavors to effectively separate the lignin and ferment the 
soluble sugars (i.e. xylose and arabinose) recovered in the pretreatment liquor are 
recommended.  

Aside from the apparent commercial applications of CELF pretreatment, the 
technology was also valuable in gaining a greater understanding of recalcitrance and the 
limitations in SSF when utilizing highly digestible solids. The importance of lignin 
removal was highlighted in Chapter 4, where the highly digestible, glucan-rich substrates 
produced from the CELF technology served as a vital tool in continued efforts to 
understand biomass recalcitrance. Additionally, when the barrier of incomplete 
saccharification was removed by utilizing CELF pretreated corn stover during high solids 
SSF, issues with the microbial strain and ethanol toxicity was highlighted as a major 
limitation in Chapter 6. Consequently, continued studies to improve ethanol tolerance in 
the yeast strain used in this study, Saccharomyces cerevisia, is suggested to further 
improve ethanol titers with the CELF pretreatment technology.   
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Supplemental Chapter A: An in vitro mechanism study on the proliferation and 
pluripotency of human embryonic stems cells in response to magnesium degradation 

 **Reprint of scientific paper published in PLoS One, 2013. 8(10). 
 

  



 151

A.1 Abstract 
Magnesium (Mg) is a promising biodegradable metallic material for applications 

in cellular/tissue engineering and biomedical implants/devices. To advance clinical 
translation of Mg-based biomaterials, we investigated the effects and mechanisms of Mg 
degradation on the proliferation and pluripotency of human embryonic stem cells 
(hESCs). We used hESCs as the in vitro model system to study cellular responses to Mg 
degradation because they are sensitive to toxicants and capable of differentiating into any 
cell types of interest for regenerative medicine. In a previous study when hESCs were 
cultured in vitro with either polished metallic Mg (99.9% purity) or pre-degraded Mg, 
cell death was observed within the first 30 hours of culture. Excess Mg ions and 
hydroxide ions induced by Mg degradation may have been the causes for the observed 
cell death; hence, their respective effects on hESCs were investigated for the first time to 
reveal the potential mechanisms. For this purpose, the mTeSR®1 hESC culture media was 
either modified to an alkaline pH of 8.1 or supplemented with 0.4-40 mM of Mg ions. 
We showed that the initial increase of media pH to 8.1 had no adverse effect on hESC 
proliferation. At all tested Mg ion dosages, the hESCs grew to confluency and retained 
pluripotency as indicated by the expression of OCT4, SSEA3, and SOX2. When the 
supplemental Mg ion dosages increased to greater than 10 mM, however, hESC colony 
morphology changed and cell counts decreased. These results suggest that Mg-based 
implants or scaffolds are promising in combination with hESCs for regenerative medicine 
applications, providing their degradation rate is moderate. Additionally, the hESC culture 
system could serve as a standard model for cytocompatibility studies of Mg in vitro, and 



 152

an identified 10 mM critical dosage of Mg ions could serve as a design guideline for safe 
degradation of Mg-based implants/scaffolds.    
A.2 Introduction 

Various biomaterials have been explored with different stem cell types for enhanced 
tissue regeneration (Summa, Kingham et al. 2010; Wei, Gong et al. 2011; Wu, Zhao et al. 
2011; Yang, Yuan et al. 2011); however, integration of magnesium (Mg) scaffolds with 
human pluripotent stem cells remains unexplored despite its great potential. Mg combines 
the inherent mechanical strength and conductivity of metals with biodegradability and 
biocompatibility in the human body, making it promising for the use in biomedical 
implants and scaffolds. For instance, Mg is currently being explored for bone implants 
because it has a high strength-to-mass ratio and an elastic modulus (45 GPa) that is 
similar to that of bone (Li, Gao et al. 2004). Furthermore, Mg’s conductivity makes it 
promising for neural implant applications (Luo and Cui 2011; Sebaa, Dhillon et al. 2013), 
since studies have shown that the conductive properties of neural implants play a key role 
in supporting neuronal growth and reducing glial scar tissue formation (Malarkey, Fisher 
et al. 2009). As a biodegradable implant material, Mg eliminates the necessity of 
secondary surgeries for implant removal. Moreover, Mg ions, one of the degradation 
products of Mg, alleviate pathological conditions associated with imbalance of Mg ion 
levels (Laires, Monteiro et al. 2004). Clinically, Mg sulfate solution has been 
administered intravenously for treating aneurysmal subarachnoid hemorrhage and 
eclampsia (Ma, Liu et al. 2010; Abd El Aal and Shahin 2012). In short, Mg-based metals 
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can provide biomedical implants and scaffolds with beneficial properties for improved 
clinical outcomes. 

One of the main challenges in using Mg-based biomaterials is its rapid 
degradation, which causes adverse effects on the local physiological environment due to 
high Mg ion concentrations, alkaline pH conditions, and release of hydrogen gas. Mg 
degrades by reacting with water through the following overall reaction:  

Mg (s) + 2H2O (l) →  Mg2+ + 2OH– + H2(g)  (Reaction 1)  
Previous studies have shown that degradation of Mg was initially rapid as 

indicated by acute pH increase during the first 24 hours, but slowed down after 24 hours 
because a degradation layer forms on the surface (Yun, Dong et al. 2009; Liu 2011). 
Therefore, to compare with polished metallic Mg, Mg samples that were pre-degraded in 
the cell culture for 24 hours were investigated as a possible means to alleviate the effects 
induced by initial acute degradation.  

Literature reports on the cytocompatibility of Mg-based materials are inconsistent 
due to lack of standardized protocols (Johnson and Liu 2012). Because the cell types, 
material processing parameters, and sample surface preparation procedures vary, it is 
difficult to directly compare the results of these studies (Li, Gao et al. 2004; Yun, Dong 
et al. 2009; Hänzi, Gerber et al. 2010; Kirkland, Birbilis et al. 2011). Furthermore, studies 
in current literature did not distinguish the role of each factor among all contributing 
factors (e.g. Mg alloy design and processing, elevated Mg ion concentrations, and 
increased pH) on the observed cell responses. Therefore, we developed an in vitro model 
to investigate the combined and individual factors of Mg degradation on cell behavior in 
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this study. The knowledge on the cellular functions in response to the respective Mg 
degradation products (i.e., hydroxide ions and Mg ions) will provide a useful design 
guideline for Mg-based implants/scaffolds prior to in vivo studies and clinical translation.  

We attempted the use of human embryonic stem cells (hESCs) as our screening 
model due to their high sensitivity to chemicals and toxicants, their capability of 
prolonged proliferation, and their ability to differentiate into three germ layers for 
regenerative medicine (Odorico, Kaufman et al. 2001). ESCs provide a sensitive in vitro 
model to assess the possible adverse effect of Mg alloys in the early stages of the implant 
or scaffold development to minimize the potential risk in animal and clinical studies later. 
The validated embryonic stem cell test (EST) utilizes mouse embryonic stem cells as a 
predictor for embryo toxic compounds because embryos and fetuses are more sensitive to 
environmental toxicants than adults are (Seiler and Spielmann 2011). However, this 
mouse-based EST often does not faithfully correlate to cellular responses in human 
(West, Weir et al. 2010). Thus, to eliminate the concerns on the differences of species, 
the human ESC model was used for this in vitro study. Moreover, previous studies 
confirmed the greater sensitivity of hESC model in detecting subtle cytotoxic effects 
(Cipriano, Guan et al. 2012; Cipriano, Zhao et al. 2013). Specifically, Cipriano et al. 
investigated the effects of four different Mg-Zn-Sr alloy compositions on their 
degradation properties and determined their cytocompatibility using the hESC model 
(Cipriano, Guan et al. 2012; Cipriano, Zhao et al. 2013). Although Cipriano et al. 
demonstrated the efficacy and sensitivity of the hESC model in screening Mg alloys, the 
exact mechanisms of observed hESC death remained elusive. In an effort to elucidate the 
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possible causes for hESC death, we not only compared the in vitro hESC responses to 
pure Mg and pre-degraded Mg, but also extensively investigated the combined and 
individual effects of Mg degradation products released to hESC culture. For the purpose 
of mechanistic studies, commercially pure Mg was selected to eliminate additional 
variables induced by different alloying compositions and processing parameters. 
Preliminary results showed that induction of pure Mg samples to hESC culture led to cell 
death after 30 hours of culture (Nguyen, Garcia et al. 2012). In this study, we further 
investigated the proliferation and pluripotency of hESCs in response to Mg and its 
degradation products to reveal underlying mechanisms and to understand the respective 
effects of pH and Mg ions on hESC behavior.  

Last but not the least, hESCs provide an attractive therapeutic option for cell 
replacement therapy and regenerative medicine considering their ability to proliferate and 
differentiate into different cell types, such as neurons, osteoblasts, or fibroblasts, for the 
targeted tissue regeneration. The effects of Mg ions of various concentrations on the 
pluripotency of hESCs were examined for the first time in this study to determine the 
feasibility of Mg-based biodegradable scaffolds for maintaining hESC pluripotency for 
potential stem cell therapies. Rather than isolating relevant adult cells from animals or 
human tissues that have limited expansion capacity, hESCs have greater capacity for 
proliferation, thus reducing the number of animals and donors needed for tissue and cell 
harvests. Moreover, hESC model provides an in vitro system for studying genetic and 
degenerative diseases; and this disease-in-a-dish model is useful for understanding 
cellular responses to Mg-based implants or scaffolds in patients with specific diseases. 
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Additionally, magnesium sulfate (MgSO4) is used clinically to treat pregnant women with 
eclampsia, but its safety and mechanism are still unknown (Euser AG 2009); and this 
study elucidates the possible embryo toxicity of elevated Mg ion concentrations. 
A.3 Experimental methods 
A.3.1 Preparation and characterization of Mg Samples 

As-rolled 99.9% pure Mg sheets (Good Fellow, Coraopolis, PA) were grinded 
using 600, 800, and 1200 grit silicon carbide abrasive papers (PACE Technologies, 
Tucson, AZ) to remove the oxide layer and expose the metallic Mg on the surface. The 
Mg with the metallic surface was referred to as M-Mg in this study. The M-Mg sheets 
had a thickness of 250 µm and were cut into 5 x 5 mm squares for surface 
characterization and hESC culture. Mg samples were individually weighed before the 
stem cell culture. The M-Mg surface was then disinfected with 100% ethyl alcohol 
(VWR, Radnor, PA) followed by ultraviolet (UV) radiation in a class II biosafety cabinet 
for 12 hours on each side. The surface microstructure and elemental composition of the 
M-Mg before cell culture were characterized previously using an XL30 FEG scanning 
electron microscope (SEM, Phillips, North Billerica, MA) with the attached detector for 
energy-dispersive X-ray spectroscopy (EDS; EDAX, Mahwah, NJ) (Nguyen, Garcia et al. 
2012).  
A.3.2 Preparation of the hESCs and culture media 

H9 hESCs (WiCell, Madison, WI) were stably transfected with an OCT4-GFP 
reporter plasmid as previously described (Chatterjee, Cheung et al. 2011). H9-OCT4 
hESCs were maintained with mTeSR®1 media (STEMCELL Technologies, Vancouver, 



 157

BC, V5Z 1B3, Canada) in T-25 flasks coated with Geltrex® (Invitrogen, Grand Island, 
NY) and Dulbecco’s Modified Eagle Medium (DMEM) (Invitrogen 11965092) (1:50).  

A solution of alkaline mTeSR®1 media was prepared to study the effects of 
alkaline pH condition on hESC behaviors. Specifically, mTeSR®1 media was adjusted to 
pH 8.1 using 0.1 M NaOH, as this pH 8.1 was the average pH of media cultured with the 
Mg samples for 24 hours. 

A 4 M of Mg ion stock solution was prepared by dissolving 0.837 g of 
MgCl2•6H2O into 1 mL DI water and sterilized by filtering through a 0.20-micron filter 
(Sartorius Stedim, Bohemia, NY). This 4 M of Mg ion stock solution was sterilely mixed 
with mTeSR®1 media in a ratio of 1:100, 3:400, 1:200, 1:400, 1:1000, and 1:10000 to 
obtain the mTeSR®1 media supplemented with 40, 30, 20, 10, 4, and 0.4 mM Mg ions, 
respectively. The baseline Mg ion concentration in mTeSR®1 media was 0.56 mM 
(Ludwig, Levenstein et al. 2006).  
A.3.3 Preparation and characterization of pre-degraded Mg samples 

Upon reaching 80-90% confluency, the H9-OCT4 hESCs were passaged and split 
at a ratio of 1:5. Accutase (Innovative Cell Technologies, San Diego, CA), and glass 
beads were used to detach the cells from the flask surface. These detached cells were then 
centrifuged at 800 rpm for 3 minutes, re-suspended in mTeSR®1 media and incubated in 
the Geltrex®-coated wells of a tissue-culture-treated 12-well plate under standard cell 
culture conditions (that is, a sterile, 37oC with 5% CO2/95% air, humidified 
environment). After 24 hours of incubation for cell attachment, the mTeSR®1 media were 
replenished, and four M-Mg samples were placed in the transwell® inserts (Corning, 
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Union City, CA) and inserted into the wells where H9-OCT4 hESCs were cultured. After 
24 hours of incubation, the Mg samples were collected, dried in a vacuum oven at room 
temperature for 24 hours, and weighed under sterile conditions. These samples were pre-
degraded in the cell culture and referred to as D-Mg. The pH and Mg ion concentration of 
the post-culture media were measured, and these values were used as the basis for 
selecting the alkaline pH conditions and supplemental Mg ion dosages. 

The surface microstructure and elemental composition of the D-Mg sample were 
characterized by SEM and EDS respectively, at an accelerating voltage of 15kV. The 
insoluble precipitates and degradation products were kept intact on the surface to gain a 
better understanding of the biodegradation process. EDS analysis was performed at a 
magnification of 2000X so that a substantial portion of the sample surface would be 
analyzed. 
A.3.4 The hESC culture with the Mg samples and the experimental media conditions 

Three 12-well plates were prepared similarly as described above for in vitro stem 
cell experiments with the M-Mg and D-Mg samples, alkaline pH condition, and 
supplemental Mg ion dosages. Briefly, H9-OCT4 hESCs were seeded into the Geltrex®-
coated wells with 1 mL of re-suspended cells and incubated under standard cell culture 
conditions for 24 hours. For plate one, mTeSR®1 media were replenished and the M-Mg 
and D-Mg samples were introduced through transwell® inserts after 24 hours of 
incubation. For plate two, the mTeSR®1 media were removed and replaced with the 
alkaline mTesR®1 after 24 hours. For plate three, the media were replaced with the 
mTeSR®1 media supplemented with 0.4, 4, 10, 20, 30, 40 mM Mg ion solutions. In each 
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of these plates, the wells without any Mg samples or the experimental media conditions 
were included as the control. These three plates were placed into an incubator with a live 
cell imaging system (Nikon BioStation CT, Melville, NY) and maintained under standard 
cell culture conditions. Two points in each well were set for time-lapse phase contrast and 
fluorescence images every 6 hours for 72 hours. After the images were taken at 24, 48, 
and 72 hours, the post-culture media were collected for analysis. The media were 
replenished every 24 hours with the corresponding fresh mTeSR®1 media, alkaline 
mTeSR®1 media, or Mg ion supplemented mTeSR®1 media. All experimental conditions 
were carried out in triplicate. 
A.3.5 Sample characterization and media analysis after cell culture 

Mg samples were taken out from the media after 72 hours of culture, dried at 
room temperature in vacuum, and weighed for final mass. The pH of the media collected 
at 24, 48, and 72 hours from all experimental conditions was measured using a pre-
calibrated pH meter (VWR, Model SB70P, Radnor, PA). Mg ion concentrations in the 
collected post-culture media were determined using inductively coupled plasma - atomic 
emission spectroscopy (ICP-AES; Perkin Elmer Inc., Optima 2000 DV, Wellesley, MA). 
A standard curve was generated by running the solutions containing 250, 125, 62.5, 
31.25, and 15.63 mg/L (10.29, 5.14, 2.57, 1.29, 0.64 mM) of MgCl2·6H2O. The samples 
were diluted with distilled water accordingly to ensure the measured values were within 
the range of the standard curve. The ICP-AES measurements of the samples and the 
standards were all carried out on the same day under the same conditions. 
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A.3.6 Immunocytochemistry and fluorescence imaging 
After 72 hours of culture, the hESCs were washed three times with 1X phosphate 

buffered saline (PBS) and fixed with 4% paraformaldehyde for 10 minutes. After 
fixation, the cells were washed 3 times with PBS, and blocked for 1 hour with an 
antibody staining solution consists of PBS, 1% donkey serum (Sigma, St. Louis, MO), 
and 0.1% Triton X-100 (Sigma). The cells were incubated with the following antibodies 
overnight at 4 °C: anti-Sox2 (1:200, R&D systems, Minneapolis, MN), anti-SSEA3 
(1:40, Millipore, Billerica, MA), and anti-OCT4 (1:200, Santa Cruz Biotechnology, 
Dallas, TX). These cells were then washed 3 times with PBS, incubated with Alexa 
Fluor® 488 or Alexa Fluor® 594 secondary antibodies (Life Technologies) at room 
temperature for one hour, and mounted in the VECTASHIELD® mounting medium with 
DAPI (Vector Laboratories, Burlingame, CA). Fluorescence images were taken using an 
inverted fluorescence microscope (Nikon, Eclipse Ti, Melville, NY).  
A.3.7 Cell proliferation analysis 

Fluorescence images from immunostaining were used to quantify the number of 
cells expressing pluripotency markers at the endpoint of 72-hour culture. Specifically, 
SOX2 and DAPI stained cells were counted in six randomly selected regions using 
ImageJ software to calculate the average cell density (cells per unit area) and standard 
deviation. The time-lapse phase contrast and fluorescence images recorded by the 
Biostation CT were used to quantify the coverage area of viable H9-OCT4 hESC 
colonies. ImageJ software was used to manually outline the coverage area of viable cell 
colonies expressing GFP driven by the OCT4 promoter. The percentage of area covered 
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by viable cell colonies was calculated using the outlined area divided by the total image 
area, multiplied by 100. Viable cell colonies were quantified based on phase contrast 
images because the tightly packed colonies of hESCs had well-defined external 
boundaries and morphologies, and the hESCs had a high nucleus to cytoplasm ratio 
(Vazin and Freed 2010).  

Since each experimental condition was tested in triplicate wells with the time-
lapse images at two different areas in each well, 6 images were analyzed and averaged for 
each test condition. Furthermore, the coverage area of viable cell colonies was 
normalized over the first recorded time point for each respective condition. These image 
based methods were used for cell viability and proliferation studies instead of the 
commonly used tetrazolium based assays (e.g. MTT assay) because Mg ions converts 
tetrazolium salts to formazan and thus interferes with the results (Fischer J 2010). That is, 
MTT assay yields greater cell viability values than the actual in the presence of Mg ions, 
which is misleading (Fischer J 2010).  
A.3.8 RNA extraction and analysis with quantitative polymerase chain reaction 

H9-OCT4 cells were collected at the endpoint of 72-hour culture. The total RNA 
was extracted for each group of cells using the ZR RNA MicroPrep Kit (Zymo Research, 
R1061, Irvine, CA). The RNA concentrations were quantified using a multi-volume 
multi-sample spectrophotometer system with Gen5 software (BioTek Epoch™, 
Winooski, VT). RNA from the sample extraction was reverse-transcribed with iScript 
cDNA synthesis kit (BioRad, Hercules, CA) on a thermal cycler (BioRad, MyCycler). 
cDNA was subjected to the real-time quantitative polymerase chain reaction (qPCR) 
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analysis using TaqMan probes (Life Technologies) on a CFX384 instrument (BioRad, 
CFX384). The gene-specific probes tested and housekeeping genes were listed in Table 
A.1. Housekeeping genes were used as endogenous controls to normalize gene 
expression. The qPCR cycling temperatures and times were set initially at 95 °C for 5 
min, followed by 40 cycles at 95 °C for 1 min, 60 °C for 1 min, and 72 °C for 1 min, and 
the last extension step was set at 72 °C for 5 minutes. Each reaction was performed in 
triplicate.  
Table A.1: Genes screened by Q-PCR to determine pluripotency of hESCs. 

Gene Type Genes 
Housekeeping 18S, ACTB, GAPDH 
Human ES POU51 (OCT4), SOX2, NANOG, KLF4, ZFP42 (REX1), cMYC 
Endoderm SOX17, PRDM1 (BLIMP1) 
Mesoderm GOOSECOID 
Neuroectoderm PAX6 

 
A.3.9 Statistical analysis 

A script was written in the program R for the Shapiro-Wilk normality test, the F 
test, and the standard analysis of variance (ANOVA) test. Standard post-hoc analysis 
with the Holm-Bonferroni correction was used on the ANOVA test results. Values of 
p<0.05 for the Shapiro-Wilk test and F tests were used to verify the normality and the 
variance of the data. Values of p<0.05 were considered statistically significant.  
A.4 Results  
A.4.1 Surface characterization of the Mg samples and the hESC responses 

The scanning electron microscopic (SEM) image and energy dispersive X-ray 
spectroscopy (EDS) analysis of the D-Mg surface in Figure A.1 confirmed the presence 
of a degradation layer on the pre-degraded Mg samples. While M-Mg surface has 
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previously been shown to be smooth with traces of polishing marks and a composition 
that mainly consists of Mg (Nguyen, Garcia et al. 2012), the D-Mg surface in this present 
study showed corrosion cracks around the grain boundaries and a composition that 
consisted of 27 at.% Mg, 50 at.% oxygen (O), 19 at.% carbon (C), 3 at.% phosphorous 
(P), 1 at.% calcium (Ca), and 1 at.% sodium (Na). These components of the degradation 
layer after 24 hours of culture with hESCs likely resulted from the degradation products 
of Mg, precipitation of inorganic salts from the culture media, and the interactions among 
Mg, its degradation products, and the media components (Yun, Dong et al. 2009). 

 
Figure A.1. A) SEM image and B) EDS analysis of the D-Mg sample, showing the presence of a 
degradation layer on the D-Mg. Accelerating voltage: 15 kV. Original Magnification: 2000x. Scale bar = 
20 µm.  

Previous study on Mg cultured with mesenchymal stem cells in Dulbecco's 
Modified Eagle Medium (DMEM) for 24 hours showed the presence of similar elements 
(Mg, O, P, Ca, and Na), with the exception of C on the surface (Liu 2011). In this study, 
we detected the presence of C on the surface, possibly from the proteins and lipids in the 
mTeSR®1 media(Ludwig, Levenstein et al. 2006). The ionic compositions of the 
mTeSR®1 media and DMEM were listed in Table A.2 in comparison with human blood 
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plasma. Although we speculated that the media composition and ionic strength might 
affect Mg degradation process, rate, and composition of the degradation layer on the 
surface (Iskandar, Aslani et al. 2013), the exact mechanism is still uncertain. The ionic 
strength of the mTeSR®1 media used in this study were less than that of DMEM and 
human blood plasma (Table A.2). Human blood plasma represents the typical 
physiological environment that Mg-based implants or scaffolds exposed to in the human 
body.  
Table A.2: Ion concentrations of inorganic salts in culture media in comparison with human blood plasma. 
   

 
  

 
 
 
 
 
 

 
A preliminary study on the cytocompatibility of M-Mg and D-Mg samples 

showed rapid hESC death within the first 30 hours of culture (Nguyen, Garcia et al. 
2012). A closer look at the phase contrast images of hESCs revealed that the hESCs 
cultured with the M-Mg and D-Mg showed a more dispersed morphology as compared 
with the blank control without Mg samples at 12 and 18 hours (Figure A.2). This change 

 Concentration (mM) 
Ions mTeSR®1 DMEM Human Blood Plasma 
Na+ 113.74 155.31 142 
K+ 3.26 5.33 5 
Li+ 0.98 -- -- 

Mg2+ 0.56 0.81 1.5 
Ca2+ 0.82 1.80 2.5 
Fe3+ -- 0.0002 -- 
Cl- 100.96 119.27 103 

HCO3- 18.00 44.05 27 
NO3- -- 0.0007 -- 

H2PO4- 0.36 0.92 -- 
HPO42- 0.39 -- 1 
SO42- 0.32 0.81 0.5 
Ionic 

Strength 0.12 0.17 0.15 
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of colony morphology correlated with the initial increase of coverage area of viable 
hESC colonies at 12 and 18 hours as reported in the preliminary study (Nguyen, Garcia et 
al. 2012).  

 
Figure A.2. Phase contrast optical images of a single cell colony when cultured with the M-Mg and D-Mg 
as compared with the control. The H9-OCT4 hESCs exposed to the M-Mg and D-Mg showed increased 
dispersion at 12 and 18 hours of culture, and thus greater coverage area of cell colonies. Scale bar = 100 
µm. 
 The results of the post-culture media analysis in Figure A.3 showed that the media 
pH and Mg ion concentrations for the culture with both Mg samples significantly 
increased as compared with the control without Mg samples. This increase in media 
alkalinity and Mg ion concentrations was expected as a result of Mg degradation as 
described in Reaction 1 in the Introduction. Specifically, the media pH increased from the 
initial value of 7.55 to a range of values from 8.1 to 8.3 (Figure A.3A), while the average 
Mg ion concentrations increased from 1.2 mM to values that ranged from 23 mM to 33 
mM (Figure A.3B). A general trend of gradual decrease in average pH and Mg ion 
concentrations over time was observed for both Mg samples. A statistically significant 
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difference in post-culture media pH was detected between the M-Mg and D-Mg samples 
at 24 and 72 hours, indicating slightly lower pH for the media cultured with D-Mg. No 
statistically significant difference in Mg ion concentrations was detected between the M-
Mg and D-Mg samples at all the time points. In addition, the mass measurements showed 
that the percentages of average mass loss for the M-Mg and D-Mg samples at the end of 
72 hours of culture were 24% and 23%, respectively, with no statistically significant 
difference.  

 
Figure A.3. The pH and Mg ion concentrations in the post-culture media collected every 24 hours over a 
period of 72 hours. A) The average pH and B) the average magnesium ion concentrations (**p<0.05 
compared to M-Mg). Values are mean ± standard deviation: n=3.  
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A.4.2 The hESC response to the alkaline media condition 
The specific effect of alkaline media on the hESC response was investigated 

because the elevated media pH was caused by hydroxide ions, one of the degradation 
products of Mg samples. The pH of mTeSR®1 media was specifically adjusted to 8.1 
before pipetting into the culture wells, because this pH value represented the average 
media pH when the polished metallic Mg was pre-degraded in hESC cell culture for 24 
hours. The H9-OCT4 hESCs cultured with the alkaline media still proliferated and grew 
into confluency, with the normal undifferentiated morphology similar to that of the 
control wells throughout the 72 hours of culture (image not shown). Moreover, as shown 
in Figure A.4A, the normalized coverage area of viable cell colonies increased under 
alkaline media condition as compared to the control at each time point of 6-30 hours, 
with statistically significant differences (p<0.05) detected. Specifically, after 30 hours of 
culture, the viable colony coverage quadrupled under alkaline media conditions, while 
only tripled for the control, as compared with the initial value at time zero. This greater 
coverage area of viable cell colonies under the alkaline media condition indicated that the 
initial increase of media pH did not cause adverse effects on hESC proliferation. 
Therefore, the initial increase of media pH to 8.1 might not be the direct cause of cell 
death observed in the cultures with the Mg samples.  

Figure A.4B shows that the post-culture media had higher pH values for all of the 
time points under alkaline media condition as compared with the control, with 
statistically significant difference detected at time zero, 24 and 72 hours. Furthermore, 
the pH of all the post-culture media decreased over time and dropped to ~7 after 48 
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hours, possibly due to the regular metabolic processes of the hESCs that released acidic 
metabolites.  

 
Figure A.4. A) Normalized coverage area of viable hESC colonies at 6-30 hours of culture and B) average 
pH of post-culture media collected at every 24 hours for 72 hours under the alkaline or normal media 
conditions (*p<0.05 compared to the control). (A) Values are mean ± standard error of the mean: n=6. The 
coverage area was normalized over the first time point at 6 hours. (B) Values are mean ± standard 
deviation: n=3.   
A.4.3 The hESC response to the supplemental Mg ion dosages 

The specific hESC response to excess Mg ions in the media was investigated 
because Mg ion was one of the major degradation products released during Mg 
degradation. The H9-OCT4 hESCs proliferated and grew to confluency in the mTeSR®1 
media supplemented with 0.4-40 mM of Mg ion dosages, as shown in Figure A.5. The 
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time-lapse images revealed that the hESCs maintained their tightly packed colony 
morphologies throughout the culture period in the media supplemented with 0.4-4 mM 
Mg ions, similar to the control wells (Figure A.5). The images for 0.4 mM media 
condition were not shown as they were very similar to the control. When the 
supplemental dosages of Mg ions increased to a range of 10-40 mM, however, the hESCs 
lost their tightly packed morphology, with a decrease in cell-to-cell adhesion (Figure 
A.5). Evidently, the hESCs became more dispersed with greater cellular extensions, and 
thus appeared to have greater coverage area at the Mg ion dosages of 10 mM and greater.  

 
Figure A.5. Phase contrast optical images of H9-OCT4 ESCs cultured in the media supplemented with Mg 
ion dosages of 4-40 mM. The hESC colonies showed the tightly packed morphology in the media 
supplemented with 4mM Mg ion dosage and in the control media, as highlighted in yellow boxes. The 
hESC colonies began to appear more dispersed rather than tightly packed morphology as the Mg ion 
dosages increased to 10mM and greater. Scale bars = 100 µm. 
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The analysis on the coverage area of viable cell colonies, as shown in Figure 
A.6A, revealed two distinct groups: one group composed of the control, 0.4 and 4 mM 
that showed lower coverage area (referred to as L-group), and the other group of 10, 20, 
30, 40 mM that showed higher coverage area (referred to as H-group). The normalized 
coverage area of viable hESC colonies showed no statistically significant differences 
(p>0.05) within the L-group or within the H-group at every time point. The normalized 
coverage area of viable hESC colonies in the H-group were greater than the control, with 
statistically significant differences (p<0.05) at all the time points. The increased coverage 
areas of viable hESC colonies were most likely due to the changes of hESCs from tightly 
packed to loosely dispersed morphologies in the media supplemented with Mg ion  

dosages above 10 mM, without an actual increase in the cell number as indicated in 
Figure A.6B. In other words, at the end of 72 hours of culture, the average number of 
hESCs per 0.5 mm2 decreased as the supplemental Mg dosages increased (Figure A.6B). 
Generally, all the DAPI-stained cells expressed the pluripotency marker SOX2 as verified 
by overlaying the fluorescence images of DAPI and SOX2 stains. The cultures 
supplemented with 0.4 and 4 mM Mg ions showed similar cell counts as the control. In 
contrast, the cultures supplemented with 10-40 mM Mg ions showed less cell counts than 
the control; and the statistically significant difference (p<0.05) was detected.  
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Figure A.6. A) Normalized coverage area of viable hESC colonies over time. The data was normalized 
over the first time point at 0 hour in the cultures with respective supplemental Mg ion dosages (***p<0.05 
when comparing L-group with the H-group). B) Average numbers of hESCs per 0.5 mm2 that were 
cultured for 72 hours and immunostained with DAPI and pluripotency marker-SOX2 (*p<0.05 compared to 
the control and #p<0.05 compared to 40 mM). Values are mean ± standard error of the mean: n=6.  
 Figure A.7A shows the pH values of the post-culture media at every 24 hours 
over a 72-hour period. For all the test conditions and the control, the pH values decreased 
at the 48 and 72 hours as compared with that at 0 and 24 hours. This increased acidity at 
the later stages possibly resulted from the release of acidic metabolites into the media 
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during cell proliferation. No statically significant difference was detected among all the 
test conditions and the control at the 24 hours. At 48 and 72 hours, the media 
supplemented with 0.4-20 mM Mg ions maintained a pH comparable to that of the 
control (with the exception of the media supplemented with 4 mM Mg ions at 48 hours). 
In contrast, the media supplemented with 30 mM and 40 mM Mg ions had significantly 
higher pH values when compared with the control at 48 and 72 hours, respectively. 

 
Figure A.7. The pH and Mg ion concentrations in the post-culture media collected every 24 hours over a 
period of 72 hours. A) Average pH and B) Mg ion concentrations in the post-culture media when the 
supplemental Mg ion dosages ranged from 0.4-40 mM (*p<0.05 compared to the control at each time point 
respectively). Values are mean ± standard deviation; n=3. 
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Figure A.7B shows the Mg ion concentrations in in the post-culture media as 
measured by the ICP-AES. Statistically significant differences were detected when the 
supplemental Mg ion dosages increased to 10 mM and greater, as compared with the 
control, 0.4mM and 4mM media conditions. As the supplemental Mg ion dosage 
increased in the initial culture media, more Mg ions were consumed during culture. For 
example, after culturing hESCs for 24 hours in the media supplemented with 10 mM Mg 
ions, about 7-8 mM of Mg ions were left in the post-culture media. After culturing hESCs 
for 24 hours in the media supplemented with 40 mM Mg ions, approximately 24-25 mM 
of Mg ions were left in the post-culture media.  

In Figure A.8, the immunocytochemistry analysis on the pluripotency of H9-
OCT4 hESCs revealed the expression of OCT4 and SSEA3 on the hESCs cultured in the 
media supplemented with 4-40mM Mg ions for 72 hours. The images for 0.4 mM media 
condition were not shown as they were very similar to the control. Real-time qPCR 
analysis showed that the expressions of several pluripotency-related genes -- OCT4, 
SOX2, NANOG, KLF, REX1, and cMYC -- reduced slightly in the culture supplemented 
with 40 mM Mg ions (Figure A.9). However, no statistically significant difference was 
detected among all the testing groups due to the large data deviation. We also assessed 
the expressions of early differentiation markers in the cells for potential lineages, 
including SOX17 (endoderm), GOOSECOID (mesoderm), PAX6 (neuroectoderm) and 
BLIMP1 (germ cell). The hESCs cultured in the media with the supplemental Mg ion 
dosages did not appear to express any of the differentiation markers after 72 hours of 
culture.  
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Figure A.8. Immunocytochemistry analysis on the expression of OCT4 and SSEA3 on the H9-OCT4 
hESCs cultured in the media supplemented with different dosages of Mg ions. The images for 0.4 mM 
media condition were not shown as they were very similar to the control. Nuclear localization of OCT4 is 
shown in green (left column) and SSEA3 expression on the cell surface is shown in red (middle column). 
The right column shows merged images of the OCT4, SSEA3, and DAPI (blue, cell nucleus). Scale bars = 
100 µm.  



 175

  
Figure A.9. Quantitative PCR analysis of pluripotency markers for H9-OCT4 hESCs cultured in the media 
supplemented with the respective Mg ion dosages for 72 hours. No statistically significant difference was 
detected among any of the groups. Values are mean ± standard deviation; n=9.A 
 A.5 Discussion 

The objective of this study was to investigate the effects of Mg and its 
degradation products (Mg ions and hydroxide ions) on the viability, proliferation, and 
pluripotency of hESCs. Test conditions of the alkaline media and the supplemental Mg 
ion dosages were selected based on the measured pH values and Mg ion concentrations 
when M-Mg was pre-degraded for 24 hours. Since it was previously shown that the Mg 
samples induced cell death within the first 30 hours of culture (Nguyen, Garcia et al. 
2012), we designed additional testing conditions to determine the potential causes of the 
cell death. The alkaline media condition was set to be at the pH of 8.1, similar to the pH 
of media containing the metallic Mg, while the supplemental Mg ion dosages were tested 
at a range of 0.4 mM to 40 mM, which represented the range of normal physiological to 
therapeutic level. For example, the Mg ion dosage used for treating eclampsia ranges 
from 16-24 mM (4-6 g intravenously) (Abd El Aal and Shahin 2012), and this value is 
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within the tested range of magnesium ion concentrations in this study. Using the sensitive 
hESC model, we are able to assess cytocompatibility of Mg-based implants or scaffolds, 
differentiate the specific effects of Mg ions and alkaline pH on the hESC behavior, and 
identify possible adverse effects of Mg at the early stages of development to minimize the 
potential risks in animal and clinical studies later. 
A.5.1 The effects of surface conditions on Mg degradation and cytocompatibility 

Various studies with Mg and its alloys have focused on surface modifications to 
delay Mg degradation, since surface conditions have been shown to play an important 
role in Mg degradation and cytocompatibility (Liu 2011; Yang, Cui et al. 2011; Johnson, 
Perchy et al. 2012). For example, in a study describing the effects of surface conditions 
(polished versus oxidized surfaces) of Mg-yttrium (Y) alloy on their interactions with 
bone marrow derived mesenchymal stem cells, the samples with polished surfaces had 
superior cell adhesion due to their slower degradation (slower rate of mass loss and lower 
overall pH increase) (Johnson, Perchy et al. 2012).  

We modified the surface of metallic Mg (M-Mg) with a degradation layer to form 
pre-degraded Mg (D-Mg) samples that slightly slowed down the degradation. Although 
we did not detect statistically significant differences between the M-Mg and D-Mg 
samples at each tested time point in terms of their mass loss and release of Mg ions, the 
average Mg ion concentration over time showed a decreasing trend for both samples. 
Furthermore, the D-Mg showed a statistically significant lower pH value in post-culture 
media at 24 and 72hours, indicating slower release of hydroxide ions than the M-Mg 
samples. As the degradation layer on the surface of the D-Mg did not provide sufficient 
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protection for the sample degradation and the degradation rate did not significantly 
decrease, the D-Mg samples still induced cell death within the first 30 hours of culture, 
similar to the M-Mg samples. At 12 and 18 hours of culture, we observed that the hESC 
colonies lost their typical tightly packed undifferentiated morphologies in the cultures 
with D-Mg or M-Mg samples, and the cells appeared more dispersed and elongated. In an 
attempt to identify the possible mechanisms that caused the rapid cell death and 
morphological change, we tested the pH values of the post-culture media and Mg ion 
concentrations to serve as a guideline for the design of each testing condition. 
A.5.2 Cytocompatibility of Mg 

In this study, we observed rapid cell death, which disagreed with the results 
reported in the literature (Li, Gao et al. 2004; Yun, Dong et al. 2009). Specifically, Li et 
al. reported that murine marrow cells in contact with Mg samples did not show any signs 
of morphology change or cellular lysis under microscopic observation (Li, Gao et al. 
2004). Yun et al. reported that Mg samples did not have significant effects on the 
viability and proliferation of osteoblasts (ATCC HTB-96 U2OS Osteosarcoma from 
human female tibia) (Yun, Dong et al. 2009). Although the purity of Mg samples was 
similar (99.9% pure Mg used in the study of Li et al. and this study, and 99.95% pure Mg 
used in the study of Yun et al.), the experimental parameters and cell culture methods 
reported by Yun et al. and Li et al. were different. Specifically, Li et al. used Mg samples 
with a size of 2x2x2 mm (surface area of 24 mm2), while Yun et al. exposed the top 
surface of a 6 mm diameter Mg cylinder(surface area of 28 mm2) (Yun, Dong et al. 
2009). In contrast, the surface area of Mg samples used in the cell culture of this study 



 178

was much greater, that is, 55 mm2 (5x5x0.25 mm Mg sheets exposed in 3D). Another 
difference was the cell type used. The hESCs used in this study are more sensitive to 
degradation products than immortalized osteoblasts and murine marrow cells because 
hESCs are more susceptible to the changes in the media conditions than ordinary human 
adult cell lines and animal cells. Additionally, the sample preparation procedures (i.e., 
polishing, cleaning, and sterilization methods) and the culture media used were different, 
which may affect the cell responses as well. Specifically, Li et al. first abraded and 
cleaned Mg samples using 200# waterproof abrasive paper, ultrasonically cleaned for 10 
min in distilled water, and then sterilized in an autoclave at 373 K for 60 min. Yun et al. 
polished the top surface of the mounted Mg samples using diamond slurry, ultrasonically 
cleaned in ethanol, and then blown dry with a stream of nitrogen. Li et al. cultured 
murine marrow cells and Mg samples in RPMI-1640 medium supplemented with 15% 
horse-serum. Yun et al. used McCoy's 5A medium supplemented with 5% fetal bovine 
serum (FBS) and ascorbic acid. It has been reported previously that the composition of 
culture media affected Mg degradation rate (Johnson and Liu 2013), which is very likely 
to influence the cell responses observed.  

Clearly, inconsistencies on cytocompatibility studies of Mg-based materials are 
present across literature. In some studies, direct material exposure methods were utilized 
(Li, Gao et al. 2004; Yun, Dong et al. 2009), while in other studies media extract methods 
(also called indirect contact methods) were utilized (Gu, Zheng et al. 2009; Guan, 
Johnson et al. 2012). Specifically, in the direct material exposure method, the Mg 
samples were placed directly in the cell culture environment, while in the media extract 
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method, the media extracts harvested from the sample degradation were added into the 
cell culture. We used the direct material exposure method in this study to expose the Mg 
samples to the hESC culture through transwell® inserts. Even within each type of 
methodology, there were still significant differences in experimental procedures. The 
differences in the sample preparation procedures, the sample surface area exposed, the 
cells used, and the culture media used, all affected the in vitro results and made it difficult 
to directly compare these results across literature. To address the problems induced by 
inconsistent methodology, we investigated the respective cytocompatibility effects of the 
key Mg degradation products in addition to direct material exposure method. 
A.5.3 Effects of alkaline media pH on proliferation and morphology of hESCs 

The lower-end value for the elevated pH range of post-culture media was 8.1, 
when the M-Mg and D-Mg samples were introduced into the cultures. Yun et al. also 
reported the same pH value of 8.1 in the osteoblast cell culture with Mg samples (Yun, 
Dong et al. 2009). Therefore, we adjusted the culture media pH to 8.1 and investigated 
the effects of alkaline media on hESC viability and proliferation. The hESCs cultured 
under this alkaline media condition grew to confluency and did not seem to alter the cell 
and colony morphologies, indicating that this condition did not directly cause the hESC 
cell death observed in the M-Mg and D-Mg culture studies. In comparison, Grillo et al. 
reported that an immediate increase of pH to 8.6-9.1 following Mg particle immersion 
decreased UMR-106 rat osteosarcoma cell viability, suggesting pH of 8.6-9.1 might 
induce adverse effects on cell survival (Grillo, Alvarez et al. 2011). To further elucidate 
the exact effects of Mg degradation induced alkaline pH on cytocompatibility, we still 
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need to continue to investigate the effects of more alkaline media conditions with a pH 
value greater than 8.1 and prolonged alkaline pH conditions on cell functions.  
A.5.4 Effects of supplemental Mg ions on proliferation, morphology, and pluripotency of 
hESCs 

In addition to the pH effect of Mg degradation, we examined the effect of Mg ions 
on hESC proliferation, morphology, and pluripotency. The hESCs cultured in the media 
with the tested supplemental Mg ion dosages of 0.4-40 mM grew to confluency, with a 
change in hESC morphology at dosages above 10 mM. The hESC morphology changed 
from tightly packed to more dispersed geometries with elongated cellular extensions, and 
we observed decreased cell-to-cell adhesion. The hESCs cultured with the Mg samples 
showed very similar morphology change at 12 and 18 hours of culture, indicating that the 
elevated Mg ion concentrations may have been the contributing factor to changes in cell 
morphology. A morphology change in mouse embryo fibroblasts was also observed in 
previous studies, when these cells were cultured with the media supplemented with 250 
mM MgSO4 (Miki, Kasprzak et al. 1987). 

The change in cell morphology with 10 mM or greater dosages of supplemental 
Mg ions correlated with the increase in normalized coverage area of viable cell colonies. 
This increase of hESC coverage area was more likely due to the morphology change as 
opposed to increased proliferation, because the supplemental Mg ion dosages above 10 
mM also showed significantly lower cell numbers than the control at the end of 72-hour 
culture (Figure A.6). This supplemental Mg ion dosage level of 10 mM can serve as a 
critical threshold value for the design and development of safe Mg based implants and 
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scaffolds, at which adverse effects on the hESC functions started to appear. Feyerabend 
et al. performed cell viability studies on Mg salts using the MTT assay and showed that 
the critical Mg ion concentration was 10 mM (Feyerabend, Fischer et al. 2010). However, 
another report showed that MTT assay was inappropriate for evaluating viability and 
proliferation of cells cultured with Mg-containing samples because Mg ions could also 
convert tetrazolium salts to formazan and skew the absorption spectra, thus producing 
false results (Fischer J 2010). Miki et al. used the Trypan blue exclusion test to determine 
viability of mouse embryo fibroblasts, and found that 250 mM was the critical Mg ion 
concentration at which a change of cell morphology and a decrease in cell viability (60%) 
were first observed (Miki, Kasprzak et al. 1987). This critical Mg ion concentration was 
significantly greater than our reported value of 10 mM, possibly because the hESC model 
used in our study was more sensitive than mouse cells.  

The post-culture analysis of media pH and Mg ion concentrations in the Mg ion 
supplemented cultures supported the results observed on hESC proliferation. When 
compared with the control culture, a statistically significant difference in post-culture Mg 
ion concentrations was first observed at the critical Mg ion dosage of 10 mM. 
Furthermore, the post-culture media pH may also serve as an indicator for cellular 
metabolic activity, since a drop in the pH of the growth media typically indicates 
increased cellular metabolism and thus buildup of acidic metabolites. In one possible 
metabolic pathway, glucose is broken down into pyruvate via glycolysis, and pyruvate is 
converted into lactic acid via lactic acid fermentation. Since the cell counts in the hESC 
cultures supplemented with 30 and 40 mM Mg ions were statistically lower than that for 
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lower Mg ion dosages (Figure 6B), fewer cells produced less acidic metabolites, resulting 
in statistically higher pH values in cultures with higher Mg ion dosages (Figure 7A).  

Mg has the potential for tissue engineering and regenerative medicine applications 
involving stem cells. Our immunocytochemistry and qPCR analysis demonstrated that 
hESCs remained pluripotent when cultured with supplemental Mg ion dosages (up to 40 
mM). We established a sensitive in vitro hESC culture system as a standard model for 
cytocompatibility studies of Mg-based and other biodegradable material, and identified a 
critical Mg ion dosage of 10 mM that may serve as the design guideline for safe 
degradation of Mg-based implants and scaffolds.  
A.6 Conclusions 

We evaluated the cytocompatibility of Mg samples and the respective Mg 
degradation products (i.e., Mg ions and hydroxide ions) using a sensitive hESC in vitro 
model. The pre-degradation treatment for Mg did not improve H9-OCT4 hESC viability. 
The alkaline media condition (specifically, mTeSR®1 with a pH of 8.1) and supplemental 
Mg ion dosages of less than 10 mM had no adverse effect on cell morphology and did not 
change the coverage area of viable cell colonies as compared with the control. When 
hESCs were cultured with supplemental Mg ion dosages of 10 mM or greater, the hESC 
morphology changed from tightly packed to loosely dispersed, which led to the increase 
in normalized coverage area of viable hESC colonies. This critical dosage (>10 mM) of 
supplemental Mg ions also caused a decrease in cell counts at the endpoint of 72-hour 
culture. Our results indicated that hESCs continued to express pluripotency markers at 
supplemental Mg ion dosages of 0.4-40 mM. To advance Mg-based metallic materials for 
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medical applications, further studies are still needed to determine the exact mechanisms 
of cellular responses, including not only hESCs but also other human cells.  
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Supplemental Chapter B: The effects of poly(3,4-ethylenedioxythiophene) coating 
on magnesium degradation and cytocompatibility with human embryonic stem cells 

for potential neural applications  
**Reprint of scientific paper published in Journal of Biomedical Materials Research Part 

A, 2014. 103(1): 25-37. 
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B.1 Abstract 
Magnesium (Mg) is a promising conductive metallic biomaterial due to its 

desirable mechanical properties for load bearing and biodegradability in human body. 
Controlling the rapid degradation of Mg in physiological environment continues to be the 
key challenge toward clinical translation. In this study, we investigated the effects of 
conductive poly(3,4-ethylenedioxythiophene) (PEDOT) coating on the degradation 
behavior of Mg substrates and their cytocompatibility. Human embryonic stem cells 
(hESCs) were used as the in vitro model system to study cellular responses to Mg 
degradation because they are sensitive and can potentially differentiate into many cell 
types of interest (e.g., neurons) for regenerative medicine. PEDOT was deposited on Mg 
substrates using electrochemical deposition. The greater number of cyclic voltammetry 
(CV) cycles yielded thicker PEDOT coatings on Mg substrates. Specifically, the coatings 
produced by 2, 5, and 10 CV cycles (denoted as 2×-PEDOT-Mg, 5×-PEDOT-Mg, and 
10×-PEDOT-Mg) had an average thickness of 31, 63, and 78 µm, respectively. 
Compared with non-coated Mg samples, all PEDOT coated Mg samples showed slower 
degradation rates, as indicated by Tafel test results and Mg ion concentrations in the post-
culture media. The 5×-PEDOT-Mg showed the best coating adhesion and slowest Mg 
degradation among the tested samples. Moreover, hESCs survived for the longest period 
when cultured with the 5×-PEDOT-Mg samples compared with the non-coated Mg and 
2×-PEDOT-Mg. Overall, the results of this study showed promise in using PEDOT 
coating on biodegradable Mg-based implants for potential neural recording, stimulation 
and tissue engineering applications, thus encouraging further research. 
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B.2 Introduction 
B.2.1 Advantages of magnesium for medical applications 

Magnesium (Mg) has attracted much attention as a potential biomaterial for 
medical implant applications due to its excellent mechanical properties, conductivity, and 
biodegradability. Specifically, Mg has a tensile strength of 180–220 MPa and a 
conductivity of 22 MS/m (Alok Nayer 1997; Sebaa, Dhillon et al. 2013). Mg alloys, such 
as Mg–Zn–Sr alloys, showed a further increase in the tensile strength to 250–270 MPa 
(Cipriano, Guan et al. 2012). Mg is biodegradable in physiological fluids, mainly through 
reactions with water, as shown subsequently: 

Mg + 2H2O      Mg2+ + 2OH– + H2 ↑    (1A) 
Mg2+ + 2OH–   Mg(OH)2        (1B) 

Since magnesium sulfate (MgSO4) solutions have long been used clinically as a 
neuroprotective agent (Muir 1998; Gupta 2004; Saver, Kidwell et al. 2004; Clarkson 
2007), Mg ions released during Mg degradation may be beneficial for neural stimulation 
and regeneration. The rise of Mg ion concentrations in cerebrospinal fluid and brain has 
been shown to protect neural tissue against further damages from acute stroke (Gupta 
2004; Saver, Kidwell et al. 2004) and cerebral ischemia (Campbell, Meloni et al. 2008). 
Mg ions have also been shown to prevent atrial fibrillation after coronary artery bypass 
surgeries (Kohno, Koyanagi et al. 2005; Waligorski, Mirecki et al. 2010). 

The key challenge facing Mg-based medical implants lies in the control of its 
degradation in the physiological environment. Mg degrades too rapidly to meet specific 
requirements for clinical applications (Witte 2010; Xue, Yun et al. 2012; Johnson and Liu 



 190

2013); and thus the uses of polymer coatings have been actively explored (Wong, Yeung 
et al. 2010; Johnson, Akari et al. 2013; Sebaa, Dhillon et al. 2013). For neural 
applications, it is important to consider a polymer that is conductive because the 
conductivity of neural implants has been shown to play a critical role in supporting 
neuronal growth and reducing glial scar tissue formation (Malarkey, Fisher et al. 2009). 
B.2.2 Rationale for poly(3,4-ethylenedioxythiophene) coating 

Poly(3,4-ethylenedioxythiophene) (PEDOT) was chosen as the coating material 
because it is conductive and biocompatible, and it has shown promising results for energy 
and neural electrode applications (Cui and Martin 2003; Richardson-Burns, Hendricks et 
al. 2007; Luo, Mohamed Ali et al. 2008; Ludwig, Langhals et al. 2011; Ostrakhovitch, 
Byers et al. 2012; Xiao, Wu et al. 2012; Baek, Green et al. 2014). For example, PEDOT 
was electrodeposited onto titanium (Ti) meshes and improved light to electric energy 
conversion efficiency and maximum power output for solar cell applications (Xiao, Wu 
et al. 2012). For neural applications, PEDOT was coated onto gold (Au) electrodes to 
lower the impedance and reduce the noise for chronic recording of neural activity 
(Ludwig, Langhals et al. 2011). Compared with conductive polypyrrole, PEDOT has 
been proven to be more electrochemically stable with a higher resistance to biological 
reducing agents in living tissue (Cui and Martin 2003). Although PEDOT coatings have 
been previously deposited on different electrodes, such as titanium (Ti), gold (Au), 
platinum (Pt), and indium tin oxide (ITO), for solar cell application (Xiao, Wu et al. 
2012) or neural recording (Ludwig, Langhals et al. 2011; Ostrakhovitch, Byers et al. 
2012; Baek, Green et al. 2014), but have not yet been extensively studied on alkaline 
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metals. There are only a few recent studies in which PEDOT coatings were deposited on 
Mg substrates to slow down the degradation rate of Mg for biomedical applications (Luo 
and Cui 2011; Sebaa, Dhillon et al. 2013). 

It has been reported that PEDOT is compatible with cultured cells and brain 
tissue, and does not release any substance that elicits toxicity (Cui and Martin 2003; 
Richardson-Burns, Hendricks et al. 2007; Luo, Mohamed Ali et al. 2008; Miriani, 
Abidian et al. 2008; Zhou, Cui et al. 2010). No inflammatory reactions were observed 
after PEDOT coated glass substrates were subcutaneously implanted into mice for a week 
(Luo, Mohamed Ali et al. 2008). When PEDOT was polymerized around living neural 
cells, the cells embedded within the polymer matrix were viable for up to 120 h after 
polymerization (Richardson-Burns, Hendricks et al. 2007). When fibroblasts were 
cultured on PEDOT coated ITO electrodes, the cells attached and spread onto the PEDOT 
coating with no morphological changes, and cell viability was greater than the ITO 
electrodes alone (Luo, Mohamed Ali et al. 2008). Moreover, high quality acute neural 
recordings have been obtained when PEDOT (with a bioactive peptide) coated ITO 
electrodes was implanted into the cerebellum of a guinea pig (Cui and Martin 2003). 
PEDOT has also been explored for applications as nerve guidance conduits (NGCs). 
Greater numbers of nerve fibers were regenerated on PEDOT coated agarose hydrogel 
NGCs than polydimethylsiloxane coated and non-coated agarose tubes (Urbanchek M 
2009). When PEDOT was electrodeposited on ITO glass electrodes, immunostaining for 
β-III-tubulin expression increased at day 5, indicating improved neural stem cell 
differentiation and neuronal growth (Ostrakhovitch, Byers et al. 2012). Additionally, 
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electrodeposited PEDOT induced neuronal differentiation of P19 pluripotent embryonic 
carcinoma cells (American Type Culture Collection, Manassas, VA) without use of 
additional factors such as poly-l-ornithine or retinoic acid coating (Ostrakhovitch, Byers 
et al. 2012). Thus, PEDOT is a promising coating material for neural applications. 
B.2.3 Human embryonic stem cell model for in vitro cytocompatibility studies 

Stem cells can serve as sensitive in vitro model systems to test cytotoxicity of 
drugs and chemicals, and potentially to predict toxicity in humans (Davila, Cezar et al. 
2004). The validated embryonic stem cell test (EST) utilizes mouse embryonic stem cells 
to identify potential embryo toxic compounds because embryos and fetuses are more 
sensitive to environmental toxicants than adult cells or tissues (Seiler and Spielmann 
2011). Since this mouse-based EST sometime does not faithfully correlate to human 
responses (West, Weir et al. 2010), the human embryonic stem cell (hESC) model was 
selected for this study to eliminate the concerns on species variation. The hESCs are 
more sensitive to toxins and chemicals than any other human cells commonly used in 
literature, such as human adult stem cells, differentiated human cells, and immortalized 
human cell lines (Laschinski, Vogel et al. 1991; Kim 2011; Talbot and Lin 2011). 
Moreover, hESCs have greater capacity for proliferation than adult cells from animals or 
human tissues, thus reducing the number of animals and donors needed for tissue and cell 
harvesting. More importantly, previous in vitro studies showed cytotoxic behavior of 
non-coated commercially pure Mg with a purity of 99.9% against hESCs due to its rapid 
degradation rate (Nguyen, Garcia et al. 2012). Therefore, it is important to use the same 
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hESC model to determine the cytocompatibility of PEDOT coated Mg in comparison 
with non-coated Mg. 

In addition, hESC is an attractive therapeutic option for cell replacement therapy, 
tissue engineering, and regenerative medicine applications considering its capacity to 
proliferate and differentiate into different cell types, such as neurons, osteoblasts, or 
fibroblasts. Previous studies have shown that stem cells can be combined with scaffolds 
or biomaterials for more effective nerve regeneration (di Summa, Kingham et al. 2010; 
Wei, Gong et al. 2011; Wu, Zhao et al. 2011; Yang, Yuan et al. 2011). Thus, using 
hESCs as the in vitro model system will allow us to determine simultaneously the 
cytocompatibility of PEDOT coated Mg and its potential as a bioresorbable scaffold for 
tissue engineering applications. 
B.2.4 Objectives of this study 

The objective of this study is to investigate the degradation and cytocompatibility 
of PEDOT coated Mg in comparison with non-coated Mg using the H9-OCT4 hESCs 
model. The materials of interest to this study are Mg substrates with electrochemically 
deposited PEDOT using 2, 5, and 10 cycles of cyclic voltammetry (CV). The surface 
microstructure, composition, thickness, and adhesion strength of the PEDOT coatings on 
Mg samples were characterized before the in vitro degradation and cytocompatibility 
studies. 
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B.3 Experimental Methods 
B.3.1 Deposition of PEDOT coatings using CV 

As-rolled Mg samples (MiniScience, 98% purity) with a thickness of 250 µm 
were cut into the T shape with a specific dimension as shown in Figure B1. These T-
shaped samples were grinded using 600, 800, and 1200 grit silicon carbide abrasive paper 
(PACE Technologies) to remove the oxidized surface layer. The samples were then 
ultrasonically cleaned in ethanol for 15 min and air dried in a laminar flow hood for 10 
min. As illustrated in the experimental setup in Figure B.1, the samples were clamped to 
the working electrode of a potentiostat (model 273A; EG&G Princeton Applied 
Research) operated by the Powersuite software. Platinum and silver/silver chloride was 
used as the counter and reference electrodes, respectively. The experimental samples and 
electrodes were then placed in an electrolyte solution of pure 1-ethyl-3-
methylimidazolium bis(trifluoro-methylsulfonyl)imide (ionic liquid, IL electrochemical 
grade, >99.5% purity, Covalent Associates) containing 1 M 3,4-ethylenedioxythiophene 
(Sigma-Aldrich). Three types of samples were fabricated in this study using CV 
deposition, in which the potential was scanned from −0.5 to +2.0 V at a scan rate of 100 
mV/s for 2, 5, and 10 cycles (denoted as 2×-PEDOT-Mg, 5×-PEDOT-Mg, and 10×-
PEDOT-Mg, respectively). Once the CV deposition was complete for each sample, the 
sample was dried in a vacuum chamber at room temperature for 24 h, rinsed with ethanol, 
and disinfected under ultraviolet radiation for 24 h before cell culture. 
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Figure B.1. Experimental setup for the electrochemical deposition of PEDOT coating onto Mg substrates. 
Silver/silver chloride served as the reference electrode and platinum as the counter electrode. Mg substrates 
were coated in 1M EDOT/ionic liquid solution using cyclic voltammetry (CV) ranging from -0.5 to 2V for 
2, 5, and 10 cycles at 200 seconds per cycle with a constant scan rate of 100 mV/s.  
B.3.2 Characterization of coating microstructure, elemental composition, and thickness 

The surface microstructure and coating thickness of PEDOT coated Mg samples 
were characterized with a field-emission scanning electron microscope (SEM; FEI 
XL30). The samples were placed on a flat mount to obtain images of surface 
microstructure. To obtain cross-section images for coating thickness measurements, 
PEDOT coated Mg samples were cleanly cut with scissors and placed on a 90° mount. 
SEM images were acquired at an accelerating voltage of 15 kV. The surface composition 
and elemental distribution were quantified using an attached detector for energy-
dispersive X-ray spectroscopy (EDS; EDAX). EDS analysis was performed at a 
magnification of 2000× so that a substantial portion of the sample surface could be 
analyzed to obtain the average elemental composition. 

The ASTM standard D3359 tape test was used to characterize the adhesion 
strength of PEDOT coatings on the Mg substrates. According to the ASTM defined tape 
test method B, a sharp blade was used to carve a 5 mm × 5 mm grid onto the PEDOT 
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coated surface. The carved surface was then evenly covered with 3M No. 3710 tape and 
subsequently removed at a 180° angle. The remaining coatings on the PEDOT-coated Mg 
samples were characterized based on the classification criteria outlined in Table B.1. A 
classification of 5B indicated a strong adhesion between the coating (PEDOT) and the 
substrate (Mg) in which no coating detached from the substrate, while a classification of 
0B indicated a weak bonding between the coating and the substrate in which 65% or 
more of the coating detached (Nelson 1995). 
Table B.1: ASTM D3359 classification criteria on coating adhesion strength  
 

Classificatio
n 

Description % Area 
Detache

d 
5B Smooth edges around cuts; no detached squares  0 
4B Detached small coating flakes at etched intersections  <5 
3B Detached small coating flakes along etched 

intersections/edges 
5-15 

2B Flaked coating along the etched edges and on parts of 
squares  

15-35 
1B Flaked coating along the etched edges (large ribbons); 

detached whole squares  
35-65 

0B Flaking and detachment worse than classification 1B. >65 
 

B.3.3 Tafel test for determining corrosion properties 
The corrosion properties of the PEDOT coated and non-coated Mg samples were 

determined using the Tafel test according to the established protocol (ASTM 1994; 
Sebaa, Dhillon et al. 2013). The electrochemical measurements for all the samples were 
carried out in a simulated body fluid (SBF) solution with a pH of 7.4 using the same 
three-electrode and potentiostat setup as shown in Figure B.1. The working, reference, 
and counter electrodes in this setup were the PEDOT coated or non-coated Mg samples, 
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silver/silver chloride, and platinum, respectively. The potentiodynamic polarization 
curves were recorded at a potential range of −2.0 to 2.0 V for 40 s with a constant scan 
rate of 100 mV/s using the Powersuite software. Tafel extrapolation were then performed 
on these curves to determine the corrosion current (ICORR) and corrosion potential. The 
corrosion current values from Tafel extrapolation were used to calculate the corrosion 
rates of PEDOT coated or non-coated Mg samples based on the following equation 
(ASTM 1994): 
 

(CR= corrosion rate, ICORR= corrosion current, K= constant, EW= equivalent weight, d= 
density, A= surface area immersed) 

In addition to Tafel test (i.e., potentiodynamic polarization measurement), 
immersion test is recommended as a complementary testing method for biomedical 
applications. Thus, the media pH and Mg2+ ion concentration in the media were measured 
when the samples were immersed in the hESC culture. Mg degradation releases OH− and 
Mg2+ ions according to the reaction (1) in Introduction, and thus the media pH and Mg2+ 
ion concentration are the two key indicators of Mg degradation in immersion test. 

B.3.4 The hESC culture with PEDOT-coated and non-coated Mg samples 
H9 hESCs (WiCell) were stably transfected with an OCT4-eGFP reporter plasmid 

as previously described (Chatterjee, Cheung et al. 2011). These H9 OCT4 hESCs were 
maintained in mTeSR®1 media (Stem Cell Technologies) in Geltrex® (Invitrogen) coated 
T-25 flasks without using feeder layers. Once the hESCs reached 80–90% confluency, they 

Eqn. 2 dA
EWKICR CORR 
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were passaged and split at a ratio of 1:5 onto a Geltrex® coated 12-well tissue culture plate 
(BD Falcon). Accutase (Innovative Cell Technologies) and glass beads were used to detach 
the cells from the surface of the flask during passaging. The passaged cells were then 
cultured under standard cell culture conditions (that is, a sterile, 37°C with 5% CO2/95% 
air, humidified environment) for 24 h to allow the cells to attach. After 24 h, the sterilized 
non-coated Mg, 2×-PEDOT-Mg, 5×-PEDOT-Mg, and 10×-PEDOT-Mg samples were 
placed into the Transwell® inserts (Corning, Union City, CA) and introduced into the wells 
with hESC culture. All experimental samples were run in triplicates and three wells were 
left as positive controls without any Mg-based samples. The hESCs were then incubated 
for 72 h under standard cell culture conditions in a dynamic cell observation system (Nikon 
BioStation CT, Melville, NY) where phase contrast and fluorescence images were taken 
every 6 h. The mTeSR®1 media were collected and replenished every 24 h for post-culture 
media analysis. The Mg-based samples were collected at the end point (72 h) for post-
culture material analysis. 

B.3.5 Image-based analysis for normalized coverage area of viable cell colonies 
Phase contrast and fluorescence images recorded by the Biostation CT were used 

to quantify the percentage of area covered by viable H9-OCT4 hESC colonies. This image-
based analysis was used for cell viability and proliferation studies instead of the commonly 
used tetrazolium based assays (e.g., MTT assay) because Mg ion converts tetrazolium salts 
to formazan and thus interferes with the results (Fischer, Prosenc et al. 2010). That is, MTT 
assay produces false positive data that indicate greater cell viability than the actual values 
(Fischer, Prosenc et al. 2010). Each type of sample (non-coated Mg, 2×-PEDOT-Mg, 5×-
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PEDOT-Mg, and 10×-PEDOT-Mg) was run in triplicates and imaged at two different areas 
on each well using the Biostation CT. Total 6 images were analyzed for each type of sample 
and the data were averaged. ImageJ software was used to manually outline the area of 
viable cell colonies that expressed the OCT4-GFP, a fluorescence marker indicating viable 
undifferentiated hESCs. The percentage of area covered by viable cell colonies was 
quantified using the outlined area divided by the total image area, and then normalized over 
the values from the first recorded time point. Normalized data can be directly compared 
later among different samples at the specific time points of interest. The standard deviation 
was calculated and used to generate error bars. 

B.3.6 Post-culture media analysis of pH and Mg ion concentrations 
A pre-calibrated pH meter (VWR, Model SB70P) was used to measure pH values 

of the post-culture media collected every 24 h. Inductively coupled plasma-atomic 
emission spectroscopy (ICP-AES; Perkin Elmer Optima 2000 DV) was used to measure 
Mg ion concentrations in the post-culture media. The ICP-AES data were analyzed using 
a standard calibration curve that was generated on a set of serially diluted MgCl2·6H2O 
solutions with the concentrations of 250, 125, 62.5, 31.25, and 15.63 mg/L (or 10.29, 5.14, 
2.57, 1.29, and 0.64 mM). The collected post-culture media were diluted using deionized 
water from a water purification system (Milli-Q; Millipore) to ensure the measured values 
of experimental samples were within the linear range of the standard curve. 
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B.3.7 Statistical analysis 
A script was written in the program R for the statistical data analyses, including the 

Shapiro–Wilk normality test, the F test to compare variance, and the standard analysis of 
variance (ANOVA) followed by standard post hoc tests with the Holm–Bonferroni 
correction. Values of p < 0.05 for the Shapiro–Wilk test and F tests verified the normality 
and the variance of the dataset. Values of p < 0.05 for ANOVA indicated that the groups 
of data showed a statistically significant difference. 

B.4 Results  
B.4.1 Microstructure, elemental composition, and thickness of PEDOT coatings 

The SEM images and EDS spectra in Figure B.2 showed that PEDOT coatings 
were successfully deposited onto Mg substrates using CV for 2, 5, and 10 cycles. Non-
coated Mg substrates showed a typical appearance of polished Mg substrates with traces 
of polishing marks. As expected, the EDS analysis of the non-coated Mg substrates 
showed that Mg was the dominant element on the surface and a small amount of oxygen 
(O) was observed because Mg substrates are susceptible to oxidation when exposed to 
air. In contrast to the non-coated Mg, all the PEDOT coated samples showed the typical 
morphology and elemental composition of PEDOT on the surface, indicating successful 
deposition of PEDOT. When comparing the surface microstructures of the PEDOT 
coated Mg samples, the PEDOT coating on the 10×-PEDOT-Mg sample appeared to 
have more particulate features (Figure B.2D) than the 2×-PEDOT-Mg (Fig. B.2B) and 
5×-PEDOT-Mg samples (Figure B.2C). When comparing the elemental compositions of 
the PEDOT coated Mg samples, the types of elements detected were the same, but their 
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percentages varied with the number of CV cycles. PEDOT backbone contains carbon (C), 
sulfur (S), and O and the ionic liquid contains nitrogen (N) and fluorine (F) which could 
be transferred as dopants into the PEDOT coating. Specifically, Mg content decreased 
while C and S contents increased with the increase in CV cycles. Interestingly, N and F 
contents decreased with the increase in CV cycles. Decreased Mg content on the surface 
indicated thicker coating, which was in agreement with the SEM cross-section images.  

 
Figure B.2. SEM images and EDS analyses of A) non-coated Mg, B) 2x-PEDOT-Mg, C) 5x-PEDOT-Mg, 
and D) 10x-PEDOT-Mg. Scale bar = 20 μm. 
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Figure B.3 shows the cross-sections of the PEDOT coated Mg samples for coating 
thickness measurements. As the number of CV cycles increased, the PEDOT coating 
thickness increased. Specifically, the coating thicknesses of the 2×-PEDOT-Mg, 5×-
PEDOT-Mg, and 10×-PEDOT-Mg samples were determined to be of 31 ± 6, 63 ± 6, and 
78 ± 4 µm, respectively. 

 
Figure B.3. SEM cross-sectional images of PEDOT coated Mg samples placed on a 90o mount. SEM 
images of A) 2x-PEDOT-Mg and B) 10x-PEDOT-Mg samples were at a low original magnification (200x). 
SEM images of C) 2x-PEDOT-Mg, D) 5x-PEDOT-Mg, and E) 10x-PEDOT-Mg samples were at a higher 
original magnification (2000x). The PEDOT coating is highlighted in the red boxes. The PEDOT coatings 
deposited by 2, 5, and 10 cycles of CV had an average coating thickness of 31±6 μm, 63±6 μm, and 78±4 
μm, respectively. 
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B.4.2 Adhesion strength of PEDOT coatings 
ASTM D3359 tape test results revealed how strongly the PEDOT coatings 

adhered to the Mg substrates, as shown in Figure B.4. Figure B.4 images are 
representative for all the tested samples. The PEDOT coated Mg samples were visually 
inspected after the tape removal and the areas of detachment for each sample were 
highlighted in Figure B.4 to provide the evidence for the classification of coating 
adhesion strength. The adhesion strength of the PEDOT coatings on the Mg substrates 
was determined to be between the classifications of 3B and 4B according to the ASTM 
D3359 standard classifications listed in Table B.1. As the number of CV cycles increased 
from 2 to 10, the coating adhesion strength initially increased and then decreased. 
Specifically, the 5×-PEDOT-Mg samples showed the strongest coating adhesion with a 
classification of 4B, while the 2×-PEDOT-Mg and 10×-PEDOT-Mg samples showed 
decreased coating adhesion strength with a classification of 3B. On the surface of 5×-
PEDOT-Mg samples with class 4B adhesion strength, only a couple of very small flakes 
of coating detached from the intersections of carved grids. On the surface of 2×-PEDOT-
Mg samples with class 3B adhesion strength, detachment mainly occurred at the edges of 
carved grids and was less than 15%. On the surface of 10×-PEDOT-Mg samples with 
class 3B adhesion strength, obvious detachment was observed at the top right corners of 
the carved grids. Although the tape test provided useful results for this initial study, we 
understand that the ASTM D3359 standard tape test is a qualitative method with intrinsic 
limitations because it is mostly based on visual inspections. Thus, it is necessary to 
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conduct quantitative tests to determine adhesion strength using a micro scratch tester in 
the future studies. 

 
Figure B.4. Representative images of tape test and classification results of adhesion strength for 2x-
PEDOT-Mg, 5x-PEDOT-Mg, and 10x-PEDOT-Mg samples. Images in the left column showed the PEDOT 
coated Mg samples before they were carved by a cutter. Images in the next column showed the PEDOT 
coated Mg samples after the carved grids were created. Images in the 3rd column from the left showed the 
PEDOT coated Mg samples after the tape was applied and removed, which were used to determine the 
classification of coating adhesion strength based on the visual inspection of coating detachment following 
the ASTM standard D3359 guideline. The areas of detachment were highlighted in yellow ovals. Images in 
the right column showed the remnants on the tape after tape removal. 
 B.4.3 PEDOT coatings decreased Mg degradation rate 

The Tafel test results showed that the PEDOT coatings decreased the corrosion 
current density and corrosion rate, as shown in Figure B.5. Figure B.5A shows the 
representative curves of potentiodynamic polarization for the non-coated and PEDOT 
coated Mg in SBF, which were used to extrapolate the corrosion currents (ICORR) and 
corrosion potentials. The corrosion currents were used to calculate corrosion rates 
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according to Eq. (2). According to this equation, when the surface area immersed in SBF 
is fixed, corrosion rate is directly proportional to corrosion current since the other factors 
are constant. Therefore, the greater corrosion currents resulted in greater corrosion rates. 
The extrapolated and calculated corrosion properties of the non-coated and PEDOT-
coated Mg samples were summarized in Figure B.5B. Interestingly, as the number of CV 
cycles increased from 2 to 10, the corrosion rates of the PEDOT coated Mg samples 
initially decreased and then increased. Specifically, the 5×-PEDOT-Mg sample showed 
the slowest corrosion rate of 1.48 mm/year, while the 2×-PEDOT-Mg sample showed a 
corrosion rate of 4.53 mm/year and the 10×-PEDOT-Mg sample showed a corrosion rate 
of 9.73 mm/year. The non-coated Mg samples showed the greatest corrosion rate of 31.63 
mm/year, which confirmed that PEDOT coatings did decrease the degradation rate of 
Mg. 
B.4.4 5×-PEDOT coating improved hESC viability in vitro 

When the hESCs were cultured with the 10×-PEDOT-Mg samples, dark-colored 
particulate fragments were found in the cell culture media, as shown in Figure B.6. These 
particles were most likely from the PEDOT coating based on its color since degradation 
precipitates of Mg have a whitish color. These PEDOT particles appeared in the hESC 
culture within 24 h and interfered cell imaging and analysis. Thus, the 10×-PEDOT-Mg 
samples were considered undesirable for intended medical applications, and thus 
excluded from further cell culture analyses. 
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Sample Corrosion 

Current ICORR 
(A) 

ICORR 
Density 

(mA/cm2) 
Critical 
Voltage 

(V) 
Corrosion 

Rate 
(mm/yr) 

Non-Coated Mg 5.74E-04 2.30 -1.52 24.66 
2x-PEDOT-Mg 8.23E-05 0.33 -1.05 3.53 
5x-PEDOT-Mg 2.69E-05 0.11 -0.71 1.15 

10x-PEDOT-Mg 1.77E-04 0.71 -1.02 7.59 
 

Figure B.5. A) Potentiodynamic polarization curves of the non-coated and PEDOT coated Mg samples. B) 
Summary of corrosion properties of the non-coated and PEDOT coated Mg samples in an order of 
increasing coating thickness. Corrosion current (ICORR) and corrosion potential values were extrapolated 
from polarization curves. Corrosion current density and corrosion rates were calculated according to the 
established equations. 
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Figure B.6. A) Time-lapse images of H9-OCT4 hESCs co-cultured with the 10x-PEDOT-Mg sample under 
standard cell culture conditions over 18 hours. Scale bars = 200 μm. B) Images of the culture media after 
co-culture of hESCs with the 10x-PEDOT-Mg and non-coated Mg samples for 24 hours. 
 The time-lapse images of hESCs cultured with non-coated and PEDOT coated 
Mg samples in Figure B.7 showed that the PEDOT coatings prolonged the viability of 
hESCs when compared with non-coated Mg. The 5×-PEDOT-Mg maintained the hESC 
viability in culture for the longest period of time, when compared with the 2×-PEDOT-
Mg and non-coated Mg samples. However, when compared with the control wells 
without any Mg samples, all the tested Mg samples induced a change in hESC 
morphology that eventually led to cell death. The hESCs in the wells with the non-coated 
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and PEDOT coated Mg samples lost their tightly packed colony morphology at different 
time points of culture and became more dispersed with greater cellular extensions at the 
boundary of the colonies. Specifically, the change in hESC morphology occurred at 18 
and 24 h for the 2×-PEDOT-Mg and 5×-PEDOT-Mg, while that occurred at 12 h for the 
non-coated Mg. As the morphology of hESCs changed during their cultures with the 
coated or non-coated Mg samples, round floating cells and cell debris started to appear 
above the attached cells that were on the bottom of the culture plate, indicating the 
progression of cell death. In contrast, the control hESCs maintained their normal tightly 
packed colony morphology throughout all time points and eventually reached confluency. 

The coverage area of viable hESC colonies were quantified and normalized using 
the image-based analysis technique and plotted in Figure B.8. The hESCs cultured with 
the 5×-PEDOT Mg samples showed the longest viability for up to 54 h. At the time 
points of 24 and 30 h, the hESCs cultured with the 5×-PEDOT Mg samples continued to 
show viable cells that expressed green fluorescence, but predominantly dead cells and 
cell debris that lost their green fluorescence signals were observed for the non-coated and 
2×-PEDOT Mg samples. The hESCs cultured with the PEDOT coated Mg samples 
showed a similar trend in coverage area. That is, the coverage areas were stable at the 
initial 12 h and then decreased toward eventual cell death. Notably, the coverage area of 
viable hESCs cultured with the 5×-PEDOT-Mg decreased at a slower rate than non-
coated Mg and 2×-PEDOT Mg, with significantly greater colony coverage area values at 
24, 30, and 42 h. 
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 Figure B.7. Time-lapse phase contrast optical images of H9-OCT4 hESCs co-cultured with the non-coated 
and PEDOT coated Mg samples under standard cell culture conditions over 30 hours. The control was H9-
OCT4 hESCs cultured under standard cell culture conditions without Mg-based samples. Scale bars = 50 
μm. 
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 Figure B.8. Percentage of area covered by viable H9-OCT4 hESC colonies over time. The data was 
normalized over the first time point of respective samples at 6 hours of cultures with hESCs. *p<0.05 
compared to non-coated Mg and 2x-PEDOT-Mg. Values are mean ± standard deviation; n=6. 
 B.4.5 pH values and Mg ion concentrations of post-culture media 

Mg degradation releases Mg ions (Mg2+) and hydroxide ions (OH−) when 
immersed in aqueous media according to the degradation reactions. The release of OH− 
ions leads to an increase in media pH. Thus, the media pH and Mg ion concentrations in 
the media were measured as the two key indicators of Mg degradation. 

Figure B.9 shows the pH of the post-culture media collected at every 24 h. The 
post-culture media with the 5×-PEDOT-Mg samples had significantly lower pH values 
than that with the non-coated Mg at 48 and 72 h. In contrast, no statistically significant 
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difference was detected between the pH values of post-culture media with the non-coated 
Mg and the 2×-PEDOT-Mg samples at 24, 48, and 72 h. All the post-culture media with 
either non-coated or PEDOT coated Mg samples at 24, 48, and 72 h showed an elevated 
pH to alkaline region compared with the control culture that had no Mg-based samples. 

 
Figure B.9. Average pH of post-culture media at each 24-hour collection when the hESCs were co-cultured 
with the non-coated and PEDOT coated Mg samples. *p<0.05 compared to the non-coated Mg. Values are 
mean ± standard error of the mean; n=3. 
 

Figure B.10 shows the Mg ion concentrations in the post culture media collected 
at every 24 h. The post-culture media with the 5×-PEDOT-Mg samples showed 
significantly lower Mg ion concentrations (8 mM) than that with the 2×-PEDOT-Mg 
samples (12 mM) at the end point of 72 h, indicating slower degradation. The Mg ion 
concentrations in the post-culture media with the non-coated Mg samples were the 
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highest (23–34 mM) among all the samples and showed a decreasing trend over time, 
which was also reported previously (Nguyen, Liew et al. 2013).[45] When compared 
with the non-coated Mg, both the 2×-PEDOT-Mg and the 5×-PEDOT-Mg significantly 
decreased the amount of Mg ions released into the media; that is, 11–13 mM for the 2×-
PEDOT-Mg and 8–11 mM for the 5×-PEDOT-Mg, respectively. All the post-culture 
media with either non-coated or PEDOT coated Mg samples at 24, 48 and 72 h showed 
an elevated Mg ion concentration in comparison with the basal amount of Mg ions in the 
control culture that had no Mg-based samples. 

 
Figure B.10. Average Mg ion concentrations in the post-culture media at each 24-hour collection when the 
hESCs were co-cultured with the non-coated and PEDOT coated Mg samples. The control wells indicated 
the basal amount of Mg ions in the mTeSR®1 media. * p<0.05 compared to the 2x-PEDOT-Mg. Values 
are mean ± standard error of the mean; n=3. 
 
 
 
 
 
 



 213

B.5 Discussion 
B.5.1 Both coating thickness and adhesion are important for controlling Mg degradation 

The results of this study demonstrated for the first time that both coating thickness 
and adhesion strength played important roles in the efficacy of PEDOT coatings for 
controlling Mg degradation. As the number of CV cycles increased from 2 to 10, the 
PEDOT coating thickness increased from 31 to 78 µm while the coating adhesion 
strength increased from 2 to 5 cycles and decreased from 5 to 10 cycles. The 5×-PEDOT-
Mg provided the best coating adhesion and the slowest degradation among the tested 
samples according to the Tafel test and quantification of the degradation products (i.e., 
hydroxide and Mg ions) released into the culture media. In comparison with the non-
coated Mg, the corrosion rate of the 5×-PEDOT-Mg decreased by 95%, while the 
corrosion rate of 2×-PEDOT-Mg decreased by 86% and the corrosion rate of 10×-
PEDOT-Mg sample decreased by 69%. These results indicated that among all the 
PEDOT coatings tested, the 5×-PEDOT-Mg had the optimal combination of coating 
thickness and adhesion strength to provide the most effective degradation protection for 
Mg substrates. 

We understand that the 10×-PEDOT-Mg sample should have the slowest 
corrosion rate considering that it had the thickest coating. However, the coating might 
become more susceptible to detachment as the coating thickness increased. It was 
observed that 10×-PEDOT-Mg sample released particulate PEDOT when exposed to the 
media (Figure B.6), whereas the 2×-PEDOT-Mg and 5×-PEDOT-Mg samples did not. 
Even though the 10×-PEDOT-Mg sample had the thickest coating, the coating might not 
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provide the best protection against corrosion if the coating partially delaminated into the 
media. There are very few reports in literature related to PEDOT coatings on Mg. This 
study is the first to report the relationships of the PEDOT coating thickness and adhesion 
strength with Mg degradation. We did not find any other studies on PEDOT coatings 
deposited on comparable alkaline metals. However, the basic concept reported on other 
coatings was in agreement with our results. For example, when TiN coatings were 
deposited on steel substrates via chemical vapor deposition, the thickest coating detached 
from the substrate during the wear test because of its lower adhesion strength (Takadoum 
and Bennani 1997). Thus, it is likely that the thickest PEDOT coating was not optimal for 
degradation protection. 

It is also important to have a dense PEDOT layer underneath the top surface as 
the coating thickness increased. However, it has been reported that the PEDOT coating 
porosity increased with more CV cycles and thicker coating, when the PEDOT was 
electrodeposited on custom-made ITO glass slides surfaces (Nasybulin, Wei et al. 2011). 
Therefore, the thickest PEDOT coating deposited by 10 CV cycles might not necessarily 
be the best to protect Mg substrates from fast degradation, if the coating became more 
porous and more susceptible to detachment with increasing thickness. 
B.5.2 Slower Mg degradation yielded better hESC viability 

The results of this study showed a strong correlation between the degradation rate 
and hESC viability. As the degradation rate of samples decreased in this order of non-
coated Mg, 2×-PEDOT-Mg, and 5×-PEDOT-Mg, the hESC viability increased from 24 
to 54 h in the same order of non-coated Mg (24 h), the 2×-PEDOT-Mg (30 h), and the 
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5×-PEDOT-Mg (54 h). The 5×-PEDOT-Mg samples showed the best coating adhesion, 
the slowest degradation rate, and thus improved the hESC viability the most. Clearly, 
decreasing the degradation rate was an effective approach in improving hESC viability. 
However, the exact relationships between Mg degradation and cell viability are yet to be 
determined. 

Two factors induced by Mg degradation were considered important in affecting 
cell viability, including elevated media pH and Mg ion concentrations in the media. In 
this study, when the hESCs were cultured with the non-coated and PEDOT coated Mg 
samples, the media pH increased to an alkaline region of 8.1–8.4. The persistent alkaline 
pH environment observed during the hESC culture might have played a major role in cell 
viability. Hänzi et al. (Hänzi, Gerber et al. 2010) reported a decrease in cell viability and 
metabolic activity of human umbilical vein endothelial cells with increasing pH. 
However, when the initial media pH was intentionally adjusted to 8.1 using 0.1 M NaOH, 
this transient alkaline pH did not seem to affect hESC viability (Nguyen, Liew et al. 
2013). Thus, it is possible that only persistent alkaline pH environment was harmful to 
the cells. 

The elevated Mg ion concentrations in the culture media might have contributed 
in some degree to cell behavior observed in this study. The Mg ion concentrations in the 
post-culture media with the non-coated Mg samples were in a range of 23–34 mM. Grillo 
et al. (Grillo, Alvarez et al. 2011) observed a cytotoxic effect on UMR-106 cells 
(ATCC® rat osteosarcoma derived cells) when Mg ions released by Mg particles into the 
culture media reached a concentration of greater than 480 µg/mL (19.7 mM). For the 
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PEDOT coated Mg tested in this study, Mg ion concentrations in the post-culture media 
were in a lower range of 8–13 mM, which alone might not be the direct cause of cell 
death. In a previous study in which the mTeSR®1 hESC culture media were intentionally 
supplemented with 10–40 mM of Mg ions in the form of MgCl2 salt, no obvious death of 
hESCs was observed with the Mg ion concentrations of 7–25 mM in the post-culture 
media and the hESCs grew to confluency and retained pluripotency at 72 h as indicated 
by the expression of OCT4, SSEA3, and SOX2 (Nguyen, Liew et al. 2013). The elevated 
levels of Mg ions might not be the direct cause of cell death, but might be the cause for 
the cell morphology change observed in this study. The hESCs lost their tightly packed 
morphology when cultured with the non-coated and PEDOT coated Mg samples. This 
same morphology change was also observed when the hESCs were cultured in the media 
in which 10 mM and more supplemental Mg ions were added in the form of MgCl2 salt 
(Nguyen, Liew et al. 2013). Therefore, it is possible that the combined effects of 
persistent alkaline pH and elevated Mg ion concentrations were responsible for the 
observed hESC morphology change and subsequent cell death. 

We understand that the purity of Mg substrates may play a role on the in vitro 
hESC viability. The 99.9% pure Mg sample may produce a different cytocompatibility 
result as compared with 98% pure Mg sample. Thus, we compared hESC survival on 
98% pure Mg samples used in this study versus 99.9% pure Mg sample, the hESC 
viability results were very similar. That is, in both cases, the hESCs died at 30 h of 
culture. The death of hESCs after induction of 99.9% pure Mg sample for 30 h was 
reported previously (Nguyen, Garcia et al. 2012). Although the different purity of these 
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two groups of Mg samples may result in different degradation rates, these rates in both 
cases were still too rapid for the survival of hESCs. This confirmed the necessity for a 
coating on Mg substrates despite the purity of Mg substrates. Moreover, since the 
objective of this study was to investigate the effects of PEDOT coating on the 
degradation and hESC compatibility of Mg, the choice of Mg substrates (whether pure 
Mg or Mg alloys) would not affect our ability to compare the PEDOT coated Mg 
substrates versus non-coated substrates as long as these substrates were consistent. 
Therefore, in this study, we chose to use 98% pure Mg sample, considering that it is a 
more affordable choice as compared with 99.9% pure sample that costs 50–100 times 
more. Nevertheless, we still plan to deposit PEDOT on Mg substrates with different 
purities, and on different Mg alloys to determine the best coating–substrate combination 
in the future studies. 
B.5.3 Future directions 

Clearly, the degradation rate of 5×-PEDOT-Mg is still faster than the optimal rate 
in which hESCs can survive. Thus, it is necessary to further decrease the sample 
degradation rate for future long-term studies. There are two possible ways to decrease the 
degradation rate of PEDOT-coated Mg further. One is to design new Mg alloys that have 
slower degradation rates than pure Mg as the substrates. Another is to optimize the 
PEDOT coating process to reduce the porosity and water permeability of the coating. We 
believe that the best combination of coating properties and Mg alloy substrates will be 
needed for future in vivo studies. 
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Although it is still not clear whether or how PEDOT coating would degrade in 
biological systems exactly, our results encourage further research to study PEDOT on 
Mg-based biodegradable implants and its metabolic pathway for potential clinical use. 
We speculated that PEDOT coating on Mg might release small PEDOT particles when 
Mg degraded and the released PEDOT particles might not cause any harm to local tissue 
if they were released slowly (i.e., small dosage) with small particle size. Cheng et al. 
(Cheng, Yang et al. 2012) intravenously injected PEGylated PEDOT-
polystyrenesulfonate nanoparticles of 130 nm in diameter to mice at a dosage of 10 
mg/kg and showed no apparent toxicity after 40 days, according to comprehensive blood 
tests and careful histological examination. This speculation is sound based on our 
observations and other studies reported in the literature. However, to confirm this, further 
investigations on the long-term excretion, metabolism, and toxicology of PEDOT coating 
on Mg are still needed in future studies. 

It is important to point out that this study showed promising results in using 
PEDOT coating on Mg substrates. These results encourage further studies to optimize 
PEDOT coated Mg substrates for potential neural applications. Among many possible 
neural applications, two of them are the most appealing for future studies. One is for 
potential neural tissue engineering applications and another is for neural recording and 
stimulation applications. For the purpose of neural tissue regeneration, we plan to 
differentiate hESCs to neural cells directly on the optimized coating-substrate 
combination in the future studies. For neural recording and stimulation applications, 
further long-term in vitro studies with neural stem cells, differentiated neurons, 
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astrocytes, and oligodendrocytes should be conducted. Last but not least, to advance the 
potential clinical translation of the PEDOT-Mg composites for neural applications, it is 
necessary to assess their performance in vivo using relevant animal models. 
B.6 Conclusions 

Mg substrates were successfully coated with the conductive PEDOT polymer 
using the CV electrochemical deposition method. All the PEDOT coated Mg samples 
exhibited slower degradation rates when compared with the non-coated Mg sample, 
indicating the PEDOT coatings were effective in reducing Mg degradation. The PEDOT 
coating thickness on the Mg samples increased from 31 to 78 µm as the number of CV 
cycles increased from 2 to 10. Both coating thickness and adhesion strength are crucial 
for the efficacy of PEDOT coatings for controlling Mg degradation. The 5 CV cycles was 
determined to be the best in terms of coating adhesion strength and the most effective in 
reducing Mg degradation rate, considering that the 5×-PEDOT-Mg had the best 
combination of coating thickness and adhesion strength. The Mg samples coated with the 
PEDOT at the 5 CV cycles improved the in vitro hESC viability the most and released 
the least amount of hydroxide and Mg ions. Further studies are still needed to determine 
the exact relationships between Mg degradation rate and hESC viability and to reveal the 
exact mechanisms that led to hESC death. 
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C.1 Abstract  
Magnesium (Mg) alloy is an attractive class of metallic biomaterial for 

cardiovascular applications due to its biodegradability and mechanical properties. In this 
study, we investigated the degradation in blood, thrombogenicity, and cytocompatibility 
of Magnesium-Zinc-Strontium (Mg-Zn-Sr) alloys, specifically four Mg-4 wt.% Zn-xSr (x 
= 0.15, 0.5, 1, and 1.5 wt. %) alloys, together with pure Mg control and relevant reference 
materials for cardiovascular applications. Human whole blood and platelet rich plasma 
(PRP) were used as the incubation media to investigate the degradation behavior of the 
Mg-Zn-Sr alloys. The results showed that the PRP had a greater pH increase and greater 
concentration of Mg2+ ions when compared with whole blood after 2 hours of incubation 
with the same respective Mg alloys, suggesting that the Mg alloys degraded faster in PRP 
than in whole blood. The Mg alloy with 4 wt. % Zn and 0.15 wt. % Sr (named as 
ZSr41A) was identified as the most promising alloy for cardiovascular applications, 
because it showed slower degradation and less thrombogenicity, as indicated by the lower 
concentrations of Mg2+ ions released and less thrombus formation with less deposition of 
platelets. Additionally, ZSr41A was cytocompatible with fibroblasts in direct exposure 
culture in which the cells adhered and proliferated around the samples, with no statistical 
difference in cell adhesion density compared to the blank reference without any samples. 
Future studies on the ZSr41A alloy are necessary to investigate its interactions with other 
important cells in cardiovascular system, such as vascular endothelial cells and smooth 
muscle cells. 
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C.2 Introduction 
The global biomaterial market is expected to reach a value of $58.1 billion by the 

end of 2014; the cardiovascular biomaterial market, which is considered as the dominant 
category, is estimated to reach a value of $20.7 billion and a compound annual growth 
rate of 14.5% from 2009 to 2014 (2014). Failure of current biomaterials used for 
cardiovascular stents is mainly due to thrombus formation; therefore, improving current 
or developing new biomaterials is necessary to address the problems. In the progression 
of stent development, the initial design for stents was the bare metal stent, typically made 
out of stainless steel or nickel-titanium (NiTi or Nitinol) alloys. Stainless steel provides 
great mechanical support for diseased arteries and Nitinol provides an added shape-
memory effect for self-expanding bare metallic stents; however, these materials often fail 
due to thrombosis and/or associated restenosis (Sheth, Litvack et al. 1996; Guidoin, 
Douville et al. 2004). In an effort to rectify the shortcomings of bare metallic stents, the 
metal substrates were coated with polymer and drug to develop mechanically stable drug-
eluting stents. Unfortunately, these drug-eluting stents were still associated with subacute 
and late thrombosis, and the polymer coatings often lead to issues such as vessel 
irritation, endothelial dysfunction, vessel hypersensitivity, and chronic inflammation 
(Jaganathan, Supriyanto et al. 2014). With the emergence of bioabsorbable stents, the late 
thrombosis associated with the permanence of these bare metal stents and drug-eluting 
stents can be addressed. Bioabsorbable materials that have been investigated for stent 
applications include biodegradable polymers (for example, polyesters), and 
biodegradable metallic alloys (for example, magnesium alloys). Ideally, these 
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biodegradable stents should be mechanically strong, self-expandable, and compatible 
with blood, cells, and tissues, and should be able to disappear over 6–12 months after the 
healing of blood vessel (Moravej and Mantovani 2011).  

Magnesium (Mg) and its alloys attracted significant interest for cardiovascular 
applications because (1) Mg alloys provide greater mechanical strength than polyesters 
(e.g. poly-lactic-co-glycolic-acid, PLGA); (2) the biodegradability of Mg alloys could 
eliminate the need for follow-up surgeries for implant removal; and (3) the degradation 
by-products can be naturally excreted through the kidneys. Additionally, Mg2+ ions 
(administered as magnesium sulfate) are clinically used to reduce vasospasms and act as 
a vasodilator to lower blood pressure (Ma, Liu et al. 2010). Absorbable metal stents made 
from a Mg alloy containing 2% aluminum and 1% rare earth elements (AE21) were 
evaluated in vivo in animal models and clinical trials, and the results demonstrated a 
safety profile in the body (Heublein, Rohde et al. 2003; Waksman, Pakala et al. 2006; 
Waksman, Erbel et al. 2009). However, a slower degradation was necessary to eliminate 
early recoil and improve patency rates (Waksman, Erbel et al. 2009). Thus, new Mg 
alloys with slower degradation rates are still needed to meet the requirements for vascular 
stent applications. 

The objective of this study was to investigate the degradation, thrombogenicity, 
and cytocompatibility of four compositions of Mg-Zinc-Strontium (Mg-Zn-Sr) alloys 
with blood, platelet, and fibroblast cells, respectively. Previous research showed that the 
Mg-Zn-Sr alloys had greater mechanical properties than pure Mg for biomedical 
applications (Guan, Cipriano et al. 2013). An in vitro human embryonic stem cell model 
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was previously reported for screening Mg-Zn-Sr alloys for medical applications 
(Cipriano, Zhao et al. 2013). For cardiovascular applications, it is important to study the 
interactions of the biomaterial with blood and platelet rich plasma (PRP) (Hong, Ye et al. 
2009; Kealey, Whelan et al. 2010). Whole blood consists of multiple blood cell types in 
plasma (erythrocytes, leukocytes, and thrombocytes), while PRP consists of mostly 
platelets in plasma. Incubation of the alloys, pure Mg control, and relevant reference 
materials in the whole blood was used to determine thrombus formation. Platelet 
adhesion was used as an indicator of thrombogenicity since activated platelets regulate 
the propagation of the coagulation reaction. Activated platelets release bioactive peptides 
that recruit additional platelets to the growing thrombus, expressing specific, high-affinity 
receptors for coagulation proteases, zymogens, and cofactors, and amplify the initiating 
stimulus that leads to explosive thrombin generation (Bouchard BA 2007). Fibroblast 
direct exposure culture was used to evaluate the cytocompatibility of the materials of 
interest, because fibroblast is an important cell for cytotoxicity studies and a key 
contributor to post-injury new tissue formation even though it may not necessarily be in 
direct contact with implanted cardiovascular materials or devices. 
C.3 Experimental methods 
C3.1 Preparation of the Mg alloys and controls 
  Four distinct Mg-4 wt % Zn-xSr (x = 0.15, 0.5, 1, and 1.5 wt %) alloys, 
designated as ZSr41A, ZSr41B, ZSr41C, and ZSr41D according to increasing Sr content, 
were produced through a metallurgical process described previously (Cipriano, Zhao et 
al. 2013; Guan, Cipriano et al. 2013). Commercially pure Mg (99.9%; Good Fellow, 
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Coraopolis, PA) was used as a control for the Mg alloys. Commercially available Nitinol 
(Alfa Aesar, 55.75% Ni-44.25% Ti, Ward Hill, MA) and poly(lactic-co-glycolic acid) 
(PLGA) served as reference materials, since both Nitinol and PLGA are currently used 
biomaterials for cardiovascular stents. 

Metallic samples of the ZSr41 alloys, pure Mg, and Nitinol were all cut into 5×5 
mm2 and prepared in the same manner for degradation, thrombogenicity, and 
cytocompatibility studies. Briefly, the metallic samples were all ground using 600, 800, 
and 1,200 grit silicon carbide abrasive papers (Ted Pella, Redding, CA) to remove 
surface oxides and expose the metallic surface. Each sample was then ultrasonically 
cleaned (VWR, Model 97043-036) for 30 min in acetone (Fisher Scientific, Pittsburgh, 
PA) and 30 min in 200-proof ethanol (VWR, Radnor, PA). Finally, all metallic samples 
were weighed individually to determine the initial mass (Mi), disinfected under 
ultraviolet (UV) radiation in a class II biosafety cabinet for 4 h on each side prior to the in 
vitro experiments. Samples of ZSr41A, B, C, D, and pure Mg had a thickness of 1 mm 
and Nitinol had a thickness of 250 µm. 

The PLGA control samples were prepared by first dissolving 0.167 grams of 
PLGA (50:50 LA:GA, Polyscitech, West Lafayette, IN) into 1 mL of chloroform at 40°C 
under sonication for 1 h. Once fully dissolved, the PLGA was cast into a rectangular-
shaped Teflon mold, and covered with punctured aluminum foil for solvent evaporation. 
The PLGA was initially air dried in a chemical hood at room temperature for 24 h, and 
subsequently fully dried under vacuum for 48 h. The PLGA samples were then cut into 
5×5 mm2, ultrasonically cleaned for 30 min in 200-proof ethanol, individually weighed to 
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determine initial mass (Mi), and disinfected in 70% ethanol for 20 min prior to the in 
vitro experiments. The blank reference control was prepared by cutting glass microscope 
slides (Fisher Scientific, Pittsburgh, PA) into 5×5 mm2 using a glass cutter. 
C3.3 Blood draw and incubation procedures  

Fresh human whole blood was drawn by venipuncture from healthy adult 
volunteers who reported no use of anticoagulants or other drugs two weeks prior to 
drawing. The Human Research Review Board at the University of California at Riverside 
approved the procedure prior to experiments. The blood was collected into either heparin-
coated Vacutainer® tubes for whole blood incubation or 8.5 mL acid citrate dextrose 
(ACD) Vacutainer® tubes (Becton, Dickinson, and Company, Franklin Lakes, NJ) for 
PRP extraction. ACD Vacutainer® tubes were used for PRP extraction instead of 
heparin-coated Vacutainer® tubes because heparin was previously reported to modify 
platelet function (Cazenave, Ohlmann et al. 2004). 

For the study of biomaterial-blood interactions, each sample was sterilely placed 
into each heparin-coated Vacutainer® tube containing 5 mL of whole blood. The 
Vacutainer® tubes were then placed in a tube rotator (RotoFlex Tube Rotator, Argos 
Technologies) and incubated for 2 h under standard cell culture conditions (that is, a 
sterile, 37°C with 5% CO2/95% air, humidified environment). The tubes with whole 
blood were under constant rotation at 22 RPM during the incubation period to avoid 
settling of red blood cells. 

For the study of biomaterial-PRP interactions, the PRP was extracted from fresh 
human whole blood by first centrifuging freshly drawn blood in ACD Vacutainer® tubes 
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at 250 G for 13 min at 37°C (Cazenave, Ohlmann et al. 2004). After centrifuging, 1 mL 
of the PRP supernatant was collected using a pipette and transferred into each well of the 
12-well culture plates containing the samples of ZSr41 alloys, pure Mg control, Nitinol, 
PLGA or blank reference. The plates were then put into a shaker incubator (Incu-
Shaker™ Mini, Benchmark Scientific) set to 37°C and 50 RPM, and incubated for 2 h. 

After 2 h of incubation, the samples of ZSr41 alloys and the controls were 
collected and prepared for scanning electron microscopy. Likewise, the whole blood or 
PRP solutions were collected for further analyses. 
C.3.4 Evaluation of degradation in whole blood versus PRP 

The post-incubation analyses of whole blood and PRP consisted of the 
measurements of pH and Mg2+ ion concentrations, both of which are direct indicators of 
sample degradation. The pH of the blood and PRP was measured using a pre-calibrated 
pH meter (VWR, Model SB70P). The Mg2+ ion concentrations were determined using 
inductively coupled plasma - optical emission spectrometry (ICP-OES; Optima 8000, 
PerkinElmer). Particulates and cells in the whole blood and PRP solutions were removed 
using high-speed centrifugation prior to the analysis to prevent the clogging of the 
nebulizer nozzle in the ICP-OES system. A standard curve was generated by running a 
set of MgCl2•6H2O solutions at Mg2+ ion concentrations ranging from 0.5 to 10 mg L-1 
(0.02–0.41 mM). The post-incubation blood and PRP were diluted with deionized water 
to obtain values within the range of the standard curve and reduce matrix effects during 
nebulization. All experimental samples were measured on the same day under the same 
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conditions as the standards. Mg2+ ion concentrations in the post-incubation blood or PRP 
were calculated based on the standard curves. 

A field emission scanning electron microscope (SEM; Philips XL-30) equipped 
with an energy-dispersive X-ray spectroscopy (EDS; EDAX) detector was used to 
visualize the surfaces of the ZSr41 alloys and the control samples, and determine the 
surface elemental composition after 2 h of incubation in either whole blood or PRP. 
C.3.5 Qualitative analysis of blood cell deposition 

A separate set of ZSr41 alloys and the control samples were incubated in whole 
blood for 2 h, and prepared for scanning electron microscopy to visualize blood cell 
deposition according to a procedure established previously (Cipriano, Sallee et al. 2014). 
Briefly, after the prescribed incubation period, the samples were dip-rinsed in phosphate 
buffered saline (PBS, pH 7.4) to wash away bulk blood and loosely attached cells. The 
samples were then fixed in a solution of 3% glutaraldehyde for 1 h, dip-rinsed in PBS, 
and dehydrated in a series of solutions with increasing ethanol concentration (50, 75, 90, 
2 × 100%; 10 min each). The dehydrated samples were then dried at the critical point 
using a critical point dryer (Balzers CPD0202, BAL-TECH, Liechtenstein), sputter 
coated with platinum/palladium in a Cressington 108 Auto Sputter Coater (Cressington 
Scientific Instruments, Watford, UK), and imaged using SEM. 
C.3.6 Quantitative analysis of mass change 

The mass change of the samples was quantified based on the sample mass before 
and after incubation with the whole blood for 2 hours. Following incubation, the samples 
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were dip rinsed in PBS, dried through capillary action, and individually weighed. The 
ratio of mass change was calculated as final mass (Mf) divided by initial mass (Mi). 
C.3.7 Quantitative analysis of platelet adhesion 

Fluorescence microscopy was used to quantify platelet adhesion directly onto the 
sample surfaces. Prior to incubation with the Mg alloys and controls, platelets in the PRP 
were fluorescently labeled using calcein AM (BD Biosciences, Bedford, MA) at a 
working concentration of 2 µg mL-1 according to instructions provided by the 
manufacturer. The calcein AM-labeled PRP was then added into the wells of 48-well 
plates containing the ZSr41 alloys and the control samples. The plates were wrapped in 
aluminum foil to minimize exposure to light, and then placed and incubated in an 
incubator shaker for 2 h in the dark, 37°C, and 50 RPM. After incubation, the samples 
were washed with PBS for three times in the sterile hood and visualized using a 
fluorescence microscope (Eclipse Ti; Nikon, Melville, NY) at six randomly selected 
regions on the surface of each sample. To reduce photo-bleaching, each sample was 
placed in a separate petri dish for imaging. Image J software was used to analyze the 
fluorescence images and count the number of platelets attached onto the sample surface. 
The adhesion density of the calcein AM-labeled platelets was calculated as the number of 
platelets per area in mm2. 
C.3.8 In vitro cytocompatibility of fibroblasts with the ZSr41 alloys and controls 

Mouse embryonic fibroblast (MEF) cultures were purchased from the Stem Cell 
Core facility at the University of California at Riverside. MEF cultures were maintained 
in the complete growth media, which comprised of Dulbecco's Modified Eagle Medium 
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(Sigma), 10% fetal bovine serum, sodium pyruvate, and nonessential amino acids 
(Invitrogen) in T-75 flasks under standard cell culture conditions (that is, a sterile, 37°C 
with 5% CO2/95% air, humidified environment). 

Upon reaching 80–90% confluency, the MEFs were detached from the flask 
surface using trypsin. Once the cells were detached, the complete growth media were 
added to deactivate the lysing reaction of trypsin. The cells in media were centrifuged at 
1200 rpm for 3 min, and then re-suspended in the complete growth media to remove 
trypsin. The MEFs were seeded into each well of two 12-well culture plates at a seeding 
density of 40,000 cells per cm2 (or 400 cells per mm2) and incubated under standard cell 
culture conditions for 24 h to allow the cells to attach. Subsequently, the complete growth 
media was replenished with 2 mL of fresh media, and Transwell® inserts (Product 
#3460; Corning, Union City, CA) with the ZSr41 alloy and control samples at the center 
were placed into each MEF-containing well and incubated for 24 h. After incubation, the 
samples were removed from the wells, and the MEF cultures were washed three times 
with PBS, fixed with 4% paraformaldehyde, and stained with 4′,6-Diamidino-2-
Phenylindole, dihydrocholoride (DAPI) and Alex Flour® 488 (Life Technologies, 
Carlsbad, CA). The DAPI stained for cell nuclei while Alex Flour® 488 stained for F-
actin (responsible for the mobility of cells during cell division). This direct exposure 
culture was used to make the results directly comparable with our prior study in which 
the same experimental set up was used for human embryonic stem cell culture with Mg 
alloys (Cipriano, Zhao et al. 2013). 
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At least 12 images were taken per well at different set points according to an 
imaging guide taped to the bottom of the wells. This guide was printed on a transparency 
to assure that each image would be taken at a set distance from the center of the well, 
where the samples were placed. The radius of each well in a 12-well plate is 11.35 mm. 
The images that were taken at 3.5 mm away from the center were denoted as the inner 
ring. The images that were taken at 7 mm away from the center were denoted as the outer 
ring. We created the imaging guide to distinguish the cells at the inner and outer ring, and 
to determine if cell viability or morphology would change with added distance away from 
the sample. Image J software was used to count the number of cells per unit area. The cell 
adhesion density was calculated as cells per mm2. 
C.3.9 Statistical analysis 

One-way ANOVA with Tukey's post hoc test was performed using GraphPad 
Prism version 5.03 for Windows. Values of p < 0.05 for statistical tests indicated that the 
groups of data had a statistically significant difference. All experiments were run in 
triplicate. 
C.4 Results and Discussion 
C.4.1 Mg alloy degradation in whole blood versus in PRP  

Mg degradation in whole blood and PRP resulted in the release of solubilized 
hydroxide (OH−) ions and Mg2+ ions, which led to the increase of pH and Mg2+ ion 
concentration in the media, serving as the two key indicators for degradation. Figure C.1 
shows the pH of the whole blood and PRP after incubation with the ZSr41 alloys and the 
controls for 2 h. No statistically significant difference was detected between the ZSr41 
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alloys and pure Mg control in either the whole blood or PRP, suggesting that the 
degradation of the ZSr41 alloys was not significantly different from the pure Mg control 
when using pH as an indicator for degradation behavior. As expected, the pH values of 
the whole blood and PRP incubated with the ZSr41 alloys and pure Mg samples were 
statistically higher than the Nitinol, PLGA, and blank reference. No statistically 
significant difference was detected among the Nitinol, PLGA, and blank reference. 
Interestingly, the post-incubation pH of PRP was consistently higher than that of the 
whole blood with the respective samples or controls.  

 
Figure C.1. The pH values of the whole blood and PRP after incubation with the ZSr41 alloys, pure Mg 
control, and the reference controls for 2 h. No statistically significant difference was detected between the 
ZSr41 alloys and pure Mg control in either whole blood or PRP. As expected, the ZSr41 alloys and pure 
Mg caused an increase in pH because the degradation of Mg releases hydroxide ions (OH−), as shown by 
the statistically higher pH values of the whole blood and PRP after incubation with the Mg-based samples 
(group M) as compared with the Nitinol, PLGA and blank reference (group R). The average pH value of 
PRP for each sample was significantly greater than that of whole blood with the same sample, suggesting 
that Mg degradation was faster in PRP than in whole blood and whole blood provided better pH buffering 
than PRP. Values are mean ± standard deviation, n = 3. ***p < 0.001.  

Statistically significant differences in the degradation of the ZSr41 alloys and 
pure Mg control were detected when using Mg2+ ion concentration as an indicator, as 
shown in Figure C.2. This confirmed our belief that ICP-OES measurement was much 
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more sensitive than pH measurement for comparing the degradation rates. Among all the 
Mg-based samples incubated in whole blood, ZSr41A showed the lowest mean Mg2+ ion 
concentrations (5.37 ± 1.99 mM) with statistically significant differences when compared 
with ZSr41C (8.46 ± 0.94 mM), ZSr41D (8.10 ± 3.14 mM), or pure Mg (8.17 ± 1.46 
mM), respectively. Among the ZSr41 alloys incubated in PRP, ZSr41A showed the 
lowest mean Mg2+ ion concentration (8.83 ± 0.21 mM), while ZSr41C showed the highest 
mean Mg2+ ion concentration (10.34 ± 0.05 mM). In PRP, no statistically significant 
differences were detected in Mg2+ ion concentration when comparing any of the ZSr41 
alloys with pure Mg. Despite the lack of statistically significant differences in PRP, the 
results suggested that, in average, ZSr41A degraded slower and ZSr41C degraded faster 
in whole blood and PRP. As expected, statistically greater Mg2+ ion concentrations were 
detected for the Mg-based samples when compared with the Nitinol, PLGA, and blank 
reference in both whole blood and PRP. Additionally, the Mg2+ ion concentrations in the 
whole blood and PRP incubated with the Nitinol and PLGA samples were similar to the 
blank reference, and in close agreement with average Mg2+ ion concentration values in 
human blood plasma reported in literature (0.66 ± 0.09 mM for free ionized Mg and 
0.85 ± 0.12 mM for total Mg) (Huskens, Main et al. 1997; Jahnen-Dechent and Ketteler 
2012; Iskandar, Aslani et al. 2013). Interestingly, the post-incubation Mg2+ ion 
concentrations were consistently higher in PRP with the Mg-based samples than that in 
whole blood with the same respective samples, suggesting that Mg degradation was faster 
in PRP than in whole blood. 
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Figure C.2. The Mg2+ ion concentrations in the whole blood and PRP after incubation with the ZSr41 
alloys, pure Mg control, and the reference controls for 2 h. As expected, statistically significant difference 
in the Mg2+ ion concentrations were detected between the Mg-based samples (group M) and the Nitinol, 
PLGA, and blank reference (group R), whether they were incubated in the whole blood or PRP. The 
average Mg2+ ion concentrations were greater in PRP than in whole blood for each Mg-based sample, 
suggesting that Mg degradation was faster in PRP than in whole blood. Values are mean ± standard 
deviation, n = 3. *p < 0.05, **p < 0.01, ***p < 0.001.  

The type of media used for incubating Mg-based materials affected the in vitro 
degradation behavior, as reported previously (Johnson, Perchy et al. 2011; Liu 2011; 
Johnson and Liu 2013). It is important to mention the differences in the degradation 
behavior of Mg-based samples in whole blood versus in PRP. The water content is 
significantly different in blood versus PRP, which plays a crucial role in Mg degradation. 
PRP is essentially the extraction of plasma with platelets from whole blood. Whole blood 
consists of ∼54% plasma while plasma consists of about 98% water. As shown in Figure 
C.1, each of the samples incubated in PRP caused significantly higher post-incubation pH 
than each corresponding sample incubated in the whole blood. Specifically, the pH of the 
whole blood incubated with the ZSr41 alloys or pure Mg ranged from 7.3 to 7.4, while 
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the pH of the PRP incubated with the same respective Mg-based samples ranged from 9.9 
to 10. Further analysis showed that the difference between the post-incubation pH of 
whole blood and PRP was 2.5–2.7 for respective Mg-based samples, and 1.2–1.3 for the 
Nitinol, PLGA, and blank reference. The pH difference between the Mg-based samples 
and the respective blank reference was 0.2–0.3 in whole blood and 1.6–1.7 in PRP. These 
differences suggested that Mg-based samples did induce more prominent pH increase in 
PRP than in whole blood. One possible reason was that the whole blood provided better 
pH buffering than PRP due to the presence of hemoglobin and red blood cells (Salenius 
1957; Swietach, Tiffert et al. 2010). Comparing the post-incubation pH for blank 
reference, the pH of PRP was 1.3 higher than whole blood; with Mg-based samples, 
however, the pH of PRP was 2.5–2.7 higher than whole blood. This indicated that even 
though the pH buffering effect is prominent, it might not be the sole reason. Another 
possible explanation was that the degradation of the Mg-based samples, as indicated by 
the Mg2+ ion concentrations, was slower in whole blood when compared with PRP. The 
slower degradation of Mg-based samples in whole blood versus PRP was in agreement 
with the previous reports that media composition plays a significant role on Mg 
degradation. (Johnson, Perchy et al. 2011; Liu 2011; Johnson and Liu 2013) To our 
knowledge, this study was the first to demonstrate the different effects of whole blood 
and PRP on Mg degradation. One of the main limitations of the in vitro studies on the 
degradation properties of Mg-based biomaterials is the mismatch in results when 
compared with in vivo measurements (Kirkland, Birbilis et al. 2011). The different Mg 
degradation characteristics in whole blood versus PRP might help identify one key factor 
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contributing to the mismatch, considering that whole blood closely represents the fluid 
composition in vivo and PRP more closely resembles simulated body fluid or cell culture 
media used in vitro. 
C.4.2 Surface characterization of Mg alloys and pure Mg after incubation 

Figure C.3 shows the post-incubation surface microstructure of ZSr41 alloys and 
pure Mg at a magnification of 2500×. These SEM images were used for qualitative 
comparisons of the degradation of ZSr41 alloys and pure Mg in whole blood versus PRP. 
When the Mg-based samples were exposed to the aqueous media such as blood or PRP, 
the simultaneous degradation of Mg and formation of oxides/hydroxides on the surface 
led to the formation of corrosion-induced cracks. When comparing the size and 
distribution of the surface cracks induced by degradation, the ZSr41 alloys and pure Mg 
samples incubated in whole blood showed smaller cracks compared with their respective 
counterparts incubated in PRP, indicating a slower degradation in whole blood compared 
with PRP. This observation was in agreement with the evidence that the post-incubation 
Mg2+ ion concentration was lower in whole blood compared with PRP for each respective 
Mg-based sample. Additionally, the ZSr41C sample incubated in whole blood had larger 
surface cracks compared with the other Mg-based samples, which indicated faster 
corrosion. The faster degradation of ZSr41C incubated in whole blood was also 
supported by the higher post-incubation Mg2+ ion concentration (Figure C.2). 
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Figure C.3. Scanning electron micrographs of the ZSr41 Mg alloys and pure Mg control after incubation in 
the whole blood and PRP for 2 h. Scale bar = 20 µm. Original magnification: 2500×. 
 Figure C.4 shows the surface microstructure at a higher magnification of 25,000× 
along with the surface elemental composition (in atomic %) from EDS analysis to 
compare the degradation layers formed on all Mg-based samples after incubation in 
whole blood and PRP. The SEM images showed that the surfaces of the samples 
incubated in PRP had much more nano- to submicron-scale particulates when compared 
with the samples incubated in whole blood. Additionally, post-incubation EDS analyses 
showed that the surfaces of all Mg-based samples contained Mg, oxygen (O), carbon (C), 
phosphorus (P), and sodium (Na) and potassium (K). In depth comparison of surface 
elemental composition showed that most samples incubated in PRP had a consistently 
higher amount of P compared with their counterparts incubated in whole blood. 
Stimulation or activation of platelets could result in changes in morphology and secretion 
of polyphosphate-containing platelet granules (Ruiz, Lea et al. 2004; Flaumenhaft, Dilks 
et al. 2005). Given the higher P content on the post-incubation sample surfaces in PRP, it 
is speculated that the particulates observed were platelet-secreted granules. It is also 
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possible that the particulates on the sample surfaces were microstructures of magnesium 
phosphate as reported previously (Xin, Huo et al. 2008; Johnson and Liu 2013). 

 
Figure C.4. Surface microstructure and elemental composition (in atomic %) of the ZSr41 Mg alloys and 
pure Mg control after incubation in whole blood and PRP for 2 h. Scale bar = 2 µm. Original magnification: 
25,000×. The other elements, indicated in black, are the sum of Na and K. 
 C.4.3 Blood deposition and platelet adhesion 

Whole blood and PRP have been used previously in literature to investigate the 
interactions of biomaterials with blood and relevant cells in blood (Hong, Ye et al. 2009; 
Kealey, Whelan et al. 2010). The use of whole blood and PRP in vitro was important to 
determine the effects of blood and its PRP fraction on biomaterial performance for 
cardiovascular applications. Each component in the blood may have an effect on the 
performance of biomaterials in the body, such as the material degradation rate, pH 
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change, and the ion release rate. Figure C.5 shows the scanning electron micrographs of 
the ZSr41 alloys and the controls after incubation in whole blood for 2 h.  

 
Figure C.5. Representative scanning electron micrographs of the ZSr41 Mg alloys, pure Mg control, and 
the reference controls after 2 h of incubation in whole blood. Scale bar = 20 µm. Original magnification: 
2,500×. The platelets were observed on the surfaces of all the ZSr41 alloys of interest, but the amount of 
platelets deposited was different on different surfaces based on the SEM images. Qualitatively, it appeared 
that more platelets deposited onto the surface with the larger amounts of Sr in the alloy. The pure Mg 
control showed deposition of white blood cells near the degradation products and corrosion cracks. The 
Nitinol control appeared to have a larger amount of platelets deposited, while the PLGA control appeared 
to have a larger amount of red blood cells deposited on the surface.  
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Deposition of different cell types was observed on different substrates. The platelets were 
observed on the surfaces of all the ZSr41 alloys of interest, but the amount of platelets 
deposited was different on different surfaces based on the SEM images. Qualitatively, it 
appeared that the amount of adhered platelets increased with increasing Sr content in the 
alloy. The pure Mg control showed deposition of white blood cells near the degradation 
products and corrosion cracks. The Nitinol control appeared to have a larger amount of 
platelets deposited, while the PLGA control appeared to have a larger amount of red 
blood cells deposited on the surface. 

SEM images provided some qualitative information on blood-biomaterial 
interactions, and it is important to quantify the platelet adhesion since thrombosis 
continues to be a major limiting factor for vascular stent materials. Platelet adhesion is a 
key indicator for thrombogenicity because platelet aggregation occurs immediately after 
vessel injury to recruit inflammatory cells. Thus, the adhesion density of the calcein AM-
labeled platelets on the surfaces of ZSr41 alloys and the controls was quantified after 2 h 
of incubation in PRP, as shown in Figure C.6. Among the ZSr41 alloys, ZSr41A had the 
lowest platelets deposited at an average density of 60 ± 23 platelets/mm2, while ZSr41C 
had the largest number of platelets deposited on the surface at an average density of 
150 ± 24 platelets per mm2. ZSr41A showed significantly lower platelet adhesion density 
than all the other ZSr41 alloys. The platelet adhesion density results correlated with the 
material degradation; generally, platelet adhesion density increased with increasing 
degradation rate. Moreover, the average adhesion density of platelets was similar on the 
ZSr41A (60 ± 23 platelets per mm2) and pure Mg (54 ± 36 platelets per mm2) samples 
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without statistically significant difference. Statistically significant differences were 
detected when comparing ZSr41B (112 ± 30 platelets per mm2), ZSr41C (150 ± 24 
platelets per mm2), and ZSr41D (126 ± 63 platelets per mm2) respectively with Pure Mg. 
ZSr41B, ZSr41C, and ZSr41D also showed significantly greater platelet adhesion density 
when compared with Nitinol (50 ± 12 platelets per mm2). Furthermore, comparison of the 
platelet adhesion density on the pure Mg control and Nitinol showed no statistically 
significant difference. Interestingly, the PLGA showed significantly higher platelet 
adhesion density (much greater than 600 platelets per mm2), as compared with all the 
other samples investigated.  

 Figure C.6. Adhesion density of the Calcein AM labeled platelets on the ZSr41 alloys, pure Mg control, 
and the reference controls after 2 h of incubation in PRP. The number of platelets adhered onto the PLGA 
was too numerous to count because the values were much greater than 600 platelets/mm2, beyond the range 
of this figure (as shown with the zigzagged end of the bar). Values are mean ± standard deviation, n = 3. 
**p < 0.01, ***p < 0.001. 
 Mass loss is induced by dissolution of soluble Mg degradation products (that is, 
Mg2+ ions); and mass gain is caused by precipitation of insoluble degradation products, 
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deposition of organic content and inorganic salts from whole blood. Therefore, the mass 
change of the ZSr41 alloys and the controls (final mass/initial mass) reported in Figure 
C.7A represents an integration of all these events when incubated in whole blood for 2 
hours. While no statistical difference was detected among the four ZSr41 alloys and pure 
Mg, the ZSr41C showed the highest mass change ratio of 1.048 ± 0.024 that was 
statistically greater than the Nitinol (1.009 ± 0.004). Since the ZSr41C also showed a 
greater Mg2+ ion concentration in whole blood in Figure C.2, the higher mass gain of the 
ZSr41C indicated greater deposition of organic content (for example, thrombus) and 
inorganic salts. To elucidate this, we calculated the total deposition of organic and 
inorganic content on the samples using this equation: [total deposited mass per unit 
surface area] = [final Mass + dissolved mass – initial mass]/[sample surface area], as 
plotted in Figure C.7B. We subtracted the baseline Mg2+ ion concentration in the whole 
blood from the Mg2+ ion concentrations measured for each Mg-based sample to calculate 
the dissolved mass of each sample. The dissolved mass was considered as zero for 
Nitinol and PLGA since Nitinol is not biodegradable and the degradation of PLGA in 2 h 
of incubation is negligible. Figure C.7B confirmed that the total deposition of organic and 
inorganic content on the ZSr41C alloy was the highest among the four ZSr41 alloys with 
statistical significance. Total deposition of organic and inorganic content on all Mg-based 
samples showed no statistically significant difference when compared with PLGA. The 
ZSr41 alloys showed significantly greater deposition when compared with Nitinol. In 
average, ZSr41A showed the least deposition among all Mg-based samples.  



 248

  Figure C.7. Sample mass change after 2 h of incubation in whole blood. A) The mass change ratio 
(Mf/Mi = Final mass/Initial mass) of the ZSr41 alloys, pure Mg control, and the reference controls before 
and after incubation in the whole blood for 2 h. B) Total deposition of organic and inorganic content on the 
ZSr41 alloys, pure Mg control, and the reference controls. Values are mean ± standard deviation, n = 3. *p 
< 0.05, **p < 0.01. 
 Collectively, the results of degradation and thrombogenic behaviors indicated that 
the ZSr41A alloy degraded slower and exhibited less thrombogenicity, and should be 
further studied for vascular stent applications. Moreover, the ZSr41 alloys could provide 
greater and tunable mechanical properties, particularly to meet the deployment and radial 
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strength requirements for stent application, while pure Mg could not (Guan, Cipriano et 
al. 2013). Specifically, ZSr41 alloys could yield ∼13% elongation (an indicator for 
ductility) after aging treatment, while pure Mg only could reach the maximum 10%. The 
ductility of as-cast ZSr41 alloys and pure Mg both started at 5% elongation. This is an 
important factor to consider since the deployment of cardiovascular stents typically 
requires 12–15% elongation. Additionally, it is noteworthy that the ZSr41C alloy 
degraded faster, attracted more platelet adhesion, and showed more deposition of organic 
and inorganic content from blood, suggesting that the ZSr41C alloy was not a desired 
candidate for vascular stent applications. However, the ZSr41C alloy could be an 
attractive material for neurovascular embolization coils intended for brain aneurysm 
treatment. More platelet adhesion and more deposition of organic and inorganic content 
are generally regarded as desirable for mesenchyme tissue formation in aneurysms, 
preventing aneurysm rupture and associated stroke. Therefore, the ZSr41C alloy should 
be further studied for neurovascular embolization applications, as a new promising 
bioresorbable material, which may lead to better aneurysm treatment than current non-
degradable platinum-based coils.  
C.4.4 Cytocompatibility with fibroblasts in vitro 

Fluorescence images of the fibroblasts after 24 h of incubation with the ZSr41 
alloys, pure Mg control, and the references are shown in Figure C.8. A qualitative 
assessment of the fluorescence images showed that MEFs adhered and proliferated after 
24 h of culture with the ZSr41 alloys or controls.  
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 Figure C.8.  Representative fluorescence images of the fibroblasts at the inner ring after 24 h of incubation 
with the ZSr41 alloys, pure Mg control, and the reference controls. DAPI (blue) stained for cell nuclei and 
Alexa Fluor® 488 (green) stained for F-actin. Scale bar = 100 µm. 
 Quantification of adhered MEFs at the inner ring (3.5 mm away from the center) 
and outer ring (7 mm away from the center) of the culture well is shown in Figure C.9. At 
the inner ring, the ZSr41A showed slightly lower fibroblast adhesion density than the 
Nitinol and PLGA; and ZSr41C showed slightly lower fibroblast adhesion density than 
the PLGA, with statistical significance. At the outer ring, no statistically significant 
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differences were found for any of the groups. Despite the lower cell density at the inner 
ring for ZSr41A and ZSr41C than PLGA, the ZSr41 alloys and pure Mg were still 
considered cytocompatible with the fibroblasts in vitro, since no statistically significant 
differences were found when compared with the blank reference. When comparing the 
cell adhesion density at the inner ring versus the outer ring for each sample type, the 
ZSr41A, ZSr41B, and ZSr41C showed greater cell adhesion density at the outer ring than 
at the inner ring with statistical significance, while the rest of samples did not show any 
statistically significant differences. The distance away from the sample did affect cell 
adhesion, possibly due to the degradation-induced chemical gradient.  

The choice of cell type and experimental methodology for in vitro studies 
certainly affected the cytocompatibility results. Previous in vitro cytocompatibility 
studies of the ZSr41 alloys with the more sensitive human embryonic stem cell (hESC) 
model showed more distinction in cytocompatibility. In the study with hESCs, the 
ZSr41A alloy had a better cytocompatibility than ZSr41B-D alloys because the ZSr41A 
was the only alloy that showed the presence of viable hESCs at the end of the 72-h 
culture (Cipriano, Zhao et al. 2013). In another in vitro study on the cytotoxicity of binary 
Mg-Zn alloy extracts using the indirect culture method (that is, ISO 10993), the Mg-Zn 
alloy extracts did not show negative effects on the viability of blood vessel related cells 
(that is, fibroblasts, endothelial cells, and smooth muscle cells) (Gu, Zheng et al. 2009). 
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Figure C.9. Fibroblast adhesion density (cells per mm2) after 24 h of direct exposure culture with the 
ZSr41 alloys, pure Mg control, Nitinol, PLGA, and blank reference. A) Quantification of fibroblast 
adhesion density at the inner and outer rings. B) Schematic of the culture well and the sample. C) 
Photograph of the culture well, the sample, and the image guide. Each sample was placed in the center of a 
transwell® that was inserted into each culture well. Inner ring was 3.5 mm away from the center. Outer 
ring was 7 mm away from the center. Values are mean ± standard deviation; n = 9 × 3 = 27 for the inner 
ring and n = 4 × 3 = 12 for the outer ring. *p < 0.05, **p < 0.01, ***p < 0.001. 



 253

The ideal cardiovascular stent material should promote endothelialization with 
minimal neointimal hyperplasia. In the future studies, therefore, it is important to 
investigate the interactions of the promising ZSr41A alloy with the cells involved in 
endothelialization, such as vascular smooth muscle cells, endothelial cells, and 
circulating endothelial progenitor cells, in order to determine the potential of ZSr41A for 
cardiovascular stent applications. As pointed out earlier, the ZSr41C alloy could be a 
potential candidate for endovascular coil applications, considering that it showed greater 
platelet adhesion and deposition of organic and inorganic content. 
 C.5 Conclusions 

This article reported in vitro degradation of four Mg-4Zn-xSr (x = 0.15, 0.5, 1, 1.5 
wt %; ZSr41A-D, respectively) alloys in human whole blood and PRP, and their 
thrombogenicity and cytocompatibility. Mg-based materials degraded slower in whole 
blood than in PRP in average, based on the extent of pH increase, the quantity of Mg2+ 
ions released, and surface characterization. Specifically, the Mg-4Zn-0.15Sr (ZSr41A) 
alloy showed the slowest degradation when compared with the other ZSr41 alloys 
investigated. The ZSr41A alloy also showed less thrombogenicity, as indicated by less 
platelet adhesion. The ZSr41 alloys were cytocompatible since the fibroblasts cultured 
with direct exposure to the ZSr41 alloys for 24 h showed no significant reduction in 
adhesion density when compared with the blank reference. Despite the lack of 
statistically significant differences in the degradation and thrombogenic characteristics of 
ZSr41A compared with the commercially pure Mg control, the ZSr41A alloy can provide 
superior mechanical properties (Guan, Cipriano et al. 2013) needed to meet the 
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requirements for vascular stent applications. Future studies are necessary to investigate 
the interactions of ZSr41 alloys with other important cells in human vascular system, 
such as vascular endothelial cells and smooth muscle cells. 
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