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Cellulosic ethanol production from lignocellulosic biomass offers a sustainable solution for transition
from fossil based fuels to renewable alternatives. However, a few long-standing technical challenges
remain to be addressed in the development of an economically viable fermentation process from
lignocellulose. Such challenges include the needs to improve yeast tolerance to toxic inhibitory
compounds and to achieve high fermentation efficiency with minimum detoxification steps after a
simple biomass pretreatment. Here we report an in-situ detoxification strategy by PEG exo-protection
of an industrial dry yeast (starch-base). The exo-protected yeast cells displayed remarkably boosted
vitality with high tolerance to toxic inhibitory compounds, and with largely improved ethanol
productivity from crude hydrolysate derived from a pretreated lignocellulose. The PEG chemical exo-
protection makes the industrial S. cerevisiae yeast directly applicable for the production of cellulosic
ethanol with substantially improved productivity and yield, without of the need to use genetically
modified microorganisms.

Cellulosic ethanol from lignocellulosic biomass through biological fermentation has been recognized as a sus-
tainable transportation fuel due to the most abundant carbohydrate content of the broadly distributed non-food
feedstock!. Very high gravity (VHG) fermentation, referring to the fermentation of high sugar concentrations,
offers the advantages of improved overall ethanol productivity (producing ethanol in 10-15vol%), reduced
capital cost, and reduced energy input compared to processes at normal gravity*. This technology represents
a major progress toward cost-competitive production of cellulosic ethanol. With lignocellulosic biomass as the
feedstock, a pretreatment process is typically necessary to generate monomeric sugars from the polysaccharide
components of the biomass for the subsequent fermentation process. However, typical pretreatment processes of
lignocellulosic materials inevitably generate degradation compounds, e. g., acetic and formic acids, furfural, and
5-hydroxymethylfurfural (HMF) and phenolic compounds®~’. The residue of these compounds often exists in fer-
mentation broth and functions as toxic inhibitors®-!°. To achieve fermentable sugars in a high-concentration for
VHG fermentation, the biomass loading ratio during pretreatment must be increased to a considerably high level,
which typically results in high concentrations of inhibitors in the fermentation broth. These inhibitors often sig-
nificantly reduce the rates of yeast metabolism and the final ethanol titers in the subsequent fermentation step' 2
The detrimental effect of the inhibitors remains one of the major barriers to the development of an economically
viable process for cellulosic ethanol production!*-1>.

To overcome the issues related to the inhibitory compounds in the lignocellulosic hydrolysates, some tech-
niques on detoxifying the hydrolysates by removing the toxic chemical residues have been reported, includ-
ing physical (evaporation and membrane separation), chemical (over-liming, activated charcoal treatment, ion
exchange, neutralization and organic solvent extraction), biological (treatment with laccase or peroxidase)!®-22,
However, these additional detoxification steps increase the overall costs due not only to the capital and chemical
costs, but also to the loss of sugars?.

To reduce the cost associated with the detoxification steps, one potential solution is to develop fermentation
microorganisms that are more tolerant to high concentrations of inhibitors in the lignocellulosic hydrolysates.
The recent U.S. Department of Energy’s research roadmap?* highlighted a number of challenging targets, includ-
ing increasing the tolerance of microorganisms to inhibitors present in hydrolysates. Strategies such as yeast
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Figure 1. Inhibition of phenol on ethanol production from glucose. (a) Profiles of glucose consumption and
ethanol productivity during glucose fermentation process. (b) Yeast cell viability from glucose fermentation
processes. Fermentation conditions: 398 g/L glucose, 2.0 g/L of phenol, approximately 5.0 x 10° cells/mL, 0.25g/mL
of PEG-1000, 33°C, 160 rpm, and pH of 4.3.

adaptive evolution*>?, genetic engineering®, and evolution engineering?®** have been used to develop more tol-

erant strains with improved fermentation capability for lignocellulosic hydrolysates without extra detoxification
steps. Although attractive in this respect, the performance of laboratory strain is generally weak under the harsh
conditions found in industrial fermentations. Moreover, the use of recombinant yeast strains increases produc-
tion costs as well as biological risks*.

Our previous study®! showed that fully water-soluble polyethylene glycol (PEG) boosts the ethanol fermenta-
tion performance of industrial dry yeast (starch-base) cells in VHG media. The PEGs improved the vitality of the
yeast cells under high glucose and ethanol concentrations in the absence of toxic compounds.

In this work, the addition of PEGs to a lignocellulosic hydrolysate fermentation broth was found to induce
a highly favourable effect in vitalizing the yeast cells, resulting in substantially enhanced cell tolerance to toxic
inhibitory compounds and largely improved ethanol productivity. To the best of our knowledge, the capability
of PEGs to protect yeast cells from the toxicity of the inhibitors in lignocellulosic hydrolysates for ethanol pro-
duction has not been reported. In terms of ethanol production from lignocellulosic feedstock, this finding leads
a new strategy that offers three major potential economic benefits. First, it removes extra steps to detoxify the
lignocellulosic hydrolysate by purifying the sugar solutions. Second, industrial dry yeast (starch-base) can now
be used because the performance of the yeast cells exo-protected by PEGs becomes unabated in the presence of
toxic inhibitors. Third, the fermentation process can now be applied for ethanol production from a lignocellulosic
biomass simply after a low cost hydrolysis combined with steam explosion. A poplar sample is used in this work
to demonstrate high ethanol productivity without additional detoxification steps following hydrolysis and steam
explosion pretreatment.

Results

Toxicities of phenol, guaiacol, furfural, levulinic acid, HMF and vanillin on ethanol produc-
tion. In order to assess the effect of the major types of toxic compounds present in the lignocellulosic hydro-
lysate on ethanol production, the individual inhibitory potencies of phenol, guaiacol, furfural, levulinic acid,
HMEF and vanillin (2.0 g/L) on the fermentation of glucose at a high concentration were evaluated by comparing
the results with that of the control in batch fermentation. Sugar solution without an inhibitor was used as control.
The results in Supplementary Figure S1 show that phenol and guaiacol severely inhibited ethanol production
during the 72h fermentation period at the concentration of 2 g/L or higher*>*. It is noted that phenol, guaiacol,
vanillin, levulinic acid, furfural, and HMF each at 2.0 g/L decreased the concentration of produced ethanol by 59,
41,13, 0, 15 and 8 g/L, respectively. The higher toxicity of phenol and guaiacol than that of furfural, HME, vanillin
or levulinic acid to the yeast in the fermentation is consistent with the literature'2.

Inhibition of phenol on the ethanol production from glucose. Results in Supplementary Figure S1
show that phenol has the strongest inhibition on ethanol production. Therefore, we first investigated the inhibi-
tion of phenol on the ethanol production from glucose in great details. Figure 1a shows the ethanol and glucose
concentration profiles observed during glucose fermentation. Phenol drastically inhibited ethanol productivity
and glucose consumption during the 96 h fermentation period compared to the control, producing 111 g/L of
ethanol as compared to 158 g/L of ethanol in the control. However, when the same fermentation broth was added
with 0.25 g/mL of PEG-1000, the ethanol productivity and glucose consumption were pronouncedly improved
and became comparable to that without phenol inhibitor (control) after 48 h. The results indicate that the VHG
fermentation in the presence of inhibiting phenol was much improved by PEG-1000.

Based on the data presented in Fig. 1a, we hypothesized that yeast cell viability is critically correlated with the
ethanol yield. Therefore, we measured* the yeast cell viabilities of the different compositions as shown in Fig. 1b.
The presence of 2.0 g/L phenol resulted in only 24% yeast cell viability, much lower than the 39% viability for the
control after 48 h fermentation period. When the same fermentation broth was added 0.25 g/mL of PEG-1000, the
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Figure 2. The effect of PEG-1000 during fermentation at different phenol concentrations. (a) Correlation
between ethanol concentration and phenol concentration. (b) Correlation between glucose concentration and
phenol concentration. Fermentation conditions: 398 g/L glucose, approximately 5.0 x 108 cells/mL, 0.25 g/mL of
PEG-1000, 33°C, 72 h, 160 rpm, and pH of 4.3.

yeast cell viability was remarkably increased to 58%, even higher than that of the control, after 48 h. In addition to
detoxifying phenol in the lignocellulosic hydrolysate, PEGs also protected the industrial dry yeast (starch-base)
cells under high ethanol concentration. As reported in the VHG fermentation®!, the vitality of the yeast cells and
their tolerance to high ethanol titer were boosted when PEG-1000 was present in the fermentation broth.

The effect of PEG-1000 on the ethanol production at different phenol concentrations. To
determine the detoxification efficacy of PEG-1000, the inhibitory effect of different phenol concentration
(between 0-5.0 g/L) on the ethanol production from glucose was further quantitatively determined for 72 h fer-
mentation (Supplementary Fig. $3). Higher concentration of phenol (5.0 g/L) resulted in almost complete inhi-
bition of ethanol production; the produced ethanol only reached a marginal concentration of 10 g/L as compared
to 158 g/L for the control. However, when 0.25 g/mL of PEG-1000 was added to the same fermentation broth, the
ethanol concentration was dramatically increased from 10 g/L to 135g/L, with 114 g/L of glucose unconverted in
the fermentation broth. While a low concentration of phenol (1.0 g/L) also inhibited ethanol production (141 g/L
of ethanol), PEG-1000 addition increased the ethanol concentration to 172 g/L with only 1.0 g/L of unconverted
glucose. A linear correlation was observed between phenol concentration (x) and ethanol concentration (y)
at phenol concentration range of 1.0-5.0g/L (Fig. 2a) with or without PEG-1000. The ethanol concentration
decreases with increasing phenol concentration. The different slopes, —32.2 without PEG-1000 and —9.06 with
PEG-1000 indicate that the inhibition of phenol to ethanol production was significantly alleviated by the presence
of PEG-1000. The inversely proportional relationship between phenol and unconverted glucose concentration
illustrated in Fig. 2b also shows the beneficial effect of the supplementation of PEG-1000 that improved glucose
conversion (Supplementary Fig. S3) during glucose fermentation. However, glucose in the medium was increased
at high phenol level. One solution to this problem is to optimize the ratio of PEGs loading to the inhibitor’s con-
centration. It should be noted that this part of study is based on an artificially high concentration of phenol model
compound. In some real biomass hydrolysates, as in the pretreated poplar sample reported in this work below, the
phenol concentration could be considerably lower.

The effect of PEG-1000 during fermentation in the presence of mixed inhibitors. The speciation
and concentration of inhibitors may vary depending on the types of biomass and also on pretreatment processes
and conditions. Different inhibiting molecules have been shown to reduce yeast cell growth and ethanol pro-
duction®. To determine the reciprocal effect of the mixed inhibitors, the inhibitory effect of a combination of six
inhibitors (phenol, guaiacol, vanillin, levulinic acid, furfural and HMF) on ethanol production from glucose was
evaluated (Fig. 3). The fermentation activity of the yeast was inhibited with increasing inhibitor’s concentrations,
as evidenced by the reduced glucose conversion and the ethanol productivity expressed in concentration (Fig. 3
and Supplementary Fig. S$4).

Another important observation is that the decrease in glucose conversion and ethanol productivity due to the
mixed inhibitors are not linearly dependent on the inhibitor concentration (Supplementary Fig. S4). The ethanol
concentration produced in the presence of 0, 1.0 and 2.0 g/L each of the mixed inhibitors are 158, 93, and 12 g/L,
respectively (Fig. 3). Evidently, the higher inhibitor concentration resulted in more pronounced decrease in the
ethanol productivity. The decrease in glucose conversion follows the same trend. Importantly, the combination
of the six inhibitors (2 g/L each) showed reciprocal inhibition on ethanol production, by causing 146 g/L decrease
in the ethanol concentration, compared to the decrease of 128 g/L expected from the sum of the individual com-
pounds (Supplementary Fig. S1). This observation may be ascribed to the inhibitor reciprocal effect. The recip-
rocal effect and the loading effect of the mixed inhibitors, typically exist in lignocellulosic hydrolysate, can be
expected to cause severe inhibition to the yeast fermentation performance.
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Figure 3. The effect of PEG-1000 on glucose fermentation at different concentrations of mixed inhibitors.
Fermentation conditions: 398 g/L glucose, approximately 5.0 x 108 cells/mL, 0.25 g/mL of PEG-1000, 33°C, 72h,
160 rpm, and pH of 4.3.
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Figure 4. The effect of PEG-1000 during ethanol production from low glucose concentration in the
presence of mixed inhibitors. 72 g/L glucose, 2.0 g/L each of mixed inhibitors, 0.2 g/mL of PEG-1000, 33 °C,
48h, 160 rpm, and pH of 4.3.

When 0.25 g/mL of PEG-1000 was added the same fermentation broth (Fig. 3), the ethanol concentration was
increased from 93 g/L to 147 g/L under 1.0 g/L each of the inhibitors. The robustness of the fermentation system
was further demonstrated by the production of ethanol even when the inhibitor concentration was increased up
to 5.0 g/L each; the fermentability was improved under in-situ detoxification by PEG-1000.

The effect of PEG-1000 during ethanol production from low glucose concentration in the pres-
ence of mixed inhibitors. Inlight of the strikingly positive results achieved from the supplementation of
PEG-1000 in the fermentation broth, we moved to verify this chemical in-situ detoxification strategy for the fer-
mentation of a lignocellulosic hydrolysate to produce ethanol. It should be noted that VHG fermentation process
is not yet directly applicable to the hydrolysate derived from lignocellulose due to pretreatment limitations to pro-
duce high sugar concentration from a whole biomass. In real lignocellulosic hydrolysate, the glucose concentration
would be much lower than that used in high gravity fermentation. We therefore further evaluated simulated lower
glucose concentration to establish the baseline of ethanol production in the presence of 2.0 g/L of mixed inhibi-
tors. Fermentation was evidently inhibited when the yeast cell concentration is lower than 1.6 x 108/ml (Fig. 4 and
Supplementary Fig. S5). The ethanol and glucose concentrations became comparable with the control (Fig. 4),
even at the yeast cell concentration lower than 0.8 x 107/mL due to the supplementation of PEG-1000 in the fer-
mentation broth. The presence of PEG-1000 again resulted in dramatically enhanced ethanol productivity. The
inhibition by 2.0 g/L of inhibitors was nearly fully lifted by increasing the yeast cell concentration to 2.4 x 10% /mL.

Effect of different PEGs in molecular weight on batch ethanol fermentation was investigated. Five PEGs were
evaluated in this work (Supplementary Fig. S6). When PEGs molecular weight is higher than 400, the glucose
conversion, ethanol yield and concentration reached a maximum. In this study, PEG-1000 was chosen and stud-
ied in greater detail as the appropriate additive in improving fermentation productivity.

We also investigated the relationship between PEG concentration and the fermentation efficiency in glucose
fermentation process with 2.0 g/L reach of mixed inhibitors. The ethanol concentration increases gradually with
the increase in PEG-1000 concentration. As the concentration of PEG-1000 reached 0.20 g/mL, 32.0 g/L of ethanol
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UT-poplar® H&E-poplar®
Glucan /% 42.34 50.40
Xylan /% 15.23 273
Lignin/% 25.40 34.72
Ash/% 0.47 0.48
HMF/% nd 0.23
Acetic acid/% nd 1.08
Phenol / % nd 0.01

Table 1. The compositions of untreated and H&E pretreated poplar. *UT-Poplar: untreated poplar. "(H&E-
poplar: steam hydrolyzed and exploded poplar. “nd: not detected.
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Figure 5. The simultaneous saccharification and co-fermentation (SSCF) of H&E-poplar. Conditions: 33 °C,
24h pre-hydrolysis at pH 4.8 and 12.5% DW loading (see experimental), 30FPU/g dry DW, approximately
0.8 x 108 cells/mL, 72 h, 160 rpm.

(86% of ethanol yield) was obtained and no residual sugars remained in the fermentation broth (Supplementary
Fig. S7). These results served as the basis for an appropriate PEGs concentration.

Integrated recycle process for yeast, PEGs and H,SO,. In order to improve the process economics
and reduce wastewater disposal, we further studied the separation of inhibitors, and the recovery and reuse of the
PEGs. An integrated recycle process for yeast, PEG-1000 and H,SO, was developed (Supplementary Fig. S8). In
the experiments, fresh yeast cells were supplemented in late cycles for complete glucose-to-ethanol conversion.
The yeast cells were first recovered by centrifugation. The PEG-1000 and H,SO, were recycled after removing eth-
anol and water by distillation and removing inhibitors by extraction from the crude PEG mixture. The living cells
and PEG-1000 were recycled for use in subsequent fermentation process. Fresh yeast cells were supplemented in
cycles 1-3 with the amount pre-determined based on the death rate of cells (55%, 77%, 77%, respectivily) accord-
ing to the results in Supplementary Fig. S9. There was no obvious change in glucose conversion, ethanol yield and
concentration from the four repeated uses of the initially loaded PEG-1000 and H,SO,.

Simultaneous saccharfication and co-fermentation (SSCF) of H&E-poplar. In order to confirm
the potential in-situ detoxification by PEGs for the conversion of a real world feedstock, we investigated the
conversion of a mildly pretreated lignocellulose by combining enzymatic saccharification and simultaneous
co-fermentation (SSCF) using a starch-base industrial S. cerevisiae yeast. As a firm demonstration, ethanol pro-
duction from a poplar after steam hydrolysis and explosion (H&E) was carried out through the SSCF process
(Supplementary Fig. S10). It should be noted that the steam hydrolysis step was also intended to extract xylose
sugar from hemicellulose under a mild condition which was in sufficient quality to produce furfural. This hydrol-
ysis resulted in the efficient removal of xylan as indicated by Table 1. While the concentrations of phenol, HMF,
and acetic acid are low in the H&E poplar, the lignin and cellulose contents are preserved from the pretreatment,
showing as an increased content due to the removal of hemicellulose (Table 1).

It was observed that the glucose concentration from the enzymatic hydrolysis was sufficiently high from
the H&E poplar (Fig. 5). However, while the unconverted glucose concentration was at 30.5g/L, only 7.0g/L
of ethanol was obtained without PEGs. Remarkably, increasing amount of glucose was converted to ethanol
with increased PEG-1000 loading in the SSCF system. A most notable change occurred at PEG-1000 loading
of 0.125 g/mL. It is apparent that enzymatic hydrolysis of the H&E poplar to glucose was not a rate limiting
step for the production of ethanol. The fermentation appeared inhibited by the presence of lignin as evidenced
by the high unconverted glucose concentration (30.5g/ L). The results indicate that the lignin toxicity prevails
in the fermentation step of the SSCF process. Addition of PEG-1000 evidently alleviated the lignin toxicity in
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Figure 6. 'H NMR spectra of phenol in PEGs. (a) 'H NMR spectra of the hydroxyl group of phenol, with and
without PEGs, in CDCl,. (b) Partial "H NMR spectra of phenyl ring, with and without PEGs, in CDCl,.

fermentation. A pH of 4.8 is used in this SSCF process as it is most suited for the enzymatic saccharification and
is within the optimal performance range of the yeast. The ethanol concentration increases and glucose concen-
tration decreases concurrently as the PEG-1000 concentration increase. A maximum ethanol concentration of
24.0 g/L was achieved with only 0.4 g/L of glucose remained. In the presence of PEG-1000, ethanol productivity
was enhanced by 3 fold as compared to that in the absence of PEGs in the fermentation broth. The results there-
fore demonstrate that it is feasible to directly process a real world lignocellulose through enzymatic sacchari-
fication and simultaneous co-fermentation without excessive detoxification steps prior to fermentation in the
presence of the fully water soluble PEGs.

Mechanistic study on the role of PEGs for in-situ detoxification. One hypothesis on the in-situ
detoxification mechanism was the in situ adsorption of inhibitor molecules by PEGs. The PEG molecules could
form a protective shell around the surface of the cells. In this hypothesis, the PEGs may shield the yeast cells from
being attacked by the inhibitor molecules. Therefore, the interaction of PEGs with phenol, the most potent inhib-
itor molecule, was investigated by "H NMR spectroscopic measurement of phenol dissolved in PEGs of different
chain lengths, using that of phenol in CHCI; as a reference (Fig. 6). It was found that the chemical shift of proton
in phenol hydroxyl group moved to the low field, and proton peak broadened and disappeared as the molecular
weight of PEGs was increased. Conversely, the chemical shifts of the three types of protons in the phenyl ring
moved to the high field. The NMR results clearly indicate that there is a strong hydrogen bonding interaction of
the proton of phenol hydroxyl group with PEGs, most likely with the ether oxygens. Experimentally, we found
PEG-200 was a less effective detoxification agent compared to PEG-400 or higher. Remarkably, the broadened
'H NMR peak is consistent with the fact that PEG-200 does not effectively shield the phenolic protons from the
yeast cells. Furthermore, the 'H NMR results of PEG-400 and PEG-1000 support our hypothesis for a strong
interaction between the higher PEGs and phenolic protons, resulting in the increased yeast cells tolerance and
ethanol productivity, in good agreement with the above fermentation results (Supplementary Fig. S6). The for-
mation of the hydrogen bonding reduces the electron cloud density around the nucleus of H atom of phenol
hydroxyl group; the chemical shift was significantly increased due to the de-shielding effect. Due to the new
hydrogen bonding formation with the oxygens in the PEGs, the hydroxyl H-O bonding in the phenol becomes
weaker, leading to an increase in the electron cloud density of phenyl ring, and consequently the up-field chemical
shift of the phenyl ring protons.

Discussion

Cellulosic ethanol is a sustainable renewable bio-fuel because it helps greatly reduce the net greenhouse gas emis-
sions. To enable an industrial process for ethanol production, various methods have been extensively studied that
mainly focused on removing inhibitors from fermentation broth and on improving tolerance of microorganisms
to the toxic inhibitors'*-1%.

Several strategies on detoxification of lignocellulosic hydrolysates have been reported. A recent study showed
that a non-toxic surfactant (L62D and L62LF) based cloud point extraction (CPE) two-phase system preferen-
tially extracted over 90% of phenolic compounds, and less than 20% of acetic acid and HMF inhibitors from a
model hydrolysate®. This and other reported methods carry limitations including specific affinities of detoxifying
agent, sugar loss, and additional filtration steps'®-22.

As described in the Introduction, the use of recombinant yeast strains improves fermentability of lignocellu-
losic hydrolysate and avoids loss of sugars. However, longer incubation times and complex incubation process of
recombinant yeast strains increase production costs and biological risk*”. The adaptation of the laboratory strain
to the very harsh industrial fermentation conditions has not been reported. The fermentation processes under
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harsh industrial environmental conditions, especially using lignocellulosic hydrolysates, require strains that are
robust, and have the ability to adjust rapidly their metabolism to adapt to a specific environment over a long
time®. Saccharomyces cerevisiae industrial strain has been widely used in commercial fermentation of ethanol
from sugars and starch sources®, but this yeast has not been adapted to fermentation in the presence of toxic
compounds derived from the lignocellulose pretreatment process.

In this study, we successfully demonstrated the feasibility of (1) fermenting high gravity sugars in the presence
of high concentrations of toxic inhibitors, and (2) directly fermenting a lignocellulosic hydrolysate derived from
mildly pretreated biomass by industrial yeast (starch-base) cells without extra detoxication steps. By PEG in-situ
detoxification, high fermentation efficiency and ethanol productivity are achieved. The PEGs are shown to effec-
tively improve the yeast cell performance to produce ethanol in high productivity in the presence of known toxic
inhibitory compounds, including lignin. Importantly, an industrial S. Cerevisiae, which has been widely used
for ethanol production from starch sugars in commercial processes, showed robust performance enabled by the
presence of PEGs. The potential economic benefits of PEGs can be achieved by the elimination of additional steps
to detoxify the hydrolysate after mild pretreatment with minimal loss of carbohydrates.

PEGs and yeast cell loss can have a significant impact on the economics. Therefore, an integrated recycle
process for yeast, PEG-1000 and H,SO, was designed and successfully demonstrated in this work. The recov-
ered living cells and PEG-1000 with H,SO, were reusable for the subsequent fermentations. The above results
(Supplementary Fig. S6) show that PEGs in different molecular weights have similar performance. Therefore,
PEG-1000 was chosen to study recycle process detail for yeast, PEGs and H,SO,. Overall, in addition to efficient
fermentation performance of the industrially available yeast under in-situ the detoxification by PEGs, the overall
cost for the production of cellulosic ethanol can also be further reduced due to the technical feasibility of recy-
cling the living yeast cells and the chemicals.

The yeast cell viability is an important measure of the robustness of ethanol-producing yeasts. Figure 1b shows
the dramatic difference in yeast cell viabilities in the presence and absence of PEG-1000. The relatively high yeast
cell viability is one of the factors responsible for the high ethanol productivity due to the presence of PEG-1000
(Fig. 1a). Based on our previous work, PEG-400 can provide protection to the yeast cells and improve their vitality
under VHG conditions, resulst in increasing ethanol productivity®'. It is particularly important to note that PEGs
significantly increased ethanol productivity even in the presence of a high concentration of phenol under VHG
conditions. PEGs not only protect yeast cells to enhance their vitality under VHG conditions, but also exhibits
in situ detoxifition to the inhibitor (phenol) in the lignocellulosic hydrolysate. The "H NMR spectroscopic results
(Fig. 6) provide clear evidences for the chemical interaction of PEGs with inhibitors such as phenol, which is
consistant with our hypothesis on the role of the PEGs in the fermentation broth. This point will be discussed in
greater detail later.

Because the cellulase catalyzed hydrolysis of cellulose to produce fermentable sugars is also inhibited by glu-
cose and cellobiose in the hydrolysate, the consumption of glucose by immediate fermentation to ethanol may
be expected to alleviate this problem. Therefore, simultaneous saccharification and co-fermentation process
was suggested for cellulosic ethanol production in which the cellulase and yeast co-exist and complement in
the overall process*®. While some PEGs have been used in the enzymatic hydrolysis of cellulose from lignocel-
lulosic mass to improve the enzymatic efficiency?®!, we further demonstrated the potential of PEG chemically
exo-protected industrial starch-base S. Cerevisiae for ethanol production throuth a simultaneous saccharification
and co-fermentation process from a representative real world lignocellulose feedstock. For a polar pretreated
by low-cost steam hydrolysis combined with explosion, PEG-1000 enhanced ethanol productivity by 3 fold as
compared to that in the absence of PEGs in the fermentation broth. Compared with all prior studies, our work
demonstrated significant advantages by eliminating detoxification steps of pretreated solids. It is reasonable to
expect that ethanol concentration and the bioconversion productivity could be improved by optimizing SSCF
condition, and the related investigation is now in progress.

The strong interaction of PEGs with phenol as revealed by the NMR study of this work (Fig. 6) provides some
preliminary insight to the mechanism of exo-protection by the PEGs. In the literature, inhibition mechanisms
of phenolic compounds on S. cerevisiae have not yet been completely elucidated*. It was suggested that phenolic
compounds may act on biological membranes, causing loss of integrity, thereby affecting their ability to serve as
selective barriers and enzyme matrices*>. Weakly acidic phenolic compounds may destroy the electrochemical
gradient by transporting the protons back across the mitochondrial membranes*. Base on the detoxification
fermentation and the NMR spectroscopic results of this work, a possible mechanism of exo-protection by PEGs
to the yeast cells is proposed. The stronger hydrogen bonding interaction of phenol hydroxyl group with PEGs
prevent phenolic compounds from acting on biological membranes, and transporting the protons back across the
mitochondrial membranes. As a result, the cell integrity was maintained.

In summary, we demonstrated the feasibility of chemically exo-protected starch-base industrial S. cerevisiae
yeast cells by PEGs to convert lignocellulose mass to ethanol. The essential role of PEGs in enabling the fer-
mentation of cellulosic glucose is illustrated in Fig. 7. The industrial S. cerevisiae yeast (starch base) directly
converted the glucose from hydrolysate of pretreated lignocelluloses to ethanol through in-situ detoxification of
PEGs. Furthermore, the industrial S. cerevisiae yeast cells (starch base) can be directly used without the need for
genetically modified microorganisms in a large scale industrial process. The surviving yeast cells and PEGs can
be recycled with sustained fermentation performance. The in-situ detoxification achieved by PEG adsorption of
inhibitors in the fermentation broth enhanced ethanol production. This detoxification approach may be a useful
tool for biofuel production from lignocellulosic hydrolysates that contain toxic compounds. Future research will
focus on optimizing the biomass pretreatment process in conjunction with the integrated detox fermentation
process for optimized ethanol yield, and on fully establishing the economic feasibility of this technology in large
scales.
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Figure 7. Starch-base industrial S. cerevisiae yeast, under in-situ detoxification by PEGs in fermentation
broth, displayed unabated ethanol productivity from cellulosic hydrolysate.

Meterials and Methods

Organisms and chemicals. The microorganism used for fermentationwas Saccharomyces cerevisiae in
the form of dry yeast (thermal resistant) (Angel Yeast Company Ltd, Yichang, China), which was named Angel
Super-Alcohol Active Dry Yeast (starch base). The yeast was kept at 4°C during storage, and was weighted and
directly added to specified fermentation media as received right before each use. Filter paper activity of cellu-
lase (CTec-2) was 150 FPU/mL, kindly provided by Novozymes Investment Co. Ltd. (Beijing, China). D-glucose
(C¢H,04-H,0), glycerol (99 wt%), ethanol (99 wt%) were received from Sinopharm (China). Phenol, guaiacol,
vanillin, levulinic acid, furfural and 5-hydrolsymethylfurfural (HMF), were received from Sinopharm (China).
Polyethylene glycol were purchased from Aladdin(China). Sulphuric acid (98wt%) and methylene blue were
provided by a local supplier. Deionized water (DI H,0) was produced by a Milli-Q Integral 5 system. All other
chemicals were of analytical quality.

Measurement of viable cell density. The yeast viability was measured according to the Methylene-Violet
Staining procedure. A volume of 100 ul dilute sample containing cells was mixed with 100 pul of a methylene blue
solution. After 20 min staining, the numbers of viable (living) cells and of total cells were counted under a micro-
scope (Nikon Ci-L). The cell viability and mortality are calculated according to the following equation:

Cell viability — Viable cell numbers % 100%
Total cell numbers (1)

B Viable cell numbers % 100%

Cell mortality = |1
Total cell numbers (2)

Detox fermentation of glucose. Fermentation broths were prepared in 100 or 250 mL flasks with
10-50 mL of 70-400 g/L glucose using ultrapure water. To study the effect of fermentation inhibitors, we added to
the fermentation medium each of six well-known inhibitors typical of cellulosic ethanol fermentation: phenol,
guaiacol, vanillin, levulinic acid, furfural and 5-hydromethylfurfural (5-HMF) in the range of 0-6 g/L. Different
amounts (0.005-0.25 g/ml) of PEG-1000 were added to the fermentation media. Commercially available immo-
bilized active dry yeast was added to fermentation broth directly without additional incubation step, the initial
yeast cell concentration was approximately 0.8 x 108-5 x 10% cells/mL. No additional nutrients were applied dur-
ing fermentation. The pH of all fermentation containing inhibitors was adjusted to 4.3 using H,SO, solution. For
reference, sugar solutions with no inhibitor and surfactant were used as controls. Since the objective of this part
of the study was to evaluate the fermentability of the lignocellulosic hydrolysate and the effectiveness of the
hypothesized detoxification method, glucose was used as the sole carbon source and the fermentation did not
include 5-carbon sugars and nutrient. The fermentation was performed in batch mode and the temperature was
controlled at 33 °C. During fermentation, the flasks were placed on a rotary shaker (ZWY-240) at 160 rpm. All the
experiments were conducted in duplicate with the average and standard deviation shown in figures.

Procedure for the recovery and reuse of yeast, PEGs and H,SO,. A representative procedure for the
recovery and reuse of yeast, PEGs and H,SO, is shown in Supplementary Fig. S8. After fermentation, the yeast
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cells were collected by centrifugation at 8000 rpm for 5 minutes, and the yeast cells were further evaluated for their
activity in subsequently fermentations. The separated liquid phase was subjected to vacuum distillation to sepa-
rate ethanol and water, and the residual mixture was then subjected to extraction using ether to remove inhibitors,
the residual mixture was distillated to obtained PEGs with H,SO,. Recovered yeast and PEGs with H,SO, were
added to the subsequently fermentation process together.

Hydrolysis combined with steam explosion (H&E) pretreatment of poplar. Poplar chips obtained
from Shandong province of China (L/W/H ~ 30 mm/20 mm/4 mm). The poplar was pretreated to decompose
hemicellulose into furfural and to fragment the poplar chips to small particles. H&E pretreatment was conducted
in a pressure-tight stainless steel reactor under the following conditions: 150 g poplar mixed with 150 g deionized
water was loaded into the hydrolysis reactor (I.D 48 mm* 500 mm). A saturated steam at 205-210 °C was injected
into the reactor continually until the temperature reached target value (205-210°C). The hydrolysis condition was
maintained at this temperature for 30 min by supplementing steam as needed. The valve to the explosion vessel
was then quickly opened to allow all the materials to be pushed into a collecting container. The collected wet
H&E pretreated poplar was dried at room temperature under ventilation until the moisture was less than 10%.
The composition of the solid fraction is named H&E poplar. H&E poplar was analyzed for chemical composition
following the procedure of the U.S. National Renewable Energy Laboratory*. A two stage acid hydrolysis pro-
cedure was used for analyze the chemical compositions of the H&E poplar solids. Klason lignin was measured
gravimetrically. The compositions of untreated and pretreated poplar were listed Table 1.

Detox SSCF of H&E-poplar. The H&E-poplar was used as a substrate for simultaneous saccharification and
co-fermentation (SSCF) (Supplementary Fig. S8). The SSCF experiments were carried out in duplicates using shaking
flasks in an orbital incubator at 160 rpm. The initial pH of the medium was adjusted to 4.8 using sodium acetate buffer
solution. 12.5% dry matter (DW) loading was used. PEG-1000 of 0.05-0.2 g/mL and cellulase (30FPU/g DW) were
added to the poplar slurry. The enzymatic hydrolysis of 24h at 50 °C followed by changing conditions to 33 °C, and inoc-
ulating yeast cells approximately 0.8 x 108 cells/mL. After 72h of SSCE the resultant slurry was centrifuged to remove the
solid material and the supernatant was diluted, and analyzed by HPLC using a 25ul injection volume. The ethanol yield
was defined as the amount of ethanol after 72 h incubation on the basis of theoretical amount of ethanol in the pretreated
substrate. The ethanol concentration was defined as the amount of ethanol after 72 h incubation on the basis of buffer
volume. All the experiments were conducted in duplicate with the average and standard deviation shown in figures.

HPLC analysis. The sample of each fermentation broth was diluted with deionized water, and filtered through
a 0.22um filter. The glucose and ethanol concentrations of fermentation samples were quantified using a high
performance liquid chromatography (HPLC). An Agilent 1260 Series HPLC system equipped with a refractive
index detector was used. Ion exchange columns (HPX-87H, 300 x 7.7 mm) were used in series. The column and
detector temperatures were maintained at 65 °C and 50°C, respectively, with 5mM H,SO, as the mobile phase at
0.6mL/min. The glucose conversion was calculated based on initial glucose and consumed glucose. The ethanol
yield was calculated based on the theoretical ethanol yield from consumed glucose; the concentrations of ethanol
and glucose were calculated based on the water volume in the fermentation broth. Data analyses were performed
using the Agilent Chemstation software and Microsoft Excel. The glucose conversion, ethanol yield and ethanol
concentration were calculated according to the following equations:

initial glucose (mol) — final glucose (mol)

Glucose conversion = x 100%

initial glucose (mol) (3)

Ethanol yield — —Jnalethanol(@) 000
0.51 x initial glucose(g) (4)

I ethanol

Ethanol concentration(g/L) = Jinal ethanol (g)
H20(L) (5)

Glucose concentration(g/L) = final glucose g)
H20(L) (6)

NMR spectroscopy analysis. NMR spectra were measured in CDCl, on a 400 MHz instrument and
recorded at the following frequencies: proton ('H, 400 MHz), carbon (**C, 100 MHz). '"H NMR chemical shifts
were reported in ppm using tetramethylsilane (TMS, § (ppm) = 0.00 ppm) as the internal standard. *C NMR
spectra were reported in ppm using CDCI, as the internal standard.
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