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Executive Summary of CRADA Work:

Develop a single methodology for determination of the total cellulosic glucan, including both
cellulose and beta-glucans, along with hemicellulose content in corn kernel fiber which could be
utilized by the dry grind corn ethanol production industry to determine the cellulosic converted
fraction of the corn kernel fiber. The work will build upon a methodology already described in
literature but will specifically focus on a more complete determination of the structural
polysaccharides in corn kernel fiber to make it more applicable to the corn ethanol industry.

CRADA benefit to DOE. Participant, and US Taxpaver:

e Assists laboratory in achieving programmatic scope,
e Uses the laboratory’s core competencies, and/or

e Enhances U.S. competitiveness by utilizing DOE developed intellectual property and/or
capabilities.

Summary of Research Results:

Purpose:

The purpose of this project will be to develop a methodology which can be used for
determination of the cellulosic converted fraction in corn kernel fiber analytical pathway
applications under the Renewable Fuel Standard.

Statement of Work: Task Descriptions
Task 1: Evaluation of cellulose in cold caustic extraction (CCE) filtrate

e Discussion: This task will focus on the amount of cellulosic glucan which is lost from
corn kernel fiber samples during a cold caustic extraction step as part of the enzymatic
hydrolysis of starch. Enzymatic assays will be employed to degrade mercerized cellulose
in CCE filtrate and chromatography used to monitor generation of cello-oligosaccharides
that result from enzymatic hydrolysis.

e Contractor Deliverables: Determination of cellulose lost during CCE with enzymatic
hydrolysis of starch in corn kernel fiber samples.

e Participant Deliverables: Enzymatic samples and development of enzymatic assay
suitable for hydrolysis of soluble cellulose in CCE filtrate.
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Task 1 Results:

The experimental design of this task was built off the hypothesis that the discrepancies between
the starch and cellulosic glucan values obtained from the cold caustic extraction method (CCE)
and the standard ASTM method (DMSO) were due to the possible dissolution of cellulose in the
1.7M sodium hydroxide (NaOH) conditions. Figure one illustrates these different values
obtained by NREL. The material where the discrepancy is greatest is in the National Institute of
Standards and Technology (NIST) reference material 8645, dried corn biomass intermediate after
conversion. This is what we would expect due to the low starch background and high cellulosic
content. It is hypothesized that the CCE conditions dissolves a portion of the cellulose into
solution which would then be mis-quantified as starch, whereas the DMSO method conditions
are retaining the cellulose, thus resulting in a higher cellulosic glucan value and a lower starch
value. The opposite could be argued and will be demonstrated in task 2a, that the DMSO
conditions are not severe enough to access all the resistant starch present and is therefore
inflating the cellulosic glucan values by not removing it prior to quantification.

7.00
B DMSO - Average of
6.00 Starch Value
5.00 B DMSO - Average of
Cellulosic Glucan
Value
4.00
NaOH - Average of
Starch Value
3.00
B NaOH - Average of
2.00 Cellulosic Glucan
Value
1.00
0.00

8645 AC

Figure 1. Average starch and cellulosic glucan values obtained by the DMSO and CCE (NaOH)
methods on the NIST 8645 AC reference material.

The materials used throughout this evaluation are the following: NIST reference material 8644,
dried corn biomass intermediate before conversion (NIST BC), NIST reference material 8645,
dried corn biomass intermediate after conversion (NIST AC), Avicel (Sigma Aldrich #11363) to
act as a purchased pure cellulose material, and a high amylose content corn starch to represent
resistant starch (RS). To evaluate the possible dissolution of cellulose in the cold caustic
extraction, the materials were subjected to the normal NaOH protocol as published by NREL in
Cellulose (https://doi.org/10.1007/s10570-020-03652-2). The filtrates obtained from the CCE
treatment were then enzymatically treated with a range of cellulase enzymes identified by the
partner based on cellulose activity and minimal side activities.
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After multiple iterations, it was determined that the enzyme cocktail created from combining [3-
galactosidase (E-BGLAN), cellulase (endo-1,4-B-D-glucanase — E-CELAN), and a -
glucosidase (E-BGLUC), would be sufficient at determining if there was any cellulose present in
the filtrate after a CCE treatment. A drawback to this approach is that following the NaOH
protocol the addition of the starch enzymes (a-amylase and amyloglucosidase) releases a large
background of glucose inhibiting the measurement of the difference between the initial glucose
and any additional glucose release from the cellulase enzymes by HPLC, as the result would be
in the range of error. In an attempt to circumvent this issue, experiments were run without the
addition of the starch enzymes under the assumption that if the cellulose was in fact being
dissolved by the cold caustic (NaOH), the starch enzymes should not have a cellulose side
activity and would not be necessary for the quantification of possible cellulose dissolution.
Unfortunately, what this experiment showed was that the cellulase enzymatic cocktail seemed to
have some activity on starch as we have a high response for the resistant starch sample, which
should have no response as it does not contain cellulose. See Error! Reference source not
found. for results of this study. The conclusion was that no discernable cellulose was dissolved
in 1.7M NaOH.

Table 1. CCE evaluation attempt without the addition of starch enzymes. Experiment did not
elucidate desired results.

Sample Initial % Glucose Cellulase Cocktail % Glucose Increase

% Glucose (Cellulase Cocktail)
NIST 8645 AC 0.06 1.35 1.29
NIST 8644 BC 0 3.88 3.88
Resistant Starch 0 9.41 9.41
Avicel 0 0.06 0.06
Cellulose 0 0.1 0.10

Table 2. CCE evaluation attempt with the addition of starch enzymes as described in the published
LAP. The experiment suggests that there is little to no increase in glucose outside the amount of
systematic error.

Sample Initial % Glucose Cellulase Cocktail % Glucose Increase
(Starch Enzymes) % Glucose (Cellulase Cocktail)
NIST 8645 AC 4.81 5.45 0.64
NIST 8644 BC 72.76 72.91 0.15
Resistant Starch 108.65 108.53 -0.12
Avicel 0.00 0.02 0.02
Cellulose-Fiber 0.00 0.50 0.50
4
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Task 2a: Evaluation of alternative dimethyl sulfoxide (DMSO) extraction of starch

e Discussion: Development of and evaluation of an alternative methodology to replace the
CCE portion of enzymatic hydrolysis of starch with DMSO and enzymatic hydrolysis of
starch.

e Contractor Deliverables: Validated methodology for complete removal of starch from
corn kernel fiber that does not degrade or remove other cellulosic glucans from the corn
kernel fiber.

e Participant Deliverables: None.

Task 2a Results:

The alternative DM SO extraction of starch was evaluated for precision and accuracy, as well as
for completeness of starch removal. By performing the method in several iterations with the
above-mentioned materials and multiple analysts, we were able to obtain a reasonable statistical
calculation of the method’s coefficient of variation (CV) and standard deviation. Initial
assessments as written in the AOAC 996.11 method, the DMSO approach vs the NaOH sample
showed that the DMSO method did not meet EPA CV requirements as stated in the “Guidance
on Qualifying an Analytical Method for Determining the Cellulosic Conversion Fraction of Corn
Kernel Fiber Co-Processed with Starch” (Sept. 2022, EPA-420-B-22-014). After a meeting with
experts at the Whistler Center for Carbohydrate Chemistry some modifications to the method
were made. Most notably allowing the solution to cool to 50C before the addition of the sodium
acetate buffer followed by the addition of amyloglucosidase. This procedural difference did aid
in the reduction of the method’s calculated CV as shown in Table 3. See attached for full
procedure and submitted manuscript.

Table 3. Final statistical data for the DMSO starch removal modification

This report is available at no cost from NREL at www.nrel.gov/publications.

DMSO DMSO NaOH NaOH
Samble Cellulosic | Cellulosic | Cellulosic | Cellulosic

P Glucan Glucan Glucan Glucan
Average Ccv Average Ccv
8644 BC 211% 9.8 1.95% 6.5
8645 AC 7.00% 7.2 5.21% 1.2
Avicel 99.17% 324 97.71% 0.96
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Task 2b: Solid-state nuclear magnetic resonance (NMR) analysis of alternative DMSO-
treated samples

e Discussion: Sub-task supporting Task 2a. Solid-state NMR will be employed to validate
complete removal of starch from the corn kernel fiber using a CCE-alternative method
for de-starching corn kernel fiber.

e Contractor Deliverables: Validate Methodology for complete removal of starch from corn
kernel fiber.

e Participant Deliverables: None.

Task 2b Results:

Gel state NMR was acquired on the DMSO treated NIST materials. 50 mg of milled biomass
was weighed directly into a 7in Smm NMR tube such that the biomass was evenly distributed
along the bottom ~4cm of the tube. 500uL of 4:1 d6-DMSO: d5-pyridine was added with a metal
syringe, starting at the bottom. After mixing, samples were sonicated for 3-4 hrs. prior to NMR.

Gel-state HSQC on ball-milled samples was performed, and data compared to standard cellulose
and starch preparations. AC and BC samples both show evidence of starch, in different relative
abundances. AC has more apparent starch (~30% of sugars) compared to BC (~10% of sugars).

—— Minor evidence of starch in BC

105

115
56 53 50 47 44 41 38 35 32 29 26

Figure 2. Gel-state HSQC NMR of pure starch material overlaid with DMSO treated NIST BC (8644)
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Figure 3. Gel-state HSQC NMR of pure starch material overlaid with DMSO treated NIST AC (8645)

Further NMR experiments were conducted to confirm the presence of starch in the DMSO-
treated materials. Utilizing the higher resolution instrument, gel-state NMR on ball-milled
biomass was collected at 600 MHz using a CPTCI cryoprobe. HSQC data collected on standards
(resistant starch, beta-glucan) is compared to data collected on biomass (Untreated BC, untreated
AC, DMSO-treated BC, DMSO-treated AC). HSQC data confirms that untreated 8644BC is
composed mostly of starch. Untreated 8645 AC (after conversion) confirmed to have residual
starch, but much lower than 8644 BC (as would be expected for an after-conversion material, a
higher cellulosic content with resistant starch still intact and inaccessible for conversion). For
DMSO-treated BC, no detectable starch is observed by HSQC or HSQC-TOCSY data. For
DMSO-treated AC, starch is detected by HSQC and confirmed by HSQC-TOCSY. This
confirms that the DMSO alternative method for determining the cellulosic content of starch
containing biomass is insufficient at removing resistant starch.
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2D HSQC data was collected on resistant starch
after light ball milling.
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Figure 4. HSQC NMR of Resistant Starch standard material

2D HSQC data was collected on standard material
Beta-glucan after light ball milling.
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Figure 5. HSQC NMR of Beta-Glucan standard material
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dominated by starch
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Figure 6. HSQC NMR of NIST BC (8644) standard material
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Figure 7. HSQC NMR of NIST AC (8645) standard material

9

This report is available at no cost from NREL at www.nrel.gov/publications.

‘110



some starch remains. However, it is insufficient to
assign some signals to starch without further
verification. 2D HSQC-TOCSY data (see later slides)
does not reveal the presence of starch in BC, but
does suggest starch present in AC.
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Figure 9. HSQC NMR of NIST AC (8645) DMSO treated material
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2D HSQC-TOCSY data on resistant starch (black) is compared to standard
HSQC data (red/blue) in order to boost confidence in assigning signals to
Starch. Some HSQC-TOCSY correlations are indicated. The S1-53 and S1- _4 5
S4 correlations near 13C = 100 ppm, and the $1-52 correlation at 72

ppm, are important since they are best resolved when looking at BC /

AC data. . 5 5
- o - .

Resistant TOCSY: 51-52 65

il < mw -
TOCSY —— K _

TOCSY: s4<s’ Starch 54 85

StarchSL ) 95
TOCSY: 51-53 /El ’ EL\ TOCSY: 51-54 105
6 53 5.0 47 44 41 38 3.5 32 29 26 23

Figure 10. HSQC-TOCSY NMR of Resistant Starch standard material overlaid with HSQC NMR of
resistant starch standard material (Figure 4).

2D HSQC-TOCSY (black) data on DMSO-Treated BC "S> =

is compared to HSQC data on resistant starch - — -, - - 40
(red/blue). Boxes indicate spectral regions where '
resolved HSQC-TOCSY correlations assignable to ~ T p—— »
starch would be observed. For DMSO-treated BC, S — ) L 5 O
we do not detect residual starch. ‘“ - ‘. -
T, T - - . L
. . 60

70

DMSO-BC - TOCSY: 51-52 - ‘
HSQC- D‘/‘ ‘1? P o :

TOCSY ) - i :
. W‘\ Starch S4 80
90
Starch S1 TOCSY: S1-54 i
L L - =4 i
TOCSY: $1-S3 [
= o -

6 53 50 47 44 41 38 3.5 32 29 26 23

Figure 11. HSQC-TOCSY NMR of NIST BC (8644) DMSO treated material overlaid with HSQC NMR
of same material (Figure 8).
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Figure 12. HSQC-TOCSY NMR of NIST AC (8645) DMSO treated material overlaid with HSQC NMR
of same material (Figure 9).

After it was determined that the DMSO extraction was not aggressive enough to remove all
the resistance starch, a pullulanase enzyme was introduced into the method to enhance the
accessibility of the recalcitrant starch.

Task 3a: Development of b-glucan assay for quantification in corn kernel fiber

e Discussion: Enzymatic and non-enzymatic assays will be evaluated and developed for
use in corn kernel fiber beta-glucan determinations to completely capture the total
cellulosic glucan content in corn kernel fiber.

e Contractor Deliverables: Methodology for determination of beta-glucan content in corn
kernel fiber samples.

e Participant Deliverables: Enzymatic samples and development of enzymatic assay
suitable for determination of beta-glucan in corn kernel fiber.

Task 3a Results:

It has been determined that there is not a current viable technology to quantify the B-glucan
content in corn kernel fiber. To avoid this bias in the overall procedure, the participants decided
to completely remove the b-glucan present in the sample prior to the quantification of the total
glucan. In order to achieve the complete removal of -glucan, the partners of the agreement
evaluated the efficacy and side activity of Zymolyase 100T to use as an enzymatic treatment to
remove b-glucan.

Quantitative removal of the yeast B-glucan from the cellulosic pellet is required for accurate
determination of the cellulosic and hemicellulosic polysaccharide content of the material.
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Accumulation of yeast cell biomass in corn mash slurry during the simultaneous saccharification
and fermentation (SSF) process will negatively bias determination of the cellulosic content
resulting in a determination where there is apparently more cellulosic glucan present in the
sample after SSF than there was initially present in the sample. However, the method used to
remove yeast B-glucan in the analytical determination cannot degrade natively occurring
polysaccharides present in corn biomass as that would result in a positive bias, predicting more
conversion of cellulosic glucan to ethanol during SSF than occurred. Degradation of native corn
biomass polysaccharides by the Zymolyase 100T preparation during removal of the yeast [3-
glucan concurrently during the quantitative removal of starch in the assay procedure was
estimated on mixed-linkage -glucan, microcrystalline cellulose, carboxymethylated cellulose,
xyloglucan, glucomannan, galactomannan, and arabinogalactan model substrates under the same
hydrolysis conditions used in this assay (Table 1). No detectable enzymatic degradation of the
microcrystalline cellulose, carboxymethylated cellulose, glucomannan, galactomannan, or
arabinogalactan model substrates was detected with the Zymolyase 100T preparation with
phenolic inhibitors used in this procedure as measured by glucose equivalents with the Glucose
Oxidase (GO) assay kit. Enzymatic hydrolysis of the two mixed-linkage B-glucan substrates with
the Zymolyase 100T was greatly inhibited with the inclusion of the phenolic inhibitors in the
enzyme preparation with hydrolysis of the model substrates. The measured hydrolysis was
0.58% on the medium-viscosity barley -glucan and 1.48% on the medium-viscosity oat -
glucan respectively, as determined by percent glucose equivalent per potential glucose equivalent
of the substrate, measured by a GO assay kit. Activity of the Zymolyase 100T preparation with
phenolic inhibitors was measured on the yeast B-glucan reference standard. Enzymatic activity of
the Zymolyase 100T preparation was measured at multiple enzyme concentrations (0.001 mg/mL
—0.25 mg/mL), but under the conditions selected for this procedure it was determined that the
preparation with phenolic inhibitors still demonstrated an activity of 841 U/mL on the yeast 3-
glucan reference standard, representing a decrease of 29.3% activity compared to Zymolyase
100T stock solution without inhibitors.

Table 4. Measured enzymatic activity of Zymolyase 100T preparation on model substrates, without
and with addition of phenolic inhibitors

Percent Percent Hydrolysis

Hydrolysis of of Substrate,
Model Substrate Name | Substrate %CV Inhibited %CV
A. pullulans pullulan 98.90% 0.33% 0.58% 0.03%
Mixed-linkage B-glucan
viscosity)
?gxfd"'”z?ge E‘g'uci‘”) 1.96% 5.88% No activity detected | N/A

at, medium viscosity
Galactomannan (Carob) | 1.65% 3.26% No activity detected N/A
Arabinoxylan (Wheat) 1.57% 1.76% No activity detected ND
Microcrystalline No activit
Cellulose (Avicel PH- d d y N/A No activity detected N/A
101) etecte
13
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Percent Percent Hydrolysis
Hydrolysis of of Substrate,
Model Substrate Name | Substrate %CV Inhibited %CV
Carboxymethylated No activity N/A No activity detected N/A
Cellulose detected
Glucomannan (Konjac) 0.20% 4.71% No activity detected N/A
Xyloglucan (Tamarind) 0.46% 7.90% No activity detected N/A
Arabinogalactan ND ND No activity detected N/A

Task 3b: Solid-state NMR analysis for beta-glucan content in corn kernel fiber samples.

e Discussion: Sub-task supporting Task3a. Solid-state NMR will be employed to validate
complete enzymatic hydrolysis of beta-glucan from the corn kernel fiber in quantitative
determination of beta-glucan content.

e Contractor Deliverables: Validate methodology for complete quantification of beta-
glucan from corn kernel fiber.

e Participant Deliverables: None.

Task 3b Results:

The project was unable to obtain NMR validation of the complete removal of beta-glucan
content in treated samples because the amount of time it took to develop the ZT 100 assay, the
project period of performance and budget came to an end. However, the calculated converted
fraction indicates there may be some inherent bias in the developed method.

The Converted Fraction (CF) of cellulosic glucan was determined to be -0.89% for the paired
samples without cellulase versus 22.35% for the paired samples that included a cellulase during
SSF. The negative value of -0.89% cannot be an accurate determination of converted fraction of
cellulosic glucan, but it does indicate that either the Zymolyase 100T preparation used to remove
the yeast B-glucan bias from the assay is not able to entirely remove all the yeast B-glucan which
accumulates from yeast cell mass growth during SSF, or that the enzymatic side activities from
the microbial pullulanase and Zymolyase 100T used in this assay degrade natively-present mixed
linkage B-glucan in the corn biomass which presents as a negative bias in this assay. The
converted fraction of cellulosic glucan in the paired corn process intermediate samples that
included cellulase in SSF was determined to be 22.35%, which represents that Cellulosic Ethanol
was 0.9% volume of the total ethanol produced during SSF.
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Task 4a: Generation of industrially relevant substrate sample panel

e Discussion: To validate the analytical methodology developed in this project, the
methodology for determination of cellulosic glucans in corn kernel fiber will be tested on
multiple industrially relevant samples representing a census panel of conversion
technologies.

e Contractor Deliverables: None

e Participant Deliverables: A collection of before conversion and after conversion samples
of corn and any other industrially relevant corn adjunct materials, consisting of a broad
representation of corn to ethanol conversion technologies.

Task 4a Results:

During January, February, March, and April of 2023, POET Research, Inc. (PRI) generated four
individual samples (2 sets of BC + AC) of conventional process starch-to-bioethanol material for
converted fraction testing purposes for the Direct Funding Opportunity with NREL, Novozymes,
and POET. These samples included the following:

BC (Before Conversion) Liquefaction Mash, No Cellulase (~5 gallons)
AC (After Conversion) Fermentation Beer, No Cellulase (~10 gallons)
BC Liquefaction Mash with Fiberex (~5 gallons)

AC Fermentation Beer with Fiberex (~10 gallons)

The samples were processed by liquefaction and fermentation. The mash after liquefaction and
whole beer after fermentation were sent to Novozymes for preparation (freeze drying and
grinding).

A total of 5 cycles was used in order to mimic the recycle effect seen in bioprocessing facilities
and to achieve steady state for the fiber degrading enzymes. The “No Cellulose” samples were
also processed through 5 cycles to make sure the samples were similar. The first four cycles were
processed with liquefaction, fermentation, distillation, and solid/liquid separated by centrifuge.
The “Thin Stillage” liquid stream was recycled by using as make up water to mix with the new
batch of corn flour. The BC sample was taken post-liquefaction from the fifth round. The AC
sample was taken post fermentation from the fifth round.

Task 4b: Interlaboratory test study on new methodology with substrate panel

o Discussion: To validate the analytical methodology developed in this project, it will be
tested on multiple industrially relevant samples representing a census panel of conversion
technologies at multiple laboratories.

Contractor Deliverables: A report on the interlaboratory study indicating degree of
consensus on values determined for total cellulosic content in before and after conversion
samples of corn.

Participant Deliverables: None.

15

This report is available at no cost from NREL at www.nrel.gov/publications.



Task 4b Results:

Table 5. Summary table of means and CV of polysaccharide content determinations of corn
biomass process intermediates.

Starch Cellulose Xylan Galactan Arabinan
Sample Description Laboratory Mean (%) Ccv Mean (%) (@Y% Mean (%) Ccv Mean (%) cVv Mean (%) (9%
NREL 71.28% 1.64] 1.69% 5.06) 1.84% 4.27, 0.45% 11.10] 1.17% 1.94
NIST BC Novozymes 71.85% 0.85] 1.68% 3.81] 1.83% 5.28 0.44% 3.24] 1.57% 14.64
NREL 2.91% 10.40 6.39% 3.93 5.15% 7.97, 1.45% 11.29 3.40% 3.98]
NIST AC Novozymes 3.05% 4.66) 6.58% 1.92, 4.90% 2.66 1.64% 9.34 3.41% 8.60)
NREL 66.34% 0.70 1.94% 5.50 1.87% 1.45 0.52% 16.11] 1.15% 2.93
Poet without cellulase BC  Novozymes 67.31% 0.74] 2.28% 7.94 2.06% 6.38 0.49% 13.34] 1.24% 10.26)
NREL 2.24% 4.44 8.71% 1.45 7.77% 2.09] 1.81% 6.47| 4.62% 1.15
Poet without cellulase AC  Novozymes 2.59% 4.93| 8.14% 2.45 8.45% 2.65 1.58% 11.72| 4.86% 9.41]
NREL 65.94% 1.12 2.10% 2.11 2.04% 3.78] 0.56% 4.20) 1.27% 4.20]
Poet with cellulase BC Novozymes 65.20% 2.40 2.09% 6.71 2.32% 6.71 0.71% 7.63 1.27% 4.29
NREL 2.06% 8.62] 7.31% 1.95 6.19% 2.91 1.55% 7.02] 3.75% 2.55
Poet with cellulase AC Novozymes 2.33% 3.92] 7.41% 4.40] 6.50% 3.83] 1.13% 4,93 4.70% 5.26)

Table 6. Summary table of means and CV of polysaccharide content determinations of corn
biomass process intermediates.

Task 5: Other work at the direction of the Participant, consistent with the scope and
subject to the availability of funding.

Task 5 Results:

To further explore the dissolution of cellulose, we performed experiments to determine the extent
of hemicellulose dissolution in both the NaOH and DMSO pre-treatments. The materials were
subjected to the pre-treatments and filtrates were collected. The filtrates were then subsequently
acid hydrolyzed and analyzed to quantify the amounts of hemicellulose carbohydrates present. In
both pre-treatments, hemicellulose is broken down and “lost” in the filtrate, thus invalidating a

“one-pot” method for both approaches. See table below for the final amount of hemicellulose

(primarily xylose) detected in both pre-treatment filtrates.

Table 7. Measured amounts of hemicellulose in filtrate

%Total Hemicellulosi
Sample/Treatment %Xylan %Galactan | %Arabinan °lo aSug:Tll.c:ssu oste
8644 BC/NaOH 0.40 0.09 0.58 1.06
8645 AC/NaOH 0.10 0.07 1.36 1.53
8645 AC/DMSO 1.02 0.40 0.98 2.40
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Final Task: CRADA Final Report: Preparation and submission in accordance with Article X.
Final Task Results:

This report serves to meet the requirement for the CRADA Final Report with preparation and
submission in accordance with the agreement’s Article X.

Subject Inventions Listing:

None
ROI #:

None
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