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Figure 6. Impact of oven drying on cell wall properties and enzymatic hydrolysis. (A) Accessible volumes of oven-dried and rehydrated corn stover
were performed similarly to Figure 4. (B) Water retention value (WRV) of oven-dried corn stover at varying pretreatments. (C) Hydrolysis yields for
never-dried (ND) samples with 6-h total hydrolysis time are plotted in blue, and 72-h total hydrolysis time are plotted in orange. Comparative
hydrolysis yields for oven-dried (OD) 6-h and 72-h total hydrolysis time from Figure 2 are shown as green dotted and yellow striped bars,
respectively. Hydrolysis conditions used 20 mg protein/g glucan CTec3 and 10 mg protein/g glucan HTec3 loading. Experiments were all
performed in technical triplicate, with standard deviations shown on each figure. * in (B) indicates statistical significance between 0 M NaCl and 1 M
NaCl for individual pretreatment conditions, while * in (C) indicates statistical significance between 72-h OD and 72-h ND yields (Student’s ¢ test

95% confidence).

190 °C LHW condition, and it likely indicates the formation of
larger porous regions with increased H,O, loading rather than
the formation of more porous regions in the cell wall as
observed in the AHP-only conditions. Smaller probe (<136 A)
accessible volumes were also considerably lower in the 190 °C
LHW two-stage pretreatments compared to the 160 °C LHW
conditions and support the previously proposed mechanism of
either a collapse of interlamellar layers within the cell wall at
high overall pretreatment severity, or through cellulose
aggregation reducing cell wall porosity due to the lack of
xylan to act as a spacer.’® On the basis of results from
enzymatic hydrolysis, WRV, and solute exclusion, the following
model (Figure S) was derived for cell wall changes resulting
from pretreatment. Figure 5 displays compositional changes
resulting from pretreatment in the form of xylan and lignin
abundance and location within the cell wall, as well as xylan-
lignin ferulate ester cross-links abundance. Structural changes to
the secondary cell wall are reflected by increases in fibril bundle
spacing demonstrating interlamellar nanoscale porosity and
intralamellar microfibril spacing, with both reflecting nanoscale
porosity and accessible surface areas.

Impact of Drying-Induced Pore Collapse on Cell Wall
Properties and Enzymatic Hydrolysis. Drying-induced
hornification was investigated for select pretreatment con-
ditions to determine the impact that changes in higher-order
structure of pretreatment-modified cell walls have on cell wall
swelling, accessible volumes, and enzymatic hydrolysis yields in
compositionally diverse samples. The results show that oven-
drying resulted in significant changes in accessible volume
distributions (Figure 6A), with decreases in accessible volume
observed to some extent for all samples relative to the never-
dried samples. There was, however, a stark contrast in how
significantly accessible volumes decreased, with samples
subjected to AHP delignification demonstrating highly altered
accessible volumes, compared to 0 g H,0,/g biomass AHP and
190 °C LHW only pretreated biomass, which demonstrated
only minimal loss of accessible volumes.*” Furthermore, there
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was a noted decrease in volumes accessible to larger probes in
samples subjected to AHP delignification. These results can be
related to the structural model presented in Figure 5, with
drying resulting in the collapse of larger porous regions within
the cell wall (Figure SB), while samples containing higher
fractions of lignin (Figure SC) maintained their ability to sorb
water within nanoscale pores.*’

WRVs were also observed to substantially decrease (Figure
6B), with all samples experiencing at least a 40% decrease in
WRYV after drying and exhibited a closer distribution of WRV
between pretreated biomass compared to the never-dried WRV.
Hornification has been demonstrated to reduce accessible
internal surface area within delignified wood fibers that limits
water sorption.***> This can be visualized in Figure 5D, with
oven-drying removing water and resulting in the irreversible
coalescence of some cell wall components.*® For the enzymatic
hydrolysis yields after oven-drying, the biomass delignified at
high H,0, loadings demonstrated the largest decrease in 6-h
hydrolysis yields (Figure 6C), followed by less significant
decreases for the other pretreated samples. The 72-h hydrolysis
yields were only significantly lower in the 0.25 g/g H,O, AHP-
only pretreated biomass. As the AHP-delignified biomass is the
sample most impacted by drying-induced hornification, this
indicates that the hydrated spaces within the cell wall of these
samples, presumably containing mostly xylan, are most
susceptible to irreversible coalescence. Interestingly, prior
work using 0.50 g/g H,0, AHP-delignification followed by
lyophilization resulted in no differences in final hydrolysis
yields.”” Different methods of drying have been shown to
influence extent of hornification and have been explored in the
context of altered cell wall properties.*”

Enzyme Binding. As noted earlier, the commercial cellulase
cocktail contains a number of accessory enzyme activities other
than cellulase. As a result, the observed bound protein curves
represent general protein binding rather than for binding of a
specific cellulase. In addition, contributions from cell wall
biopolymers other than cellulose (i.e., hemicellulose and lignin)
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can contribute to the observed adsorption behavior through
nonspecific or nonproductive binding.48 However, binding
isotherms are useful for assessing the impact of pretreatment on
enzyme-accessible surfaces. The results in Figure 7 show the
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Figure 7. Bound enzyme fractions of CTec3 on pretreated biomass.
Bound enzyme fractions are shown as a percent of bound enzyme to
total enzyme loading. Binding concentrations were performed in
technical duplicate, with the slope of the binding curve determined
using linear regression. Error associated with regression fit is shown in

the figure.

percent of bound enzyme measured as a fraction of total
enzyme in solution for a linear range of enzyme loadings
representing the linear, low-concentration region of the binding
isotherm. The percentage of bound enzyme increased with
increasing H,0, loading for AHP-only pretreated biomass,
comparable to results published in our prior work.'” The LHW-
only pretreated biomass had a lower percentage of bound
enzyme compared to the higher severity AHP-only pretreated

biomass, indicating that structural changes induced by LHW
pretreatment alone do not impact enzyme adsorption the same
extent as AHP-delignification. The two-stage pretreatments
showed increases in the fraction of bound enzyme with both
H,0, loading and to a lesser extent with LHW pretreatment
severity; however, low H,O, loadings were still comparable or
higher than all but the highest H,0, loading AHP-only
pretreated biomass.

Correlation of Properties. By correlating compositional
and structural properties of pretreatment-modified plant cell
walls to hydrolysis yields, a number of important trends can be
identified that provide insight into cell wall matrix changes. The
first major trend that can be observed is that comparing 72-h
glucose hydrolysis yields to lignin content (Figure 8A) shows
three distinct linear relationships between AHP-only and each
LHW condition. From this, lignin content can be shown to be
correlated with hydrolysis in the context of increased H,O,
loading, and therefore, extent of delignification resulting in
increased enzymatic hydrolysis yields. The other major
compositional difference between each grouping in Figure 8A
is the amount of xylan present (shown as a range for each
grouping on Figure 8A), which can be taken as a proxy for the
extent of cell wall modification during LHW pretreatment.

Next it was observed that glucose hydrolysis yields were
positively correlated with 90 A probe accessible volumes
(Figure 8B). Cell wall volumes accessible to the 90 A dextran
probe were selected to correlate with hydrolysis yields, as 90 A
corresponds to a slightly larger probe size than necessary for
reasonable estimation of typical cellulase (e.g, TrCel7A)."
Notably, as the accessible volumes increased, the 72-h
hydrolysis yields were observed to approach saturation. This
trend is reasonable, because although accessible volumes may
indicate increased accessibility within the cell wall for cellulases,
there is likely a limit to the extent accessibility plays in
increased enzymatic hydrolysis relative to other intrinsic
factors.”® Interestingly, for this data set the accessible volumes
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across multiple probe sizes were shown to directly correlate to
lignin content, with AHP-delignified biomass exhibiting a
strong negative correlation with accessible volumes at 39, 90,
and 136 A probe sizes (Figure 8C), while LHW-only and two-
stage pretreated biomass accessible volumes correlated only to
the 136 A probe size (Figure 8D). These correlations indicate
that for biomass subjected to AHP delignification, increases in
the nanoscale probe-accessible volumes can be directly related
to the extent of delignification as proposed in the schematic in
Figure 5B. Accessible volumes observed in AHP-delignified
biomass also likely contribute to enzyme penetration within the
cell wall, with prior correlations between enzyme binding and
accessible pore volumes shown in sulfite-pretreated hard-
woods™® and alkali-delignified hardwoods.>’

The fraction of bound enzyme was demonstrated to exhibit a
strong positive correlation to glucose hydrolysis yields
irrespective of pretreatment conditions or composition (Figure
9A). This result is not surprising as cellulase binding and
glucose hydrolysis yields are well-known to be correlated in
diverse feedstocks subjected to diverse compositional changes
resulting from pretreatment.'””* Correlation plots of WRV
versus 72-h hydrolysis yields two distinct trends (Figure 9B),
with the AHP-only pretreatment resulting in a clear linear trend
between WRYV and hydrolysis yields as demonstrated in our
prior work,'>** while a second trend with a different slope was
observed for the two-stage 160 °C LHW-pretreated biomass.
No trend was observed for the two-stage 190 °C LHW-
pretreated biomass followed by AHP delignification (Figure
9B), and based upon these results, there appears to be some
relationship between glucose hydrolysis yields with water-
accessible surface area in pretreated biomass not exhibiting cell
wall coalescence due to significant noncellulosic component
removal. In addition, these distinct, pretreatment-dependent
trends are comparable to what we identified in our prior work
with AFEX-pretreated corn stover or switchgrass exhibiting
distinct trends for at different ammonia loadings.*

As a final correlation between properties, WRV has also been
proposed as a proxy for measuring fiber saturation point
(ESP),>* which is generally defined as the total inaccessible
volume at 560 A.'® Additionally, WRV and ESP are
hypothesized to measure similar properties in pulps.” Linear
comparisons between the WRVs and FSPs for never-dried and
oven-dried pretreated biomass measured show distinct linear
trends (Figure 10). In the never-dried samples, the slope of the
linear relationship was less than one, indicating WRV
measurements were higher than the equivalent inaccessible
volume measurement. This is important, because one of the
limitations of the solute exclusion method resides in the
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Figure 10. Comparison of inaccessible pore volume to water retention
value. Total inaccessible pore volume was determined using solute
exclusion at the effective pore size of 560 A and compared to WRV (0
M NaCl) from Figure 3.

inability for water in porous regions with nonuniform or narrow
openings to interact with the dextran probes during the solute-
exclusion technique,'® while WRV accounts for water localized
within porous regions of irregular geometries.”® After oven
drying, the slope between inaccessible volume and WRV was
effectively unity, indicating that the solute exclusion and WRV
techniques quantify similar cell wall properties after oven
drying. The substantial drop in these properties is clearly
attributed to hornification, resulting in the collapse of certain
cell wall porous regions and reductions in accessible surfaces
shown previously (Figure 6). Based upon this comparison,
WRV likely overmeasures total accessible surface area
compared to the FSP in the never-dried case, which may be
due to WRV also incorporating water—cell wall binding in the
form of intralamellar water association within cellulose
microfibrils or between microfibrils not be quantified by the
FSP. Based upon the two-stage LHW pretreated biomass
exhibiting higher WRV relative to FSP (Figure 10) compared
to the AHP-delignified only biomass, this may be an
appropriate evaluation, as xylan removal could increase
water—cellulose microfibril interactions,”* while still being
inaccessible to quantification by the solute exclusion method.
The results and correlations presented in this study provide an
avenue of feedstock tailoring within grasses to promote cell wall
nanoscale properties conducive to improved enzymatic
hydrolysis yields. Specifically, increases in accessible nanoscale
surfaces promote high enzymatic hydrolysis yields and depend
primarily on cell wall changes induced by AHP pretreatment
(Figure S). It is reasonable to hypothesize that other
pretreatments resulting in similar cell wall properties such as
increased nanoscale accessible volumes, WRV, and cell wall
swelling would also demonstrate high enzymatic hydrolysis
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yields comparable to the 0.25 g/g H,0, AHP-only pretreat-
ment.

In summary, AHP delignification and LHW pretreatment of
corn stover in this study yielded a series of compositionally
diverse feedstocks exhibiting significantly different cell wall
properties, that were used to assess how both compositional
and structural features impact cell wall recalcitrance to
enzymatic hydrolysis. Specifically, we were clearly able to
demonstrate that, while the mechanisms by which AHP and
LHW pretreatment improve cellulose accessibility are dramat-
ically different, both pretreatment types were shown to increase
hydrolysis yields, enzyme sorption, and WRV. AHP delignifi-
cation was shown to result in a substantial increase in accessible
volumes to a series dextran probes, while LHW pretreatment
resulted in only changes to smaller accessible probe
distributions. Solute-induced cell wall swelling measured by
WRV showed AHP-delignified pretreatments displayed partial
loss of cell wall rigidity, which may explain in part larger
accessible volume distributions and increased porosity in AHP-
delignified biomass. Overall, this study highlights the
importance that cell wall organization and modification during
processing during biorefining processing can have on feedstock
response to enzymatic hydrolysis.

B AUTHOR INFORMATION

Corresponding Author
*E-mail: hodgeda@msu.edu.

ORCID
David B. Hodge: 0000-0002-9313-941X

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

J.C. was supported in part by a grant from NSF (NSF CBET
1336622). RZ. was supported by the Michigan State University
Honor’s College. The authors would like to thank Dr. Ryan
Stoklosa (USDA-ARS Eastern Regional Research Center,
Wyndmoor, PA) for critical review of the manuscript.

B REFERENCES

(1) Himmel, M. E; Ding, S. Y,; Johnson, D. K; Adney, W. S,;
Nimlos, M. R; Brady, J. W,; Foust, T. D. Biomass recalcitrance:
Engineering plants and enzymes for biofuels production. Science 2007,
315 (5813), 804—807.

(2) Ding, S-Y; Liu, Y.-S;; Zeng, Y.; Himmel, M. E; Baker, J. O,
Bayer, E. A. How does plant cell wall nanoscale architecture correlate
with enzymatic digestibility? Science 2012, 338 (6110), 1055—1060.

(3) Pauly, M,; Gille, S.; Liu, L.; Mansoori, N.; de Souza, A.; Schultink,
A.; Xiong, G. Hemicellulose biosynthesis. Planta 2013, 238 (4), 627—
642.

(4) Vanholme, R;; Demedts, B.; Morreel, K; Ralph, J.; Boerjan, W.
Lignin biosynthesis and structure. Plant Physiol. 2010, 153 (3), 895—
908S.

(S) Ralph, J. Hydroxycinnamates in lignification. Phytochem. Rev.
2010, 9 (1), 65—83.

(6) Crowe, J. D.; Feringa, N.; Pattathil, S.; Merritt, B.; Foster, C.;
Dines, D.; Ong, R. G.; Hodge, D. B, Identification of development
state and anatomical fraction contributions to cell wall recalcitrance in
switchgrass. Biotechnol. Biofuels 2017, 10 (1), 184.

(7) Ong, R. G,; Chundawat, S. P. S.; Hodge, D. B.; Keskar, S.; Dale,
B. E. Linking Plant Biology and Pretreatment: Understanding the
Structure and Organization of the Plant Cell Wall and Interactions
with Cellulosic Biofuel Production. In Plants and BioEnergy; McCann,

8661

M. C,, Buckeridge, M. S., Carpita, N. C., Eds.; Springer: New York,
2014; pp 231-253.

(8) Jeoh, T.; Ishizawa, C. L; Davis, M. F.; Himmel, M. E.; Adney, W.
S.,; Johnson, D. K. Cellulase digestibility of pretreated biomass is
limited by cellulose accessibility. Biotechnol. Bioeng. 2007, 98 (1), 112—
22.

(9) Zhao, X.; Zhang, L.; Liu, D. Biomass recalcitrance. Part I: the
chemical compositions and physical structures affecting the enzymatic
hydrolysis of lignocellulose. Biofuels, Bioprod. Biorefin. 2012, 6 (4),
465—482.

(10) Li, M,; Foster, C.; Kelkar, S.; Pu, Y.; Holmes, D.; Ragauskas, A.;
Saffron, C.; Hodge, D. Structural characterization of alkaline hydrogen
peroxide pretreated grasses exhibiting diverse lignin phenotypes.
Biotechnol. Biofuels 2012, S (1), 38.

(11) Leu, S.-Y; Zhu, J. Y. Substrate-related factors affecting
enzymatic saccharification of lignocelluloses: Our recent under-
standing. BioEnergy Res. 2013, 6 (2), 405—415.

(12) Williams, D.; Hodge, D. Impacts of delignification and hot water
pretreatment on the water induced cell wall swelling behavior of
grasses and its relation to cellulolytic enzyme hydrolysis and binding.
Cellulose 2014, 21 (1), 221-23S.

(13) Chandra, R; Ewanick, S.; Hsieh, C.; Saddler, J. N. The
characterization of pretreated lignocellulosic substrates prior to
enzymatic hydrolysis, Part 1: A modified Simons’ staining technique.
Biotechnol. Prog. 2008, 24 (5), 1178—1185.

(14) Liu, H; Zhy, J. Y,; Chai, X. S. In situ, rapid, and temporally
resolved measurements of cellulase adsorption onto lignocellulosic
substrates by UV-vis spectrophotometry. Langmuir 2011, 27 (1), 272—
8.

(15) Weiss, N. D.; Thygesen, L. G.; Felby, C,; Roslander, C,;
Gourlay, K. Biomass-water interactions correlate to recalcitrance and
are intensified by pretreatment: An investigation of water constraint
and retention in pretreated spruce using low field NMR and water
retention value techniques. Biotechnol. Prog. 2017, 33, 146—153.

(16) Stone, J. E.; Scallan, A. M. A structural model for the cell wall of
water swollen wood pulp fibres based on their accessibility to
macromolecules. Cellul Chem. Technol. 1968, 2, 343—358.

(17) Stone, J. E; Scallan, A. M. The Effect of Component Removal
Upon the Porous Structure of the Cell Wall of Wood. Pulp Pap Mag
Can. 1968, 69 (12), 69—74.

(18) Beecher, J. F; Hunt, C. G.; Zhu, J. Y. Tools for the
Characterization of Biomass at the Nanometer Scale. In The
Nanoscience and Technology of Renewable Biomaterials; Lucia, L. A,
Rojas, O., Eds.; John Wiley & Sons, Ltd: Hoboken, NJ, 2009; pp 61—
90.

(19) Park, S.; Venditti, R. A.; Jameel, H.; Pawlak, J. . Changes in pore
size distribution during the drying of cellulose fibers as measured by
differential scanning calorimetry. Carbohydr. Polym. 2006, 66 (1), 97—
103.

(20) Ishizawa, C. L; Davis, M. F; Schell, D. F.; Johnson, D. K.
Porosity and Its Effect on the Digestibility of Dilute Sulfuric Acid
Pretreated Corn Stover. J. Agric. Food Chem. 2007, 55 (7), 2575—2581.

(21) Grethlein, H. E. The effect of pore-size distribution on the rate
of enzymatic-hydrolysis of cellulosic substrates. Bio/Technology 1985, 3
(2), 155—160.

(22) Junior, C. S.; Milagres, A. M. F.; Ferraz, A.; Carvalho, W. The
effects of lignin removal and drying on the porosity and enzymatic
hydrolysis of sugarcane bagasse. Cellulose 2013, 20 (6), 3165—3177.

(23) Pihlajaniemi, V.; Sipponen, M. H.; Liimatainen, H.; Sirvio, J. A.;
Nyyssold, A.; Laakso, S. Weighing the factors behind enzymatic
hydrolyzability of pretreated lignocellulose. Green Chem. 2016, 18 (5),
1295—-1308.

(24) Foster, C. E; Martin, T. M,; Pauly, M, Comprehensive
compositional analysis of plant cell walls (lignocellulosic biomass) part
II: carbohydrates. J. Visualized Exp. 2010, (37), DOI: 10.3791/1745

(25) Sluiter, J. B; Ruiz, R. O.; Scarlata, C. J; Sluiter, A. D.;
Templeton, D. W. Compositional Analysis of Lignocellulosic Feed-
stocks. 1. Review and Description of Methods. J. Agric. Food Chem.
2010, 58 (16), 9043—9053.

DOI: 10.1021/acs jafc.7b03240
J. Agric. Food Chem. 2017, 65, 8652—8662


mailto:hodgeda@msu.edu
http://orcid.org/0000-0002-9313-941X
http://dx.doi.org/10.3791/1745
http://dx.doi.org/10.1021/acs.jafc.7b03240

Journal of Agricultural and Food Chemistry

(26) Stone, J. E.; Scallan, A. M. The Effect of Component Removal
Upon Porous Structure of Cell Wall of Wood: Swelling in Water and
Fiber Saturation Point. TAPPI J. 1967, 50, 496—501.

(27) Bradford, M. M. A rapid and sensitive method for the
quantitation of microgram quantities of protein utilizing the principle
of protein-dye binding. Anal. Biochem. 1976, 72 (1-2), 248—254.

(28) Banerjee, G; Car, S.; Liu, T. J,; Williams, D. L.; Meza, S. L;
Walton, J. D,; Hodge, D. B. Scale-up and integration of alkaline
hydrogen peroxide pretreatment, enzymatic hydrolysis, and ethanolic
fermentation. Biotechnol. Bioeng. 2012, 109 (4), 922—931.

(29) Mosier, N.; Hendrickson, R.; Ho, N.; Sedlak, M.; Ladisch, M. R.
Optimization of pH controlled liquid hot water pretreatment of corn
stover. Bioresour. Technol. 2005, 96 (18), 1986—1993.

(30) Ishizawa, C. L; Jeoh, T.; Adney, W. S.; Himmel, M. E.; Johnson,
D. K; Davis, M. F. Can delignification decrease cellulose digestibility
in acid pretreated corn stover? Cellulose 2009, 16, 677—686.

(31) Sun, F. F.; Hong, J.; Hu, J,; Saddler, J. N.; Fang, X; Zhang, Z.;
Shen, S. Accessory enzymes influence cellulase hydrolysis of the model
substrate and the realistic lignocellulosic biomass. Enzyme Microb.
Technol. 2015, 79—80, 42—48.

(32) Banerjee, G; Car, S.; Scott-Craig, J. S.; Hodge, D. B.; Walton, J.
D. Alkaline peroxide pretreatment of corn stover: effects of biomass,
peroxide, and enzyme loading and composition on yields of glucose
and xylose. Biotechnol. Biofuels 2011, 4 (1), 16.

(33) Kumar, R;; Wyman, C. E. Cellulase adsorption and relationship
to reatures of corn stover solids sroduced by leading pretreatments.
Biotechnol. Bioeng. 2009, 103 (2), 252—267.

(34) Ly, Y. P; Yang, B,; Gregg, D.; Saddler, J. N.; Mansfield, S. D.
Cellulase adsorption and an evaluation of enzyme recycle during
hydrolysis of steam-exploded softwood residues. Appl. Biochem.
Biotechnol. 2002, 98, 641—654.

(35) Williams, D. L.; Crowe, J. D.; Ong, R. G.; Hodge, D. B., Water
sorption in AFEX- and AHP-pretreated grasses as a predictor of
enzymatic hydrolysis yields. Bioresour. Technol. 2017, DOI: 10.1016/
j-biortech.2017.08.200

(36) Grignon, J.; Scallan, A. M. Effect of pH and neutral salts uppon
the swelling of cellulose gels. J. Appl. Polym. Sci. 1980, 25 (12), 2829—
2843.

(37) Boerjan, W.; Ralph, J.; Baucher, M. Lignin biosynthesis. Annu.
Rev. Plant Biol. 2003, 54, 519—546.

(38) Okay, O. General properties of hydrogels. In Hydrogel sensors
and actuators; Gerlach, G., Arndt, K-F., Eds.; Springer: Berlin, 2009;
pp 1-14.

(39) Carlsson, G.; Kolseth, P.; Lindstrom, T. Polyelectrolyte swelling
behavior of chlorite delignified spruce wood fibers. Wood Sci. Technol.
1983, 17 (1), 69—73.

(40) Grethlein, H. E. The effect of pore-size distribution on the Rate
of Enzymatic Hydrolysis of Cellulosic Substrates. Bio/Technology
1985, 3 (2), 155—160.

(41) Selig, M. J.; Viamajala, S.; Decker, S. R.; Tucker, M. P.; Himmel,
M. E,; Vinzant, T. B. Deposition of lignin droplets produced during
dilute acid pretreatment of maize stems retards enzymatic hydrolysis of
cellulose. Biotechnol. Prog. 2007, 23 (6), 1333—1339.

(42) Stone, J. E,; Treiber, E.; Abrahamson, B. Accessibility of
Regenerated Cellulose to Solute Molecules. TAPPI J. 1969, 108—110.

(43) Fernandes Diniz, J. M. B; Gil, M. H; Castro, J. A. A. M.
Hornification—its origin and interpretation in wood pulps. Wood Sci.
Technol. 2004, 37 (6), 489—494.

(44) Luo, X. L;; Zhy, J. Y; Gleisner, R;; Zhan, H. Y. Effects of wet-
pressing-induced fiber hornification on enzymatic saccharification of
lignocelluloses. Cellulose 2011, 18 (4), 1055—1062.

(45) Luo, X;; Zhu, J. Y. Effects of drying-induced fiber hornification
on enzymatic saccharification of lignocelluloses. Enzyme Microb.
Technol. 2011, 48 (1), 92—99.

(46) Ponni, R; Vuorinen, T.; Kontturi, E. Proposed nano-scale
coalescence of cellulose in chemical pulp fibers during technical
treatments. BioResources 2012, 7 (4), 6077—6108.

(47) Wong, K. K; Deverell, K. F,; Mackie, K. L;; Clark, T. A;
Donaldson, L. A. The relationship between fiber-porosity and cellulose

8662

digestibility in steam-exploded Pinus radiata. Biotechnol. Bioeng. 1988,
31 (5), 447—-456.

(48) Strobel, K. L.; Pfeiffer, K. A,; Blanch, H. W,; Clark, D. S.
Structural insights into the affinity of Cel7A carbohydrate-binding
module for lignin. J. Biol. Chem. 2015, 290 (37), 22818—26.

(49) Wang, Q. Q; He, Z,; Zhu, Z.; Zhang, Y. H; Ni, Y,; Luo, X. L,
Zhu, J. Y. Evaluations of cellulose accessibilities of lignocelluloses by
solute exclusion and protein adsorption techniques. Biotechnol. Bioeng.
2012, 109 (2), 381-9.

(50) Mooney, C. A.; Mansfield, S. D.; Touhy, M. G.; Saddler, J. N.
The effect of initial pore volume and lignin content on the enzymatic
hydrolysis of softwoods. Bioresour. Technol. 1998, 64 (2), 113—119.

(51) Meng, X;; Wells, T., Jr; Sun, Q; Huang, F.; Ragauskas, A.
Insights into the effect of dilute acid, hot water or alkaline
pretreatment on the cellulose accessible surface area and the overall
porosity of Populus. Green Chem. 2015, 17 (8), 4239—4246.

(52) Hui, L; Liu, Z; Ni, Y. Characterization of high-yield pulp
(HYP) by the solute exclusion technique. Bioresour. Technol. 2009, 100
(24), 6630—6634.

(53) Scallan, A. M.; Carles, J. E. Correlation of water retention value
with fiber saturation point. Svensk Papperstid-Nord Cellul 1972, 75
(17), 699.

(54) Olsson, A. M.; Salmen, L. The association of water to cellulose
and hemicellulose in paper examined by FTIR spectroscopy.
Carbohydr. Res. 2004, 339 (4), 813—818.

DOI: 10.1021/acs jafc.7b03240
J. Agric. Food Chem. 2017, 65, 8652—8662


http://dx.doi.org/10.1016/j.biortech.2017.08.200
http://dx.doi.org/10.1016/j.biortech.2017.08.200
http://dx.doi.org/10.1021/acs.jafc.7b03240

