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ABSTRACT: Xylans are a diverse family of hemicellulosic poly-
saccharides found in abundance within the cell walls of nearly all
flowering plants. Unfortunately, naturally occurring xylans are highly
heterogeneous, limiting studies of their synthesis and structure−
function relationships. Here, we demonstrate that xylan synthase 1 from
the charophyte alga Klebsormidium flaccidum is a powerful biocatalytic
tool for the bottom-up synthesis of pure β-1,4 xylan polymers that self-
assemble into microparticles in vitro. Using uridine diphosphate-xylose
(UDP-xylose) and defined saccharide primers as substrates, we
demonstrate that the shape, composition, and properties of the self-
assembling xylan microparticles could be readily controlled via the fine
structure of the xylan oligosaccharide primer used to initiate polymer
elongation. Furthermore, we highlight two approaches for bottom-up
and surface functionalization of xylan microparticles with chemical probes and explore the susceptibility of xylan microparticles to
enzymatic hydrolysis. Together, these results provide a useful platform for structural and functional studies of xylans to investigate
cell wall biosynthesis and polymer−polymer interactions and suggest possible routes to new biobased materials with favorable
properties for biomedical and renewable applications.
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Xylans are polysaccharides that can account for up to 50% of
the dry weight of plant cell walls and are among the most

abundant biological molecules on earth. They are crucially
important for many aspects of human life as they influence the
nutritional aspects of the food we eat, the properties of structural
materials we use, and the clothing we wear, as well as our ability
to produce fuels and products from biomass.1 For these reasons,
it is of critical importance to understand the mechanisms by
which xylan polymers are synthesized, as well as the dynamics of
polymer−polymer interactions that govern xylan behavior in
living and synthetic systems.2 Though heterogeneous in
structure, xylans from terrestrial plants have a backbone
consisting of β-1,4-linked xylosyl residues and are usually
heavily substituted with various substituents such as acetyl
groups (linked via O-2, O-3, and O-2/O-3) and saccharides,
including 4-O-methyl-glucuronosyl (linked via O-2) and
arabinosyl residues (linked via O-2 and/or O-3).1 Xylans play
a major role in plant cell wall biology by interacting directly with
cellulose microfibrils that make up the bulk of all plant biomass
and have also been shown to interact with the polyphenolic
compound lignin present within the secondary cell walls of
several monocot and dicot species.3 Current understanding in
the field holds that some xylan polymers adopt a twofold screw

conformation upon binding to crystalline cellulose; however,
others adopt a threefold helical screw conformation depending
on the distribution of their side-chain moieties or when
interacting with amorphous cellulose and/or lignin (Figure
3d).4

The abundance of renewable sources of xylan in nature has
attracted considerable attention for the utilization of this
polymer as a feedstock for biobased products, and as a result,
xylans have begun to be utilized to produce biomaterials such as
plastics, coatings, adhesives, and packaging materials.5 Xylans
are also major dietary polysaccharides that upon ingestion are
degraded and metabolized by gut microflora, making xylans
essential to the development and maintenance of enteric
microbial communities.6 Therefore, xylans are considered
largely biocompatible with human and animal consumption
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and are of increasing interest for their potential as prebiotics and
drug delivery vehicles due to their favorable characteristics and
biocompatibility.7

In plants, xylans are structurally diverse and tightly associated
with other components in the complex polymeric matrix that is
the plant cell wall. Extraction of xylans from natural sources
typically involves complicated processes and the utilization of
harsh reagents. During these extraction processes, many
structural features of the xylans can be modified or lost. An
approach that can overcome these limitations is the production
of well-defined xylan polymers by enzymatic synthesis.8 In most
organisms, complex glycans such as polysaccharides are formed
through the concerted action of Leloir glycosyltransferases
(GTs), which catalyze the transfer of a sugar monomer from an
activated nucleotide sugar donor (NDP-sugar) to an acceptor
molecule, forming glycosidic bonds in a specific manner.9,10

Recent work has begun to uncover the mechanisms underlying
xylan synthesis enzymes classified within the carbohydrate-
active enzyme database (CAZY). Members of glycosyltransfer-
ase family 47 (GT47) were shown to act as xylan synthases
(XYS), catalyzing the transfer of xylosyl residues from uridine
diphosphate-xylose (UDP-Xyl) to xylo-oligosaccharide accept-
ors (XOS), forming extended xylan chains in vitro (Figure 1a).11

The ability of GT47 family members to elongate xylan chains is a
conserved function with functional orthologs of the Arabidopsis
XYS(IRX10) present in plants as basal as the Charophyceae.12

Furthermore, it has been shown that xylan synthases from both
the model plant Arabidopsis and the charophycean green algae

Klebsormidium flaccidum act in a distributive mechanism in
vitro.11,12

GTs that catalyze glycosyl chain elongation by a distributive
mechanism release the acceptor substrate after the addition of a
single residue, leading to the production of products with
degrees of polymerization (DP) that adhere to a Poisson
distribution as the reaction progresses. Biochemical data
showing that xylan is synthesized via a distributive mechanism
in vitro was initially surprising as it was believed that all
hemicellulose backbone synthases weremembers of family GT2,
which function as processive glycosyltransferases, forming
products with high degrees of polymerization before chain
termination. This mechanism is used by synthases that generate
products with high degrees of polymerization observed, where
they extend single chains until the chain is terminated.11

Interestingly, previous studies investigating in vitro xylan
synthesis have reported the formation of unsubstituted xylan
oligosaccharides of lengths that exceed what is believed to be
soluble in an aqueous solution.13,14 It is expected that at high
enough concentrations in solution, these polymers are able to
coalesce and form insoluble and often crystalline prod-
ucts.11,12,14 Several studies dating back to the mid-20th century
reported the self-assembly of xylan microcrystals from hydro-
thermally treated xylans extracted from birch and esparto
grasses.15−19 This hydrothermal treatment appeared to remove
substituents. The authors investigated the structural aspects of
these crystals and determined that the polymers within exhibited
a conformation consistent with a threefold screw axis of
symmetry.15−19 Interestingly, a recent report has demonstrated

Figure 1. Enzymatic synthesis of xylan microparticles using a recombinant xylan synthase. (a) Schematic of the KfXYS1-mediated xylan synthesis and
microparticle formation. Xylose from UDP-Xyl is added to XOS primers by KfXYS1 forming β-1,4-linked xylan chains that associate into
microstructures. (b) Real-time 1H NMR analysis of the KfXYS1 xylan polymerization and precipitation. (c) Intensity (relative to maximum) of
diagnostic signals of substrates and products during real-time 1H NMR analysis.
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the production of xylan nanocrystals via the precipitation of
alkali-extracted xylan polymers in dimethyl sulfoxide (DMSO),
and polymers in these nanocrystals were found to exhibit a
twofold axis of symmetry.20 Enzymatic removal of xylan side
chains has been shown to influence the crystallinity of xylan
aggregates, suggesting a negative correlation between the degree
of substitution and crystallinity.14,21 In addition, recent work
using glycosynthases, glycoside hydrolases modified to function
as transferases, demonstrated that long xylan chains can be
generated by stitching together chemically synthesized xylan
oligosaccharide fluorides of defined structures by repetitive
condensation.3,13 Glycosynthase-formed xylans can assemble
into crystalline aggregates where the degree of crystallinity was
found to be dependent not just on side-chain abundance but also
on the linkage and structural features of side-chain groups
decorating the polymers.14 Further, studies have investigated the
formation of xylan hydrate nanocrystals from the mild ultrasonic
treatment of aqueous xylan suspensions.22 However, the
mechanisms that might govern the processes of xylan
aggregation have remained largely unexplored.
In this work, we demonstrate the enzymatic synthesis of pure

β-1,4 xylan polymers using a recombinant algal xylan synthase
(KfXYS1) and the self-assembly of the products into micro-

particles with tunable morphologies that are dependent on fine
structural elements of the XOS primer used to initiate
elongation. Furthermore, we investigate enzymatic hydrolysis
and chemical routes to modify these xylan assemblies to alter
their structure and properties, respectively. Taken together, we
present a new enabling platform for glycosyltransferase-
catalyzed xylan synthesis that can be used as a valuable tool to
study both in vitro polymerization and the relationship between
polymer structure and packing into high-order molecular
assemblies.

■ RESULTS AND DISCUSSION

Optimized Xylan Synthesis by KfXYS1

Previous work established that KfXYS1 is a xylan synthase that
catalyzes the formation of xylan via the enzymatic transfer of a
xylosyl residue (Xyl) from the nucleotide sugar donor uridine
diphosphate-xylose (UDP-Xyl) to XOS acceptors, such as
xylobiose (XX), to form xylan oligosaccharides and polymers
(Figure 1a).12 Glycosyltransferases carry out bisubstrate
reactions and are often feedback-inhibited by the accumulating
UDP. In the case of this enzyme, additional experiments using a
His-tagged GFP-KfXYS1 fusion protein showed that little to no

Figure 2. Morphologies of xylan microparticles formed from different xylan oligosaccharide primers. Representative scanning electron microscopy
(SEM) images of (a, b) XX-type microparticles, (c, d) XUX-type particles, (e, f) XX/XUX-type particles, and (g, h) XAXX-type particles. All scale bars
represent 10 μm.
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product inhibition occurred during in vitro xylan synthesis
reactions. Furthermore, we found that xylosyl transfer continues
until colloidal precipitants are formed when carried out with
high ratios of donor substrate (UDP-Xyl) to acceptor substrate
(XX) (Figure S1). To explore the conditions under which these
precipitants form, we performed xylan synthesis reactions with a
serial dilution (0.125−4 mM) of the simplest xylan primer,
xylobiose (XX), as an acceptor substrate in the presence of a
constant amount of UDP-Xyl (12 mM). Product formation was
determined bymeasuring the optical density at 600 nm (OD600),
showing that a ratio of [UDP-Xyl]/[XOS Primer (XX)] above
12 was necessary for substantial aggregate formation (Figure
S1).
To further investigate this phenomenon, we performed real-

time-nuclear magnetic resonance (RT-NMR) spectroscopy to
visualize the chemical landscape of the xylan polymerization

reaction over time using XX as the XOS acceptor, with an
emphasis on tracking the relative abundances of UDP-Xyl and
reducing the internal xylosyl residues (Figure 1b,c). Reactions
were carried out in D2O, and NMR spectra were collected every
15 min over the course of the reaction. We selected
representative signals for each reaction component; the H1
signals of the reducing β-xylose (from the xylobiose primer/
acceptor, δ 4.58), the internal β-1,4-D-xylose (the product of
KfXYS1 chain elongation, δ 4.48), and the α-xylose of UDP-Xyl
(nucleotide sugar donor, δ 5.55). Integrals of these signals at
each time point were taken and plotted relative to the maximum
value of each signal (Figure 1c). We observed that the signals
corresponding to the internal β-1,4-D-xylose (δ 4.48), which is
near absent at time t = 0, increased monotonically until reaching
an apex, followed by a rapid decrease. We hypothesize that the
decrease in signal intensity is a result of insoluble product

Figure 3. Characteristics of enzymatically synthesized xylans: (a) representative MALDI-TOF MS of soluble xylan polymers remaining in the
supernatant after the reaction and those released from microparticles after solubilization by boiling (right). (b) Diameter of XX- and XUX-type
microparticles across four replicates as measured by SEM. Themean diameter of microparticles differs significantly between primer types (two-tailed t-
test, P < 0.00001 XX-type n = 244, XUX-type n = 379). (c) Dynamic light scattering (DLS) analysis of XX- and XUX-type particles. (d) Diagram of
twofold vs threefold screw conformations of xylan. (e) Cross-polarized magic-angle spinning (CP-MAS) solid-state NMR analysis of XX- and XUX-
type xylan microparticles. These spectra are consistent with the previously characterized xylan in a threefold screw conformation.
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formation, rendering the aggregated polymers unobservable via
1H NMR. Signals corresponding to H1 of the reducing β-xylose
(δ 4.58), which can arise only from the xylobiose primer,
remained relatively constant until approximately the time when
the signal for the internal β-1,4-xylose began to decrease and
then both signals fell in unison. Signals corresponding to H1 of
the nucleotide sugar donor UDP-Xyl decrease monotonically
until only ∼35% of the starting area remains, and the signals for
internal and reducing xylose of the xylan polymer begin to
decrease. After the precipitation event, the rate of UDP-Xyl
consumption is greatly diminished and appeared to level off
when relatively little soluble acceptor substrate remains available
for further transfer.
Synthesis of Xylan Microstructures with Different Primers

Next, we sought to assess the acceptor substrate selectivity of
KfXYS1 and determine the range of XOS that could be utilized
as acceptors for xylan polymerization. First, KfXYS1 was
incubated with 3 mM UDP-Xyl and four structurally distinct
saccharide acceptors/primers: β-D-Xylp-(1→ 4)-D-Xylp (XX or
xylobiose); β-D-Xylp-(1 → 4)-[4-O-Me-α-D-GlcpA-(1 → 2)]-
β-D-Xylp-(1 → 4)-D-Xylp (XUX); β-D-Xylp-(1 → 4)-[α-L-
Araf-(1 → 3)]-β-D-Xylp-(1 → 4)-β-D-Xylp-(1 → 4)-D-Xylp
(XAXX); and 4-O-Me-α-D-GlcpA-(1 → 2)-β-D-Xylp-(1 → 4)-
β-D-Xylp-(1→ 4)-D-Xylp (UXX) (Figures 2 and S3). Following
a 3 h incubation period, the reaction products were analyzed by
matrix-assisted laser desorption/ionization time-of-flight mass
spectrometry (MALDI-TOF MS). Compared to controls
lacking enzyme, reactions containing XX, XUX, and XAXX
displayed masses corresponding to successive additions of
pentosyl residues (+132Da) to the XOS primers, while UXX did
not appear to be utilized as a substrate by KfXYS1 (Figure S2).
We aimed to determine the effects of primer structure on the

ability of xylan to form the previously observed colloidal
precipitants. To accomplish this, we prepared xylan synthase
reactions to extend XX, XUX, UXX, XAXX, or XX/XUX
mixtures in reactions containing 12 mM of xylosyl donors and a
final concentration of 0.5 mM acceptor. These assays were
monitored by measuring OD600 at 10 min time intervals over 24
h. Experimental controls included reactions containing all
components except for the acceptor XOS primer and a reaction
containing XX and an endo-xylanase (M1), which is expected to
cleave any polymeric xylan reaction products formed by the
enzyme. The results of this analysis (Figure S3) demonstrated
that the rate of insoluble product formation is dependent upon
primer structure, with XUX rapidly generating products and
XAXX primers yielding a relatively slow formation of less
abundant xylan aggregates. Reactions containing equimolar
amounts of XX and XUX resulted in final OD600 values that fell
between the values for XX and XUX alone. In addition, reactions
using UXX as the XOS primer or containing XX along with an
endo-xylanase resulted in little to no insoluble xylan formation.
Morphology of the Insoluble Xylan Products

The structures of the insoluble xylan products produced using
different primer types and combinations were assessed by
optical microscopy. Strikingly, it was found that the products
formed from XX primers self-assembled into regularly sized,
ordered hexagonal microstructures (Figure S4a). Furthermore,
many of the microstructures appeared to contain a depression or
cavity at the center of the hexagonal face. To determine if these
structures contained crystalline domains, the birefringence of
the samples was assessed by visualizing them under cross-
polarized light (Figure S4b). Observing the microstructures

from points in the same plane as the hexagonal face produced a
pronounced birefringent effect, while microstructures observed
from points on lines normal to the hexagonal face exhibited only
mild birefringence. From these results, we concluded that the
structures were likely ordered and possessed some degree of
crystallinity.
The size and morphology of the biocatalytically synthesized

microstructures were examined using scanning electron
microscopy (SEM) (Figure 2). XX-type structures (Figure
2a,b) are composed of laminar stacked hexagonal plates joined
at the center. Some structures appeared to contain a small hole
or indentation in the center of the hexagon, producing a
dumbbell shape when viewed from points in the same plane as
the hexagonal face. These shapes measured on average 4.99 μm
(n = 244, standard deviation (SD) = 0.65 μm) across the
hexagonal face under standard conditions (Figures 3b and S5).
In contrast, XUX-type microstructures were smaller (diameter =
2.18 μm, n = 379, SD = 0.52 μm) and morphologically distinct
from those produced with unsubstituted XOS (Figures 2c,d and
3b). The XUX-type products, while still appearing to contain
some degree of crystalline order, as observed by birefringence
(Figure S4c,d), lacked the distinct hexagonal morphology
observed in XX-type structures. Instead, XUX-type micro-
particles appeared as biconcave disks with a slightly flattened
center. XUX-type microstructures were prone to aggregation
after drying in preparation for SEM. To our surprise, the
microparticles produced from the combination of XX/XUX
primers in the same reaction were morphologically distinct from
either of the microstructures formed when using XX or XUX
alone (Figure 2e,f). These structures typically contained a
vaguely hexagonal base structure with finlike lobes extending
from the opposite faces of the hexagon. Interestingly, when
reactions were carried out with XAXX XOS primers (XAXX-
type), very few insoluble xylan products were generated (Figure
2g,h). The microstructures that did form were vaguely circular
and appeared to be deposited in a matrix of unordered,
aggregate-like debris, potentially from random aggregation of
the saccharide products during synthesis. We chose to forgo
diameter measurements on XX/XUX-type and XAXX-type
particles due to the heterogeneity of the microstructures
preventing an unbiased assignment of what would constitute a
diameter.
To further investigate the factors that may influence

microparticle morphology, we performed KfXYS1-mediated
xylan polymerization using XX as the XOS primer in a broad
range of conditions, varying single components of the reaction
such as the concentrations of KfXYS1, XX, and UDP-Xyl, and
the temperature at which the reactions were performed.We then
assessed particle morphology by SEM (Figures S6 and S7). We
found that varying concentrations of reaction components or
reaction temperatures can result in often subtle yet appreciable
differences in the morphologies of the xylan microparticles
formed. Notably, reactions at lower temperatures and often at
lower substrate concentrations produced microparticles with
finlike lobes similar to those formed when using a combination
of XX and XUX XOS primers, suggesting that reaction kinetics
may play a role in determining the morphologies of enzymati-
cally prepared microparticles.
Dynamic light scattering (DLS) was used to determine the

average hydrodynamic diameter of the XX, XUX, and XX/XUX
microparticle types (Figures 3c and S8 and Table S1). Because
the microparticles do not always remain buoyant and settle to
the bottom of solutions over time, we measured the size at two
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different time points. We found an average hydrodynamic
diameter for all three microparticle types to be approximately 3
μm; however, it appeared that the distribution of microstructure
sizes varied between types. Furthermore, the rate at which the
particles settled at rest differed between microparticle types
(Figures 3c and S8). It should be noted that DLS analysis was
conducted assuming a spherical object, and thus, this
assumption may somewhat bias the results when considering
the irregular shapes exhibited by these microstructures.
Nevertheless, the distribution of product sizes of each
microstructure-type size is consistent between measurements
obtained by DLS or SEM imaging.
Degree of Polymerization (DP) of Soluble and Aggregated
Biocatalytically Synthesized Xylans

We hypothesized that the lengths of xylan polymers present
within the xylan microparticles might be significantly larger than
those polymers that may remain in solution following in vitro

xylan polymerization. To investigate this, we utilized MALDI-
TOF MS to assess the degree of polymerization of the insoluble
versus soluble reaction products (Figure 3a). We allowed xylan
aggregation reactions for all XOS primer types (excluding UXX)
to continue for 24 h, pelleted the insoluble reaction products,
and then sampled the soluble xylan present in the supernatant.
The insoluble products were carefully washed by the repeated
addition of water followed by pelleting and removal of the
supernatant and then dissolved by boiling at 100 °C for 10 min.
We examined the size distributions of the products using
MALDI-TOF MS, which provided a parameter specifying the
DP of the most abundant (DPma) product in each mixture. This
parameter is closely related to, but not identical to, the average
DP of the polymers in the mixture. The DPma of xylans
synthesized using XX primers was 14 for nonaggregated xylan
polymers remaining in the supernatant of reactions, while the
DPma of redissolved xylan aggregates was 18. Similarly, soluble

Figure 4.Confocal microscopy of labeled xylanmicroparticles. (a) Representative images of xylanmicroparticles produced from the conjugation of the
fluorescent tag 2AB to XOS primer reducing ends prior to elongation with KfXYS1. (b) Representative images of XX-type microparticles labeled with
2AB after aggregation. (c) Representative images of XUX-type microparticles stained with the fluorescent dye propidium iodide, which binds to
negative charges. (d) Representative images of XX/XUX-type microparticles stained with propidium iodide. Scale bars represent 10 μm.
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and aggregated xylan chains generated using XUX primers had
DPma values of 13 and 25, respectively. For XAXX-type
reactions, polymers left in the supernatant were found to have
aDPma of 24, while theDPma of redissolved, aggregate-like debris
was 25. Finally, soluble products generated from the XX/XUX
primer mixture showed a distribution with a DPma of 15;
however, the masses of all of the observed ions corresponded to
polymers containing a single methyl hexuronic acid, suggesting
that the peaks arose predominantly from the elongation of the
XUX XOS primer. No polymers lacking this MeGlcA were
detected in the spectra taken from the supernatant. In contrast,
redissolved aggregates displayed two distinct size distributions
The most abundant series (DPma of 19) of ions had masses
consistent with unsubstituted xylan polymers, while the other
series (DPma of 22) was consistent with products containing a
single MeGlcA substituent. This result suggests that the xylan
chain length distributions of soluble and insoluble reaction
products were distinct inmost cases. However, it is interesting to
note that the length distributions for insoluble and soluble xylans
do overlap somewhat.

Xylan Microparticles Adopt a Threefold Helical Screw
Conformation

To investigate the conformation of enzymatically polymerized
xylan polymers that form xylan microparticles, we performed
cross-polarized magic-angle spinning solid-state nuclear mag-
netic resonance spectroscopy (CP-MAS SS NMR) on XX-type
and XUX-type structures. From this analysis (Figure 3e), we
found the CP-MAS spectra for microstructures prepared with
both XOS primer types to be consistent with previously
described threefold screw xylans (Figure 3d).23 To gain further
insight into the structural aspects of xylan microparticles, we
performed X-ray diffraction (XRD) of the XX, XUX, and XX/
XUX microparticle types (Figure S9). The diffraction patterns
for all three types were consistent with previously reported
spectra describing amorphous xylans prepared via glycosyn-
thase-mediated xylan polymerization.14

Functionalization of Xylan Microparticles

We envisioned the microparticles as a potential chassis for drug
delivery technologies given the well-documented health benefits
of xylans and other hemicelluloses associated with the well-being
of the gut microbiome. As such, we designed methods to
chemically functionalize these microparticles as proof of concept
for their use as drug delivery devices. We chose to pursue two
functionalization strategies: labeling primers before KfXYS1-
catalyzed elongation and labeling microstructures after for-
mation.
To accomplish the bottom-up synthesis of labeled micro-

particles, we reductively aminated the reducing terminus of XOS
primers using a fluorescent tag, 2-aminobenzamide (2AB), prior
to polymer elongation. We then used these labeled substrates as
primers for enzymatic synthesis. Microparticles formed from
this process appeared smaller than those synthesized using
unlabeled primers. Notably, 2AB-labeled microparticles were
fluorescent when observed by confocal microscopy under UV
light (Figure 4a and Video S1).
We next set out to determine if the reducing ends of the xylan

polymers present within the microparticles were accessible after
formation. Preformed XX-type microparticles were subjected to
a mild reductive amination with 2AB. Following labeling, the
microparticles were washed extensively with water and then
dissolved at high temperature and analyzed by MALDI-TOF
MS, as previously described (Figure S10). The MALDI spectra

exclusively included ions with masses corresponding to 2AB-
labeled xylans, although this could have been a result of the fact
that 2AB-labeled oligosaccharides have a much higher ionization
efficiency than unlabeled oligosaccharides during the ionization
process, such that unlabeled ions are rarely observed in MALDI
spectra of mixtures containing both unlabeled and 2AB-labeled
oligosaccharides.24 In addition, we observed that the DPma of the
postsynthesis 2AB-labeled microstructures (DPma = 21) appears
to be moderately higher than in unlabeled XX-type micro-
structures. We hypothesize that the mildly reductive labeling
procedure may solubilize some shorter xylan chains, artificially
shifting the DPma in the postlabeled structures to appear higher.
We then utilized confocal microscopy to determine areas of

the structure most susceptible to reductive amination by this
process. Z-stacked images revealed a differential fluorescence
pattern throughout the xylan microstructures, with a particularly
high fluorescence intensity occurring on the edge of the
microparticle as well as within the center (Figure 4b and
Video S2).
To better understand how the xylan chains assemble to form

the microstructures, we treated microparticles prepared with
XOS primers that contained the acidic 4-O-Me-glucuronosyl
substituent with propidium iodide, which is a fluorescent stain
that interacts with the negatively charged groups. Each newly
formed xylan chain contains one uronic acid residue attached to
the xylose next to the reducing end xylose, and this treatment
may provide information about the distribution of the uronosyl
residues throughout the microparticles. Xylan microparticles
prepared from neutral XX primers did not exhibit staining (data
not shown); however, those prepared fromXUX andmixed XX/
XUX XOS primers were effectively labeled (Figure 4c,d),
suggesting that the MeGlcA residues present on polymers
comprising these microstructures are solvent-exposed. Interest-
ingly, while XUX-type microparticles completely and uniformly
stained throughout the entirety of the microstructure, the XX/
XUX-type microparticles were labeled primarily in discrete
regions, i.e., at the edges of the hexagonal face and to a lesser
degree along the lobes of the finlike structures (Figure 4d). This
difference in labeling may suggest that XX and XUX XOS
primers segregate themselves to distinct areas of the micro-
particle. This effect may be due, in part, to the association of
chemically similar primers or to differences in the chain lengths
of the polymers extended from the different primers, causing
them to partition to discrete areas of the structures.

Cytotoxicity of Xylan Microparticles

To further the potential of these materials for uses in
pharmaceutical or medical pursuits, we endeavored to
determine the in vitro toxicity of xylan microparticles on
mammalian cells. Cytotoxic effects of XX-type xylan micro-
particles on a murine cell line (NCTC clone 929 cells) were
analyzed using a thiazolyl blue tetrazolium bromide (MTT)-
based assay at varying concentrations of XX-type microparticles.
We did not observe any toxicity against NCTC clone 929 cells
tested when 5, 50 100, or 500 μg/mL of xylan microparticles
were added to growth media at time points of 24, 48, and 72 h
(Figure S11).

Enzymatic Hydrolysis of Xylan Microparticles

In a previous report, xylan microparticles produced from the
extensive hydrothermal treatment of biomass-derived xylans
exhibited limited susceptibility to enzymatic degradation by
glycoside hydrolases; however, after long incubations, the effects
of hydrolysis could be observed at microparticle edges.16 Thus,
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we set out to determine if the KfXYS-synthesized xylan
microparticles were susceptible to enzymatic hydrolysis by
xylanolytic enzymes. XX- and XUX-type microparticles were
treated with commercially available xylanases and xylosidases.
Three different xylanase treatments were chosen: an exo-β-
xylosidase from glycoside hydrolase family 43 (GH43), which
acts at the nonreducing end of a xylan chain, an endo-acting
xylanase from family GH10, and an endo-acting fungal xylanase
from family GH11 (M1). Changes in particle size and
morphology after incubation with the enzymes were observed
by SEM. XUX-type microstructures displayed little to no
discernible changes in size or shape following treatment with all
three xylanases (Figure S12). Although XX-type aggregates
exhibited no notable structural changes following incubation
with the exo-acting β-xylosidase, incubation with endo-xylanases
from both GH10 and GH11 resulted in a change in
microparticle morphology when compared to control reactions
(Figure 5). Specifically, the endo-xylanase-treated XX-type
microparticles differed by the formation of large holes in the
middle of the hexagonal plates resulting in the generation of
microstructures with a hollow core, reminiscent of a hex-nut
(Figure 5c,d). It should be noted that many of the XX-type
microparticles contained a small hole at the center prior to the
addition of enzyme; however, a stark difference in the hole size is
apparent after enzyme treatment. Most of the microstructures in
the preparation were converted to this hex-nut form by the
endo-xylanase; however, we observed some variability such as
microstructures that had rounded edges and lacked holes in their
centers. The susceptibility to enzymatic hydrolysis, or lack
thereof, may imply that the xylan chains assemble into multiple
distinct structural types with varying degrees of enzyme
accessibility within a given macrostructure.

Discussion

The present study reports the development of an enzymatic
platform to generate pure xylan polymers with controlled fine
structural features by harnessing the action of an ancestral xylan
synthase, KfXYS1. In addition, we show that by optimizing
reaction conditions, we can synthesize xylan polymers that self-
assemble into morphologically distinct microparticles that adopt
a threefold helical screw conformation and whose final form
could be easily controlled by varying just a single sugar on the
saccharide primer. The threefold helical screw conformation,
with one 360° turn per three glycosidic bonds, is the most stable
structure for xylan in solution.25 Previous works exploring routes
of xylan synthesis in vitro have typically employed chemical or
chemienzymatic methods for the polymerization of the xylan
backbone, which are expensive and require difficult-to-obtain
reagents and equipment.14 These methods have proved
invaluable for the study of xylans and polymer−polymer

interactions; however, in contrast to the platform described
here, they lack the ability to fully recapitulate and improve
understanding of polysaccharide synthesis pathways in natural
systems. One key issue with studying plant polysaccharide
biosynthesis is that many enzymes show a preference for higher
DP acceptor substrates, which in the case of xylan can become
difficult because of solubility issues. We envision that the cell-
free biocatalytic synthesis employed here will serve as a base,
enabling platform that can be expanded upon with the addition
of other polymer-modifying enzymes, such as the branching
glycosyl and acetyl transferases that decorate xylan polymers in
vivo. Indeed, we have recently described the use of KfXYS1 in
combination with a series of rationally engineered xylanO-acetyl
transferases (XOATs) to synthesize acetylated xylan polymers in
a one-pot reaction.26 In the future, we speculate that in vitro
platforms like this will allow researchers to more rapidly
engineer enzymes like XOATs for in planta gene replacement to
produce plant cell walls with tuned properties. Future work will
focus on the incorporation of auxiliary enzymes such as these
into the in vitro xylan synthesis platform, with a promise to
reveal intricacies of enzyme function and behavior that govern
the synthesis of the ornately decorated polymers synthesized
within the Golgi bodies of live plants.
Phylogenetic evidence suggests that KfXYS1 represents one

of the earliest known examples of xylan biosynthetic activity and
is ancestral to the enzymes that function to synthesize the xylans
found in all terrestrial plants today.12 One critical and notable
aspect of KfXYS1 to the experiments presented here is that it
remains capable of efficient xylan polymer elongation in the
presence of millimolar levels of UDP, a byproduct of the
glycosyltransferase reaction. KfXYS1 proved to be unrivaled in
xylan synthesis capabilities when compared to xylan synthases
cloned from more evolved plant lineages12 (unpublished
results). In addition, we show that KfXYS1 is promiscuous in
terms of the structure of the saccharide primer as evidenced by
the ability to readily utilize primers containing different side-
chain structures, including those substituted with a 2′-linked 4-
O-methyl-glucuronosyl residue (XUX), a 3′ arabinosyl sub-
stituent (XAXX), and a labeled reducing terminus (X6-2AB). In
contrast, UXX could not be extended by KfXYS1, which is likely
a result of steric constraints presented by the 4-O-methyl-
glucuronosyl substituent at O-2″ of the nonreducing terminal
xylose residue, the residue to which xylose is transferred by
KfXYS1.
Perhaps, the most surprising and intriguing finding from this

study is that KfXYS1 polymerization reactions with suitable
quantities of donor and acceptor substrates can lead to the
formation of ordered microstructures and that their morphol-
ogies could be manipulated based on the XOS primer structure.
One aspect of this work that is difficult to reconcile is that the

Figure 5. Susceptibility of xylan microparticles to enzymatic hydrolysis. (a−d) Representative SEM images of XX-type microparticles after 48 h
incubation with different xylan-active hydrolases. Scale bars represent 10 μm.
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xylan microparticles produced here were found to produce a
birefringent effect when viewed through cross-polarized lenses,
suggesting some degree of order within the structures (Figure
S4). However, XRD analysis of XX- and XUX-type particles
seemed to contradict this finding and suggests that these
microparticles are predominantly comprised of amorphous
xylan aggregates (Figure S9). We intend to further probe the
arrangement and packing of xylan chains within these enzymati-
cally synthesized products in future work to better understand
how the combined data can provide insight into the molecular
architecture.
Previous work has demonstrated the enzymatic synthesis of

other cell wall polysaccharides, which can form aggregates, with
relevant examples including the glycosynthase-mediated syn-
thesis of crystalline β-D-(1,3)(1,4) glucans,27 as well as the
synthesis of large-molecular-weight xyloglucan polymers lacking
galactosylation, which were found to form insoluble products.28

Furthermore, Kobayashi et al. described the enzymatic synthesis
of xylan polymers using cellulase as a catalyst and reported the
formation of a white xylan precipitant that produced CP-MAS
spectra very similar to those described in this work.13 In
addition, the xylans produced in the study by Kobayashi et al.
were reported to have an average degree of polymerization of
around 23 xylosyl units, suggesting that these polymers and
insoluble products may be very similar to those that we have
produced in this work.13 Reports of crystalline xylans first
emerged in the 1940s that described the formation of laminar
hexagonal microcrystals that assemble from short-chain xylan
fragments generated by autoclaving plant biomass and possess
an unmistakable resemblance to the microparticles synthesized
within this work (Figure 2a,b).15,16,18 Here, we have generated
diverse microstructures de novo via enzymatic polymerization,
granting us greater control of the polymer structures
participating in polymer aggregation and the morphologies of
microstructures produced when compared to previously
described methods of xylan microparticle preparation.
We anticipate that many other unexplored structures may

serve as XOS primers, and we propose that a greater diversity of
microparticle morphologies may be achievable. We hope to
further explore this possibility in future studies, as well as
investigate other ways to influence xylan synthesis and self-
assembly, perhaps via side-chain addition or the controlled
mixing of multiple XOS primer types in a single xylan synthesis
reaction. Further analysis is also warranted into the mixing of
xylan primers at different points or lengths of polymerization,
essentially giving certain polymers a “head-start” in elongation
before adding others. In this way, it may be possible to synthesize
cores of one XOS-type while then decorating or modifying these
cores with polymers containing other modifications or
functionalities. Although here we have described a new
biocatalytic platform to create xylan microstructures completely
comprised of xylans, there is also potential to enzymatically
incorporate other polymers and components into composite
particles. We hope to develop this platform to synthesize xylans
in the presence of cellulosic materials such as nano- or
microcrystalline cellulose preparations, as a green technology
for cellulose labeling. Further investigations into this arena
promise to develop the understanding of xylan synthesis and
xylan/cellulose interactions as well as aid in the construction of
biobased materials, which could mimic the plant cell wall in
terms of complexity, plasticity, and biocompatibility.
In this study, we have described several examples and insights

into how this technology might be utilized, focusing specifically

on biomedical applications given the well-established bio-
compatibility of xylans. For this reason, we tested the
biocompatibility and degradability of XX-type microparticles
and found their characteristics to be fully in line with what we
would expect of unassociated xylans. In addition, the ability to
modify xylan microstructures, either ionically or covalently,
bodes well for the implementation of these structures as
biologically inspired drug delivery chassis. Given these results,
we believe that xylan microparticles may have commercial
potential in the pharmaceutical or nutritional industries. Though
many hurdles lie in the way of scale-up and mass production of
xylan microparticles through enzymatic synthesis, chiefly the
high cost of the donor substrate UDP-Xyl, the tantalizing
prospect of fully simulating natural pathways for synthesis is
rapidly approaching reality. One-pot multienzyme approaches
potentially reduce both the complexity and cost of in vitro
carbohydrate synthesis compared to current chemical methods
and have therefore gained attention in the past decade. Many of
these studies involve carbohydrate polymerization by glycosyl-
transferases coupled with substrate regeneration pathways,
which support in vitro synthesis by exchanging kinetically
unfavorable byproducts for activated substrates. This strategy
promotes enhanced yield and lowers the required amount of
starting donor substrates. These principles have been success-
fully utilized for in vitro synthesis of N-glycans, but to the best of
our knowledge, these have not been applied to plant
polysaccharides.29,30 The platform we have presented here is a
candidate for such systems, primarily as a mechanism to reduce
the cost of UDP-xylose. We expect these technologies to mature
rapidly as the understanding of plant cell wall biosynthetic and
metabolic pathways advances.

■ CONCLUSIONS
Here, we have described the enzymatic synthesis and self-
assembly of xylan microparticles with morphologies that can be
tuned based on fine structural features of the saccharide primers
used to initiate polymerization. We have investigated the
conditions under which xylan microparticles are formed, the
lengths and conformations of the polymers that comprise the
particles, as well as the ability to modify the structures using
chemical probes and hydrolytic enzymes. Taken together, we
present a novel biocatalytic route to xylan-based materials,
which we envision to have many potential uses in industries that
require bioderived or biocompatible products.

■ METHODS

Reagents
All chemicals were purchased fromVWR International unless otherwise
indicated. β-D-Xylp-(1 → 4)-D-Xylp (XX i.e., xylobiose), β-D-Xylp-(1
→ 4)-[4-O-Me-α-D-GlcpA-(1 → 2)]-β-D-Xylp-(1 → 4)-D-Xylp
(XUX), β-D-Xylp-(1 → 4)-[α-L-Araf-(1 → 3)]-β-D-Xylp-(1 → 4)-β-
D-Xylp-(1 → 4)-D-Xylp (XAXX), and 4-O-Me-α-D-GlcpA-(1 → 2)-β-
D-Xylp-(1 → 4)-β-D-Xylp-(1 → 4)-D-Xylp (UXX)) were purchased
from Megazyme International (Ireland).

Cloning and Expression of KfXYS1
KfXYS1 was cloned into the pGEn2-DEST mammalian expression
vector31 and expressed in human embryonic kidney cells, as previously
described by Jensen et al.12 The expression construct (His-GFP-
KfXYS1) used in this work encodes a fusion protein comprising an
amino-terminal signal sequence, an 8xHis tag, an AviTag recognition
site, the “superfolder” GFP (sfGFP) coding region, the recognition
sequence of TEV protease, and residues 27−445 of KfXYS1.
Recombinant expression and purification were performed by transient
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transfection of suspension culture HEK293-F cells with pGEn2-
KfXYS1 and a HisTrap HP 1 mL column (GE Healthcare, Little
Chalfont, U.K.), as previously described.11,12 His-GFP-KfXYS1 was
concentrated to >1 mg/mL using an Amicon Ultra Centrifugal Filter
Device (30,000 molecular weight cut-off (MWCO); Merck Millipore)
and dialyzed (3,500 MWCO) into N-(2-hydroxyethyl)piperazine-N′-
ethanesulfonic acid (HEPES) sodium salt−HCl (50 mM, pH 7.4) and
used directly for reactions or stored at 4 or−80 °C. The purified fusion
protein used throughout the experiments herein will be referred to as
KfXYS1 for simplicity.

Production of UDP-Xylose

UDP-xylose (UDP-Xyl) was synthesized from UDP-glucuronic acid
(UDP-GlcA, Carbosynth) via a recombinant human UDP-xylose
synthase (hUXS). hUXS was previously cloned into the pET15b vector
and transfected into Escherichia coli for expression.32 This construct was
obtained through a generous gift from Dr. Zachary Wood (UGA),
plated onto an LB-agarose plate containing ampicillin (100 μg/mL) as a
selectionmarker, and grown at 37 °C for 16 h. Single colonies were used
to inoculate 5 mL starter cultures of LB broth with ampicillin (100 μg/
mL), and the cultures were grown for 16 h with shaking at 200 rpm.
These cultures were then used to inoculate 6, 1 L cultures of LB broth
containing ampicillin (100 μg/mL). The cultures were shaken at 37 °C,
200 rpm until reaching an OD600 of 0.6 as measured by a
spectrophotometer, at which point the hUXS expression was induced
with the addition of 0.2 mM isopropyl β-D-1-thiogalactopyranoside
(IPTG). Protein expression was continued for 3.5−6 h at 37 °C, at
which point the cultures were centrifuged at 5,000g for 15 min, the
supernatant was removed, and the pellets were stored at −20 °C.
The cell pellets were resuspended in a total of 90 mL of buffer A (50

mMHEPES pH 7.4, 0.4 MNaCl, and 20 mM imidazole) and subjected
to lysis with two successive phases on a French press. The slurry was
transferred to conical centrifuge tubes, and the cell debris was separated
by centrifugation at 12,000g for 30 min. The supernatant was collected,
diluted to 300 mL in buffer A, and filtered via a 5 μm vacuum filtration
device (Millipore). This mixture was then loaded at a rate of 5 mL/min
onto a 5 mL HisTrap HP (GE scientific) pre-equilibrated with buffer A
using an ÄKTA pure 25 L chromatography system. After loading, the
column was washed and eluted with a step gradient, consisting of five
CVs per condition of buffer A to buffer B (50 mM HEPES pH 7.4, 0.4
M NaCl, 500 mM imidazole) at a flow rate of 5 mL/min consisting of
20, 60, and 100% buffer B. Fractions containing peaks as observed by
UV absorbance were analyzed by sodium dodecyl sulfate-polyacryla-
mide gel electrophoresis (SDS-PAGE) and those containing the
protein of interest were pooled and dialyzed into 50mMTris−HCLpH
8 with 250 mM NaCl and 10 mM ethylenediaminetetraacetic acid
(EDTA) for 16 h at 4 °C.
UDP-Xyl was then synthesized from UDP-GlcA by preparing

reactions containing 40 μM hUXS, 30 mM UDP-glucuronic acid
disodium salt (Carbosynth), 10 mM dithiothreitol (DTT) in 50 mM
Tris−HCl buffer pH 8with 10mMEDTA. Reactions were incubated at
37 °Cwith shaking at 200 rpm for 48 h. Nucleotide sugar products were
then separated from hUXS via diafiltration using a Vivacell 70
ultrafiltration concentrator (10 kD MWCO; Satorius AG) by
centrifugation at 3,800g for 4 h at 4 °C. The filtrate was diluted 1:20
into an anion-exchange (AnEx) buffer A comprised of 20 mM
ammonium acetate (pH 4.8) and loaded in 40 mg batches onto a 5 mL
HiTrapQHP anion-exchange chromatography column (GE Scientific)
pre-equilibrated with 10 CV of ammonium acetate (pH 4.8), using an
ÄKTA pure 25 L chromatography system at a rate of 5 mL/min. The
column was washed and eluted with a step gradient, consisting of five
CVs per condition of AnEx buffer A to AnEx buffer B (0.5 M
ammonium acetate pH 4.8). These consisted of two sequential steps of
40 and 100% AnEx buffer B. Peaks eluted by 40% AnEx buffer B
containing the purified UDP-Xyl were collected, diluted 1:10 in water,
and lyophilized. The dry materials were then resuspended in 20 mL of
water, repeatedly frozen, and lyophilized until ammonium acetate was
nearly removed (∼3 times). Combined fractions were resuspended in
water, and their UDP-Xyl content was quantified by measuring the
absorbance at 262 nm read with a Take 3 plate (Biotek) and a Biotek

Synergy LX multimode plate reader (BioTek Instruments). Measure-
ments were compared to a standard curve prepared from the known
molarity of UDP-GlcA disodium salt in water. Purified UDP-Xyl was
diluted to a final concentration of 120 mM and stored at −20 °C in
aliquots until use.

KfXYS1 Oligosaccharide Primer Screen

Reactions were prepared containing 0.5 μM KfXYS1, 3 mM UDP-Xyl,
50 mM HEPES sodium salt pH 7.3, 0.5 mM of oligosaccharide primer
xylobiose (XX), 2′-(4-O-methyl-α-D-glucuronosyl)-xylotriose (XUX),
3″-arabinofuranosyl-xylotetraose (XAXX), and 3″-(4-O-methyl-α-D-
glucuronosyl)-xylotriose (UXX) at various concentrations (0.5, 0.25,
0.125, 0 mM). Prior to the addition of UDP-Xyl, 2 μL of the reaction
mixture was removed and mixed with Dowex 50W slurry and incubated
for 1 h at room temperature (RT). Following the addition of UDP-Xyl,
reactions were allowed to incubate at RT for 1 h, at which time 2 μL was
removed and mixed with 10 μL of Dowex 50W anion-exchange resin
and incubated for 12 h at RT. The samples along with the no UDP-Xyl
controls were pelleted, and 2 μL of the supernatant wasmixed with 2 μL
of 2,5-dihydroxybenzoic acid (DHB) (Sigma-Aldrich) dissolved at a
concentration of 20 mg/mL in 50% aqueous methanol on a Bruker
MALDI-TOF MS target plate and allowed to dry. The samples were
analyzed with an LT Bruker LT Microflex spectrometer (Bruker,
Billerica, MA), as described previously.11 Positive-ion spectra were
recorded with a minimum of 200 laser shots summed to generate each
spectrum.

Monitoring the Synthesis and Formation of Insoluble Xylan
Products

Enzyme reactions containing 0.5 μM KfXYS1, 12 mM UDP-Xyl, 50
mM HEPES sodium salt pH 7.3, and 0.5 mM acceptor oligosaccharide
primers (XX, XUX, XAXX, UXX) or 25 mM each of XX and XUX were
prepared. A control reaction containing 10 ngM1 xylanase (Megazyme
Ireland) was added to xylobiose primed reactions as a control.
Reactions were performed in triplicate in a Costar clear 96-well plate
(Corning). Reactions were then monitored by measuring the OD600
using a Biotek Synergy LXmultimode plate reader every 5 min for 24 h.

RT-NMR Analysis of Xylan Microparticle Formation

KfXYS1 was dialyzed for 36 h into 50mM sodium phosphate buffer pH
7.3 prepared in 99% deuterium oxide (D2O). Stock solutions of UDP-
Xyl and xylobiose and buffer were prepared in D2O. A 200 μL reaction
was prepared on ice comprised of 0.88 μM KfXYS1, 20 mM UDP-Xyl,
and 0.5 mM xylobiose in 50 mM sodium phosphate pH 7.3. The
reaction was gently vortexed and then quickly transferred to a 3 mm
glass NMR tube. The 1D 1H spectra were recorded every 15 min with a
sample temperature of 25 °C on a Varian Inova NMR spectrometer
operating at 600 MHz and equipped with a 5 mm cold probe (Agilent,
Santa Clara, CA). Chemical shifts were measured relative to internal
DMSO (δ 1H 2.721). The NMR spectra were processed using
MestReNova software (Mestrelab Research S.L., Santiago de
Compostela, Spain).

Scale-Up of Microparticle Production for Structural
Analysis

For the large-scale production of xylanmicroparticles, reactionmixtures
containing 0.5 μM KfXYS1, 12 mM UDP-Xyl, and 0.5 mM xylan
oligosaccharide primer (XX, XUX, XX/XUX) were prepared in 50 mM
HEPES sodium salt−HCl pH 7.3. For the reactions with XX/XUX
primer mixtures, a concentration of 0.25 mM of each primer type was
used to reach a final concentration of 0.5 mM oligosaccharide primer.
The total reaction volume for each substrate type was 22.5 mL, split
equally between three 15 mL conical tubes. Xylan polymerization was
allowed to progress for 24 h, at which point all insoluble materials were
pelleted via centrifugation at 2,800g for 5 min, and the supernatant was
removed and placed in a fresh tube, with a small aliquot (20 μL) of the
supernatant stored at −20 °C for further analysis. The pellets were
washed with 5 mL of sterile, cell culture grade water (Corning) and
pelleted again at 2,800g. This process was repeated five times. Finally,
the microparticles were suspended in 20% aqueous ethanol and stored
at room temperature for later use.
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Magic-Angle Spinning Solid-State NMR of Xylan
Microparticles
Approximately 12 mg of xylan microstructures (XX- or XUX-type)
suspended in 20% aqueous ethanol were spun at 2,800g and washed 3×
with deionized H2O and then washed 3× consecutively with 99% D2O
(Cambridge Isotope Laboratory Inc.). The microparticles were then
resuspended in 0.2 mL of D2O by pipetting and packed into a 30 μL
HR-MAS-disposable-insert (Bruker), which was placed in a 1.5 mL
Eppendorf tube, and gently spun at 3,000g for 30 s. The excess D2O
(supernatant) was then removed without disturbing the packed
microparticles, and the process was repeated until the insert was
completely filled with xylan microparticles while minimizing the
amount of D2O in the insert. The CP-MASNMR spectra were recorded
using a Bruker Advance Neo 600 MHz spectrometer equipped with a 4
mm CmP-HR-MAS probe with a sample temperature of 25 °C and a
spinning speed of 10 kHz.

MALDI-TOF Mass Spectrometry of Xylan Polymers
For analysis of the reaction mixture supernatant, samples were pelleted
at indicated times at 2,800g for 5 min. A 10 μL aliquot of the reaction
was taken from the top without disturbing the pelleted microparticles,
mixed with 10 μL of dH2O and 5 μL of Dowex 50W anion-exchange
resin, and incubated for at least 30 min. Samples were then centrifuged
to pellet the resin, and 2 μL of the supernatant was mixed with 2 μL of
2,5-dihydroxybenzoic acid (DHB, Sigma-Aldrich, 20 mg/mL in 50%
aqueous methanol) on a Bruker MALDI-TOF MS target plate and
allowed to dry. The samples were analyzed with an LT Bruker LT
Microflex spectrometer (Bruker, Billerica, MA), as described
previously.11 Positive-ion spectra were recorded with a minimum of
200 laser shots summed to generate each spectrum.
To analyze insoluble xylan polymers, the xylan microparticles were

gently suspended by pipetting, and 10 μL of the colloidal solution was
then removed and placed in strip tubes. The suspension was pelleted by
centrifugation at 5,000g for 3 min, the supernatant was removed, and 50
μL of dH2O was added to resuspend the pellet. This washing was
repeated five times, at which point the microparticles were left in 50 μL
of dH2O and then heated to 100 °C for 5 min. A 2 μL aliquot was then
removed and prepared for analysis by MALDI-TOF MS in the same
manner as described for soluble polymers.

Light Microscopy
Xylan microparticles were gently resuspended by pipetting, and 3 μL of
the colloidal slurry was removed, mixed with an equal volume of
glycerol, and placed on a glass microscopic slide (colorfrost/plus;
Fisher Scientific). The sample was then covered with a glass coverslip
and immediately observed using a Nikon Eclipse 80i microscope
equipped with a Nikon Plan Fluor 40×/0.075 objective. To observe the
birefringence of xylan microparticles, a polarizing lens (Olympus,
Japan) was placed over the bottom light source of the microscope and a
polarizing filter was also included above the objective. The polarizing
lens was rotated to produce a dark as possible field of view in the
absence of sample. Images were captured using the NIS Elements (4.3)
software package.

Dynamic Light Scattering
Xylan microparticles were diluted to 0.1 mg/mL in a storage buffer
(20% aqueous ethanol). Scattering was measured at 25 °C in triplicate
with a Malvern Zetasizer Nano ZS (Malvern Panalytical). The size of
the structures was determined by the weighted average of the
percentage of intensity measured at each size across the replicates.

Scanning Electron Microscopy
Thoroughly washed xylan microparticles were resuspended in a dilute
colloidal suspension, and 3 μL of the suspension was deposited onto
SEM aluminum specimen mounts (Ted Pella Inc.) with a carbon
adhesive tab (Electron Microscopy Sciences) attached. The mounts
were then allowed to dry in a desiccation chamber for at least 24 h, at
which point they were sputter-coated with a thickness of 10 nm (stage
height −10 nm) with gold−palladium coating using a Leica EM
ACE200 sputter coating system. Following sputtering, the samples were
imaged using a Jeol JSM-6010LV scanning electron microscope. Sizes

of xylan microparticles were determined by analyzing representative
SEM images using ImageJ.33

Labeling of Xylan Microparticles

Xylohexaose (Megazyme Ireland) was labeled with the fluorescent dye
2-aminobenzamide (2AB, Sigma-Aldrich), as previously described.11

Xylohexaose-2AB (0.5 mM) was then incubated with KfXYS1 and 30
mM UDP-Xyl in HEPES sodium salt pH 7.3 for 12 h, before pelleting
and washing as described previously. Alternatively, xylan microparticles
generated via a large-scale synthesis were labeled with 2AB after
formation as follows: 0.2 mg of XX-type microparticles was suspended
in 100 μL of 0.5 M sodium cyanoborohydride (NaCNBH4, Sigma-
Aldrich) and 0.25 M 2AB (Sigma-Aldrich). Reaction pH was adjusted
to between 5 and 5.5 with 1 M acetic acid. The mixture was then
incubated at 45 °C for 12 h. Following incubation, the reaction was
pelleted by centrifugation at 5,000g for 5 min, the supernatant was
removed, and the microparticles were washed 10× with 1 mL of dH2O.
Control samples were also prepared following the same procedure but
lacking NaCNBH4 in the reaction mixture.

Xylan microparticles (∼20 μg) were labeled with propidium iodide
by incubation for 30 min in 100 μg/mL aq. propidium iodide (Sigma-
Aldrich). Following incubation, the microparticles were pelleted and
washed with 50 μL of water. The microparticles were then pelleted
again, and the supernatant was removed, before resuspension in 5 μL of
1% agarose solution (60 °C), and mounting on a glass microscopic
slide.

Degradation of Xylan Microparticles with Hydrolases

Xylan microparticles (5 mg) stored in water were pelleted by
centrifugation at 2,800g for 5 min, and the supernatant was removed.
The microstructures were resuspended in 2.5 mL of dH2O and pipetted
repeatedly to produce a well-suspended slurry. An aliquot (10 μL) of
the slurry was then removed and placed in a 0.2 mL polymerase chain
reaction (PCR) strip tube. The suspension was then pelleted at 5,000g
in a microcentrifuge for 5 min, and the supernatant was removed and
replaced with 10 μL of the appropriate buffer. Ammonium acetate (100
mM pH 5) was used for both the GH11M1 xylanase from Trichoderma
viride (E-XYTR1, Megazyme Ireland) and GH10 xylanase from
Cellvibrio japonicus (XYNACJ, Megazyme Ireland), while HEPES
sodium salt (100 mM pH 7.4) was used for the exo β-xylosidase from
Bacillus pumilus (E-BXSEBP, Megazyme Ireland). Enzyme stocks were
diluted in water to a concentration of 0.01 mg/mL (0.023, 0.0025, and
0.0018 units for M1, XYNACJ, and E-BXSEBP, respectively), and 10
μL was added to each sample, giving a final concentration of 50 mM
buffer,∼20 μg microparticles, and 100 ng enzyme. No enzyme controls
were also prepared in ammonium acetate buffer pH 5. Reactions were
performed in triplicate and incubated at 37 °C for 24 or 48 h. At each
time point, the reaction was gently resuspended by pipetting, and 3 μL
was removed, pelleted at 2,800g for 5 min, washed repeatedly with
dH2O, and mounted for examination by SEM.

Confocal Microscopy

Labeled and stained microparticles were mounted on a glass slide under
a cover glass. Microstructures were imaged as Z-stacks on an Olympus
Fluoview FV1200 equipped with a 100×/1.40 NA oil immersion
objective. The 2AB fluorescent signal was visualized using a 405 nm
excitation laser and a band-pass filter of 425−475 nm with an SDM490
dichroic mirror. Propidium iodide fluorescent signal was visualized
using a 559 nm excitation laser and a 570−670 nm emission filter.
Images were constructed using ImageJ.33

X-ray Diffraction

The crystallinity of the xylan microstructures was measured by X-ray
diffraction (XRD) using a Rigaku (Tokyo, Japan) Ultima IV
diffractometer with a Cu Kα radiation having a wavelength of λ
(Kα1) = 0.15406 nm generated at 40 kV and 44 mA. Samples were
placed on a quartz substrate, and the diffraction intensities were
measured with 2θ in the range of 8−42° using a step size of 0.02° at a
rate of 2°/min. Amorphous cotton linters (Amorphous CL) were
included as an experiment control.
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Toxicity Screening of Xylan Microparticles

The toxicity of the xylan microparticles was measured based on the
ability of cells with functional mitochondria to reduce the dye thiazolyl
blue tetrazolium bromide (MTT, Sigma-Aldrich, M2128) to a blue
formazan product that absorbs light at 490 nm. XX-type particles (5
mg) were dissolved in molecular-grade water (1 mL), and serial
dilutions were made for each concentration tested. NCTC clone 929
cells (ATCCCCL-1) were seeded in 48-well plates using a total volume
of 400 μL. The following day, 77 μL of the media was replaced with 77
μL of xylan microparticles (final concentrations were 5, 50, 100, and
500 μg/mL) or vehicle control in triplicate wells. After 24, 48, and 72
hours, MTT dye was added and the absorbance in each well was read at
490 nm. Post screening, the data was processed using Graphpad Prism
version 8.0. For each concentration, the mean blank-corrected
absorbance across triplicate wells was calculated and expressed as a
fold change relative to the vehicle-treated wells.

Statistics

The mean size of xylan microparticles as calculated by SEM was
determined by a two-tailed t-test with unequal variance. P-value =
8.9959 × 10−204, degrees of freedom = 621. All representative images
are obtained from experiments that included at least two independent
experimental replicates unless otherwise indicated in the figure legends.

Experimental Details

No unexpected or unusually high safety hazards were encountered
while conducting the experiments laid out within this work.
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