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Chirality from cryo-electron tomograms of
nanocrystals obtained by lateral disassembly and
surface etching of never-dried chitin
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ABSTRACT

The complex nature of typical colloids and corresponding interparticle interactions pose a
challenge in understanding their self-assembly. This specially applies to biological
nanoparticles, such as those obtained from chitin, which typically are hierarchical and
multidimensional. In this study, we obtain chitin nanocrystals by one-step heterogeneous acid
hydrolysis of never-dried crab residues. Partial deacetylation facilitates control over the balance

of electrostatic charges (zeta potential in the range between +58 and +75 mV), and therefore



affords chitin nanocrystals (DE-ChNC) with axial aspect (170 to 350 nm in length), as
determined by cryogenic TEM and AFM. We find that the surface amines generated by
deacetylation, prior to hydrolysis, play a critical role in the formation of individual chitin
nanocrystals by the action of a dual mechanism. We directly access the twisting feature of chitin
nanocrystals by using electron tomography (ET) and uncover the distinctive morphological
differences between chitin nanocrystals extracted from non-deacetylated chitin, ChNC, which
are bundled and irregular and DE-ChNC (single, straight nanocrystals). While chitin
nanocrystals obtained from dried chitin precursors are known to be twisted and form chiral
nematic liquid crystals, our ET measurements indicate no dominant twisting or handedness for
the nanocrystals obtained from the never-dried source. Moreover, no separation into typical
isotropic and anisotropic phases occur after two months at rest. Altogether, we highlight the

critical role of drying the precursors or the nano-polysaccharides to develop chirality.
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cryo-TEM

The assembly of nanoscale building blocks into complex supracolloidal architectures
potentially leads to easily tailorable functional materials,3 which have shown promise in fields
such as controlled delivery,* composites,>® photonics,” and catalysis.® However, any
development in these areas requires a deep understanding of interparticle and surface
interactions,”!? as well as those with the surrounding medium.'! For example, achieving control
on the association and aggregation is imperative to enable constructs with consistent and

predictable properties.!? Biobased nanoparticles and colloids offer special promise given their



chemical and structural characteristics, which are directly encoded within the natural materials
they are derived from, be it plants, insects and other sources.'3!4

Taking advantage of the inherent characteristics of biomass resources, simple top-down
strategies have been applied to isolate their building blocks. In this context, cellulose and chitin
are examples of some of the most promising biobased colloids.'>*” Nanocelluloses have been
the subject of widespread studies aiming to introduce sustainable functional materials.*®° In
contrast, the production and utilization of chitin nanoparticles, in particular chitin nanocrystals
(ChNC), have remained largely underexplored. Moreover, undertakings that remain pending
include the exploitation of the morphological diversity of colloidal chitin as well as its
functional attributes.

As a natural polysaccharide,?® chitin is structured from semicrystalline, tightly-bonded
microfibrils that consist of extended linear molecular chains of acetylglucosamine
homopolymer, which can develop primary amines at the surface.?* The microfibril bundles
display a fine plywood structure (Figure 1a),%> which is decisive to realize the mechanical
strength of chitin-based materials.?® Similar to cellulose nanocrystals (CNC),*® spindle-shaped
chitin nanocrystals (ChNC) are commonly isolated by strong acid hydrolysis from purified
chitin.2*2% Owing to the positively charged nature that originates from protonated amines on
the surface of chitin, ChNC is colloidally stable in aqueous acid medium at a pH < pK, (~
6.3).2” The amine groups on ChNC structurally originate from respective acetylglucosamine,?
evolving from the deacetylation of chitin in alkaline condition prior to hydrolysis (Figure 1a).?°

Depending on the severity of the process used for ChNC production, it is possible to adjust the



density of amine groups. Importantly, this is in contrast to cellulose nanoparticles, such as
cellulose nanofibrils (CNF), which require surface modification of the precursor fibers to install
charged groups.3>3! For instance, given processes and reactive species are demanded for such
a purpose, increasing the complexity of the synthesis, its cost and environmental footprint. It
is therefore desirable to consider simple and green methods for the production of colloidal
chitin and to investigate their properties.

We produced colloidally stable, individualized chitin nanocrystals by surface
deacetylation of never-dried chitin followed by acid hydrolysis, termed herein as DE-ChNC.
The DE-ChNC was investigated by electron tomography (ET) combined with computational
analysis of the 3D reconstructions, and the results were compared with those of non-
deacetylated ChNC and chiral nanocellulose.*?32** The ET data provide unique insights into
the structure of chitin nanocrystals and their twisting, allowing a better understanding of the
role of the naturally-occurring characteristics of chitin and its self-assembly in liquid crystalline

phases.

RESULTS AND DISCUSSION

Chitin nanocrystals from never-dried chitin. The procedure used for the isolation of
rod-shaped chitin nanocrystals from never-dried and purified a-chitin is shown in Figure 1a.
First, partially deacetylated chitin (DE-Chitin, 27% amine groups) is obtained by NaOH-
induced deacetylation of the purified chitin.3® The second step, namely, hydrolysis of the
obtained DE-Chitin with HCI solution followed by mild ultrasonication, produces positively-

charged nanocrystals, DE-ChNC. Herein, the samples are referred to as DE-ChNC30, DE-
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ChNC60 and DE-ChNC90, depending on the hydrolysis time (30, 60, and 90 min). In addition,
never-dried, purified chitin was directly hydrolyzed for 90 min, e.g., with no intermediate
deacetylation in alkaline solution (see schematic illustration in Figure S4a), yielding a
nanocrystal that is used as a reference, ChNC90. All the DE-ChNCs and ChNC90 are
colloidally stable in aqueous suspension and scatter light in the blue region (Figure S1, inset).
The chemical composition (Figure S2) and crystallinity profiles (Figure S3) of DE-ChNC90
and ChNC90 are similar,*® indicating that the deacetylation step, prior to hydrolysis, has no
significant influence on such characteristics, which are encoded within the native chitin.

Depending on the preparation route, the morphology of chitin nanocrystals is significantly
different in terms of the observed level of particle bundling. In situ cryo-TEM imaging of DE-
ChNC90 clearly shows individual, well-dispersed rod-like nanocrystals (Figure 1b), which are
observed in AFM (Figure 1c and 1d). DE-ChNC30 and DE-ChNC60 are also observed as
single or individual nanocrystals (cryo-TEM images, Figure S5). However, in contrast to the
deacetylated nanocrystals (DE-ChNC), bundled crystals are typical in the ChNC90 sample, as
shown in the images acquired by cryo-TEM and AFM (Figure S4b and S4c, respectively).
Such feature is more clearly discernible under AFM (Figure S4c), especially from line scans
across the crystals (inset of Figure S4c).

Histograms with Gaussian fit counts (width and length) acquired from TEM imaging of
DE-ChNC90 and ChNC90 (along with those corresponding to DE-ChNC30 and DE-ChNCG60,
Figure S6) confirm the measurements from cryo-TEM and AFM (height profiles in Figure 1d

and Figure S4c). Although DE-ChNC90 is slightly shorter and thinner compared with



ChNCO90, an identical aspect ratio is determined for both types of nanocrystals (Table 1). The
nanocrystals obtained at shorter hydrolysis times (DE-ChNC30 and DE-ChNCG60) are longer
compared with DE-ChNC90 (Table 1 and Figure S6). However, a fairly similar mass yield
(~80%) is determined for all the samples (Table 1). Likewise, no significant effect of
hydrolysis time is observed for the colloidal stability of DE-ChNC in aqueous media (optical
transmittance spectra, Figure S1). The chemical (FTIR, Figure S2) and structural (XRD,
Figure S3) features of the materials used as precursor are retained in the nanocrystals obtained
after short hydrolysis times, presumably given that the surface of DE-Chitin is not fully etched.
However, the more remarkable observation relates to the effect of drying: compared to those
derived from the never-dried chitin, nanocrystals of similar length obtained from dried chitin

powder require significantly more severe hydrolysis conditions (9 h hydrolysis time).3’

NH.
NH:

e e o S ey g w2 o
Crab Plywood il " i NH: NH:
structure ‘ !;ﬁfu‘. Rul¥yy, & o

- R _' [ 42
I NaoH VIS HCI ' Sonication
Y444% Deacetylation L Hydrolysis 0y Centrifugation

- (DE) ; A
UL > -Chiti -

Ry e = Tonion Purified chitin Deft:itin > Ch(llt)'g-%ahnl‘?g)rysms ('HSSiguhaTiged)
(b) (C) 19 nm (d) m 10 nm

B

0 0

Figure 1. (2) Schematic illustration (not to scale) of the preparation of deacetylated chitin (DE-
Chitin) and the corresponding individual chitin nanocrystals (DE-ChNC) by HCI hydrolysis.

(b) Cryogenic transmission electron microscope (cryo-TEM) image of DE-ChNC90 (acid
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hydrolysis for 90 min). Note: The spherical features in the TEM image correspond to cationic
gold nanoparticles that were added for the purpose of alignment (scale bar = 50 nm). (c)
Atomic force microscopy (AFM) image of DE-ChNC90 with a rectangle area shown in (d) at
higher magnification. The insert in (d) corresponds to the height profiles of three nanocrystals
with added scan lines in the cross direction (red, green and blue in the main image). The scale

bar in (c) and (d) correspond to 300 and 800 nm, respectively.

Table 1. Main characteristics of chitin nanocrystals (DE-ChNC) obtained after deacetylation

followed by hydrolysis with HClaq for 30, 60 or 90 min.

Sple  DD(ep  CPolnil Leneh Wi Aset - viel
DE-ChNC30 104 +06 75+3 357 £ 45 20+ 4 ~18 ~83
DE-ChNC60 8.5+ 0.7 68 +2 221 £ 45 1343 ~17 ~T79
DE-ChNC9 33403 60+ 1 172 £ 29 9+3 ~19 ~76
ChNC90Y 22402 58+1 236 + 47 14+ 4 ~17 ~81

Y ChNC90 corresponds to a sample that was not deacetylated but directly hydrolyzed for 90 min; 2 DD = Degree
of deacetylation; 3 The dimension data in this table are extracted from the TEM histograms included in Figure
S5;4 The yield for all the samples was calculated based on the mass of purified, never-dried chitin. The yield of
DE-Chitin was approximately 96%.

Deacetylation, surface etching and release of nanocrystals. Deacetylated chitin (DE-
Chitin) contains randomly positioned surface amines*-® that become charged in acidic
condition. The electrostatic charges ({-potential, Table 1) facilitate nanofibrillation, an effect
that is most relevant to disassembly and surface etching (Figure 2a), and play important roles
in the properties of chitin nanocrystals. These topics are considered in detail in this section.

Since the degree of deacetylation of DE-Chitin is fixed, the DD measured after the given
hydrolysis time tracks with the removal or solubilization of the more accessible (surface)
deacetylated domains. Thus, as shown in Table 1, with the severity of hydrolysis, surface

deacetylated chitin is lost, exposing the inner, non-deacetylated fraction. For this reason, DD
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is reduced with the extent of hydrolysis (concurrently, the surface charge or zeta potential is
reduced). The surface charges are critical in disassembling clusters of hydrolyzed microfibrils,
as tested with DE-ChNC30 and DE-ChNC90 prepared in the absence of ultrasonication, which
is otherwise applied after dialysis. Indeed, Cryo-TEM images of DE-ChNC30 indicate well
fibrillated, individual chitin nanocrystals co-existing with loosely bound chitin nanofibrils
(Figure 2b, Figure S7a and 7b). The observations, in particular the bundles highlighted in
Figure 2b, suggest that the binding between microfibrils is weakened by electrostatic
repulsion, freeing nanocrystals. As shown in Figure S7c, DE-ChNC90 (obtained with no
ultrasonication after dialysis) also contains loosely bound, bundled nanocrystals but their
lateral dimension is smaller than that of DE-ChNC30. This is likely attributed to the more
severe hydrolysis, which facilitates deconstruction of the hydrolyzed nanocrystals.

We further investigate the disassembly of hydrolyzed chitin microfibrils by subjecting DE-
Chitin to low-intensity fibrillation. Briefly, DE-Chitin was hydrolyzed and subjected to low-
energy ultrasonication after dialysis (during a short time, 30 s). TEM imaging of DE-ChNC60
after such mild treatment indicates incomplete fibrillation of deacetylated chitin microfibrils
together with lateral disassembly (Figure 2c and Figure S8a). DE-ChNC90 shows similar,
incomplete disassembly but with smaller bundle dimensions (Figure S8b), given the more
severe hydrolysis that was applied. Strong ultrasonication readily fibrillates the charged,
deacetylated chitin into straight chitin nanofibrils, even in the absence of HCI hydrolysis
(Figure S9). These results can be rationalized that surface deacetylation of chitin partially

prevents intermolecular hydrogen-bonding, breaking the regularity of lateral packing between



chains, which promotes lateral disassembly into nanocrystals after hydrolysis.?® Taken all
together, the observations point to the key role of surface amines on the disassembly of

chitin 3*3°
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Figure 2. (a) Schematic illustration (not to scale) of the fibrillation of deacetylated chitin
clusters that generate single, individual DE-ChNC. (b) Cryo-TEM of DE-ChNC30 in the
absence of ultrasonication after dialysis. The spherical features in (b) correspond to reference
cationic gold nanoparticles. The dashed lines are added to indicate loosely bound chitin
nanofibrils. (c) TEM image of DE-ChNC60 obtained from a suspension that was sonicated
after dialysis for 30 s at 30% strength. The scale bars in (b) and (c) correspond to 50 and 500

nm, respectively.

Next, we examine the reason why the degree of deacetylation (DD) of DE-ChNC90 is only
slightly higher than that of ChNC90 (extracted from non-deacetylated chitin) (Table 1 and
Figure S10), although the initial DD of DE-Chitin was much larger. Indeed, an almost identical
{-potential is measured for DE-ChNC90 and ChNC90 (Table 1). Owing to the insolubility of

purified chitin, HCI treatment would mainly result in surface exfoliation (Figure S4a),* with
9



little effect on the acetyl groups on chitin’s surface, thereby retaining the initially low DD of
ChNCO90 after hydrolysis (Table 1). The more limited etching of the more recalcitrant chitin
surfaces leads to a nonhomogeneous reaction. Thus, the more accessible, disordered region is
firstly removed upon hydrolysis, generating spindle-like or bundled nanocrystals (Figure S4).
Since DE-Chitin is relatively more soluble in acidic medium, its surface is readily available for
acid etching. As such, lateral and low-ordered regions of chitin are preferentially hydrolyzed
and dissolved in acid media.?®

Inner fibrils in DE-Chitin subjected to hydrolysis are accessible to HCI (Figure 2a), given
the loosely-bound structure (Figures 2b,2c). As a result, homogeneous etching is likely to
occur, freeing individual nanocrystals of uniform (lateral) size distribution (Figure 2a). In fact,
the average width of DE-ChNC90 is smaller than that of ChNC90 (Table 1 and Figure S6),
which is close to that of individual chitin nanofibrils.** Moreover, the aqueous DE-ChNC90
suspension has a higher light transmission (Figure S1), indicating smaller nanocrystal size,
confirming the enhanced surface etching of deacetylated chitin.

The chitin fibrils located in the inner regions of DE-Chitin are more resistant to acid and
etching is limited by the accessibility of HCI. Compared to DE-Chitin, the smaller DD of DE-
ChNC90 is the result of surface “etching” of deacetylated chitin upon hydrolysis.®” On the other
hand, DE-ChNC9O0 retains a slightly higher DD compared to ChNC90 after hydrolysis (Table
1), which indicates the effects of different mechanisms. It should be noted that a less severe
hydrolysis of DE-Chitin yields a DD value that remains relatively high (Table 1), while

individual chitin nanocrystals of different dimensions are observed (Figure S5), which points
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to the fact that surface etching is time-dependent. Taken together, the surface amines generated
from deacetylation, prior to hydrolysis, enhance surface etching and play a critical role in the
formation of individual chitin nanocrystals, e.g., by the action of a dual mechanism.
Deacetylation represents a simple method to expand the property space (morphological and
otherwise) of colloidal chitin.

Nanocrystal morphology and bundling. To further examine the main morphological
features of DE-ChNC30, DE-ChNC90 and ChNC90, 3D reconstructions from electron
tomography (ET) data were obtained from cryo-TEM images (Figures 3a,4a and Figures S11-
S13). The mean cross-sectional aspect ratio and length of the nanocrystals were similar for all
the reconstructed samples (Figure S14), and the reconstructions indicate either single or
bundled chitin nanocrystals. As shown in Figures 3a and 4a, individual, straight, rod-like
nanocrystals are reconstructed for DE-ChCN90, which directly support our observations
related to the morphology of DE-ChNCs. Single nanocrystals dominate the DE-ChNC90
(Figure S11 and Table S1) and DE-ChNC30 (Figure S13 and Table S3) populations. In
contrast, although single nanocrystals are observed in the ChNC90 sample (Figure S12 and
Table S2), many bundled nanocrystals of relatively irregular shapes are also present (Figure
4a and Figure S12). Such heterogeneity is in agreement with the uneven etching of non-
deacetylated chitin during hydrolysis. In sum, ET reconstructions support the observations
from cryo-TEM and AFM but further unveil distinctive morphological differences between
DE-ChNC90 (individualized, single, straight nanocrystals) and ChNC90 (single and irregular,

bundled nanocrystals).
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Figure 3. (a) Electron tomography reconstruction of DE-ChNC90 (sample ID: #6, Table S1),
in two different views, and its representation in the principal component coordinate system (v,
v, and v3) with cross-sectional segments along v; indicated with different colors. Each
segment is shown with an arrow (v ) that denotes its first principal direction, used to determine
the segment orientation following angles @ and S8, as shown by the coordinate system. The a
angle is shown in (b) as a function of the segment center coordinate in v; with its regression
line. The ratio of the segment length along its second and first principal directions, as shown
in (c), is used as a local measure of the cross-sectional aspect ratio (thickness/width) of the
nanocrystal. The red v; and cross markers in (b) denote segments that are excluded from the

linear regression model.

Nanocrystals Chirality. We turn our attention to the chiral characteristics of DE-ChNC30,
DE-ChNC90 and ChNC90 by using 3D reconstructions with principal component analyses,
useful to assess the extent of twisting along the axial direction of the nanocrystals. The
morphological chirality concerns the directionality and degree of cross-sectional anisotropy of
the nanocrystals, as illustrated in Figure 3. To this end, the principal directions of thin segments
that are defined perpendicular to the axial direction are analyzed in conjunction with the
dimensions of the segments along their second and first principal directions, e.g., to yield

12



information on the nanocrystal’s cross-sectional aspect ratio (thickness/width) (Figure 3¢ and
discussion in Supporting Information).

Seventeen out of the 28 analyzed DE-ChNC90 nanocrystals showed twisting but with no
dominant handedness (8 were right-handed and 9 were left-handed, Table S1). Similar
observation applies to ChNC90: out of 31 nanocrystals analyzed, 21 were chiral (11 with a left-
handed twist and 10 in the opposite direction, Table S2). The DE-ChNC30 nanocrystals,
obtained at shorter hydrolysis time but with longer average length compared to DE-ChNC90
nanocrystals, display similar particle distribution (chiral versus non-chiral): 22 out of 38 are
chiral, with a larger portion being left-handed twisted (15 left- and 7 right-handed, Table S3).
The bundles, when visually apparent, are associated with non-chiral and left/right-handed
twists as well as a curved twist profile (Figure S12). This is a result of the different non-parallel
orientations adopted by the individual nanocrystals (Figure 4a and Table S1-S3), likely
originating from the random nature of the chitin deconstruction. This phenomenon would set
the upper limit for the total twist along the crystal length to be 90°, as illustrated in Figure S185,
which is fulfilled by all chiral nanocrystals in the reconstructions, regardless of whether they
are bundled or not (Table S1-S3). Thus, the twist magnitude alone cannot be used to decisively
distinguish between these two twisting morphologies, as only at larger nanocrystal lengths
(over ca. 300 nm) would this difference become more apparent.

No significant differences are observed in the magnitude of the chiral twist among the
samples. The average magnitude of the twist angle per unit length of a single nanocrystal, both

left- and right-handed, is ca. 0.3 °/nm, while the span of observed twist values increases with
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decreasing ChNC length, reaching up to ca. 0.8 °/nm for 50-100 nm nanocrystals (Figure 4b).
These values are on the lower end of those obtained from molecular dynamic simulation of
~10.6 nm-long a-chitin nanocrystals in aqueous medium (ca. 1-22 °/nm),* wherein they
observed the largest decrease in chirality as a result of increased number of adjacent chitin
chains in the crystal. Herein, the mean cross-sectional aspect ratio does not seem to influence
the twist (Figure 4c). Comparable twist magnitudes have been observed previously in
tomography reconstructions of cellulose nanocrystals (CNC) isolated from Whatman filter
paper (~0.2 °/nm),'? though with a clear twist handedness. A recent electron microdiffraction
study of tunicate CNC reports comparably small twist of around 0.04-0.13 °/nm.* Similarly,
molecular dynamics simulations indicate values ranging between ca. 1-10 °/nm for CNC.* %
Overall, neither chirality nor dominant handedness are observed for never-dried chitin
nanocrystals. Therefore, we propose that despite their distinctive morphological features, no
difference in chirality exists for DE-ChNC90 and ChNC90 (note that this also applies to the

DE-ChNC samples obtained after 30- and 90-min hydrolysis).
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Figure 4. (a) Examples of tomography reconstructions and respective chirality profiles based
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on principal component analyses of nanocrystals showing left-handed (single: DE-ChNC90 #8,
bundled: DE-ChNC30 #34), right-handed (single: ChNC90 #18, bundled: ChNC90 #25), non-
chiral (single: DE-ChNC90 #4) and curved (bundled: ChNC90 #28) twists profiles along their
axial direction. Chiral twist (£ 99 % confidence interval) of chitin nanocrystals as a function
of (b) the axial length and (c) the mean aspect ratio (£ standard deviation) of the cross-sectional
segments used to determine the twist. Note: Sample reference numbers are included in Tables

S1-S3.

Our approach presents a direct access to the twisting features of chitin nanocrystals from
ET data. Typical chitin nanocrystals are known to form chiral nematic liquid crystals in
concentrated suspensions and such assembly is maintained in dried films.3”*¢%” As is the case
of CNC, this has been described to be the result of a dominant or unique twisting. In contrast,
our ET observations demonstrate no dominant twisting for the types of never-dried chitin
nanocrystals considered (at most, the samples were non-chiral). Further evidence is provided
from observation of DE-ChNC90 suspended in water (1.2 wt %) for two months, while kept
undisturbed, that showed no isotropic/anisotropic phase separation. This relates directly to the
optical properties of dry films: DE-ChNC90 suspensions (0.85 wt%) subjected to slow
evaporation (drying at ambient temperature) result in transparent film with no cholesteric
layering (see film cross-section in Figure S16). In summary, no cholesterics of nematic liquid
crystals are formed in DE-ChNC90 aqueous suspension nor respective dry film. The ChNC90
suspension (1.2 wt %) does show phase separation but with no spontaneous birefringence,
therefore lacking the cholesteric feature of liquid crystalline systems. The lack of chiral nematic
phase separation of DE-ChNC and ChNC90 suspensions correlates with the ET observations
that indicate no dominant twisting for these never-dried nanocrystals.

15



Circular dichroism (CD) spectroscopy is a widely used technique to reveal chirality.
Unfortunately, no difference in CD signal is observed for cellulose nanocrystals (CNC) at very
low concentrations, namely, under conditions that prevent cholesteric liquid crystal formation
(tactoids and further phase separation into anisotropic phase) that otherwise hamper detection
of twisted individual nanocrystals.*® The same is expected to apply to chitin nanocrystals.
However, it is possible to enhance chirality detection by using plasmonic nanoparticles or chiral
molecules attached to the twisted surfaces, leading to supra-structural features that promote, in
the case of CNC, enhanced CD detection (CNC right-handed chiral plasmonic features). Such
approach can be considered to further validate the conclusions derived from direct ET analyses
presented here.

More important to the present discussion is to unveil the origin of the observed differences
in chiral properties of dried and never-dried chitin nanocrystals. We hypothesize that the
answers relate to the type of (chitin) precursor material: here, never-dried chitin was directly
isolated from solid marine biomass residues (exoskeleton of crabs). In contrast, commercially-
available, dry-powdered chitin has been used in most studies, and most relevant in a recent
related report.>” This raises the question whether the chirality depends on the history of the
sample and its preparation, for instance, comparing once-dried versus never-dried materials.
Indeed, the effect of water uptake plays an important role in developing cholesteric structures.
Dynamic molecular simulation on chitin macromolecules forming fibrils indicates the
contribution of twisting,** which may be dependent on the hydrogen bonding distribution

within the fibrils.** However, surrounding water molecules may interact with hydroxyl and
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amine groups of chitin, forming hydrogen-bonded networks that counterbalance the natural
tendency of chitin chains, thus limiting or preventing twisting of nanocrystals during
production. This is in line with our results for chitin nanocrystals from never-dried samples.
On the contrary, drying of the precursor chitin can strengthen the hydrogen-bonding network
among and within the chains and decrease the specific surface area within the microfibrils,*
which results in limited accessibility to water (swelling) and chemicals (hydrolysis reagents).
Consequently, compared with never-dried samples, chirality may develop in chitin upon drying.
Moreover, irreversible bundles may form during drying, which promotes aggregates and
coupling of hydrolyzed nanocrystals, facilitating chiral twisting. Taking CNC as a widely
studied case, we note that drying CNC after its production enhances its inherent twisting.** It
is therefore reasonable to assume that similar phenomena apply to chitin nanocrystals upon
removal of water, as is likely the case of CNC.>! Therefore, a standing hypothesis is that the
apparent chirality of chitin nanocrystals obtained from once-dried chitin may already exist
before their isolation, owing to the formation of extensive hydrogen bonding after removal of
water. These effects remain for verification.

Importantly, chirality (or the lack of chirality) of biological nanoparticles is an important
consideration for their application. Indeed, twisting and formation of colloidal liquid crystals
influence the mechanical performance of related materials. Using the example of CNC, its
loading in methyl cellulose/CNC composite fibers cannot be increased without early
cholesteric/chiral nematic tactoid formation in the mixed suspension, leading to a limited

mechanical performance.’?> Therefore, unidirectionally oriented nanocrystals in a nematic
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liquid crystal can be of interest as a precursor to create biobased, defect-free fibers with high
mechanical strength.>?

In sum, as deacetylation generates surface amines in never-dried DE-Chitin, less bundled
chitin microfibrils form during HCI treatment, which is the result of electrostatic repulsion and
lateral disassembly that stabilize individual nanocrystals. Meanwhile, owing to the already
charged chitin surface during DE-ChNC production, it is possible to break the fine balance
between electrostatic interactions and torsional elastic energy along the nanocrystal contour
length, which partially controls the twisting.*’ This would contribute to a reduction in the

chirality of DE-ChNC.

CONCLUSIONS

Individual, rod-like chitin nanocrystals were firstly produced via one-step acid-hydrolysis
of surface-deacetylated, never-dried chitin. The dimensions of the resultant DE-ChNC
depended on the severity of hydrolysis. The mechanism underlying the formation of single
nanocrystals involved a synergistic lateral disassembly of chitin fibrils and enhanced surface
etching. The introduced deacetylation strategy is expected to expand the versatility of chitin-
based colloids, which is naturally encoded in their inherent morphological and chemical
features. The 3D morphology of chitin nanoparticles (DE-ChNC) obtained via image
reconstruction from electron tomography (ET) of cryo-TEM images confirm other
complementary experimental evidence. ET reconstructions indicated significant morphological
differences between (deacetylated) DE-ChNC and (non-deacetylated, hydrolyzed) ChNC.

Chirality evaluation indicate no dominant twisting in both, DE-ChNC90 and ChNC90. We
18



speculate that the reason underlying such observation is related to the fact that the precursor

chitin was never dried.

EXPERIMENTAL SECTION

Purified chitin. a-chitin was purified from fresh crabs (Callinectes sapidus) acquired in
the local market of Helsinki harbor, Finland. Briefly, crab shells were treated for at least three
alternating cycles (1 day each) with 1 M HCI and 1 M NaOH. The residual solid was
decolorized by treatment with 0.5 wt% NaClO: solution (pH 5.0, acetic acid) for 2 h at 70 °C.
The purified flake-like chitin was washed with distilled water, and crushed into small pieces
with a household blender. The obtained purified, never-dried chitin was stored at 4 °C until
further use. NaOH, HCI, NaClO2, and 100 % acetic acid were purchased from Sigma-Aldrich
(Helsinki, Finland). Milli-Q water (18.2 MQ-cm) was purified with a Millipore Synergy UV
unit and used throughout the experiments.

Chitin nanocrystals. Firstly, purified chitin was treated with 12.4 M NaOH solution (~33
wt%) at 90 °C for 3.5 h to yield partially deacetylated chitin (DE-Chitin). The liquid-to-solid
ratio used in this deacetylation step was equivalent to 25 mL/g. The DE-Chitin was thoroughly
washed to reach neutral pH, and excess water was removed at room temperature by pressing.
The degree of deacetylation of DE-Chitin was 27.3%, as determined by conductivity titration.*
Chitin nanocrystals (DE-ChNC) were then produced by HCI hydrolysis of DE-Chitin. Briefly,
DE-Chitin was treated under stirring with 3 M HCI (30 mL HCI per solution per g of DE-Chitin)
at 95 °C for a time set between 30 and 90 min, depending on the intended severity of the

hydrolysis. After the given time, the reaction was quenched by adding a large volume of Milli-
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Q water (10-fold), followed by centrifugation at 10000 rpm for 15 min (three times) to remove
excess HCI. The bottom volume of the slurry was collected, and dialyzed in Milli-Q water until
the pH of the medium reached a value of 4.0. Finally, a titanium tip-sonicator (Sonifier 450,
Branson Ultrasonics Co., Danbury, CT, USA) was used with alternating “on” (3 min at a power
level set at 30%) and off (5-2 s) cycles. This yield a well dispersed DE-ChNC suspension that
was then centrifuged (8000 rpm, 5 min) to remove any remaining large residues, and stored at
4 °C before use. The nanochitin samples that were obtained are referred to as DE-ChNC30,
DE-ChNCG60 and DE-ChNC90, depending on the hydrolysis time.

A nanochitin sample directly hydrolyzed from purified, never-dried chitin was used as a
reference. This sample, not subjected to deacetylation, is termed ChNC, which shows at least
over 97% degree of acetylation.>” The procedure for HCI hydrolysis was the same as that for
DE-ChNC, and the reaction time was set to 90 min (yielding nanocrystals that are referred to
as ChNC90).

Imaging of chitin nanocrystals (ChNC and DE-ChNC). The microstructure of chitin
nanocrystals was observed using high-resolution cryogenic transmission electron microscopy
(Cryo-TEM, JEM-3200F, JEOL, Japan) operated at 300 kV in bright field mode with Omega-
type Zero-loss energy filter. Liquid helium was used in the cryo-TEM. Images were acquired
using an Ultrascan 4000 CCD camera (Gatan) with Gatan digital micrograph software. The
temperature of the specimen was maintained at -187 °C throughout observation. Samples were
prepared using FEI Vitrobot Mark 1V by placing 3 uL sample suspension (0.005 wt%) on 200

mesh lacey and holey carbon copper grids under 100% humidity, and then blotted with filter
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paper. After removing excess liquid, the sample was immediately plunged to -170 °C
ethane/propane mixture, following cryo-transferring to the microscope. For image alignment,
cationic ligand-coated gold nanoparticles (~5 nm) were thoroughly mixed with the sample
suspension at a volumetric ratio of 1-to-100 prior to cryogenic preparation.

The morphology of the chitin nanocrystals was also revealed by atomic force microscopy
(AFM, Veeco Dimension 5000 scanning probe microscope, Veeco Inc, USA) equipped with
NanoScope V controller and HQ:NSC14/Al BS tips (r = 8 nm, MicroMasch, Bulgaria). The
tapping mode was used for scanning all samples. Briefly, the respective diluted suspension of
chitin nanocrystals (0.001 mg/mL) was dripped onto freshly cleaved mica surface. Excess
liquid was removed by blotting from the edge of the mica using filter paper. The samples were
dried and stored at room temperature prior to scanning. Modular program (Gwyddion) was
used for noise removal and further image analysis.

Electron tomography (ET) of chitin nanocrystals. Due to the vulnerability of chitin
nanocrystals to electron beam damage, a tilt series was recorded in a low-dose mode (short
record times < 1 s for each tilt angle) with parse tilt angle steps (> 4°) using cryo-TEM. This
approach did not cause apparent beam damage and allowed high-quality data for ET
reconstruction. ET tilt series were acquired using Serial EM software between tilt angles of
+63° to —63°. Tilt image series was pre-aligned with IMOD and reconstructed using
simultaneous iterative reconstruction technique (SIRT) with 8 iterations.>* A Gaussian
smoothing (1.5 nm width) was applied prior to feature extraction of the nanocrystals and their

visualization in USCF Chimera software package with a voxel size of ca. 0.56-0.79 nm®>® The
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3D reconstructions of chitin nanocrystals were divided into segments along their length
direction, which were then analyzed by their principal axis’ orientation to characterize the
overall nanochitin chirality using an iterative reweighted linear regression model Matlab

R2018a (MathWorks) (see details in Supporting Information).
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