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sophisticated assemblages,[6–11] either via 
direct self-assembly processes or through 
an external template.[12] Herein, we intro-
duce an unprecedented approach for 
template-driven top-down assembly of 
cellulose nanocrystals (CNCs): Covalent 
crosslinking of the nanocrystals, while still 
trapped in their native environment of the 
plant cell wall. The resulting colloidally 
stable, micrometer-sized, porous particles 
consist of CNCs that are perfectly aligned 
with each other. The structures represent 
a conceptually new way of utilizing a bio-
synthetically derived mold for manipu-
lating nanoparticles.

Cellulose—the main structural con-
stituent of the plant cell wall—is organ-
ized in microfibrils which exhibit parallel 
alignment with respect to each other. In 
fact, plenty of the advanced properties 
of plant-based fibers originate from this 

scaffold-like structure.[13,14] The microfibrils themselves are 
semicrystalline[15] and their crystalline regions can be isolated 
as CNCs: rod-shaped particles of 5–30  nm in diameter and 
50–1000  nm in length, depending on their native source.[16] 
CNCs are chiral and exceptionally strong mechanically, 
resulting in plenty of advantages considering applications such 
as high-end composites,[16–21] chiral supports,[22–27] and energy 
storage.[28] Besides, they are bio-based and biodegradable. Most 
isolation ways for CNCs rely on harsh acidic, liquid/solid reac-
tion systems, ending up with sulfate-charged, water-dispersible 
CNCs that have completely repudiated their native orienta-
tion.[29] CNC assembly has been extensively studied, mainly 
focusing on the formation of chiral nematic liquid crystals[30] 
as well as alignment[24,31] by utilizing, e.g., an external magnetic 
field,[32] confined geometry,[31] or high shear.[33–35] Furthermore, 
Way et  al.[36] have described the formation of pH stimulated 
CNC assemblies, while covalent crosslinking of arbitrarily asso-
ciated CNCs has also been reported.[37,38] The stimuli responsive 
approaches for bottom-up alignment of CNCs were recently 
reviewed.[39] However, all prementioned techniques for CNC 
assembly involve bottom-up processes. Our top-down approach 
involves covalent crosslinking of CNCs before their dispersion, 
in the native template of the secondary cell wall, retaining and 
utilizing their initial biosynthetic alignment. To achieve that, we 
have exploited our newly introduced method,[40,41] namely HCl 

Despite their sustainable appeal, biomass components are currently 
undervalued in nanotechnology because means to control the assembly of 
bio-based nanoparticles are lagging behind the synthetic counterparts. Here, 
micrometer-sized particles consisting of aligned cellulose nanocrystals (CNCs) 
are prepared by crosslinking cellulose in cotton linter fibers that are prehydro-
lyzed with gaseous HCl, resulting in chemical cleavage necessary for CNC for-
mation but retaining the morphology of the native fibers. That way, the intrinsic 
alignment of cellulose microfibrils within the fiber cell wall can be retained 
and utilized for top-down CNC alignment. Subsequent crosslinking with citric 
acid cements the alignment and preserves it, following the dispersion of CNCs 
trapped end-to-end, connected, and crosslinked within the colloidally stable 
micrometer-sized particles. Furthermore, thermoporosimetry and cryogenic 
transmission electron microscopy (Cryo TEM) shows that the particles possess 
mainly nanoporous (<2 nm) character in water. The approach challenges the cur-
rent paradigm of predominantly bottom-up methods for nanoparticle assembly.

Nanoparticle (NP) assembly has attracted widespread atten-
tion within the last decades owing to its numerous applica-
tion possibilities in areas such as chemical catalysis,[1] sensory, 
optical devices,[2,3] and medicine.[4,5] In this realm, biologically 
derived nanoparticles enable the construction of ever more 
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gas hydrolysis in a gas/solid system. It is a process where the 
fiber morphology and the microfibril orientation remain intact, 
yet the fibers have been hydrolyzed down to level-off degree of 
polymerization (LODP), signifying that all dislocations between 
the crystalline segments in microfibrils have been degraded. 
This implies, in essence, that the hydrolyzed fibers consist of 
end-to-end connected, oriented CNCs. Subsequently, we have 
crosslinked the oriented CNCs by simple esterification with 
a tricarboxylic acid[42]—before dispersing the CNCs into an 
aqueous medium as crosslinked particles.

The experimental set-up is illustrated schematically in 
Figure  1 and described in detail in the Supporting Informa-
tion. Whatman 1 filter paper from cotton linter fibers was used 
as a cellulose source that was hydrolyzed down to the LODP 
by HCl gas. Esterification with citric acid (CA) was undertaken 
directly afterward, followed by a mild 0.1 m NaOH treatment 
for ionizing the free (nonesterified) COOH groups of the CA 
crosslinkers. This produced aligned CNCs trapped in microsized 
particles that formed a stable colloidal dispersion upon sonica-
tion. We stress that the HCl hydrolysis had to be performed 
before crosslinking as the ester linkages by CA were predomi-
nantly cleaved due to ester hydrolysis by catalyzed by HCl if the 
sequence was performed in reverse order, i.e., CA crosslinking 
before HCl hydrolysis (Figure S7, Supporting Information).

The size and shape of the dispersed particles was char-
acterized by atomic force (AFM) and transmission electron 
microscopies (TEM) revealing that hydrolyzed fiber segments 
were indeed crosslinked in an aligned manner (Figure 2a–d; 
Figure S3, Supporting Information). The images reveal par-
ticles of 1.5 µm average length (as opposed to 100–300  nm, 
characteristic of CNCs[16,43]). These particles actually consist 
of multiple individual CNCs, as witnessed by the reduction 
in the molecular weight distribution down to the LODP 
(Figure S2, Supporting Information), indicating that only 
cellulose crystallites are left within the treated fibers.[40] 

Increased magnification images (Figure  2b,d) reveal good 
alignment of the nanocrystals in the crosslinked structure, 
similar to the one exhibited within microfibrils along the sec-
ondary plant cell wall.[44] Thus, thermochemical crosslinking 
did not interfere with the native order, leading to the forma-
tion of a 3D network of CNCs, aligned according to the native 
fibrillar orientation of the secondary cell wall (see Figure 1 for 
schematics). It is clear from Figure 2 that the degree of align-
ment is very high compared with most previous accounts,[32,45] 
although it is confined to micrometer-sized particles. Another 
intriguing feature is that the CNCs, as they stand in the fiber-
like aggregates (Figure 2), must be end-to-end connected with 
each other, simply because the microfibril morphology of the 
original fibers has not been broken although the chemical 
cleavage down to CNC level is apparent from the GPC data 
(Figure S2, Supporting Information). This end-to-end connec-
tion is likely not covalent crosslinking between adjacent CNCs 
but a result of the integrity of the aggregate which retains the 
microfibrillar morphology of the original secondary wall.

To obtain a better overview of the particle sizes, fractionation 
was carried out by centrifugation and the resulting fractions 
were examined by AFM (Figure  2e–f) and optical microscopy 
(Figure S4, Supporting Information). Centrifugation leads to an 
efficient separation of the crosslinked, bigger particles (3–5 µm 
in length) from the fine fraction of smaller particles or even 
isolated CNCs (<1 µm) as shown in Figure 2e,f respectively, in 
good agreement with the optical microscopy images. Finally, we 
tested whether the crosslinked complexes could be disrupted 
into their constituent CNCs through saponification by strong 
alkali (25% NH4OH), a process where the hydroxide ion cleaves 
the ester bond of the CA. Figure 3b shows how isolated CNCs 
with their familiar rod-like shapes and dimensions (mostly 
100–300 nm length, 5–20 nm width, concurrent with literature 
values[46]) can be distinguished after the saponification and 
exposure to liquid water.

Figure 1. Fiber hydrolysis and thermochemical crosslinking mechanism. Citric acid turns to the anhydride form via heating at 120 °C and is further 
esterified with two cellulosic hydroxyls at 160 °C. Charge inducement on the remaining nonesterified carboxylic groups through NaOH exposure leads 
to stable CNC dispersion in water.
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As for the characterization, photoacoustic Fourier trans-
form infrared (FTIR) measurements demonstrated efficient 

thermochemical crosslinking formation (esterification), as well 
as charge incorporation in the crosslinked complex (Figure 3a). 
First, the crosslinking, as illustrated in Figure 1, is indicated by 
the emerging carbonyl contribution (1735 cm−1) in Figure  3a. 
Mild alkaline treatment was then applied to distinguish the 
charged carboxylic contribution (1580 cm−1) from the ester 
crosslinks (1735 cm−1) (Figure  3a). The esters emerge from 
reacted CA whereas the carboxylates emerge from unreacted 
CA (see, Figure 1).

Conductometric titration (Figure S1, Supporting Information) 
showed the presence of 0.72 mmol g−1 carboxylate content within 
the crosslinked structures. This represents high charge density, 
comparable in the order of magnitude to, e.g., the values intro-
duced by (2,2,6,6-tetramethylpiperidine-1-oxyl radical)-mediated 
oxidation of cellulose microfibrils (often 1.0–2.0  mmol g−1).[47] 
It is sufficient to grant electrostatic stabilization in the disper-
sion (Figure 1). We emphasize that all charge contribution arises 
from unreacted carboxyls (Figure 1) in the crosslinking CA.

The pore size distribution (PSD) of the crosslinked struc-
tures was determined by thermoporosimetry (Figure  4a). We 
emphasize that thermoporosimetry enables the measure of 
PSD in water, utilizing the melting point depression inside 
nanosized pores via the Gibbs-Thomson correlation. Figure  4 
shows how the crosslinking manages to preserve the PSD of 
the cell wall as the differences before and after were minute. 
The majority of pore volume arises from the nanoporous 
(≈2  nm) gaps between the CNCs within the structures. The 
cryogenic transmission electron microscopy (Cryo TEM) 
images (Figure 4b) taken directly from the vitrified dispersions 
agree with the PSD results: ≈2  nm pores are visible between 
the aligned and crosslinked CNCs. Otherwise, most of the 
larger pores are in the mesoporous scale (2–50  nm). Such 
PSD is unusual with cellulosic fibers as in most cases, the 
PSD is represented by an inverse pattern where macropores 
at ≈100 nm diameter form the majority of the pore volume.[48] 
The high volume of nanopores in the hydrolyzed samples is 
likely the result of HCl (g) hydrolysis, which leads to additional 

Figure 2. a,b) AFM and c,d) TEM images of crosslinked CNCs before 
fractionation; e) sediment and f) supernatant phases of the centrifuged 
crosslinked sample.

Figure 3. a) Photoacoustic FTIR spectra of cotton linter fibers before and after hydrolysis, crosslinked CNC as well as crosslinked and NaOH treated 
CNC. NaOH treatment induces a new band due to carboxylate formation on the nonesterified carboxylic acid, compensating for the surface area reduc-
tion of the ester bonding band. b) Crosslinked hydrolyzed fibers separation through saponification and exposure to liquid water. NH4OH cleaves the 
ester bonding between the nanocrystals, while drop-casting of water droplet separates them upon evaporation.
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crystallization of cellulose.[40,49] Overall, the cumulative pore 
volume (porosity) of the crosslinked aggregates is 5.15 cm3 g−1 
(see the cumulative distributions in Figure S8 in the Sup-
porting Information).

Chemical and physical characterization enables us to draw a 
quantitative picture of the crosslinked CNCs (see Figures S5 and 
S6, and calculations in Section S2.6 in the Supporting Informa-
tion). FTIR data was quantified by using a benzyl acetate cali-
bration series, revealing that the ester content in the crosslinked 
fibers was 0.9 ± 0.2 mmol g−1. Because conductometric titration 
gave a charge density of 0.7  mmol g−1, the apparent ratio of 
esters to free carboxylates was 9/7 (1.3) whereas the theoretical 
ratio is 2/1 (2.0) as two of the three carboxylates in each CA 
molecule are capable of esterification via the anhydride inter-
mediate (Figure 1). Thus, the crosslinking was extensive but it 
did not reach its full potential. Furthermore, the crosslinking by 
CA is not likely to always occur between adjacent CNCs; it may 
also occur within the same CNC between neighboring anhydro-
glucose units (Figure 4c).

Our calculations show, nevertheless, that ≈50% of the anhy-
droglucose units on the CNC surfaces bear an ester bond. The 
porosity measurements (Figure  4) also demonstrate that the 
crosslinking between adjacent CNCs is substantial enough to 
resist additional swelling due to increased charge, amounting 
to higher osmotic pressure inside the particle. As a result, 
crosslinking manages to preserve the largely nanoporous 
(>2 nm) character of the hydrolyzed fibers, preventing extensive 
disintegration by sonication (Figure 4a,b).

In summary, a top-down CNC crosslinking technique 
using CA on cellulose fibers hydrolyzed by HCl gas was pre-
sented. Simultaneous crosslinking and charge introduction 
was achieved on CNCs, while maintaining their initial cell 
wall alignment. This resulted in micrometer-sized longitu-
dinal particles with internal nanoporosity and good colloidal 
stability. As a result of their initial alignment and orientation, 
the crosslinked structures exhibited a well-defined contin-
uous porous network, distinct from previously reported CNC 
structures. CNC alignment and nanoporosity was achieved by 

Figure 4. a) Pore size distribution of hydrolyzed fiber and CNC crosslinked sample. b) TEM image of the CNC crosslinked sample. c) Schematic rep-
resentation of the crosslinked nanocrystals, interparticle distance and network porosity (the dimensions are not to scale).
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utilizing the intrinsic native morphology of the fiber cell wall 
and it represents a conceptually new approach to preparing 
assemblies of nano particles derived from biomass components. 
The resulting particles may find use in, e.g., pharmaceutical, 
analytical, or capturing applications.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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