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Hypothesis: Cellulose nanofibres produced by TEMPO-mediated oxidation can form gels. This study pre-
sents a proof-of-concept for gel electrophoresis with nanocellulose (NC).
Experiments: TEMPO-oxidised cellulose nanofibre dispersion is chemically cross-linked by inducing
amide linkages to produce gel slabs for electrophoretic separation. Nanocellulose gel slabs 1 cm thick
containing Tris/Borate/EDTA (TBE) buffer were casted. Different cross-linker types and ratios are investi-
gated to assess the migration of conventional electrophoresis tracking dyes.
Findings: Tracking dyes (bromophenol blue and orange G) can diffuse within the gel at different rates and
therefore separate. Changing the cross-linker length from EDA to HMDA (C2- to C6-chain) increases the
overall network pore size resulting in a faster migration rate for both bromophenol blue and orange G.
Increasing the cross-linker concentration stabilises the HMDA-NC gel (no extension) during the elec-
trophoresis run without any effect on the dye migration rate. Increasing the voltage increases the migra-
tion rates for both orange G and bromophenol blue. Further development is required to cast the gels
evenly and to prevent bubble formation during the cross-linking process. This will enable to effectively
separate mixtures of proteins. Nanocellulose gels can become a novel substrate for sustainable biomed-
ical separation and diagnostics by electrophoresis.

Crown Copyright © 2019 Published by Elsevier Inc. All rights reserved.
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1. Introduction tively charged macromolecules, such as nucleic acids or coated

proteins, are fractionated based on their structure, charge, confor-

Electrophoresis is a widely used method in molecular biology to
separate and identify individual macromolecules from a mixture
by the difference in their mobility under an electric field. Nega-
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mation and size as they move towards the anode. Shorter mole-
cules travel faster than longer ones as they can easily migrate
through the pores of the gel medium [1]. Initial development of
electrophoresis technique began with the work of Arne Tiselius
in 1931, separating colloids (human serum) under an electric field
[2]. Zone electrophoresis, which utilises substrates such as paper,
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starch, gel, agarose, cellulose acetate or polyacrylamide to act as a
sieve to separate a mixture into components as bands, was then
developed (1940-1950s) [3]. At present, conventional separation
of macromolecules such as DNA or RNA is achieved through agar-
ose and polyacrylamide gels. A mixture of large DNA molecules
(200-30,000 bp) [1,4] is often separated through horizontally
casted agarose gels because of their larger pores. The neutral
charge of the agarose gel network does not interact with the mole-
cules to separate [5]. Separation of smaller protein-based mole-
cules (RNA) (5-1000bp) [6] is performed typically with a
polyacrylamide gel as its pore size is smaller and its structure
can better be controlled [7]. However, safety issues arise with
the use of the acrylamide monomer as it is classified as a neuro-
toxin [8,9]. There is a need to develop safer and effective
alternatives.

Nanocellulose (NC) fibres are high aspect ratio fibrils derived
from cellulose-based sources such as wood or bacteria [10]. Isola-
tion of nanocellulose from various sources can be achieved through
a combination of chemical and mechanical processes [11]. One of
the most common methods to produce nanocellulose is the
TEMPO-mediated oxidation wherein the regio-selective carboxyla-
tion of the C6 alcohol of the p-glucose monomer provides the nec-
essary electrostatic repulsion to produce nanofibres upon
fibrillation [12]. The combination of nanofibrils with high surface
charge and high aspect ratio produces viscous colloidal gels even
at low solids content [13].

Studies on the characterisation and application development of
nanocellulose have grown exponentially over the last decade. Rhe-
ological studies have elucidated their gelation mechanism, achiev-
able property range and even flow instability phenomena [13-18].
Many applications are also being developed ranging from pulp and
paper strength additive, agriculture, wastewater to biomedical
applications [19-24]. In the biomedical field, nanocellulose com-
posite films and membranes have been developed for protein
interaction, passivation and immobilisation for advanced separa-
tion purposes [25-30]. Nanocellulose gels have also been used as
scaffold structures with tuneable properties suitable for cell cul-
ture and tissue engineering [31-34]. Nanocellulose gels were
investigated for protein and drug release [35,36]. However, only
one study has investigated nanocellulose composite films for
electrochemical-based ion-exchange for DNA oligomers [37]. To
the best of our knowledge, nanocellulose hydrogels have never
been studied as an electrophoretic material before.

This study investigates the potential of nanocellulose gels as
electrophoresis substrates. Gel slabs are casted by chemically
cross-linking nanocellulose fibres with diamine cross-linkers. The
effect of cross-linker properties such as chain length and concen-
tration on the migration of two model tracking dyes is evaluated.
The effects of electrophoresis conditions (voltage) on the migration
behaviour are also studied. The last section presents a perspective
of nanocellulose gels development for DNA and protein mixture
separation.

2. Methodology
2.1. Materials

A 0.82 wt%» TEMPO-oxidised cellulose nanofibre suspension
(containing 1.5 mmol COO~/g fibre) was purchased from the Pro-
cess Development Center, University of Maine. Hexamethylenedi-
amine (HMDA) and ethylenediamine (EDA) were bought from
Sigma-Aldrich. Glycerol, Orange G and Bromophenol blue was pur-
chased from Merck. Tris/Borate/EDTA (TBE) 10x buffer was bought
from Bio-Rad. All chemicals were used as received and were ana-
lytical grade.

2.2. Formulation and casting of nanocellulose gel slabs

A 50 mL nanocellulose suspension is mixed with 5 mL 10x TBE
buffer under nitrogen gas. The cross-linker (EDA or HMDA) is then
added rapidly under thorough agitation. Once a uniform colour is
reached, the suspension is immediately poured in a 7 cm x 10 cm
transparent gel caster (Bio-Rad Sub-Cell GT UV Transparent Mini-
Gel Tray). The gel is then cured at 80°C for 1h in an oven. The
cross-linked gel is taken out of the oven and cooled at 4 °C. The
sample wells are then stamped before running an electrophoresis
experiment. Table 1 summarises the ratio of amine to carboxylate
group studied:

Nanocellulose gels cross-linked with EDA and HMDA are
referred to as EDA-NC and HMDA-NC, respectively.

2.3. Electrophoresis experiments

Electrophoresis was performed using a Bio-Rad Wide Mini Sub-
Cell GT system. The gel is submerged in 1x TBE buffer. Samples
(tracking dyes) were loaded at various sample wells of the gel.
The tracking dye was prepared by mixing the following: 0.25 g bro-
mophenol blue, 0.15 g Orange G, 6 mL 50% glycerol, 4 mL milliQ
water. Tracking dyes were utilised to monitor the progression of
electrophoresis. Orange G represents the smaller protein molecules
and hence migrates faster in contrast to bromophenol blue. The
0.2 mL formulated tracking dye is diluted to a total 1 mL prior to
electrophoresis. 20 uL of the dilute tracking dye was added in 3 dif-
ferent regions (left, centre, right) in the gel. The voltage is set at
various levels (50, 75, and 100 V) for the electrophoresis to start.
The migration rate of tracking dye front is measured visually by
the naked eye at 30-minute intervals, for at least 3 h or until the
orange G dye reached the end of the gel.

2.4. Characterisation of cross-linked nanocellulose

The characterisation of the cross-linking reaction is performed
through ATR-FTIR using the Agilent Cary 630 FTIR Spectrometer.
The gels are firstly frozen at —80 °C then freeze-dried to sublimate
all of the water. The HMDA-/EDA-NC samples ground and then
tested for the FTIR spectra (4000-450 cm™").

3. Results
3.1. Gel cross-linking by boric acid-catalysed amide formation

Nanocellulose gel slabs were prepared through boric acid catal-
ysed amide formation between the carboxylate groups of nanocel-
lulose and amine groups of di-amine cross-linkers followed by
80°C curing. The appearance of amide bonds, indicating the
cross-linking of nanocellulose gel slabs, is shown in the FTIR spec-
tra (Fig. 1). The spectra of the neat nanocellulose gel displays the
representative peaks of the pendant carboxylate group (COO™)
1601 cm™! corresponding to the C=0 stretch, respectively. The
C=0 stretch peak shifts in the amide cross-linked gels for both
HMDA-NC and EDA-NC gels. Curing the gels at 80 °C produces lar-
ger peaks at all areas of interest. Fig. 2 shows a cross-linked 8:1
EDA-NC gel.

Table 1
Cross-linker type and ratios for the different casted
nanocellulose gel slabs.

Cross-linker type

EDA (C2)
HMDA (C6)

Ratio (mol NH,: mol COO™)

8:1,12:1
4:1, 6:1, 8:1
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Fig. 1. FTIR spectra evolution of cross-linking of nanocellulose gel slabs with 8:1 (A) HMDA and (B) EDA. Room temperature and 80 °C reactions catalysed by boric acid.

Fig. 2. A casted 8:1 EDA-NC gel placed on a horizontal electrophoresis system.
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Fig. 3. Migration of Bromophenol Blue (BB) and Orange G (OG) dyes in HMDA-(8:1)
and EDA-(8:1) cross-linked nanocellulose gel slabs. Bold lines indicate trend lines
and faint lines indicate the actual migration behaviour of tracking dyes. Chemical
structures of EDA and HMDA. Electrophoresis voltage constant at 100 V.

3.2. Effect of the cross-linker chain length

The amine-crosslinkers used in this study vary in the length of
the carbon backbone. Ethylenediamine (EDA) is a C2-chain
whereas hexamethylenediamine (HMDA) has a 6-carbon chain.
The effect of amine cross-linker chain length (C2 vs C6) on the
migration rate of the tracking dyes in the nanocellulose gel is
shown in Fig. 3. Images of EDA- and HMDA-NC gels at different
time intervals during electrophoresis are shown in Fig. 4 and sup-
plementary information, respectively. The migration rate of both
tracking dyes decreases in EDA-NC compared to HMDA-NC. The
migration of bromophenol blue reduces from 0.23 to 0.14 mm
min~! (at 100 V). Similarly, orange G travels at a rate of 0.43 mm
min~! in HMDA-NC whereas it slows down to 0.32 mm min~' in
EDA-NC. Moreover, migration behaviour differs between the two
cross-linker types. In HMDA-gels, the tracking dyes travels more
linearly throughout the electrophoresis run. The tracking dye
behaviour in EDA-NC gels is less linear as a plateau region is
observed between 60 and 120 mins.

3.3. Effect of cross-linker concentration

Fig. 5 shows the effect of cross-linker concentration on the
mobility of bromophenol blue and orange G during electrophoresis
for EDA-NC and HMDA-NC gels. For both cross-linker types, the
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Fig. 4. Migration of Tracking Dyes at 30 min intervals in 8:1 EDA-NC gel. Electrophoresis voltage constant at 100 V.
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Fig. 5. Migration of Bromophenol Blue (BB) and Orange G (OG) in a (A) HMDA cross-linked and (B) EDA cross-linked nanocellulose gel at various NH,: COO~ concentrations.
Electrophoresis voltage constant at 100 V.
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increase in the cross-linker concentration has no effect on the
migration behaviour and rate of either bromophenol blue or
orange G. Gel stability and ease of handling however increases
with cross-linker concentration, particularly with HMDA. All gels
tested become increasingly stiffer with higher cross-linker concen-
tration. Increasing the cross-linker concentration from 2:1
onwards maintains gel stability throughout the electrophoresis
run. However, all EDA-NC gels tested are very unstable with the
gels extending and retracting at both sides of the cell during
electrophoresis.

3.4. Effect of electrophoresis voltage

Varying the electrophoresis voltage changes the migration rate
for 8:1 HMDA-NC gel as shown in Fig. 6. Increasing the voltage
from 50V to 100V results in almost tripling and doubling the
migration rate of orange G and bromophenol blue, respectively.
Moreover, the separation gap between both dyes becomes larger
with increasing voltage.

4. Discussion
4.1. Gel cross-linking and gel slab formation

TEMPO-oxidised cellulose nanofibres (TOCNs) can form a sus-
pension or colloidal gel depending on the combination of fibre
length and concentration [13,38]. The nanocellulose suspension
selected in this study has a concentration of 0.82 wt% and still
exhibits primarily liquid-like behaviour. At this initial state, the
nanocellulose fibres are not sufficiently entangled to form the
stable 3D-network of a gel. Introducing cross-links is therefore
necessary to produce a uniform gel slab which remains stable
under electrophoretic conditions.

TOCNs contain COO~ groups which can be cross-linked to
improve dimensional stability and form a stable gel. Cross-
linking can be achieved either by physical or chemical means
[39]. Physical cross-linking of TEMPO-nanocellulose can be accom-
plished with divalent (Ca%*, Zn?*, Cu®*) or trivalent (AI**, Fe*")
cations which coordinate with the COO- groups to induce chain-
chain association similar to pectins and alginates. This results in
very stiff gels [40]. These cations, however, are prone to movement
and can leave the gel upon the introduction of electrical current.
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This can lead to gel instability and collapse. Moreover, as the indi-
vidual fibres are not completely neutralised in this type of cross-
linking, their negative charges induce nanocellulose fibre migra-
tion during electrophoresis. Temperature and pressure have
recently been reported as a trigger for nanocellulose gelation.
Nonetheless, the increased gel strength and stability achieved
may not be sufficient for electrophoresis operations [41,42].

Chemical cross-linking, on the other hand, provides a more
stable network as the fibres are permanently bridged with a
cross-linker. Carboxylic acid groups in different substances can
be bridged by amine-based cross-linkers to induce amide bond for-
mation. Amide formation is not spontaneous under ambient condi-
tions as the carboxylic acid is deprotonated to form an ammonium
carboxylate salt. Conversion to amide requires heat to overcome
the activation energy with water as a by-product to be driven off
for the reaction to progress [43]. Hence, when either EDA or HMDA
is added to TOCNs at ambient conditions, no cross-linking occurs.

Different catalysts and co-reactants are required to produce
amides at ambient conditions. For instance, coupling agents such
as 1-ethyl-3-(-3-dimethylaminopropyl) carbodiimide (EDC) com-
bined with N-hydroxysuccinimide (NHS) is a common reaction
system [44]. Boric acid, a component in DNA electrophoresis buf-
fers, can also act as a catalyst to trigger carboxylate group - amine
cross-linking to produce amide bonds [45,46]. Amide formation in
TOCNs with boric acid is triggered at room temperature as shown
in Fig. 1. The change in the representative spectra of COO- groups
indicates the formation of amide bonds at room temperature. Full
conversion is not achieved as a stronger FTIR signal is shown after
the gel is cured at 80 °C for 1 h. This increased amide formation is
also demonstrated by the higher stability and ease of handling of
the cured gel.

4.2. Effect of cross-linker type

The effect of two types of diamine cross-linkers on the gel slab
formation and tracking dye migration behaviour is investigated.
Ethylenediamine (EDA) and hexamethylenediamine (HMDA) are
both diamine compounds which only differ in the length of the
hydrocarbon backbone. EDA and HMDA consist of 2 and 6 carbon
chain, respectively. The cross-linker chain length determines the
cross-linking likelihood, bond rigidity, and average pore mesh of
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Fig. 6. Migration of (A) Orange G (OG) and (B) Bromophenol Blue (BB) in an 8:1 HMDA cross-linked nanocellulose gel at different electrophoresis voltages. The linear
trendlines were added with a y-intercept set at zero. The slope represents the average migration rate under various voltages.
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nanocellulose fibres. A longer cross-linker is able to bridge more
effectively individual nanocellulose fibres separated by repelling
electrostatic forces. It is therefore expected that a longer chain
cross-linker will produce a more stable gel. HMDA-NC gels are
stronger than EDA-NC gels, similarly reported in [47]. In this inves-
tigation, we extend the idea of stability from just producing a self-
standing gel to maintaining its structural integrity whilst
immersed in an electrophoretic environment. At constant NH:
COO™ ratio of 8:1, EDA-NC gels extended and contracted at differ-
ent time periods throughout the electrophoresis experiment. This
is in contrast with HMDA-NC which remains unchanged. The
change in gel shape (extension and contraction) can be attributed
to the lack of stiffness of EDA-NC gels as fibre mobility is less
restricted than for HMDA-NC gels. Another reason might be that
the diamine terminated cross-linkers have not fully formed amide
bonds at both ends, resulting in a net positive charge on the fibre
surface leading to the increased electrophoretic movement
observed.

The migration rate and behaviour of orange G and bromophenol
blue are also affected by HMDA and EDA. Both tracking dyes dis-
play lower migration rates in EDA-NC gels. The small chain length
in EDA resulted in smaller network pores upon cross-linking in
contrast to HMDA. The change in the cross-linker length impacts
the migration rate as it decreases by 25.6% and 39.1% in orange G
and bromophenol blue, respectively. Moreover, non-linearity in
the dyes migration rates are observed for EDA-NC gels. A plateau
region in the electrophoresis run is observed wherein there is very
little movement (Fig. 3). This can be attributed to the movement of
the tracking dyes relative to the gel dimensional instability (exten-
sion) resulting in net zero movement.

4.3. Effect of cross-linker concentration

Modifying the cross-linker concentration (NH,: COO~ ratio)
influences the stability of the gels. The higher cross-linker concen-
tration for HMDA-gels forms gel slabs which are more stable: they
are easier to handle (i.e. stronger) and do not deform (no dimen-
sional extension) during the electrophoresis testing. This is due
to the formation of more crosslinking junctions. However, for
EDA-gels, increasing the cross-linker concentration does not
improve the gel stability during electrophoresis. Gel extension is
still observed even at higher cross-linker concentrations (12:1).
Furthermore, the amount of cross-linker concentration does not
affect the migration rate of the tracking dyes (Fig. 5). For all HMDA
gels (4:1 to 8:1), the tracking dyes travel at similar rates. Similarly,
the migration behaviour in EDC gels does not change significantly.
This indicates that the network pore sizes have not changed signif-
icantly with the increase in cross-linker concentration.

4.4. Effect of electrophoresis voltage

The electrophoresis voltage dictates the migration rate and the
degree of separation between molecules and dyes. A higher elec-
trophoresis voltage indicates a faster migration rate which may
affect the quality of separation as it can cause smearing or distor-
tion of bands. In cross-linked nanocellulose gels, the tracking dyes
travels the slowest at 50 V and fastest at 100 V (Fig. 6). Doubling
the voltage from 50 V to 100 V results in tripling of the migration
rate of orange G and doubling for bromophenol blue. Moreover,
at increasing voltage the gap between orange G and bromophenol
blue increases.

4.5. Development perspectives

There are four main development issues to resolve for consistent
and effective separation with nanocellulose gel electrophoresis:

e Bubble formation during casting. The presence of bubbles can
inhibit the effective separation of tracking dyes or proteins
due to the absence of current within the bubbles in contrast
to the gel which carries the current. Distortion of the separation
bands was observed as the dyes are dragged around the bub-
bles. Hence, there is a need to engineer casting methods to suit
nanocellulose gels which may include mixing under vacuum
prior to gelation. A well stamp can also be integrated with the
caster upon curing such that wells are always well-formed.
Nanocellulose gels for substitution of SDS-PAGE. Trials on casting
ultra-thin (0.75 mm) nanocellulose gels to mimic SDS-PAGE
(sodium dodecyl sulphate-polyacrylamide gel) for RNA separa-
tion were attempted. Concentrated solutions of AI** and Ca?*
cations, which are known to physically cross-link nanocellulose
gels, were each applied to the casting plate via plasma-coating
and spin-coating techniques. However, uneven precipitation of
cations and SDS-nanocellulose interactions prevented even
gelation.

Investigation of kinetics. The kinetics and extent of the amide
cross-linking reaction can be investigated to optimise casting
methods.

Optimisation of nanocellulose type. Nanocellulose properties such
as aspect ratio and surface charge can be modified for optimisa-
tion of the pore size network to enable enhanced separation.
This is best achieved by testing gels from cellulose nanocrystals
and bacterial cellulose.

5. Conclusion

Nanocellulose gels have been increasingly studied for applica-
tions spanning agriculture [20,21], personal care and hygiene
[48], biomedicine [10,31,34] and drug delivery media [35]. In this
study, we report a proof-of-concept for utilising nanocellulose gels
as novel electrophoresis media. Nanocellulose gels were investi-
gated as an electrophoretic material by understanding the funda-
mentals which govern electrophoretic separation. Gels from
TEMPO-oxidised cellulose nanofibres were chemically cross-
linked by diamines to form slabs for horizontal gel electrophoresis.
We demonstrated the feasibility of boric acid catalysed amide for-
mation between the carboxylate pendant groups of the nanocellu-
lose fibres with diamine terminated cross-linkers. Curing (80 °C)
enhanced the cross-linking for increased gel stability (handleabil-
ity and minimal deformation during electrophoresis). The pore size
of the gel network was varied with the carbon chain length of the
diamine cross-linker molecule. This affected the migration rates for
both the bromophenol blue and orange G dyes. Gel stability was
also influenced as shorter cross-linkers (i.e. EDA) produced unsta-
ble gels which extend and retract at both ends of the cell during
electrophoresis; this is due to incomplete junctions of the short
diamine and the lack of gel stiffness. Increasing the cross-linker
concentration increased gel stability and handleability whilst
migration rate and behaviour remained constant. Increasing the
electrophoresis voltage increased the migration rate and separa-
tion gap between bromophenol blue and orange G. Further optimi-
sation is required for developing nanocellulose gels as robust and
consistent electrophoretic materials. This especially involves pro-
cess improvement for producing bubble-free and homogeneous
gels. Nanocellulose gels have the potential to become the next gen-
eration of efficient and safe electrophoretic media for biomolecule
separation.
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