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ABSTRACT  

Here we introduce chitin nanofibers, nanochitin (ChNF), whose cationic groups 

electrostatically complex in aqueous media with the anionic groups of a polyanion, seaweed 

alginate (SA). This allows the formation of continuous microfibers after drawing contacting 

suspensions. We elucidate the effect of the nanofiber aspect ratio (15, 25 and > 60) on the 

mechanical performance of the composite microfibers after considering variables such as 

concentration, pH and drawing rate. An automatic collector facilitated a constant spinning velocity 

of 30 mm/s upon interfacial complexation from aqueous media (using 0.3 to 1 wt% as mass 

fraction for each component and a pH between 4 and 7). The composite microfibers showed a 

core-shell structure where ChNFs were preferentially axially aligned in the center and more 

randomly oriented in the shell. The degree of ChNF alignment in the core increased with the aspect 

ratio, as resolved by WAXS diffractograms.  Consequently, ChNF with the largest aspect ratio (> 

60) was readily spun into microfibers that displayed the highest Young’s modulus (4.5 GPa), almost 

double than that measured for the shortest ChNF. The latter, however, presented the highest strain 

and flexibility and allowed continuous fiber spinning. Distinctively, tensile tests revealed 

mechanically stable microfibers even in wet condition, with a strength loss of less than 50% and 

strain gains of up to 35%. The amino and carboxyl groups in the microfibers offer possibilities for 

functionalization, expanding their potential beyond that related to wound healing and antibacterial 

applications. Overall, we provide a new perspective toward dry spinning via interfacial 

complexation of biobased components and the effect of particle’s morphology on the detailed 

structuring of microfibers, which display a particular assembly that is discussed here for the first 

time. 
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INTRODUCTION  

Fibers from renewable sources are essential in the development of new generation functional 

materials. Wound dressing, drug delivery, and tissue engineering are among the prospective 

applications relevant to such fibers, for instance, those based on chitin, chitosan, or nanochitin, 

taken their wound-healing and antimicrobial functionalities.1–4 Chitin and alginate are highly 

abundant renewable materials with interesting properties. Sodium alginate, an anionic 

polysaccharide, is an attractive material for functional compounds in biomedical and 

pharmaceutical fields due its particular physicochemical properties and biological activities. Also, 

chitin has been widely investigated as a potential biomaterial for biomedical and bioengineering 

purposes due its low toxicity and antimicrobial functionality. Chitin is bio-absorbable and bears 

amino groups that are otherwise absent in most non-protein systems. Combining the properties of 

alginate with the antimicrobial and mechanical performance of nanochitin could result in a 

promising functional composite fiber for development of structural biomaterials. Wound dressing, 

drug delivery, and tissue engineering are among their prospective applications. Several approaches 

are available for the fiber synthesis, including electrospinning, wet- and dry-spinning, bio-

spinning, microfluidic spinning, and melt-spinning (extrusion). Among these, dry-spinning, which 

exploits ionic interactions between polymers bearing opposite charges remains as a promising 

route. In this direction, the concept of polyion complexation between oppositely charged chitosan 

and gellan were introduced in 1998 and allowed several structural materials, including filaments.5 

The process, more commonly referred to as “interfacial polyelectrolyte complexation” (IPC), 

exploited the spontaneous self-assembly of the polymers into fibers by simply drawing the 

complex formed at the fluid-fluid interface.6,7 The drawing process was conducted using aqueous 

systems under room conditions where no coagulation or anti-solvents were needed, offering 
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several processing advantages over the traditional spinning methods. It was also demonstrated that 

IPC fibers could be obtained combining nanosheets and polyelectrolytes.8 Recently, the interest in 

dry-spinning of fibers was expanded into the complexation of a macromolecular solutions (for 

example, chitosan in water) with a nanocellulose colloidal dispersion, leading to relatively strong 

composite microfibers.9,10 Subsequently, the process is referred to as “interfacial polyelectrolyte-

nanofiber complexation” (IPNC).  The case of spun fibers based on oppositely charged nanofibers 

has also been reported.11 Overall, filaments obtained through the complexation of nanofibers has 

emerged as an extension to IPC systems, providing a broader perspective for their use. The process, 

however, is still in its infancy and has encountered several challenges, for example to develop a 

scalable and continuous spinning process with acceptable properties. Moreover, little is known 

about the effects of the components, including nanofiber morphology, on the properties of the 

IPNC filaments or composite microfibers. Relevant to this effort is the impact of the nanofiber 

aspect ratio on the spinnability and mechanical properties of the IPNC. 

In this work, an IPNC system comprising cationic chitin nanofibers (ChNF) and anionic 

seaweed alginate (SA) is introduced for interfacial complexation to construct composite 

microfibers. The optimized condition to spin ChNF/SA is found by adjusting the process variables, 

including concentration of the components, pH, and the spinning rate. Dried ChNF-based 

microfibers revealed a core/shell morphology. The mechanical properties of ChNF/SA composite 

microfibers were determined as a function of ChNF aspect ratio, which was varied by controlling 

the mechanical deconstruction process of the precursor chitin. The obtained composite microfibers 

display the expected mechanical stability under humid conditions and offer functionalization 

opportunities, given the presence of both carboxylic and amino groups. 
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RESULTS AND DISCUSSION 

Chitin nanofibers. We first demonstrate that the mechanical properties of the IPNC 

microfibers depend strongly on the aspect ratio of the precursor nanofibers. For this, partially 

deacetylated chitin, i.e., chitin nanofibers (ChNF) were produced to yield populations with three 

different average aspect ratios. This was achieved mainly by changing the mechanical 

deconstruction processes, as we reported recently.12,13 More specifically, deacetylated chitin was 

disintegrated into ChNF by using microfluidization, followed by ultrasonication for given periods. 

The obtained chitin nanofibers were of high, medium and low aspect ratios, herein termed as 

ChNF-H, ChNF-M, ChNF-L, respectively (Figure 1 bottom). In more detail, the aspect ratio 

(length/width) of ChNF-M and ChNF-L corresponded to ~25 and ~15, respectively.  ChNF-H 

presented a more complex morphology, but the axial aspect was estimated to be at least 60, much 

larger than those of ChNF-M and ChNF-L.  
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Figure 1. Top: Schematic illustration of the molecular formulae of partially deacetylated chitin 

derived from crab shells and seaweed alginate. Three possibilities are shown for the balance of 

charges.  Bottom:  TEM images of chitin nanofibers obtained from the hydrolysis of residual blue 

crab chitin followed by partial deacetylation and one pass microfluidization, yielding (a) chitin 

nanofibers of high aspect ratio (ChNF-H). By applying sonication to aqueous suspensions of 

ChNF-H, shorter nanofibers are obtained: nanofibers of (b) intermediate aspect ratio, CNF-M (25 

min sonication), and (c) low aspect ratio, ChNF-L (50 min sonication). The insets in (b) and (c) 

correspond to histograms of the fibril axial size obtained by image analysis (at least 100 

measurements). For ChNF-M and CHNF-L the respective length (and lateral size) are 267 ± 35 

(11 ± 3 nm) and 168 ± 25 (11 ± 2 nm), respectively. The corresponding axial ratio (length/width) 
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is ~25 (ChNF-M) and ~15 (ChNF-L). Given the complex morphology of ChNF-H, it is difficult 

to report accurate values for length and width, however, they are estimated to be 2270 ± 1600 nm 

(39 ± 28 nm), yielding an aspect ratio ≥ 60, considerably larger than those of ChNF-M and ChNF-

L. 

Dry spinning. To generate ChNF/SA composite microfibers, droplets (~ 100 µL) of SA 

solution and ChNF suspensions were deposited next to each other on a hydrophobic surface 

(Teflon) (Figure 2a). Then, an inverted tweezer was used to bring the drops into contact; a 

complex was immediately formed at the interface, which prevented further fluid mixing (Figure 

2b). The composite microfibers were produced by simply drawing from the interface (Figure 2c 

and d) until exhaustion of any of the two reservoirs (droplets) (see Supporting Information video). 

An alternative geometry is shown in ref9. The corresponding wet threads were then suspended and 

allowed to dry at room temperature, resulting in the composite microfibers. Previously, it was 

demonstrated that the selection of the concentration for the anionic solution and the cationic 

suspension is critical for the spinnability of the system.9,11,14,15  

 

Figure 2. (a) Droplets of alginate solution (SA, blue) and chitin nanofiber suspension (ChNF, red) 

placed on a hydrophobic surface. (b) Upon droplet contact, a viscous interface is formed via 

interfacial polyelectrolyte-nanofiber complexation (IPNC). (c) Drawing of the viscous interface 

leads to dry spinning, which enables the formation of a (d) composite microfiber. 
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The concentrations of ChNF and SA were optimized for composite microfiber formation, 

corresponding to 0.3-0.4 wt% (ChNF) and 1 wt% (SA).  Composite microfibers were easily formed 

with lengths (about 1 m) that were limited only by the available reservoir (drop) volume. Compared 

to ChNF-M and ChNF-L, microfibers based on ChNF-H allowed easier drawing of the interface 

to begin the spinning process even at low concentrations. This is reasonable, given that the larger 

aspect ratio of ChNF-H allows more effective complexation with anionic alginate polymers, 

analogical to the effect of molecular weight in the corresponding polyelectrolyte complexes.16 

However, it was interesting to note that the thread broke more frequently in the case of ChNF-H 

during the spinning process, which is likely a result of the stronger tendency for the larger 

nanofibers to form bundles that act as “defects”, given their higher potential for crowding. As a 

microfiber was drawn from the liquid medium, a renewed interface was continuously formed by 

the electrostatic complexation upon replacement with fresh material through diffusion. Compared 

to ChNF-H, ChNF-M and ChNF-L formed thinner interfaces upon contact with SA and were more 

difficult to be draw. The impact of ChNF size and component concentrations on the microfiber 

diameter and spinnability is indicated in Table S1 of the Supporting Information. 

The driving force for the polyelectrolyte complexation from aqueous solution is a combination 

of the electrostatic interactions17 and entropy changes, which stems from the release of counterions 

and water expulsion.10,18,19  Inter-polyelectrolyte complexation usually occurs by association of 

highly diluted oppositely charged materials. The formation of a film at the interface involves the 

expulsion of water during the association of the charged components upon droplet contact. 

Previous works have demonstrated, through quartz crystal microbalance (QCM-D) and surface 

plasmon resonance (SPR), that cationic polymers adsorb and neutralize the surface charge of 

anionic cellulose films, resulting in water expulsion from the interfacial sites.20,21 The observations 
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indicate the important role of water coupling to the adsorbed layer and the changes in 

hydration/swelling.  

The interaction between macromolecules can be described as a function of free energy of 

binding (ΔG) which is related to the changes of enthalpy (ΔH) and entropy (ΔS), 𝛥𝛥𝛥𝛥 =  𝛥𝛥𝛥𝛥 − 𝑇𝑇𝑇𝑇𝑇𝑇. 

Owing to the spontaneous formation of the complex, the free energy of binding shall be negative. 

Thus, a negative value is expected for the interaction between the components (ΔH) while TΔS is 

highly positive. The release of the counterions, which depends on the electrolyte concentration, is 

responsible for the increase of the total entropy of the system. Therefore, the association of the 

components into a complex is driven by the counterion entropy.22 However, the interaction 

between the macromolecular component, i.e., alginate and the chitin nanofiber is more challenging 

to rationalize. The IPNC involves a wide range of length scales, leading a competition of long-

range Coulombic  interactions and more localized interactions, such as ion pairing.23–25 The release 

of counter ions, soon after interfacial contact, promotes binding between the components (Figure 

S1). Thus, the charge density and charge distribution have a critical role in determining the 

spinnability of the system into IPNC microfibers.7 

The charge densities of SA and ChNF were examined by measuring the ζ -potential at different 

pH values (Figure 3a). ChNF dispersions exhibited positive ζ -potential values, and a zero net 

charge was approached as the pH became neutral. This is expected for chitin and chitosan, given 

the presence of primary amine groups, which become progressively protonated as the pH decreases 

to around 3.26–28 Since the different aspect ratios were obtained from partially deacetylated chitin, 

ChNF-L, ChNF-M, ChNF-H exhibited similar positive ζ -potential profiles. SA was negatively 

charged in the whole range of pH tested, from pH 6 to 11; the deprotonation of carboxylic acid 
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groups in the polymer backbone resulted in a higher ζ -potential. The increase of the ζ –potential 

of SA going from pH 6 to pH 2 is related to polymer precipitation.  

When both components were highly charged, ChNF at pH < 3.0 and SA at pH > 6, a strong 

complex was formed, making drawing difficult. ChNF/SA microfibers were easily drawn by using 

aqueous suspensions closer to neutral pH, for example, at pH 4 and 7 for ChNF and SA, 

respectively. Under such conditions, excessively strong complexation and flocs were avoided, 

which otherwise lead to inhomogeneities during spinning.  
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Figure 3. (a) ζ-potential of aqueous ChNF-H suspensions and SA solutions as a function of the 

respective pH. Optimal pH conditions for microfiber formation were found to be pH = 4 and 7 for 

ChNF and SA, respectively. Note: ChNF-L, ChNF-M, ChNF-H exhibited similar ζ -potential 

profiles. (b) FTIR spectra of pure SA, ChNF and dried composite microfibers of ChNF and SA. 

Composition of the composite microfibers. The ChNF/SA chemical composition was 

determined by FTIR (Figure 3b). The characteristic absorption bands related to alginate are found 

at 1590 and 1405 cm-1, related to the carboxyl anion stretching and at 1296 cm-1 assigned to the 

backbone vibration.26  ChNF spectra showed amine groups from partial deacetylation, which 

overlapped with the peaks of alginate at 1660 and 1610 cm-1 (amide-I) and 1550 cm-1 (amide-
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II).29,30 Note that the spectrum corresponding to the ChNF/SA composite microfiber followed 

closely that of pure ChNF, suggesting the dominant presence ChNF in the composite microfibers. 

This is supported by elemental analysis (Table S2) and titration (Figure S2). Moreover, some 

differences in the composite (ChNF/SA) spectra were noted compared to those of the single ChNF 

and SA components. The amide-I bands showed a broader shoulder at 1650 and 1610 cm-1, 

whereas amide-II was observed as broader absorption band at 1550 cm-1. On the other hand, the 

fingerprint of carboxylic groups (–COO-) on sodium alginate disappeared, previously observed at 

1590 cm-1, suggesting an electrostatic association with the positively charged amino groups (–

NH3
+) of ChNF. This is in agreement with the reported association between SA and chitosan.31–34 

Composite microfiber morphology. We investigated the morphology of the dried composite 

microfibers using SEM, Figure 4. Generally, the composite microfibers obtained from all ChNF 

types (ChNF-H, ChNF-M and ChNF-L) displayed a similar morphology. Thus, the following 

discussion refers to ChNF-H/SA, as representative for the other two cases. In general, the 

ChNF/SA composite microfibers showed homogenous diameters along the length (Figure 4a). 

The texture of the microfiber surface (Figure 4b and 4c) were dominated by veining/nervation 

patterns.7,9–11,35–38 Moreover, there was evidence of a hierarchical structure, as found in previous 

works.9–11,14  Therein, the components are organized by sub-units wherein macromolecules bind 

during the complexation as “nucleation sites” and spread closely to the interfaces. The nucleation 

sites grow to form several fibrous units and pack together during the drawing process, forming 

submicron fibrils (microfibrils), which are align parallel and merge along the length, giving rise to 

the thread itself. The irregularity on the packings results in vein patterns. Recently, a hierarchical 

assembly  was also observed in complex fibers by using nanofibers of opposite charges.11 It is 

interesting to note that the resultant fibers were assembled hierarchically, bearing little influence 
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from the identity of the components, whether macromolecules or nanofibers, as was also 

demonstrated by the complexation of highly charged TEMPO-oxidized cellulose nanofibers 

(TOCN)9,10 As a further reference, we performed experiments with TOCN and ChNF, which led 

to successful dry spinning and to the formation of composite microfibers (Figure S3).  

The nature of the vein pattern formed on the surface of the microfibers is intriguing and 

prompted more detailed studies. For instance, the surface of the microfibers was observed to be 

fully covered with fibrils that were distributed random (Figure 4d,e). The morphology of such 

fibrils is similar to that of individual chitin nanofibers (Figure 1), but present a significantly wider 

lateral dimension, indicating ChNF associated with SA where the average diameter of individual 

ChNF is 3 ± 2 nm, whereas the structures shown on the microfibers are considerably thicker, 8 ± 

3 nm. Thus, it is reasonable to expect that cationic ChNF is covered by a sleeve of anionic SA 

formed during complexation besides the platinum coat that were deposited for SEM sample 

preparation. 

The core or center of the microfibers was accessed by cryo-fracturing (Figure 4f, g, and h). A 

circular cross-section (Figure 4f) is revealed, with clear evidence of aligned microfibrils, which 

are bound into compact structures. The finer fibrous units appeared as parallel “spikes” distributed 

throughout the cross-sectional surface, indicating an orientation that aligned with the drawing 

(axial) direction.  
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Figure 4. Low magnification SEM image of (a) dried ChNF-H/SA composite microfiber. The 

surface of the ChNF/SA composite microfiber is shown with higher magnifications (b and c) and 

displayed aligned vein structures. (d,e) Observation at even higher magnifications reveal randomly 

oriented fibrous units on the surface. (f) Cross sectional observation after cryo-fracture allows 

observation of the core of the microfibers in the (g) center and (h) shell. There is indication of 

alignment of ChNF inside the microfibers. 
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The observations support a core-shell structure in the composite microfibers, which has also 

been proposed for complexation with oppositely charged polyelectrolytes and 

nanofibers.5,9,25,36,37,39 Based on our observations, it is reasonable to conclude that composite 

microfibers comprise a interfacial complex layer that is constantly formed by replenishment of the 

components at the interface upon drawing. Simultaneously, chitin nanofibers become covered by 

a sleeve of alginate and are oriented and packed along the formed microfiber axis by shear stress. 

As the wet microfiber is pulled from the liquid-liquid interface, complexes present in the fluid 

phase adsorb on its surface via hydrophilic or capillary effects. Such structures display limited or 

no alignment, thereby resulting in a random orientation on the microfiber surface, as shown in 

Figure 4d, 4e. IPNC dry spinning could be considered as a bottom-up process where the 

nanofibers, dispersed in aqueous medium, are spontaneously and continuously assembled into 

ordered supra-structures.  

An interesting feature of the ChNF/SA system is associated with the bending flexibility of the 

composite microfibers, which can be easily tied into knots by hand (Figure 5a) or twisted (Figure 

5b). In order to obtain a longitudinal fracture, a large stress was applied, tightening the knots, and 

causing delamination of the microfibers, which allowed observation of the internal morphology 

along the composite fiber length (Figure 5c). The ChNF/SA composite fiber showed a compact 

structure that was supported by the longitudinal fracture images, which revealed that the 

microfibers were composed of densely packed, smaller structures well aligned in the direction of 

drawing. The alignment of the sub-units, previously observed by the cross-sectional images, is 

more clearly seen in these images (Figure 5d, 5e, 5f).  
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Figure 5. SEM images of (a) ChNF/SA composite microfiber tied as a knot. (b) Two composite 

microfibers twisted onto each other. In (c), one of the fibers was forced to rupture along the axis, 

revealing details of the inner areas, as shown in (d, e, f) for magnified sections displaying nanofiber 

orientation along with the drawing direction. 

Fibril orientation in the spun microfibers. As observed in SEM imaging (Figure 5), the 

chitin fibrils tend to align in the axial direction, likely as a result from the drawing process. This 

is also supported by wide angle X-ray scattering (WAXS) data as suggested by the arcs of fiber 

reflection rings in the diffractograms of Figure 6a, and the peaks at 90 and 270 degrees from 

azimuthal profiles (Figure 6b). The orientation index as well as Herman’s parameter were 

calculated to quantify the degree of orientation (“0” indicates a completely random structure and 

“1” reveals a fully oriented construction).  A clear difference can be noticed from both indices: 

fibers made from fibrils with the highest aspect ratio (ChNF-H/SA), possess the highest orientation 

index (0.75) and Herman’s parameter (0.56). The corresponding values for ChNF-M/SA are 0.73 

and 0.44, respectively. ChNF-L/SA is poorly oriented (0.21 and 0.36, respectively). Thus, it is 
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clear that the aspect ratio significantly influences nanochitin alignment during spinning. These 

results are consistent with the fiber mechanical performance, as discussed next.   
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Figure 6. (a) WAXS diffractograms of ChNF/SA fibers, from left to right: ChNF-L/SA, ChNF-

M/SA, ChNF-H/SA. (b) The respective azimuthal profiles obtained from (100) plane of the 

diffractograms. 

Composite microfiber strength. To determine the mechanical properties of the microfibers, 

particularly the wet strength, tensile tests were carried at a relative humidity of 50% and upon 

immersion in water. Single microfibers were used for this purpose (1 wt% SA, 0.3 wt% ChNF 

drawn at a given drawing rate). In general, the mechanical strength of the composite ChNF/SA 

microfibers exhibited a mechanical strength comparable to that measured for filaments produced 

by wet spinning of single component, ChNF .40,41  
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A reduction in ChNF aspect ratio leads to a slight reduction in the Young’s modulus and 

ultimate tensile strength, while the elongation at break is increased. Besides the lower orientation 

(WAXS), this is likely due to the more limited macromolecular entanglement in the presence of 

shorter nanoparticles, as has been also found in reinforced nanocomposites. A similar trend is 

observed for tensile tests carried out in water, as shown by the dashed lines in Figure 7a. The 

strong binding between ChNF and SA in the composite microfiber leads to robust microfibers that 

indicate promoted stability in water. Some plasticization is observed via water sorption, given the 

hydrophilic nature of the components. The inelastic behavior, noticed as a quasi-linear stress-stain 

curve, can be explained by the disentanglement of the interfibrillar/intermolecular hydrogen 

bonding. The weakening of these bonds produce sliding between the macromolecules and ChNF 

nanoparticles, resulting in an increase in the strain-to-failure up to 25% (ChNF-L) and 35% 

(ChNF-H). The values of the Young’s modulus, ultimate tensile strength, and strain at break of the 

tested composite microfibers are listed in Table S3 
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Figure 7. (a) Tensile tests for composite microfibers produced from ChNF-H, ChNF-M, and 

ChNF-L in dry and wet condition. The results, corresponding to microfibers containing about 40% 

alginate, in the absence of chemical crosslinking, are similar to those recorded for filaments 

obtained by wet spinning of single component ChNF. (b) Illustration of the wet strength of the 

microfibers. 

It can be concluded that the mechanical properties of microfibers obtained by interfacial 

complexation are affected not only by the process parameters (e.g., drawing rate and component 

concentrations)6,9,11,14,42, but also by the morphology of ChNF. Furthermore, ChNF/SA 

microfibers are highly stretchable when immersed in the aqueous medium. Tailoring the particles 

size should be evaluated in future studies to further improve the mechanical properties of the 

developed microfibers.40 

b) 
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CONCLUSIONS 

We show that chitin nanofibers can be electrostatically complexed with sodium alginate to 

generate microfibers via a spontaneous interfacial polyelectrolyte-nanofiber complexation. The 

spinnability of the system is related to the complex formed at the interface of the media upon 

contact of the oppositely charged components. Parameters such as component concentration, pH 

and nanoparticle axial aspect can be tailored to enable microfiber drawing. The ChNF/SA 

microfibers exhibit a core/shell structure with distinct morphologies. The shell contains randomly 

oriented fibrous units formed by ChNFs coated by a sleeve of SA. The core, however, shows a 

hierarchical structure comprising nanofibers aligned in the longitudinal direction. Our findings 

contribute to further understand microfiber assembly during dry spinning. We demonstrate that the 

aspect ratio of the precursor nanofibers strongly affects the mechanical properties of the IPNC 

microfibers. ChNF/SA from high aspect ratio nanofibers exhibited the highest values in Young’s 

modulus and tensile strength. They also exhibited a high wet strength, in spite the highly 

hydrophilic nature of the components.  

  



20 

 

EXPERIMENTAL SECTON 

Materials. Partially deacetylated chitin nanofibers (ChNF) were prepared from mechanical 

methods as reported in literature12. Briefly, chitin from crab shells was treated in 33 wt% NaOH 

solution at 90 °C for 3.5 h. The liquid-to-solid ratio was 25 ml/g. This process results in partial 

deacetylation of the acetyl groups in chitin (de-chitin). Then, the residual solids were thoroughly 

washed with distilled water to remove the NaOH until reaching neutral pH. For nanofibrillation, 

deacetylated chitin was re-dispersed in MQ water at a concentration of 0.2 wt%, following by pH 

adjustment (3.0) with acetic acid under vigorous stirring. Then, the obtained coarse suspension 

was homogenized using a high-speed blender (T-25 Ultra-Turrax Digital Homogenizer, IKA, 

Germany) at room temperature. The disintegration of deacetylated chitin into ChNF can be 

achieved by two approaches: ultra-sonication and microfluidization. Ultra-sonication was 

performed using a titanium tip sonicator (Sonifier 450, Branson Ultrasonics Co., Danbury, CT, 

USA) at 50% amplitude with alternating on-off cycles (5 s - 2 s, respectively). 25 and 50 min 

sonication duration was used to produce nanofibers with different aspect ratios.13 The 

nanofibrillated chitin suspension was then centrifuged at 10,000 rpm for 5 min to remove large 

particles, and the transparent supernatant was collected as ChNF. Microfluidization was carried 

out with a microfluidizer (M-110P, Microfluidics In, Newton, MA, USA) through one pass at a 

pressure of 1,500 bar. Microfluidization, and the sonication at 25 min and 50 min resulted in high, 

medium and low aspect ratio, respectively, which was denoted as ChNF-H, ChNF-M, ChNF-L. 

The deacetylation degree determined by conductometric titration was approximately ~25%. 

Sodium alginate (SA), medium molecular weight (W201502), was purchased from Sigma-

Aldrich. SA was dissolved in 100 ml of deionized water to obtain 1 wt %. The resulting solution 
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was stirred with a magnetic stirrer for 24h. Then, the SA solution was filtrated to remove any 

remaining insoluble aggregates and impurities. 

ChNF aspect ratio. By processing the ChNF TEM images using ImageJ software, it was found 

that the average length and width of ChNF-L were 168 ± 25 and 11 ± 2 nm, respectively. ChNF-

M showed respective values of 267 ± 35 and 11 ± 3 nm. Thus, the corresponding axial ratio 

(length/width) was ~15 to ChNF-L and ~25 to ChNF-M. Given the complex morphology of ChNF-

H, it was difficult to accurately measure the length and width of individual nanoparticles in this 

sample. However, on the basis of ChNF-H and bundles identified from TEM micrographs, an 

average width and length of 39 ± 28 nm and 2270 ± 1600 nm were obtained (based on 100 

measurements from ImageJ). Thus, it can be estimated that the axial ratio for ChNF-H was ≥ 60, 

much larger than those of ChNF-M and ChNF-L. Admittedly, the actual axial ratio of ChNF-H in 

suspension might vary significantly due to the existence of irregular bundles. The obtained aspect 

ratio values are corroborated by a recent report where chitin suspensions were prepared following 

the same conditions used here.13,43 

IPNC spinning of ChNF/SA. 100 µL droplets of ChNF and SA were placed near each other 

in a Teflon plate. Then, using an inverted tweezer, the droplets were cautiously brought into 

contact. At this stage, it can be visually observed a thin film ensuing at the interface, preventing 

further mixture of the liquids. The interface that was the locus in with the tweezers was plunged 

to grab the membrane and dragged vertically resulting in the continuous microfiber spinning 

process. The most of microfibers produced from hand drawing showed homogeneous surface 

along all the microfiber direction. However, previous work has shown that regular beads (defects) 

are formed in IPC microfibers depending on the drawing rate, which can compromise the 

mechanical integrity.14 Thus, an automatic roller was used as a collector for better controlling the 
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spinning rate. The microfibers used in mechanical tests were obtained at constant spinning velocity 

of 30 mm/s. Under appropriated conditions, 90 cm long microfibers could be obtained by spinning 

it from a pair of 100 µm droplets. 

Zeta potential. To obtain qualitative data about the surface charge of cationic sodium alginate 

and anionic ChNF, zeta potential (ζ-potential) were performed by a Zetasizer Nano ZS90 (Malvern 

Instruments). The pH (2-11) for SA and ChNF was adjusted using 1 M, 0.5 M and 0.1 M HCl or 

NaOH. All the measurements were performed with triplicate and reported as an average with 

standard deviations. 

Fourier Transform Infrared (FTIR) Spectroscopy. FTIR spectra were acquired using a 

Nicolet 380 Spectrometer (Nicolet Instrument Co., Madison, USA) equipped with smart orbit 

single reflection diamond ATR from 32 scans for all experiments. The raw materials and the 

corresponding microfibers were first dried prior testing. 

Scanning Electron Microscopy (SEM). SEM images of ChNF/SA microfibers were obtained 

by a Zeiss Sigma VP scanning electron microscope. Images from the surface of the microfibers 

were obtained from samples attached to aluminum stubs by just using carbon tape. Cross-section 

images were obtained by fracturing ChNF/SA microfibers in liquid nitrogen and then attach the 

microfiber to the stub. All the samples were sputter coated with a platinum layer of 4 nm thick. 

Wide angle X-ray scattering (WAXS). The orientation of chitin crystallites was determined by 

WAXS. Sample diffraction images were collected from transmission geometry at a wavelength of 

1.54 Å using a MicroMax-007 HF X-ray generator (Rigaku, Japan). A bundle of fiber were aligned 

horizontally and placed perpendicular to the beam (120 μm size) using a exposure time of 

10 minutes and 300 mm distance to detector (Mar345 imaging plate detector). Azimuthal intensity 

distribution profiles were obtained from (100) peak after subtracting the background, based on 
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which the orientation index (π) and Herman’s orientation parameter (S) were calculated according 

to equations ( 1 ) and ( 2 ).44 

π =
180° − 𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹

180°  

 

( 1 ) 

 

where FWHM is the full width at the half maximum (in degrees) of one of the two peaks in the 

azimuthal intensity distribution profile. π was calculated for both peaks and their average reported. 

𝑆𝑆 =
3
2 < 𝑐𝑐𝑐𝑐𝑐𝑐2𝛾𝛾 > −

1
2 

 

( 2 ) 

Assuming cylindrical symmetry in the filament, the average cosine ‹cos2γ› was obtained from 

the average cosine of the azimuthal angle φ according to equation ( 3 ).  

〈𝑐𝑐𝑐𝑐𝑐𝑐2𝛾𝛾〉 = 1 − 2〈𝑐𝑐𝑐𝑐𝑐𝑐2𝜑𝜑〉 ( 3 ) 

where 

< 𝑐𝑐𝑐𝑐𝑐𝑐2𝜑𝜑 >=
∑ 𝐼𝐼(𝜑𝜑) sin 𝜑𝜑 𝑐𝑐𝑐𝑐𝑐𝑐2𝜑𝜑𝜑𝜑0+𝜋𝜋 2�
𝜑𝜑0

∑ 𝐼𝐼(𝜑𝜑) sin 𝜑𝜑𝜑𝜑0+𝜋𝜋 2�
𝜑𝜑0

  

Here I(φ) is the intensity detected at azimuthal angle φ, and φ0 is the azimuthal angle in the 

beginning of the range used for the calculation of the average cosine ‹cos2φ›. S was calculated at 

φ0 of 0, π/2, π and 3π/2 and the average of these values is reported. 

Mechanical tests. Specimens to tensile tests were prepared cutting the ChNF/SA microfibers 

in 2 cm long and glued the ends to a paper frame of (20 mm x 5 mm), leaving a testing window of 

10 mm x 3 mm. Window frame was used to help attach the samples to the clamps, and prevent 

slippage and stretch prior to testing. ChNF/SA microfibers were conditioned 48 h at 24 °C and 

50% humidity relativity room prior testing. The specimens were stretched at 2 mm/s until fracture, 

using a single-column universal tester Instron 5944 equipped with 5kN load cell. Six specimens 



24 

 

of each sample were tested, and the diameter of the samples were measured by optical/SEM 

microscopy. Typically, the microfiber’s diameter tested was around 40 µm, and the cross section 

was assumed to be circular, which was supported by SEM images (Figure 4f). 

The influence of water on the tensile behavior of the ChNF/SA microfibers was evaluated by 

testing these materials under water. Wet tensile testing was performed on FAVIGRAPH 

semiautomatic equipment (Textechno Company, Germany) with 100-mm long microfibers that 

were attached to the clamps. Then, the specimen was plunged into water by 30s followed by 

stretching at 2 mm/s until fracture. 
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