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Abstract 

 

Complexes consisting oppositely charged surfactants and polyelectrolytes (SPEC) have potential 

as delivery vehicles for drugs, nutrients and flavours. However, conventional methods for their 

fabrication often introduce microstructural irregularities owing to poor diffusion of components. 

Thus, controlled-release capabilities of SPEC cannot be fully realised. 

Valvejet 3D printing enables spatially and quantitatively controlled layer-by-layer deposition of 

fluid droplets. Using this technique, alternating layers of chitosan and sodium dodecyl sulphate 

solutions were 3D printed over one another. Printed specimens were characterised along with 

control specimens (prepared by film casting) using confocal microscopy, cryo-SEM and elemental 

analysis. 

3D printed samples were found to contain a previously unreported network of interconnected 

SPEC microcapsules forming a mechanically strong specimen. Micro-CT images confirmed that 

microcapsules with similar diameter spanned the entire specimen. Control sample was found to 
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have no such microstructure. Elemental analysis revealed that printed sample had excess 

polyelectrolyte whereas control sample had excess surfactant. 

 

Keywords 

3D Printing, Additive Manufacturing, Valvejet, Pneumatic Jet, Surfactant-Polyelectrolyte 

Complexes, Self-Assembly, Confocal Microscopy, Cryo-SEM, Micro-CT. 

Introduction 

Complexes formed by mixing charged surfactants with oppositely charged polyelectrolytes are 

particularly exciting supramolecular assemblies as they incorporate both electrostatic and 

hydrophobic interactions. The surfactant-polyelectrolyte complexes (SPEC) have been widely 

used as rheology modifiers and vehicles for active agents, rendering them relevant to 

pharmaceutical, personal care and nutritional applications [1]. 

At low concentrations, the formed SPEC are soluble. However, they tend to precipitate beyond 

what is termed as the critical aggregation concentration (CAC) [2]. Such CAC lies below the 

critical micelle concentration, i.e. CMC of surfactants. At even higher concentration, mixing the 

solutions of polyelectrolytes and surfactants can lead to formation of SPEC film/microcapsules at 

the solution interface [3–5]. 

Of the most common conventional methods for SPEC fabrication is drop-wise addition/spraying 

of either polyelectrolyte or surfactant solution into the other [2,4–8]. The purpose of such a 

preparation is often to produce mini- and microcapsules of SPEC as they derive their shape from 
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that of the droplet. There are also many reports of macroscopic mixing (i.e. mixing large quantities 

of solutions of both components followed by mechanical stirring) technique [9–12]. 

When solutions of surfactant and polyelectrolyte come into contact, SPEC formation initiates but 

does not necessarily complete instantaneously as the polyelectrolyte solution is often too viscous 

to allow instantaneous diffusion of both species. Moreover, the formation of SPEC film at the 

interface progressively slows down the diffusion as the film thickness keeps growing [5,6]. The 

colloidal self-assembly relies heavily on the degree of diffusion. Poor diffusion often causes 

formation of localised regions of unreacted polyelectrolyte/surfactant in SPEC. Excess of either of 

these, especially of surfactant in contact with the SPEC surface may result in SPEC disintegration 

by redissolution 3. Similarly, the supernatant released following the complex formation may get 

trapped inside the ‘pockets’ of SPEC films owing to poor permeability. Overall, the structure of 

SPEC formed using conventional methods is often abundant with microstructural irregularities. 

This makes it difficult to realise the full potential of SPEC in applications where structural 

homogeneity is essential. 

Thus, mixing the solutions containing both charged components in as small a quantity as possible 

(thereby maximising their interfacial area in contact) could render their diffusion more complete 

and much faster by reducing diffusion distance, thereby aiding the colloidal self-assembly. This is 

likely to improve the structural regularity of SPEC. The most widely used technique for this till 

now is layer-by-layer (LbL) dip coating of polyelectrolyte and surfactant on a flat surface [7,13–

16]. This technique involves dipping of a flat substrate in solutions/suspensions of the substance 

to be deposited followed by rinsing and/or drying. This needs to be done sequentially and 

repeatedly according to the desired arrangement for the layers. Hence, fabrication of a film thicker 

than 1 mm using this method is prohibitively time consuming for practical purposes [17]. 
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Therefore, the application of LbL technique for SPEC preparation has been largely limited to 

developing hydrophobic coatings and films [18] rather than creating macroscopic shapes. Films 

have also been prepared by casting non-aqueous solutions of SPEC on various surfaces followed 

by drying [19] but this method needs much time to allow solvent evaporation. 

It is therefore vital to employ a manufacturing technique for SPEC which still deposits the 

materials layer-by layer but with much higher throughput and is commercially viable. Deposition 

by controlled jetting of the solution components (i.e. printing) is a technique of choice for such 

requirement. 

Conventional inkjet systems typically require the shear viscosity of ink to be below 0.04 Pa.s. 

Semi-dilute to concentrated solutions of the vast majority of moderate-to-high molecular weight 

polyelectrolytes are expected to have much higher viscosity, being unsuitable for inkjet printing. 

This could well be the reason why SPEC in entirety have not been reported yet to be prepared 

using inkjet printing. In the process closest to 3D printing which was utilised for SPEC in the past 

[14], a layer of polyelectrolyte was prepared by electrodeposition and a surfactant solution was 

printed over it using microextrusion. While they were able to generate SPEC, the electrodeposition 

step considerably slowed the process. 

Valvejet printing is a deposition system analogous to conventional inkjet printing but is capable 

of handling fluids with much higher viscosity (0.05 – 500 Pa.s) [20]. The greater ejecting force of 

valvejet originates from adjustable pneumatic pressure applied on to the fluid as opposed to 

conventional inkjet with no pneumatic force. The droplet generation and break-up are governed 

by an orifice-valve mechanism with a piezoelectric actuator. Use of voltage wave-forms helps 

achieve high jetting frequency [20]. Such valve-dispensing technique has already been used in the 
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past for printing drug nanosuspensions [21], silicone-based fluids [22] and a photo-reactive resin 

based conductive material [23]. These fluids have a wide range of rheological properties and 

microstructures, showing the versatility of this technique. 

There is an increasing awareness about the potential of additive manufacturing in late-stage 

customisation of medicine at a pharmacy or hospital. Such customisation is helpful for fulfilling 

individual therapeutic needs [24,25] and is commercially advantageous [26]. SPEC applications 

as the delivery vehicle for active compounds have the potential to be exploited further by use of 

additive manufacturing. The present study explores valvejet-based 3D printing as a technique for 

layer-by-layer fabrication of SPEC. This work will aim at printing specimens with height of a few 

mm and their characterisation. 

Sodium dodecyl sulphate (SDS), a widely reported anionic surfactant will be used in the present 

study. Chitosan will be used as the corresponding cationic polyelectrolyte. Chitosan is a 

polysaccharide derived from partial deacetylation of chitin, a poly (N-acetyl-D-glucosamine). 

Chitosan has one -NH2 group per deacetylated repeating unit. While insoluble at neutral pH, -NH2 

groups get protonated under acidic pH and render chitosan water soluble [2]. It has been used in 

biomedical applications due to its non-toxic and biodegradable nature, as well as its antimicrobial 

properties and lipase activity [27]. 

Fungal chitosan is considered to have many advantages over the non-fungal chitosan. Fungal 

chitosan is free from shrimp protein (an allergen). A greater control over molecular weight and 

degree of deacetylation of fungal chitosan can be achieved. Also, suitability of biowaste as a raw 

material  makes its production environmentally more sustainable [28]. The present study therefore 

uses fungal chitosan as one of the reagents for SPEC formation. 
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SPEC made using chitosan and SDS have already been reported in the scientific literature 

[2,5,8,12–14,27,29]. However, SPEC using these or other components have never been reported 

to have been made using techniques analogous to inkjet or valvejet, to the best of the authors’ 

knowledge. 

Microstructure of the printed SPEC specimen will be examined by cryogenic scanning electron 

microscopy and confocal microscopy along with their equivalent samples prepared using film 

casting as controls. The printed specimen will also be tested using micro computed tomography 

(Micro-CT) and elemental analysis (CHNS). 

 

Materials and Methods 

Materials 

Fungal chitosan was obtained from Glentham Life Sciences, UK with ≥ 98.0% of degree of 

deacetylation and 100-300 cP viscosity at 1% concentration in 1% acetic acid at 20°C according 

to the supplier. Sodium dodecyl sulphate, acetic acid and Nile Red were bought from Fischer 

Scientific, UK. Xanthan gum was supplied by Sigma-Aldrich, UK. All these chemicals were used 

as received without any purification or modification. 

 

Preparation of Inks 

A stoichiometric balance of positive charge in chitosan and negative charge in SDS was accounted 

for while preparing the inks with the aim of producing a charge neutral SPEC. Considering the 
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volatile content of chitosan (~7.0%) and SDS (~2.5%) as well as degree of acetylation of chitosan, 

2.5% (w/w) chitosan solution in 1% (w/w) acetic acid and 4.0% (w/w) of SDS solution were 

calculated to contain equivalent concentrations of ~0.14 M.L-1 active cationic and anionic charges 

respectively. This calculation was based on the average molecular weight of one repeating unit of 

chitosan (considering the degree of deacetylation) and the molecular weight of SDS. The volatile 

content in both cases refers to water and other impurities which can be removed by heating. These 

impurities were measured gravimetrically and their content was used when preparing the solutions. 

Since SPEC being formed are precipitates leaving behind significant amount of supernatant 

(presumably with trace amounts of chitosan, SDS, xanthan and some acetic acid), increasing the 

concentration of polyelectrolyte or surfactant leads to less supernatant following complexation. In 

order to achieve this, the concentration of SDS solution to be prepared was doubled to 8.0% (w/w). 

However, doubling the concentration of chitosan solution to 5.0% (w/w) was likely to not only 

make it almost too viscous to print but also likely to delay the surfactant diffusion. The 

concentration of chitosan was therefore kept at 2.5% (w/w). The revised concentration of SDS 

solution altered the stoichiometric balance from 1:1 to 2:1 for 2.5% (w/w) chitosan solution:8.0% 

(w/w) SDS solution. 

Ink A was prepared by mixing the required quantity of chitosan with 1% (w/w) aqueous solution 

of acetic acid. For ink B, stock solutions of (i) 16% (w/w) SDS and (ii) 0.2% (w/w) xanthan gum 

were prepared separately. They were then mixed in 1:1 proportion by weight to prepare ink B with 

the final concentration of 8% and 0.1% (w/w) for SDS and xanthan gum respectively. Xanthan 

gum was intended to act as a viscosifier in ink B in order to improve spatter resistance during 

printing. Even though xanthan gum itself is an anionic polymer, the charge density on it is very 

low and hence was considered not to significantly change the stoichiometric balance of the inks at 
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a mere 0.1% (w/w) concentration. 0.001 M of sodium azide was added in both the inks for 

microbial resistance. All mixing was performed by magnetic stirrers. The dissolution of chitosan, 

SDS and xanthan gum was performed overnight and the mixing of two stock solutions into ink B 

was performed over 3 hours. All subsequent printing was performed using the above formulation 

of inks. 

Ink B to be used for producing confocal microscopy samples had 10 mg of Nile Red stock solution 

(1 mg/ml Nile Red in acetone) added per 10 ml of the SDS stock solution prior to mixing with 

xanthan gum solution. Adding fluorescent dyes such as Nile Red is a requirement for confocal 

microscopy. Nile Red is expected to be embedded within the exterior regions of SDS micelles 

acting as a probe [30]. 

 

Characterisation of Inks 

The inks were characterised for their viscosity as well as pH in order to make sure they are suitable 

for the valve-jet printer and that their mixture would lead to stable SPEC. The viscosities of both 

inks were measured using Kinexus Pro+ rheometer (Malvern Instruments, UK) through a shear 

rate sweep at 20°C. Shear rate was logarithmically varied from 0.01 s-1 to 1000 s-1 with 5 data 

points per decade of shear rate. The geometry used was DIN concentric cylinders with 25 mm and 

27 mm of inner and outer diameters respectively and 40 mm of bob length. 

The pH values of both inks were measured using a pH meter (SevenCompact, Mettler Toledo, 

United Kingdom). Following this, the inks were mixed well in stoichiometric amounts and the pH 

of the supernatant in mixture was also measured. 
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Film Casting 

10 ml of ink A was poured in a petri dish and was allowed to rest for 60 minutes to form a flat 

surface. Over this, 5 ml of ink B was laid in a slow, drop-wise manner. The petri dish was kept at 

the ambient temperature for 48 hours. Following this, the supernatant was removed to expose the 

film formed at the interface of both the inks. 

Two types of cast films were prepared: (i) with ink B containing no fluorescent dye for cryo-

SEM and elemental analysis and (ii) with ink B containing Nile Red for confocal microscopy. 

The film was cut using a blade to obtain the ‘control’ samples for characterisation techniques. 

 

Valvejet Printing 
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The deposition system used was PicoPulse (Nordson, UK) mounted on a three axis motion stage. 

Each of the two printheads was loaded with syringe containing ink A or B respectively (See Figure 

1). 

The diameter of the valve orifice was 150 μm for both printheads. Air pressures and other wave 

form parameters are given in Table 1 in Supporting Information. A detailed explanation of these 

parameters have been given by Wildman et al. (2013) [20]. 

A schematics of SPEC formation through printing have been shown in Figure 2. The droplet 

spacing was set to 450 μm. This was found to be the maximum distance which allows sufficient 

overlapping between droplets to form a continuous film layer. A rectangular array of 68 x 14 

droplets was printed for each layer. Layers of inks A and B respectively were printed in an 

Figure 1. Valvejet printheads with syringes and compressed air supply. 
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alternating fashion. First layer printed was of ink A in order to make it adhere better to the glass 

surface which is claimed to have mild negative charge. 

It was important to deposit the inks in their stoichiometrically balanced amounts, i.e. in 2:1 

proportion of ink A:ink B. The amount of ink A printed was measured gravimetrically following 

2, 5 and 10 layers of ink A being printed. The average mass of ink A per layer was found to be 

0.062 g. This implied the desired amount of ink B deposited to be 0.031 g/layer. To achieve this, 

the gravimetric measurement was repeated for ink B after after printing 2, 5, and 10 layers. 

Compressed air pressure for ink B was varied (i.e. increasing pressure for more ink to be deposited 

and vice versa) in response to the deposited amount per layer being greater or smaller than 0.031 

g. 55.2 kPa of compressed air pressure for ink B appeared to achieve 0.031 g of its deposition per 

layer. 

 

 Figure 2. Schematic diagram of printing SPEC using valve-jet printing. 
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Different shapes of samples were printed to suit different characterisation techniques. For 

techniques such as CHNS analysis and micro-CT, a specimen was printed with 8 complex layers 

of abovementioned rectangular array wherein one complex layer constituted one layer for ink A + 

one layer for ink B. It took around 35 minutes for this specimen to be printed. The sample for 

confocal microscopy was printed with the same array but with ink B containing Nile Red, and only 

three complex layers. For cryo-scanning electron microscopy, an array of 10 x 4 droplets was 

printed with 3 complex layers in order to facilitate the sample preparation. 

 

Cryo-Scanning Electron Microscopy 

Both control and printed samples were prepared for cryo-SEM (FEI/Philips XL30 ESEM-FEG, 

Philips, UK). Firstly, samples were loaded onto the cryo-SEM sample holder which was lined with 

colloidal graphite and tissue tick. They were then frozen with slush N2. The frozen samples were 

transferred to the preparation stage chamber under the vacuum of 10-5 Pa. At this pressure, they 

were fractured and etched using a Polaron Polarprep control unit (PP7480) at -90°C for 10 minutes. 

The samples were then coated with platinum by sputtering under Argon atmosphere.  The imaging 

was carried out at -145 °C and 6.3 x 10-3 Pa of vacuum and at 5kV voltage. 

 

Confocal Microscopy 

A cover slip each was placed on the sample already printed on a glass slide as well as the control 

sample obtained from the cast film. A Leica DM2500 confocal microscope was used for imaging. 

Two different objective lenses (10x and 40x) were employed. An oil droplet was placed on the 
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cover slip (for 40x only) and the focus was adjusted manually. In compliance with the excitation 

and emission spectra of Nile Red, laser with 532 nm at 100% intensity was used for excitation and 

emissions in the range of 550 to 700 nm of wavelength were detected for imaging. Focal planes at 

every 5 μm were imaged across the depth of 250 μm for the printed sample and across the dept of 

100 μm for the control sample. 

 

Micro-Computed Tomography 

Micro-CT imaging was performed using Bruker SkyScan 1172. The printed sample was cut into 

12 mm in length. It was then securely placed vertically on the rotating platform. Various x-ray 

images of the sample were taken at multiple angles. No filter was used for the x-ray. The 

experimental parameters have been listed in Table 2 in Supporting Information. 

The set of images at different angles was reconstructed by NRecon and CTAn softwares to obtain 

a 3D image. The control sample, being a soft film was impossible to be imaged using micro-CT 

in a fashion comparable to the printed sample. 

 

Elemental Analysis 

Both control and printed samples were dried under vacuum (12 kPa pressure) at 60°C for 24 hours. 

They were then ground and dried again for 24 hours under the same conditions. The analysis for 

CHNS content was performed using FlashSmart Elemental Analyser by Thermo Fischer Scientific. 

The dried samples were each filled in a small tin capsule. They were then energetically oxidised 
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(known as dynamic flash combustion) resulting into a gas mixture which was fed into a 

thermoconductivity detector (TCD) via a chromatographic column. The TCD then generated 

output signals proportional to the elemental composition of the sample. 

 

Results and Discussion 

The viscosity as well as shear stress of ink A and Ink B have been plotted against shear rate in 

Figure 3. Even at shear rates approaching 10-2 s-1, the viscosity values for both inks are significantly 

lower than 500 Pa.s. This puts the inks within the viscosity limits of valvejet (0.050 – 500 Pa.s). 

Both inks seem to be shear-thinning, i.e. their viscosities decrease with increasing shear rate. Such 

effect is relatively more profound in ink B as it contains xanthan, known to be highly shear-

thinning. 
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Conventional inkjet printing requires the inks viscosity to be Newtonian and falling within a range 

between 1 and 40 mPa.s under different shear rates. The shear-thinning nature of inks and their 

comparatively higher viscosities in the present study hence necessitate the use of pneumatically 

actuated fluid deposition. 

The pH values for inks A and B were found to be 4.6 and 6.8, and the pH for the supernatant within 

stoichiometric mixture was 4.8. Chitosan can retain positive charge only under pH<6, which is 

essential for successful formation of SPEC [2]. 

Figure 3. Rheometry data for inks A (2.5% fungal chitosan in 1% acetic acid) and B (8% sodium 

dodecyl sulphate in 0.1% xanthan gum). Black symbols and red symbols have been used for 

viscosity and shear stress respectively. 
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Following printing, a well-defined shape was obtained with the supernatant solution which was 

weighed along with the glass slide it was printed on. The supernatant was removed, and the printed 

shape was weighed again before being imaged as shown in Figure 4: 

 

(a)

 

(b)

 

(c)

 

Figure 4. The representative printed specimen as 

shown by top view (a), side view (b) and held by a 

pair of tweezers (c). The dimensions are 31.5 mm 

x 6.9 mm x 1.52 mm. Had there been no 

supernatant released (which accounted for 49% of 

the total printed mass), the height of specimen 

would have been 3.42 mm. 

 

Considering the number of droplets (68 x 14) as well as the droplet spacing (450 μm), the expected 

dimensions of the footprint of printed specimen are 30.6 mm x 6.3 mm. The actual dimensions of 

the footprint were found to be 31.5 mm x 6.9 mm, i.e. slightly greater but within 10% of the 

expected. This discrepancy may be explained by spreading of inks following printing and before 

the subsequent layer is printed. The thickness of the specimen was 1.52 mm. The weight of the 
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specimen before and after the removal of supernatant was 0.691 g and 0.352 g respectively, i.e. 

the solid specimen constituted 51% of the total mass of the mixture. However, the presence of 

localised regions containing supernatant in the printed specimen cannot be ruled out completely. 

It is noteworthy that the specimen had sufficient structural integrity to be possible to be picked up 

by a pair of tweezers. 

Images obtained using cryo-SEM for the printed sample have been shown in Figure 5. The 

presence of cellular structures (diameter ~300 μm) with thick shell walls is somewhat visible in 

Figure 5 (a) and clearly evident in (b). These observations can be explained by the instantaneous 

film formation on the droplet (of either inks) surface following its printing over the previously 

printed layer. The size of so-called cells is within the order of the diameter of the nozzle (150 μm) 

used for printing the droplets responsible for their formation. 

Another striking feature of these images is the fine web-like structure within and around the cells. 

Such structure has been observed for other systems in the past [31–33], and has been claimed to 

be a consequence of ice crystal formation during the rapid cooling stage of sample preparation for 

cryo-SEM. These crystals would have displaced any remaining small amounts of solutes such as 

polyelectrolyte/surfactant/SPEC in the supernatant to their boundaries. These crystals would then 

be sublimed during the etching process and leave behind the web-like structures (containing the 

solutes) as artefacts. The likelihood of such ice crystal formation decreases with lower water 

content (thus higher solid content) [34]. As a result, the shell walls, presumably formed with 

precipitated SPEC resist the structural distortion due to ice crystals whereas the supernatant around 

them with much lower solid content is more prone to this effect. 
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(a)

 

(b) 

 

(c)

 

(d) 

 

Figure 5. Cryo-SEM images for printed sample at various magnifications. Figure 5 (c) and (d) 

focus on the shell walls. 

 

However, there is an absence of such cellular structures in the cryo-SEM images of control samples 

as seen in Figure 6, at both lower and higher magnifications. This leads to the conclusion that in 

contrast to the printed sample, the solid content in all regions within the control sample is 

sufficiently high in order to be able to resist the formation of ice crystals. Also, no particular 

patterns of microstructure are observed in any of the images. 
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(a) 

 

(b) 

 

(c) 

 

(d) 

 

Figure 6. Cryo-SEM images for control sample at various magnifications. 

While cryo-SEM images reveal morphological features within the microstructure, they alone 

cannot be used to determine the composition of these features. To complement cryo-SEM images, 

confocal microscopy is required as the fluorescent emission of Nile Red can help map the presence 

of SDS micelles either free in the supernatant or as a part of SPEC across the morphological 

features. 

Figure 7 shows the confocal microscopy images for the printed sample. 
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(a)

 

(b) 

 

(c) 

 

(d) 

 

Figure 7. Confocal microscopy images for printed sample at (a) and (b) 10x and (c) and (d) 40x 

magnifications respectively. Video clips containing these images among those of other layers 

have been provided in supplementary information. 

 

At 10x magnification, cellular structures with diameters similar to those found in the cryo-SEM 

images are observed, with bright coloured outer regions and relatively darker cores. The intensity 
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of light in fluorescence microscopy is proportional to the concentration of the dye given the 

absorption/emission wavelengths and quantum yield are the same [35]. This further supports the 

conclusion from cryo-SEM images that the microcapsules consist of micelle-rich shells and 

relatively micelle-deficient cores. The micelles are expected to have participated in SPEC 

formation, particularly at the shells owing to them being near the droplet surface during the post-

jetting contact with the previously printed layer. Similar observations can be made in images 

captured at 40x magnification, where the bright shells of microcapsules are seen converging at 

their junction. Confocal images of SPEC microcapsules comparable to these have already been 

reported in the past [6,7,36,37], and were also claimed to have SPEC-rich shell and relatively 

SPEC-deficient core. 

As opposed to the printed sample, no discernible microstructural features are observed in the 

control sample. Although SPEC have been formed in both printed and control samples, the nature 

of colloidal self-assembly has been very different between them. This echoes the observation from 

cryo-SEM images. 
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(a) 

 

(b)

 

Figure 8. Confocal microscopy images of cast sample at 10x magnification at (a) top and (b) 

near bottom. 

 

Moreover, the intensity of green colour (which indicates the presence of Nile Red – in SDS 

micelles) is higher within the top section (i.e. near the interface of two inks) of the sample which 

decreases gradually across the height, vanishing to nearly zero at the bottom. Decreasing intensity 

of colour thus strongly suggests a gradual decrease in the dye concentration from above to below 

(i.e. from the interface of inks A and B to within the bulk of the region on the side of ink A). 

As mentioned earlier, the film of SPEC forms almost immediately at the interface of the 

solutions of oppositely charged polyelectrolyte and surfactant which grows in thickness gradually. 

It is obvious that with the increase in thickness, permittivity of either polyelectrolyte chains or 

surfactant micelles through the SPEC film would continue to decrease. Increasingly poor diffusion 

of either of the components would make the increase in film thickness self-limiting with a 

concentration gradient of the components across the film. Hence the resultant cast film is likely to 
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have an excess of surfactant to polyelectrolyte at one surface (the surface close to surfactant 

solution), and an excess of polyelectrolyte to surfactant at the other. Considering the above, gradual 

decrease in colour intensity from top to bottom is expected. The video clips depicting the entire 

sets of confocal microscopic images (from top of the sample to the bottom) for printed sample at 

both 10x and 40x magnification and for cast sample at 10x magnification can be found in the 

supplementary information. 

Whilst techniques such as cryo-SEM and confocal microscopy are particularly useful at 

revealing morphological details, their focus on much smaller area begs the question as to whether 

their observations are representative of the sample in its entirety or are simply manifestations of 

localised artefacts in an otherwise heterogenous sample. Hence such imaging often needs to be 

complemented by other imaging/non-imaging characterisation techniques which either take into 

account the entire sample or its apparently more representative aliquot. 

One of such techniques is micro-CT, which works on the principle of difference in absorption of 

x-ray by materials with different densities. It is possible to image a macroscopic sample with a 

volume up to at least 10 ml in its entirety using micro-CT. Images obtained using micro-CT for 

the printed sample are shown in Figure 9. 
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(a) 

 

(b) 

 

(c)  
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(d) 

 

Figure 9. Horizontal (a) and (b) and vertical (c) and (d) cross-sections of printed 

samples as imaged using micro-CT. 

 

The images in Figure 9 (a) and (b) show two different horizontal cross-sections of the printed 

sample, representing a printed complex layer each. It is apparent that the complex layers contain 

cellular-type structures in lighter shades, with interstitial spaces characterised by darker shades. 

The lighter cellular structures can be attributed to the SPEC microcapsules as observed in the cryo-

SEM and confocal microscopy, whereas the darker interstitial spaces manifest the supernatant 

present. The density difference between the supernatant (presumably close to the density of water) 

and the SPEC (hydrated precipitates with density higher than that of water) is sufficiently 

significant for the micro-CT technique to distinguish between themselves. Such structures are 

consistently spread across the entire layers. 

Vertical cross-sections in Figure 9 (c) and (d) represent all printed layers at two different positions. 

It is evident that the network of microcapsules spans across the height of the printed sample. 

Moreover, the size of microcapsules (~300 μm) in both horizontal and vertical cross-section is 

quite consistent with those observed using other techniques. 

All repeating units in the chitosan backbone contain one nitrogen atom each, and a vast majority 

of them constitute deacetylated -NH2 groups which carry a positive charge each when in an acidic 
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solution. Conversely, all SDS molecules contain one sulphur atom and one negative charge each. 

Hence an estimation of N/S elemental ratio in chitosan-SDS SPEC can reveal the status of 

stoichiometric balance of specimen. 

The mean values of N/S ratio for printed and control samples were found to be 1.13 and 0.886 

respectively (complete dataset has been shown in the supplementary information). The excess of 

nitrogen atoms in printed samples can be partly attributed to the still remaining acetylated groups 

in chitosan which do not carry any positive charge. However, the excess goes much beyond the 

presence of these ‘inactive’ nitrogen atoms given that the degree of deacetylation from the 

manufacturer is ≥ 98.0%. This has also been observed earlier in case of SPEC microcapsules 

prepared by spraying chitosan solution onto SLES solution where the microcapsules were 

observed to contain positive charge [4]. In another study, the N/S ratio was observed as high as 

2.6 [14]. Since the amount of chitosan and SDS mixed in the present study were balanced 

stoichiometrically, excess of nitrogen may be explained by poor accessibility of some positively 

charged repeating units on chitosan backbone owing to its inherent semi-flexible nature resisting 

sufficient contact with spherical SDS micelles. 

The excess of sulphur in the control sample can be interpreted as the SPEC at the interface of 

chitosan and SDS solutions during the film casting being very SDS-rich. This may be partly due 

to its proximity to the SDS solution as well the poor diffusion of SDS away from the interface. 
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Conclusions 

The surfactant-polyelectrolyte complex prepared by film casting (control) were compared with 

those printed using valvejet through various imaging techniques and elemental analysis. It became 

apparent that the control sample had a continuous matrix with compositional gradient across its 

thickness. The concentration of surfactant (as micelles) was the highest at the top of the film, 

vanishing to near zero at the bottom of the film. This gradient was attributed to increasingly poor 

diffusion of surfactant across the film thickness. 

On the other hand, the printed sample had a network of microcapsules spanning across its entire 

dimensions. These microcapsules had diameters around 300 μm and were a result of alternating 

deposition of thin layers made of two-dimensional arrays of droplets of inks A and B. This 

difference in the microstructure of both samples was attributed to more efficient colloidal self-

assembly in case of printed samples. 

The resultant microstructure of the printed sample has not been observed in SPEC before, 

according to the best of the authors’ knowledge. While distinct SPEC microcapsules have been 

reported in the past, their network spanning a macroscopic specimen with structural integrity 

sufficient for it to be lifted by a pair of tweezers significantly widens the scope of applications, 

e.g. in chewable foods or tablets to deliver active compounds. SPEC in general and microcapsules 

in particular have potential as delivery vehicles for active ingredients of interest such as drugs, 

flavours, nutrients and genes. For example, the ability to customise a 3D network of microcapsules 

in layer-wise fashion enables one to load (i) different active agents in different layers or (ii) 

different amounts of the same active agent in different layers, in specific order. Gradual decay of 

such SPEC may result into well-orchestrated periodic release of said active ingredient(s). 
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Valvejet-based 3D printing of SPEC can be extended to different pairs of surfactant and 

polyelectrolytes, and indeed even to a single type of surfactant with many different 

polyelectrolytes or vice versa, to suit the application in question. The sheer versatility offered by 

3D printing as a technique to a class of materials as diverse as SPEC renders the combination as a 

vital area for further investigation. 
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