Formation of multi-compartmental drug carriers by hetero-aggregation of polyelectrolyte microgels
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Abstract
The formation of drug carriers able to incorporate multiple molecular payloads in separate compartments was investigated, using the hetero-aggregation of oppositely charged hydrogel microparticles as the building blocks. The primary particles – negatively charged alginate and positively charged chitosan microgels with a mean diameter of 6-7 µm – were produced by spray drying with in-situ cross-linking. The kinetics of their hetero-aggregation was measured on-line by static light scattering. The effects of the starting stoichiometry (positive:negative particle ratio), hydrodynamic conditions (agitation intensity), and pre-conditioning (dry vs. pre-hydrated primary particles) on the aggregate growth rate were systematically investigated. An optimum stoichiometric ratio of the primary particles was found in each case. The structure of the resulting hetero-aggregates was characterised by laser scanning confocal microscopy and found to strongly depend on the pre-conditioning of the primary particles. While dry primary particles resulted in open, floccular structures, pre-hydrated primary particles gave rise to relatively dense, compact aggregates. The ability to incorporate multiple molecular payloads was demonstrated, providing a platform for the formation of well-defined structures that can be further used in applications such as the encapsulation and release of multiple actives from a single carrier.
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[bookmark: _Toc457218614]1 Introduction

The encapsulation of active pharmaceutical ingredients (API) or their precursors (pro-drugs) into water-swellable biopolymer particles has become an attractive formulation approach in the pharmaceutical industry. Depending on their composition and size, such particles can be used in various administration routes including pulmonary, dermal (Vidlarova et al., 2016), oral (Puncochova et al., 2014), or intramuscular injection (Lehocky et al., 2016). The main benefit is the ability to provide sustained release of the API, which can be controlled either by the biodegradation rate of the polymer matrix, or by the diffusion rate of individual API molecules through the swollen polymer layer (Puncochova et al., 2015). So far, such polymer particles were used mainly for the incorporation of a single API. However, it is sometimes beneficial to incorporate multiple APIs into the same carrier, while ensuring that the APIs are kept separate from each other during processing and storage due to potential negative interactions. A possible solution to this problem is compartmentalisation, i.e. the formation of structured particles consisting of several distinct sub-units in which the individual APIs are stored. Such structures, recently reviewed by Cejkova et al. (2013), include e.g. core-shell particles or multiple-core particles. The present work aims to explore the hetero-aggregation principle for producing multi-compartmental drug carriers, using biopolymer microgels as the building blocks.

Hetero-aggregation refers to a process where two or more kinds of primary particles combine to form larger clusters (Lin et al., 2006). Hetero-aggregation can be induced either in a similar way as homo-aggregation, i.e. by destabilising a previously stable colloidal dispersion of the primary particles (Ullrich et al., 2016), or by combining primary particles that naturally attract each other, e.g. due to opposite charge (Suzuki and Horigome, 2011; Mao and McClements, 2012; Chaturbedi et al., 2016). By adjusting the size, charge and relative number of each type of primary particles, clusters of defined size and morphology can be formed (Demirörs et al., 2015). Both experimental and computational results have shown that the composition and size distribution of hetero-aggregates depend crucially on the initial particle stoichiometry (Rollié et al., 2008; Rollié et al., 2009). If one type of particle is used in excess, this results in relatively smaller clusters in which a single particle of one kind is surrounded by several particles of the other kind. On the other hand, relatively large clusters tend to form for particle ratios near the point of zero charge, in analogy with colloidal crystals (Li et al., 2016).

While a large diversity of nano- and micro-particles that carry a surface charge can be used for the formation of hetero-aggregates, natural polymer-based hydrogel particles are of particular interest. Examples of such naturally sourced polymers that readily form hydrogels suitable for hetero-aggregation are chitosan and alginate. Both are biocompatible and biodegradable polysaccharides, widely used in areas such as cell encapsulation or drug delivery (George and Abraham, 2006; Sinha et al., 2004; Sibaja et al., 2015, Dohnal and Stepanek, 2010). Chitosan is a cationic copolymer consisting of D-glucosamine and N-acetyl-glucosamine units. Alginate is an anionic copolymer consisting of (1-4) linked β-D-mannuronic acid and α-L-guluronic acid units. Due to opposite charge, chitosan and alginate solutions readily form the so-called polyelectrolyte complexes (PECs) when mixed (Saether et al., 2008). Of particular interest are chitosan/alginate based hydrogels formed in situ. Their applications include tissue engineering (Caló and Khutoryanskiy, 2015; Bidarra et al., 2014), controlled delivery of bioactive substances (Rassu et al., 2016; Choi et al., 2013), or intratumoral depot systems for drug delivery (Fakhari and Subramony, 2015). The cationic nature of chitosan also makes it suitable for use as a flocculant (Zhou et al., 2016; Dharani and Balasubramanian, 2016).

In the present work, we investigate an alternative concept to the established PEC hydrogels, which is based on the formation of composite chitosan/alginate clusters by hetero-aggregation of previously formed primary particles. These primary particles were cross-linked citosan and alginate microparticles pre-loaded with a molecular cargo (Fig. 1). The interest in the design and formation of such hetero-aggregates is the need for the encapsulation and delivery of multiple chemical payloads that may not be compatible with each other and therefore cannot be molecularly mixed in the same carrier matrix. The use of PECs would result in undesired mixing of the components. By encapsulating each compound separately (e.g. one in chitosan microparticles and one in alginate microparticles) and then forming clusters of defined composition and size, multiple compounds can be delivered simultaneously without undesired interaction. Specifically, we perform a systematic parametric investigation of the aggregation process of chitosan and alginate microparticles that were prepared by spray-drying and combined in an aqueous medium at various mass ratios. The influence of the chitosan/alginate particle mass ratio, stirring intensity and moisture content of the primary particles on the size and structure of the aggregates is mapped out. The concept of combining two different molecular payloads in a single hetero-aggregate is then demonstrated.

[bookmark: _Toc457218615]2 Material and methods
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2.1 Chemicals

Low molecular weight chitosan (75-85% deacetylated), sodium tripolyphosphate (TPP, >98% purity), sodium alginate from brown algae (low-viscosity grade), fluorescein isothiocyanate (FITC) and Nile Red were purchased from Sigma-Aldrich. Acetic acid (>99% purity) and CaCl2 were purchased from Penta, sodium acetate anhydrous (>99%) and potassium phosphate monobasic (>99.5%) were obtained from Fluka.

[bookmark: _Ref309745471][bookmark: _Toc457218617]2.2 Preparation of primary particles

Two types of primary particles for the subsequent hetero-aggregation experiments were prepared: chitosan microparticles cross-linked by tripolyphosphate, and alginate microparticles cross-linked by CaCl2. Both types of microparticles were prepared by spray drying. The chitosan microparticles were produced from a 0.5% (w/w) solution obtained by dissolving 0.25 g of chitosan in 50 ml of a 2% (v/v) aqueous solution of acetic acid at room temperature. After complete dissolution of chitosan, a 0.125% (w/w) solution of TPP, obtained by dissolving 0.0625 g of TPP in 50 ml of water, was added dropwise to the chitosan solution under intensive stirring (1000 rpm) to form a colloidal suspension of cross-linked chitosan. The suspension was then spray dried using a laboratory spray dryer Buchi B-290 (Buchi, Switzerland) equipped with a 2-fluid atomisation nozzle (Buchi, Switzerland) and a high-performance cyclone in the open loop configuration. The spray dryer was operated under the following conditions: liquid feed rate 3.5 ml/min, aspirator rate 90%, atomizing gas flow rate 670 normliters/h, inlet air temperature 150 °C. These conditions were the result of a parametric optimisation to provide a dry, non-sticking powder.

The alginate microparticles were prepared using identical setting of the spray dryer, except that a 3-fluid nozzle (Buchi, Switzerland) with in-situ cross-linking was used instead of a standard 2-fluid kinetic nozzle due to viscosity constraints of pre cross-linked alginate as described by Kaspar et al. (2013). The feed alginate solution (0.5% w/w) was obtained by dissolving 0.25 g of sodium alginate in 50 ml of water at room temperature. The cross-linking solution of CaCl2 (0.125% w/w) was obtained by dissolving 0.0625 g of CaCl2 in 50 ml of water. The alginate and CaCl2 solutions were pumped simultaneously into a 3-fluid nozzle as the outer and the inner fluid, respectively, at a flow rate of 3.5 ml/min. The cross-linking of sodium alginate by CaCl2 occurred directly at the nozzle tip as the two solutions inter-diffused in the formed droplets.

[bookmark: _Toc457218618]2.3 Particle size and morphology characterisation

The particle size distribution (PSD) of both types of primary particles was measured by static light scattering (Horiba Partica LA-950 S2) in the wet state, using the Fraunhofer diffraction model. To measure the PSD of primary particles, a small amount of the spray dried chitosan or alginate powder was dispersed in absolute ethanol (where they are not soluble and do not swell) and placed in an ultrasound bath for 5 min. The particle suspension was then added to the measurement cuvette filled with pure ethanol. The PSD of every sample was measured five times and averaged, expressed as a volume-based distribution.

The surface morphology of the primary particles was observed by a scanning electron microscope (SEM) Jeol JCM-5700. Before measurement, the samples were sputter-coated by a thin layer (approx. 5 nm) of gold (Emitech K550X). SEM micrographs were taken at an acceleration voltage of 20kV.

[bookmark: _Toc457218619]2.4 Determination of zeta potential

The zeta potential of particles is a measure of their surface charge in aqueous media and therefore determines their electrostatic interactions (electrostatic attraction of oppositely charged particles, or repulsion in the case of identical charge). In the present work, the opposite sign and a high absolute value of zeta potential of alginate and chitosan particles is desirable in order to achieve specifically hetero-aggregation, rather than a mixture of hetero- and homo-aggregation. The zeta potential was measured using the Zetasizer Nano ZS (Malvern, UK). A sample of particles was first dispersed in a small amount of absolute ethanol, sonicated for 5 min and added to a cuvette filled with 10 mM KCl at room temperature (25 °C) and pH = 5.5. Each measurement was repeated 3 times. The pH dependence of zeta potential was measured in a series of buffers as follows: 0.2 M acetate buffer in the range of pH 4-5, 0.2 M phosphate buffer in the range of pH 6-8 and a borax buffer in the range of pH 9-10.

[bookmark: _Toc457218620]2.5 Dynamic vapour sorption

Both alginate and chitosan are hydrophilic polymers that swell in water and can absorb atmospheric moisture. The vapour sorption isotherms of the spray dried particles were evaluated using a dynamic vapour sorption (DVS) analyser (DVS-1000 Advantage, Surface Measurement Systems, UK) using a gravimetric method at 25 °C (Puncochova et al., 2014). The samples were first dried to a constant mass for 5h and then they were exposed to a relative humidity (RH) of 20%, 40% and 60% for 1h, 70% for 2h, 80% for 3h, 90% for 6h and finally 95% for 8h. These time intervals were chosen so as to achieve equilibrium at each RH.

[bookmark: _Ref437250831][bookmark: _Toc457218621]2.6 Hetero-aggregation experiments

The hetero-aggregation of chitosan and alginate microparticles was followed by in-situ static light scattering (HORIBA Partica LA-950v2). 15 mg of chitosan and alginate particles (previously stored in a dessicator in order not to contain any absorbed moisture) were dispersed separately in 2 ml of absolute ethanol, then 50 µl of the chitosan particle dispersion was added into a mixed measuring cuvette (volume 10 ml) filled with demineralised water, and finally equivalents of the alginate particle dispersion were added to form a series of chitosan:alginate particle ratios ranging from 1:4 to 16:1 on a dry mass basis. For each chitosan:alginate particle ratio, the size distribution was measured at regular intervals for up to 6 min. The experimental series was repeated at two different stirring intensities of the cuvette (400 rpm and 2400 rpm) with the aim of affecting the collision frequency of the suspended microparticles. All experiments were done in triplicates. The rationale behind the chosen chitosan:alginate particle ratios (i.e. from 1:4 to 16:1) was to be both below and above a theoretical charge-equalling ratio for which the aggregate size should reach a maximum. Based on the measurement of zeta potential, this ratio should be approx. 2:1. However, preliminary experiments have shown that a broader composition interval was necessary.

In order to compare the influence of the initial moisture content of the primary particles on their aggregation behaviour, experiments with pre-hydrated primary particles were carried out. The spray-dried chitosan and alginate particles were exposed to a relative humidity of 75% at 25 °C for 24h using a saturated solution of NaCl kept in a closed vessel together with the microparticles. The aggregation experiment with the pre-hydrated particles was then carried out in the same way as in the case of dry primary particles.

The particle size distributions (PSD) recorded as function of time in the course of each experiment were further processed in order to compare the agglomeration kinetics. Two aggregate quantities were evaluated from the PSD: (i) the volume-mean particle diameter, and (ii) the volume fraction of non-agglomerated primary particles, defined as the area under the lower peak in a bi-modal PSD that typically evolved during the hetero-aggregation experiments. A rate constant was then evaluated by regressing the data with a pseudo first order kinetics of the form

								(1)

where F(t) is the volume fraction of primary particles at time t,  F0 is the initial volume fraction of primary particles, and k is the rate constant.

[bookmark: _Ref334626910]2.7 Structure of aggregates

Apart from the size distribution, an important property of particle aggregates is also their internal structure, i.e. the spatial arrangement of the primary particles that form the aggregate. Depending on the conditions under which the aggregates are formed and on the particle-particle interaction, the aggregates can be more compact, consisting of tightly packed primary particles, or more open, fractal-like structures. In the specific case of hetero-aggregates (i.e. aggregates composed of two or more types of primary particles), the relative position or clustering of each type of primary particle is also of interest. 
The degree of “compactness” of the aggregates was expressed by the so-called solidity factor. Solidity is defined as the ratio of the area of aggregate (projection to a 2D plane) to the area of its convex envelope in the plane (the more compact the aggregate is, the closer to 1 is the value of solidity). Note that solidity does not measure the internal porosity, merely the external shape. Optical microscopy images for the evaluation of solidity were obtained by Olympus CKX41 microscope with a Canon EOS camera. Solidity was evaluated using the Shape Filter plug-in for the image analysis software ImageJ (Ullrich et al., 2016) for two different samples – aggregates prepared by a chitosan:alginate primary particle mass ratio 8:1 from both dry and pre-hydrated primary particles, under the stirring rate of 2400 rpm and agglomeration time of 6 min. Solidity was evaluated for 20 randomly chosen aggregates from each sample.
The relative arrangement of primary particles within the aggregate was evaluated from Laser Scanning Confocal Microscopy (LSCM) images of the aggregates taken by an Olympus Fluoview FV1000 confocal system with Olympus IX81 inverted microscope. In order to enable the acquisition of LSCM micrographs, special batches of fluorescently labelled primary particles were prepared, i.e. chitosan particles labelled by fluorescein isothiocyanate (FITC), and alginate particles labelled by Nile Red. 

[bookmark: _Toc457218622]3 Results and discussion

[bookmark: _Toc457218623]3.1 Properties of primary particles

Both chitosan and alginate microparticles were prepared by spray drying as described in section 2.2. Due to chitosan polycationic and alginate polyanionic nature, different crosslinking agents were used. Chitosan particles were crosslinked by TPP anions, while alginate particles were crosslinked by Ca2+ cations. The amount of crosslinker in the particles plays an important role in their final properties. With an increasing crosslinker amount, the fraction of non-crosslinked polymer that can dissolve and be washed out of the particles is reduced. On the other hand, the absolute value of the zeta potential is decreasing with an increasing degree of crosslinking, which has a negative effect on hetero-aggregation, where the greatest possible difference between the zeta potential of each type of particle is desired. 

Based on a study where several samples with a different crosslinker amount were produced (Fig. 2), the crosslinking ratio of 20% (w/w) was chosen for both alginate and chitosan particles for subsequent agglomeration studies. The properties of the primary particles are summarised in Table 1 and their size distribution and SEM micrographs are shown in Fig. 3 and Fig. 4, respectively. Although the mean particle size obtained by laser diffraction is similar at between 6-7 µm, from SEM micrographs and from the full PSDs it is obvious that the alginate particles have a tendency to form aggregates in the size range of 15-30 µm, and at the same time contain a higher proportion of fine particles below 2 µm.

[bookmark: _Toc457218625]The water sorption kinetics and the equilibrium isotherms for both types of particles are summarised in Fig. 5. Both polymers are hydrophilic and able to absorb moisture, leading to a mass increase of 121.0% and 80.2% at 95% RH for alginate and chitosan particles, respectively. For relative humidities up to 60%, the sorption behaviour of both types of particles is essentially identical. However, alginate appears to be absorbing slightly more water than chitosan at higher RH. 

3.2 Effect of stoichiometry and agitation intensity on hetero-aggregation

The progress of the hetero-aggregation experiments is summarised in Fig. 6 and Fig. 7. Due to opposite surface charges of chitosan and alginate microgels in water, their agglomeration has occurred for all particle ratios (i.e., from 1:4 to 16:1) at both agitation intensities (400 and 2400 rpm). However, the rate of agglomeration as well as the final size of the aggregates was strongly dependent on the composition and the agitation conditions. At higher stirring rates (2400 rpm), the aggregation process seemed to start almost immediately and there was a steady increase in the mean particle size, while at 400 rpm, there appeared to be certain induction period before the mean particle size started to increase (compare Fig. 6a and Fig. 7a).

However, once the aggregates have formed, the milder agitation conditions (400 rpm) have favoured larger aggregates (up to 600 µm at 6 min for a chitosan:alginate particle mass ratio of 8:1) compared to the higher agitation intensities (only about 250 µm at 2400 rpm for otherwise identical conditions). As can be seen by comparing Fig. 6b and Fig. 7b, this was the case for all chitosan/alginate ratios. An explanation can be found in the shear resistance of the aggregates and in their structure. At higher agitation intensities, a dynamic equilibrium between agglomerate growth and attrition may establish, limiting the largest attainable aggregate size. The existence of an asymptotic size that does not further increase in time can be clearly seen in Fig. 6a for the chitosan/alginate ratios that lie further away from the “optimum” stiochiometry, such as ratios 1:4, 1:2, 1:1, and 16:1.

The term “optimum” refers to such chitosan/alginate particle mass ratio that maximises the aggregate size under given conditions (rpm and time). Similarly as in the case of ionic crystals, the largest clusters can be expected near the isoelectric point. Given the similar sizes of the primary particles, similar absolute values of their zeta potentials (cf. Tab. 1) and similar material densities of the two polymers (alginate and chitosan), it could be expected that an optimum stoichiometric ratio would be close to 1:1. Surprisingly, for the composition series investigated in this work, the optimum ratio was 8:1. However, hetero-aggregation has occurred to a significant extent even at other, “sub-optimum” particle ratios. For example, the mean aggregate size for a 1:1 ratio at 400 rpm after 6 minutes of aggregation (Fig. 7b) is approx. 200 µm, which is still a large cluster given that the primary particle size is 6 µm.

3.3 Evolution of size distribution

In order to have a better understanding of the cluster size, it is necessary to look at the full PSD rather than just the mean particle size. Examples of the full PSD’s at three time points for a particle ratio 1:1 and both low (400 rpm) and high (2400 rpm) agitation rates are shown in Fig. 8. The PSD’s are bi-modal, with the lower mode corresponding to non-agglomerated primary particles and the upper mode to hetero-aggregates. With increasing time the PSD’s are evolving such that the area under the lower mode is decreasing as the primary particles are consumed, while the upper mode increases both in terms of its position (larger particle diameter) and in terms of the integral area under the peak (volume fraction of particles). Figure 8 highlights the fact that even at the “sub-optimum” particle ratio of 1:1, the aggregates are actually rather massive in terms of the number of primary particles they contain. For example, at 2400 rpm (Fig. 8a) the aggregates (i.e. the upper mode in the bi-modal PSD) are larger than the primary particles approximately by a factor 10 in the linear dimension, meaning an order of 103 primary particles on a volume basis. For 400 rpm, this number rises to a factor of approx. 105. 

To quantify the rate at which the primary particles were consumed by the hetero-aggregation process under various conditions, the bi-modal PSD’s were post-processed by calculating the area under the peak that corresponds to the primary particles, and then plotting the volume fraction of primary particles as function of time. This was done for four cases – chitosan/alginate particle mass ratios 1:1 and 8:1, and agitation rates 400 rpm and 2400 rpm. The results are summarised in Fig. 9. The data were regressed by a pseudo first-order kinetic model (Eq. 1) and the resulting values of the rate constants were summarised in Table 2. Note that for the four cases compared in Fig. 9 and Table 2, at 2400 rpm the rate of disappearance of the primary particles was less influenced by the particle stoichiometry than at 400 rpm. This can be attributed to the increased attrition rate at 2400 rpm, which is also evident in Fig. 6b and Fig. 7b. The highest extent of primary particle consumption was observed at 400 rpm and particle ratio 8:1, i.e. the same conditions that also resulted in the largest clusters (Fig. 7b).

Since the particles are held by electrostatic interactions, higher shear rates might potentially be able to break up or re-structure the aggregates. An experiment was carried out whereby the aggregation took place at 400 rpm for 6 min and the agitation rate was then increased to 2400 rpm (Fig. 10). For a chitosan/alginate particle mass ratio of 2:1, the increase of agitation rate resulted in a reduction of the mean aggregate size (Fig. 10a) accompanied by an increase in the fraction of non-agglomerated primary particles (Fig. 10b). Interestingly, when the chitosan/alginate particle mass ratio was increased to 4:1, which is closer to the stoichiometric “optimum” (cf. Section 3.2), the increase of agitation rate had an opposite effect: it has accelerated the rate of aggregation and therefore the rate of depletion of the primary particles (Fig. 10b). It can be concluded that the dynamic equilibrium between agglomeration and break-up depends not only on the hydrodynamic conditions, but also on the availability of a sufficient number of oppositely charged primary particles that can stabilise the aggregates.

3.4 Effect of particle pre-hydration

In the agglomeration experiments discussed above, the primary particles were completely dry prior to dispersion in the aqueous medium. As it takes some time for the cross-linked polymer particles to hydrate and swell to their final size after dispersion in the aqueous medium (Kašpar et al. 2013), the question arose whether the agglomeration behaviour could be influenced by the initial moisture content of the particles. Based on the water sorption isotherms (Fig. 5b), the particles were pre-conditioned at RH of 75 % and the agglomeration experiments were then performed in the same way as with initially dry primary particles (cf. Section 2.6). The evolution of the mean particle size at 2400 rpm for several chitosan/alginate ratios is shown in Fig. 11a. As in the case of the dry particles, the particle ratio 8:1 has resulted in the largest aggregates. However, for identical conditions (rpm and particle ratio) the aggregate size attained in the case of pre-hydrated primary particles was significantly higher than in the case of initially dry primary particles. A direct comparison for two chitosan/alginate particle ratios (4:1 and 8:1) is shown in Fig. 11b. 

A possible explanation for the faster aggregation rate in the case of pre-hydrated primary particles could be either their surface charge or their surface “softness”. It has been found by time-dependent measurement of the zeta potential (not shown) that the surface charge of the particles has been stabilised already after 1 min of dispersion of initially dry particles in distilled water. On the other hand, it is known that the swelling (gel layer formation) kinetics of hydrophilic polymers occurs on a longer time scale (Gajdosova et al., 2016), which was also apparent in the DVS measurement (Fig. 5a). By comparing Fig. 6a and Fig. 11a, we can see that while the initially dry primary particles still continue to aggregate after 6 minutes, the pre-hydrated ones reach an asymptotic size within the first 1-2 minutes.

As the data in Fig. 11b demonstrate, the parametric sensitivity of the final aggregate size to the initial moisture content is stronger than sensitivity to the particle ratio. Pre-hydrated primary particles at the “sub-optimum” ratio 4:1 reach a higher cluster size than initially dry primary particles at the optimum ratio of 8:1. Coupled with the non-linear character of the water sorption isotherm (Fig. 5b), this highlights the need to carefully control the storage conditions of hydrophilic polyelectrolyte particles if they are to be used as building blocks in a hetero-aggregation process.

3.5 Structure of aggregates

The degree of “compactness” of the aggregates was characterised by the solidity factor as described in Section 2.7. A few examples of typical aggregates formed from dry and pre-hydrated primary particles at 2400 rpm and a chitosan/alginate ratio of 8:1 are shown in Fig. 12. The aggregates formed from pre-hydrated primary particles were visibly denser than those formed from dry primary particles, which had a less compact, flock-like structure. The qualitative observation was also confirmed by the values of solidity, reported in Table 3. A possible explanation could be the mechanical properties of the particles, as the softer, pre-hydrated primary particles can more easily arrange into a close-packed structure.

It has been stated in the Introduction section that one of the motivations for this work is the design of biocompatible hydrogel aggregates that can carry multiple payloads without mixing them at the molecular level. To demonstrate this concept, two different model compounds were encapsulated into the primary particles. Chitosan particles were loaded with FITC and alginate particles with Nile Red. These compounds were chosen to enable visualisation by fluorescence confocal microscopy while having physico-chemical properties (molar wight, solubility, hydrophobicity) that are representative of many active pharmaceutical substances. Examples of hetero-aggregates obtained for a chitosan/alginate ratio 1:1 are shown in Fig. 13. The structures are a direct confirmation not only of the feasibility of forming aggregates that can carry multiple molecular payloads, but also of the mechanism of hetero-aggregation by the electrostatic interaction of alternating polycationic and polyanionic primary particles.

[bookmark: _Toc457218626]4 Conclusions

In this paper we investigated the formation of hetero-aggregates composed of oppositely charged chitosan and alginate microgels that can encapsulate a molecular payload. The primary particles prepared by spray drying were fully characterized and then light scattering was used as technique for on-line measurement of the size distribution of the aggregates as they were being formed. The influence of key parameters on the hetero-aggregation process was systematically investigated. It has been shown that there exists an optimum chitosan/alginate ratio (8:1 by mass in this particular case) that maximises the size of the aggregates. Apart from the primary particle stoichiometry, the size of the aggregates was also influenced by the agitation intensity in the reaction vessel, which influences the aggregation process in a non-trivial way. On the one hand, higher collision frequency at higher agitation rated promotes the initial aggregate growth, but at the same time the terminal aggregate size is lower at higher agitation rate due to increased particle attrition. A detailed analysis of the particle size distribution has shown the existence of bi-modal PSD. The system has shown an unusually high sensitivity of the aggregation rate on the initial moisture content of the primary particles. Pre-hydrated primary particles have shown a significantly higher aggregation rate, higher terminal aggregate size, and a more compact aggregate structure, which was characterised by the solidity ratio. This highlights the importance of knowing the water sorption properties of the starting materials (measured by DVS) and controlling their initial moisture content in order to achieve good reproducibility of the aggregation process. Finally, it has been demonstrated that the hetero-aggregates can be used as a platform for the encapsulation of multiple molecular payloads that are physically separate in each kind of primary particle, but present in the same aggregate at a defined ratio. By exploring the parametric sensitivity of the hetero-aggregation process in a detailed way, the present work provides a foundation for the fabrication of multi-component hydrogel aggregates that are an alternative to the established PEC’s with the added flexibility to mix and match primary particles that can carry a diversity of molecular payloads.
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