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We report the preparation of polymer particles via convective 

polymer assembly (CPA). Convection is used to move polymer 

solutions and cargo through an agarose gel that contains 

immobilized template particles. This method both coats and 

washes the particles in a process that is amenable to 

automation, and does not depend on passive diffusion or 

electrical currents, thus facilitating incorporation of fragile 

and nanoscale objects, such as liposomes and gold 

nanoparticles, into the thin polymer films. Template 

dissolution leads to the formation of stable polymer particles 

and capsules. 

Introduction 

Layer-by-layer (LbL) assembly has been widely used for the 

engineering of polymer capsules.1-3 Recently, we reported a new 

paradigm for producing LbL assembled polymer capsules from 

immobilized template particles.4,5 By immobilizing template particles 

in a porous hydrogel, namely agarose, polymer solutions can be 

moved through the hydrogel to coat the immobilized particles. The 

hydrogel can then be dissolved, allowing for recovery of nearly all of 

the layered particles, and after template dissolution, robust nano- and 

micro-capsules can be formed. Thus far, electrophoretic4 and 

immersive5 polymer assembly (EPA and IPA, respectively) have been 

used to coat particles in a rapid or automated fashion, respectively, 

with various polymer combinations (electrostatically associated 

synthetic and biopolymers, and hydrogen bonding polymers) and on 

template particles of different diameters (from approximately 40 nm 

to 5 µm). Both EPA and IPA have unique advantages and approach 

the comprehensive versatility of conventional LbL assembly, which 

uses centrifugation and washing to separate unbound polymer from 

the coated template particles. For example, conventional LbL 

assembly can use different interactions2,6,7 (such as electrostatic,1,8 

hydrogen bonding,9,10 or even host guest11-13) and different templates 

(such as melamine formaldehyde,1 polystyrene,1 silica,14 gold,15 and 

calcium carbonate16 of different sizes) for layer build-up. Although 

choice over templates and polymers provides a broad tool-kit for 

assembling capsules with different properties, part of the reason LbL 

capsules have found use in a broad range of fields ranging from 

biosensing and bioreactions, to drug and vaccine delivery2,6 is their 

capacity to load and release functional units, or “cargo”. 

For polymer capsules, cargo can be loaded and encapsulated before, 

during, or after capsule preparation.17 Pre-loading can be 

accomplished by co-precipitating cargo during template formation, or 

by using templates that can adsorb cargo prior to coating.14,16 In 

contrast, post-loading can be achieved by making the already prepared 

capsules permeable and resealing the shell after encapsulation.18 This 

can be accomplished by changing the salt concentration,19 solvent,20 

pH,21-24 and temperature,25 or by cross-linking the capsules.26 Pre- and 

post-loading exploit the properties of the template and shell 

compositions, respectively. Loading during assembly is interesting to 

explore for next generation film assembly techniques because unique 

cargo can be loaded, such as sensitive materials that may not be stable 

during the treatments necessary for pre- or post-loading. For example, 

liposomes27-29 and polymersomes30 have been incorporated during 
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layer build-up to allow for the specific encapsulation and protection 

of biological cargo. Loading sensitive amphiphilic cargo adds an 

additional benefit, as the hydrophobic compartments of the structures 

can be further utilized to load hydrophobic molecules.31 Therefore, it 

is important to expand the capacity of layering on immobilized 

template particles to specifically allow for cargo loading during the 

assembly process, so that large and/or sensitive cargo can be 

incorporated into the resultant polymer capsules. 

Herein, we deposit polymers and cargo on immobilized particles by 

using Convective Polymer Assembly (CPA), or polymer assembly 

using a directional flow (Figure 1). CPA allows for a high-

performance liquid chromatography (HPLC) like set-up, using 

syringe pumps and standard tubing (Figure S1), to move the polymer, 

cargo, and washing solutions past the immobilized template particles, 

thereby depositing the polymer or cargo on the templates and 

subsequently removing the unbound polymer. CPA was chosen as the 

random diffusion associated with IPA would prevent large cargo32 

from diffusing through the agarose to achieve deposition on 

immobilized templates within a reasonable time scale. Similarly, the 

electric current used in EPA could destabilize sensitive cargo such as 

liposomes.33,34 Additionally, the template choice for CPA was 

expanded by using calcined calcium carbonate (CaCO3) particles to 

form replica particles. Hence, CPA complements IPA and EPA by: (i) 

allowing deposition of larger cargo by not relying on diffusion; (ii) 

allowing deposition of sensitive cargo, as no electric current is 

needed; and (iii) allowing the use of a wider range of templates, as 

convection does not limit the types of buffers that can be used in the 

same way as an electrical system, such as EPA, does. CPA therefore 

addresses some of the challenges associated with IPA and EPA, while 

retaining advantages such as ease-of-use and a high amenability to 

automation. 

Experimental Details 

Preparation of Agarose Containing Particle Templates. 1%, 2%, 

and 4% ultra-low gelling agarose gels were prepared in ultrapure 

water. 150 µL of 50 mg mL-1 silica particles (1.11 or 4.99 μm in 

diameter) or 150 µL of 10 mg mL-1 calcined CaCO3 particles were 

added for each 1.5 mL of liquid gel solution. This liquid agarose 

particle solution was then pipetted into 3DKUBEs (Kiyatec, 

Greenville, SC, USA). 

Convective Polymer Assembly (CPA). The 3DKUBE was attached 

to a 6-way valve and syringe pump (Figure S1). The syringe was 

loaded with ultrapure water and the pump flow rate was set to 100 μL 

min-1. Poly(allylamine hydrochloride) (PAH, ~15 kDa) or 

poly(styrene sulfonate) (PSS, ~15 kDa), in 0.5 M sodium chloride 

(NaCl) at pH 7, with a polymer concentration of 0.1 mg mL-1, was 

loaded into the loading tube and the 6-way valve was switched from 

“load” to “inject.” 2 mL of polymer solution was loaded through the 

loading tube to ensure that the polymer remained at the proper 

concentration and was not diluted. The process was repeated for each 

polymer layer until the desired number of layers was achieved. 

Polymer was injected every 75 min for the initial characterization of 

the flow-through, and every 45 min for all subsequent layering 

experiments. 

Cargo Loading. The gold nanoparticles (Au NPs; ~15 nm in 

diameter) or liposomes (~100 nm in diameter) were loaded similarly 

to PAH and PSS, except for the buffers used. The Au NPs were 

dispersed in ultrapure water and the liposomes were dispersed in 

HEPES buffer (10 mM HEPES, 150 mM NaCl, pH 7.4). The Au NPs 

were loaded after 3.5 bilayers of PAH/PSS and the liposomes were 

loaded after 4 bilayers of PAH/PSS, and both were finally capped with 

one bilayer of PAH/PSS. 

Sample Recovery. The agarose containing layered particles was 

removed from the 3DKUBE and placed into a microcentrifuge tube. 

Ultrapure water was added to the tube, which was heated until the 

agarose dissolved. The melted solution was centrifuged at 37 °C at 

800 g for 30 s to pellet the particles. The supernatant was removed 

and discarded. The particles were washed six times to remove the 

excess agarose and finally resuspended in ultrapure water. 

Core Removal. 300 µL of hydrofluoric acid (5 M HF) or 40 mM 

sodium acetate, pH 4 was added to the layered particles, and incubated 

for 5 min to remove the silica or CaCO3, respectively. [Caution! HF 

is highly toxic. Extreme care should be taken when handling HF 

solution.] The capsules or replica particles were pelleted at 2700 g for 

3 min, the supernatant was removed and they were then washed with 

ultrapure water three times to ensure that the HF or sodium acetate 

was fully removed.  

Additional experimental details can be found in the Supporting 

Information (SI). 

Results and Discussion 

Firstly, we investigated the behavior of the agarose containing silica 

particles, and the movement of polymers through the agarose under 

convection. Note that columns could also be used with the primary 

driving forces being gravity and the capillary effect (data not shown), 

but our analysis hereafter is focused on the HPLC-like set-up (Figure 

S1). We observed that when using a flow rate of 100 μL min-1, 1% 

and 2% ultra-low gelling agarose gels would liquefy and flow out of 

the 3DKUBE during CPA, and we therefore restricted our analysis to 

4% gels. The modular set-up and constant flow rate let us investigate 

the movement of polymer into and out of the agarose by analyzing 

fractions of the flow-through (Figure 1 and Figure S2). The UV-Vis 

absorbance of the flow-through was used to quantify the amount of 

polymer adsorbed onto the immobilized particles. An average of ~10 

µg of PAH and ~10 µg of PSS was deposited for each bilayer. Similar 

values from literature (i.e., 8–16 µg for PAH and 9–12 µg for PSS) 

are attained when values are normalized to the approximate surface 

area of the particles (~19 cm2).1,35,36 This suggests that CPA provides 

a similar coating coverage to conventional (i.e., non-flow 

adsorption/centrifugation/wash) LbL assembly. The polymer reached 

its peak in the flow-through roughly 10 min after injection, which 

corresponds to 1 mL of polymer solution. This is the same volume as 

the agarose, suggesting that the polymer solution was flowing through 

the agarose matrix. The polymer solution reached background levels, 

corresponding to less than 0.1 µg of PAH and less than 0.4 µg of PSS, 

30–45 min after injection. This equates to 3 to 4 mL of washing 

volume, which is comparable to the washing procedure for 

conventional centrifugation/wash LbL assembly (3 to 4 wash cycles). 

Characterization of the flow-through demonstrated that the process 

could be sped up by injecting the polymer solutions 45 min after one 

another, and indicates that even shorter times should be possible with 

higher flow rates. This injection time (45 min) was used for all 

subsequent experiments. 
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Figure 1. Schematic illustration of CPA showing polymer flowing 

into the agarose containing immobilized particles and layer build-up. 

The resultant LbL core-shell particles can be recovered from the 

agarose, and the templates can be removed to yield LbL capsules. The 

polymer flow-through was collected and quantified over four 

PAH/PSS cycles. Magnified portions of the first bilayer can be seen 

in Figure S2. 

By removing and sectioning the agarose prior to washing, it was 

observed that the concentration of polymer reduced around the 

template particles from as far away as ~2 µm (Figure S3). Polymer 

build-up on the immobilized template particles during CPA was 

characterized using fluorescently labeled PAH. Flow cytometry 

showed a linear fluorescence growth for polymer build-up, and after 

four bilayers, capsules were obtained (Figure 2a). Height analysis 

using atomic force microscopy (AFM) revealed a bilayer thickness of 

~2.5 nm (Figure 2b), which corresponds well with the literature value 

for four bilayer PAH/PSS capsules.37 Interestingly, this is an 

intermediary value compared to films formed with EPA and IPA, 

which both also use immobilized template particles. EPA yields 

roughly twice the thickness or 5 nm for each bilayer,4 while IPA gives 

half or 1.25 nm for each bilayer.5 Together with the flow-through 

analysis, the height measurements demonstrate that CPA is closely 

comparable to conventional polymer assembly techniques. Energy-

dispersive X-ray (EDX) mapping was also used to confirm the 

presence of elements unique to each polymer (Figure 2c, d). The 

capsules contained nitrogen from PAH and sulfur from PSS, 

demonstrating that both polymers were present. 

 

Figure 2. Layer build-up and characterization of four bilayer 

PAH/PSS capsules. Fluorescence intensity was measured for core-

shell particles after the deposition of each bilayer. (a) Fluorescently 

labeled capsules prepared via CPA using PAH-FITC. (b) AFM image 

and height profile of a capsule. EDX mapping of a capsule for (c) 

sulfur and (d) nitrogen. The scale bars are (a) 10 µm, and (c) and (d) 

1 µm. 

The constant flow of water associated with CPA was then used for the 

deposition of larger objects into the polymer films. This is possible 

due to the relatively large pore-size associated with agarose (~50 nm 

to 10 m)5 and that the flow in CPA is unidirectional. Au NPs (Figure 

3a) were loaded as a proof of concept. Au NPs have previously been 

incorporated in capsules to allow for photo-induced therapeutic 

release.38 The Au NP-loaded capsules were robust and stable in water, 

as observed by fluorescence microscopy (Figure 3b). The Au NPs 

were detected with EDX (Figure S4) and more accurately, EDX 

mapping was used to confirm that the gold was present in the capsules 

(Figure 3c). By weight, the gold to sulfur ratio was 1:399, indicating 

that ~25 ng of Au NPs were deposited, corresponding to 

approximately 70 Au NPs per capsule. The Au NPs present in the 

capsule wall were also imaged with TEM (Figure 3d). The loading of 

Au NPs demonstrated the capacity of CPA to move and load solid 

structures larger than standard polymers.  
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Figure 3. PAH/PSS capsules loaded with Au NPs via CPA. (a) TEM 

image of Au NPs. (b) Fluorescence microscopy image of the Au NP-

loaded capsules. PAH-FITC was used as the fluorescent polymer. (c) 

High angle annular dark-field (HAADF) image of a capsule, inset 

with EDX mapping for gold. (d) TEM image of the same capsule in 

(c) with Au NPs visible. The scale bars are (a) 20 nm, (b) 10 µm, and 

(c), (d) 200 nm. 

Next, liposomes were loaded into the capsule shell to test the loading 

of more fragile cargo. Loading was detected through fluorescence 

microscopy and indirectly through the loading of hydrophobic cargo 

into the liposomes. The liposomes were labelled with a fluorescent 

phospholipid during formation,27 and consequently the fluorescence 

was visible in the capsule shell (Figure 4). 

 

Figure 4. PAH/PSS capsules loaded with fluorescently labelled 

liposomes via CPA. Images of capsules acquired using (a) differential 

interference contrast (DIC) microscopy, and (b) fluorescence 

microscopy. The scale bars are 5 µm. 

Additionally, a hydrophobic dye (naphthofluorescein) was loaded into 

the liposomes of both core-shell particles (Figure 5) and capsules 

(Figure S5), confirming the presence of the liposomes. The 

fluorescence of the dye became concentrated around the core-shell 

particles due to the dye migrating into the liposomes, which also 

greatly reduced the fluorescence intensity of the solution. Similar 

results were seen for the capsules (Figures S5 and S6). For both core-

shell particles and capsules, the addition of Triton-X-100 disrupted 

the liposomal structures and allowed the dye to escape back into the 

solution. The loading of both the Au NPs and the liposomes 

demonstrated that larger cargo can be successfully incorporated into 

the capsules prepared from immobilized template particles using 

CPA.  

 

Figure 5. Loading of PAH/PSS-liposome core-shell particles with a 

hydrophobic dye, naphthofluorescein. Fluorescence microscopy 

images of PAH/PSS-liposome core-shell particles with the 

corresponding DIC images in the insets: (a) before and (b) after Triton 

X-100 treatment. (c) Control, liposome-free PAH/PSS core-shell 

particles after the addition of naphthofluorescein. The scale bars are 5 

µm. 

 

Finally, to demonstrate the versatility of CPA being applicable to 

other template particles, mesoporous calcined CaCO3 particles were 

used (Figure 6a and Figure S7). CaCO3 particles are of particular 

interest for CPA as the acetate buffers used in EPA readily degrades 

CaCO3.4 Using CPA, 4 bilayers of PAH/PSS were deposited on the 

CaCO3 particles, after which the CaCO3 core was removed using 

acetate buffers. The resulting polymer replica particles resembled 

particles more so than capsules (Figure 6b). The use of CaCO3 

particles as templates greatly extends the application of CPA because 

the formation of CaCO3 particles can be performed in the presence of 

therapeutics, which would allow CPA capsules and particles to be pre-

loaded. 

 

 
 

Figure 6. Polymer replica particles prepared from calcined CaCO3 

template particles via CPA. (a) DIC image of the calcined CaCO3 

template particles. (b) PAH/PSS replica particles after template 

removal, produced via CPA. The scale bars are 10 µm. 

 

Conclusions 

This study highlights the use of an immobilizing matrix as an 

appropriate paradigm from which polymer assembly and cargo 

loading can be performed for the preparation of engineered 

particles. We have demonstrated the use of a directional flow for 

depositing polymers, nanoparticles, and liposomes onto 

immobilized template particles for the formation of 

microcapsules and polymer replica particles. Convection allows 

for the layering of larger materials (such as Au NPs and 

liposomes) that would not passively diffuse through the agarose 

matrix on a reasonable timescale. The shell thickness of the 

capsules prepared via CPA falls in between the thicknesses for 

capsules prepared via EPA and IPA, and is nearly identical to 

those prepared by conventional (i.e., 

adsorption/centrifugation/wash) LbL assembly.37 Additionally, 

porous template particles, namely CaCO3, were used for the 

formation of polymer replica particles. This technique has the 

potential to be incorporated into macro- and microfluidic 

systems,39 thereby greatly expanding the variety of equipment 

and approaches applicable towards the coating of particulate 

templates. This includes the use of commercially available 

computer-controlled automatic systems for loading and 

injection, commonly used in HPLC-setups, which could allow an 

arbitrary number of layers to be programmed and then performed 

through repeated automatic loading/injection cycles requiring 

little to no hands-on time. This would also allow for automation 

and high-throughput studies to be conducted in parallel. 

Similarly, higher flow rates and reaction chambers of different 

dimensions could be used to speed up the layering and washing 

times. Furthermore, CPA could be combined with EPA4 and 

IPA5 to allow for the benefits of each technique to be used when 

necessary. For example, thick polymer layers could be deposited 
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using EPA, CPA could be used to add cargo, and finally IPA 

could be used to autonomously coat different batches at the same 

time. 
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