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There is a growing demand for biocompatible and mechanically robust arrays of 

microcompartments loaded with minute amounts of active substances for sensing or controlled 

release applications. Here we report on a novel biocompatible composite material, protein – 

polyphenol – clay (PPC) multilayer film. The material is shown to be strong enough to make robust 

microchambers retaining the shape and dimensions of truncated square pyramids. We study the 

mechanical properties and biocompatibility of the PPC microchambers and compare them to those 

made of synthetic polyelectrolyte multilayer film, poly(styrene sulfonate) – poly(allylammonium) 
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(PSS-PAH). The mechanical properties of the microchambers were characterised under uniaxial 

compression using nanoindentation with a flat-punch tip. The effective Young’s modulus of PPC 

microchambers, 166 ± 53 MPa, is found to be lower than that of PSS-PAH microchambers, 245 ± 

52 MPa. However, the capacity to elastically absorb the energy of the former, 2.4 ± 1.0 MPa, is 

marginally higher than of the latter, 2.0 ± 1.3 MPa. Arrays of microchambers were sealed onto a 

polyethylene film, loaded with a model oil-soluble drug, and their biocompatibility was tested 

using an ex vivo 3D human skin reconstruct model. We found no evidence for toxicity with the 

PPC microchambers; however, PSS-PAH microchambers stimulated reduced cell density in the 

epidermis and significantly affected epidermal-dermal attachment. Both materials do not alter skin 

cell proliferation but affect skin cell differentiation. We interpret that rather than affecting 

epidermal barrier function, these data suggest the applied plastic films with microchamber arrays 

affect transpiration, normoxia and moisture exchange. 

KEYWORDS layer-by-layer assembly, biocompatibility, uniaxial compression, bovine serum 

albumin, tannic acid, montmorillonite 

 

INTRODUCTION 

There is a growing trend in the development of arrays of microcompartments for packaging of 

minute amounts of active substances, targeting sensing and/or controlled-release applications.1-3 

One approach exploits microelectromechanical systems (MEMS), where the release of an active 

ingredient is triggered electronically.4-6 More recently, patterned arrays of microchambers made of 

materials responsive to a wider range of triggers have been developed. Among the materials 

exploited for these purposes are polyelectrolyte multilayers (PEMs)7-10 and polyelectrolyte 
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complexes (PECs)11,12. PEC microchambers have significant advantages of faster and cheaper 

fabrication process. However, microchambers assembled using PEM also offer a number of 

important advantages. First, they are more mechanically robust, particularly in aqueous 

environments.7,13,14 Second, they offer a variety of methods to load microchambers with oils and oil-

soluble substances,7,10 water soluble macromolecules,15 small water soluble molecules and ionic 

crystals16. Third, methods for effective sealing of the microchambers towards a variety of substrates 

have been developed.9,15 Finally, the composition of the microchambers may be tuned, making them 

responsive to a variety of release triggers, including focused visible laser light,10 near-infrared laser 

light,14 and ultrasound16.  

A critical challenge encountered during practical applications of such developed systems is the 

potential toxicity of materials made of synthetic polyelectrolytes. To address this challenge, 

alternative biocompatible and biodegradable materials have been suggested for making the 

microchambers. Arrays of microchambers made from biocompatible polylactic acid (PLA) have 

been demonstrated to encapsulate small hydrophilic molecules (rhodamine B, doxycycline) and 

ionic crystals (NaCl) followed by their controlled release triggered by ultrasound,17,18 or near-

infrared light19. Arrays of microchambers made of poly(lactic-co-glycolic acid) (PLGA) have been 

used to encapsulate epinephrine hydrochloride.20 In vivo studies of the arrays implanted 

subcutaneously in mice demonstrated ultrasound-triggered release causing a decrease in blood 

flow. A serious drawback restricting the use of PLA and PLGA for medical devices is their gradual 

degradation in water that causes significant leakages of the encapsulate.20,21 In comparison to PLA 

and PLGA, polycaprolactone (PCL) is relatively resilient and more suited for practical uses. 

Attempting to capture the desirable features of both materials, PCL blended with PLA created 

biodegradable microchambers that were also sensitive to enzyme(lipase)-triggered release of small 
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hydrophilic cargoes.23 Silk fibroin has also been tested as a biocompatible and biodegradable 

material with extraordinary mechanical properties suited to microchamber arrays.24  

Another approach assembled bovine serum albumin (BSA) and tannic acid (TA) as multilayer 

films, forming a novel biodegradable material suitable for microencapsulation and targeted 

delivery of bioactives in food applications.22 When ingested, capsules made of this material were 

unaffected in the stomach, protecting the encapsulated cargoes from gastric digestion,25 while being 

specifically cleaved by α-chymotrypsin, an intestinal digestive enzyme.26 Further optimising the 

materials properties for oral delivery, the BSA-TA multilayer film incorporated gammaglobulin,27 

enhancing adhesion to human intestinal surfaces to target cargo delivery. 

The purpose of the work reported herein was to evaluate the suitability of BSA-TA multilayer 

films for microchambers arrays. For any practical application of microchambers array, be it in-situ 

sensing of target species in biofluids,15 or coating prosthetic implants with eluting drugs,18 it is 

crucial that the material is reliable, mechanically robust and non-toxic. Microchambers in the array 

should be robust enough to withstand manufacturing, packaging, transport, and storage stresses 

without bursting prematurely and releasing their payload contents. Premature and uncontrolled 

payload release will void its functionality, in the best scenario, and has potential to be catastrophic 

to the host in the worst scenario. Considering these undesirable outcomes, we performed a 

thorough study of the mechanical properties of the microchambers under uniaxial compression. 

Then we assessed compatibility of microchambers loaded with a model drug with human skin 

tissues, a likely source of contact for specific applications. We believe that this experimental set-

up fits actual events that microchambers are subjected to during practical applications and usage. 

 

MATERIALS AND METHODS 
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Materials 

BSA lyophilized powder (≥96 %), TA (ACS grade), montmorillonite (MMT), poly(allylamine 

hydrochloride), Mw = 15 kDa (PAH); poly(sodium 4-styrene sulfonate), Mw = 70 kDa (PSS); 20 

wt. % water solution of poly(diallyldimethylammonium chloride), Mw = 100 – 200 kDa 

(PDADMAC), poly-L-Lysine hydrochloride (PLL, Mw 15,000 – 30,000), branched 

poly(ethyleneimine), Mw = 25 kDa (PEI), sunflower seed oil, perylene-3,4,9,10-tetracarboxylic 

dianhydride, tetraoctylammonium bromide (98 %), 10% formalin solution (neutral buffered, 

histological tissue fixative) and Alamar Blue (R7017) were purchased from Sigma-Aldrich. 1H, 

1H, 2H, 2H-perfluoro-decyl trichlorosilane, FDTS (>96%) was purchased from Alfa Aesar. 

Monoclonal mouse anti-human Ki-67 antigen (clone SP6) was purchased from Invitrogen. 

Peroxidase-labelled polymer conjugated to goat anti-mouse immunoglobulins (EnVision+ System 

HRP labelled polymer anti-mouse), 3,3'diaminobenzidine (DAB)-chromogen substrate were 

purchased from Agilent DAKO. Anti-cytokeratin 10 antibody (clone DE-K10) and mouse 

monoclonal p63 antibody (clone 4A4) were purchased from Abcam. Cytokeratin 14 antibody 

(clone LL001) was purchased from Santa Cruz Biotechnology. Sodium chloride (ACS grade), 

sodium hydroxide (ACS grade), toluene (ACS grade, anhydrous), 1-bromohexane (99 %), and 

chloroform (anhydrous) were purchased from VWR Singapore Pte. Ltd. Poly(methylmethacrylate) 

(PMMA) coil (0.05 mm thick) was purchased from Goodfellow (UK). Single side polished boron-

doped prime silicon wafers (675 μm thick) were purchased from Syst Integration Pte Ltd. 

(Singapore). All chemicals were used as received.  

3,4,9,10-tetra-(hectoxy-carbonyl)-perylene (THCP) was synthesized as reported before.28 490 

mg, 1.25 mmol of perylene-3,4,9,10-tetracarboxylic dianhydride was stirred in aqueous potassium 

hydroxide solution (0.1 M) at 70 °C. After 5 min, perylene-3,4,9,10-tetracarboxylic dianhydride 
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converted to the tetrapotassium salt of the tetracarboxylic acid and was filtered. The filtrate was 

acidified with an aqueous hydrochloric acid solution (1 M) until the pH was 8 – 9. 0.2 g of 

tetraoctylammonium bromide and 10 mmol of 1-bromohexane were added to the ensuing dark red-

green solution, and the mixture was refluxed under vigorous stirring. After 1.5 h, the solution 

became clear and colorless on top, which was a brown colored layer of oil. Chloroform was added 

to the mixture, and the chloroform solution layer was collected and washed with 15 % sodium 

chloride aqueous solution and deionized water. The resulting chloroform solution was 

concentrated and precipitated by ethanol. The obtained solid was washed with 100 mL ethanol 

three times and the product was dried under vacuum at 80 °C.  

Deionized (DI) water (>18 MOhm, <0.056 µS/cm, <50 ppb of total organic carbons) from Milli-

Q (Millipore, USA) water purification system was used to prepare all solutions.  

Microchambers fabrication 

A 2×2 cm master silicon mold was purchased from Eulitha AG, (Switzerland). The mold’s 

topography was an array of 10 µm tall truncated square pyramids with larger and smaller base 

edges of 14 and 10 µm, respectively, and 2.5 µm pitch size.  The mold was cleaned in a piranha 

solution (3:1 mixture of 96 % H2SO4 and 30 % H2O2) at 120 °C for 45 min, rinsed with DI water, 

dried in a stream of nitrogen, and placed in a clean oven at 100 °C for 1 h. After that, the mold was 

treated overnight in a desiccator with FDTS vapors (20 µL). Each PMMA sheet, slightly larger 

than the mold size, was placed between the mold and a flat FDTS-treated Si substrate and 

imprinted using Obducat EITRE® Nano Imprint Lithography System (Sweden). The imprinting 

process was performed at 140 °C and with the pressure of 4 MPa for 5 min, followed by cooling 

to 40 °C and releasing the pressure. The imprinted sheet had a negative replica of the mold 

produced on the PMMA sheet surface. 
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Layer-by-Layer (LbL) assembly of multilayers was performed by standard dipping method 

using a dip-coating robot machine (Riegler & Kirstein GmbH, Germany). Prior to dipping, each 

imprinted PMMA sheet was immersead in DI water and sonicated in an ultrasonic bath for 5 min 

to remove air bubbles that may be trapped inside the wells. Negatively charged PMMA film was 

exposed for 15 min to 2 mg/mL PEI hydrochloride solution (pH of PEI solution was adjusted to 

5.5 using 1M HCl) to generate the first anchoring layer with a high density of positive charges. 

BSA-TA coating was produced by alternately dipping the PMMA templates in BSA solution (4 

mg/ml) and TA solution (3 mg/ml) for 15 min each. The terminal layer was always BSA. To 

remove non-absorbed reagent and minimise cross-contamination, after each dipping each template 

was washed three times for 1 min each in DI water. In addition, reagent solutions and water were 

replaced every 20 dipping cycles. For some samples, aqueous MMT suspension and PLL solution 

(2 mg/mL) were applied in between BSA-TA multilayer films. MMT suspension, 2 mg/mL MMT 

in DI water, was sonicated for 15 min using a sonic dismembrator (Fisherbrand™ Model 505). 

The colloid suspension was centrifuged at 12,000 rpm for 30 min to remove aggregates and the 

supernatant containing the colloidal fraction was collected for further dipping.  

PSS-PAH coating was performed by alternately dipping the PMMA templates in PSS and PAH 

solutions (2 mg/mL, at pH ~5.5 in 2M NaCl). After dipping for 15 min, the templates were washed 

three times for 1 min each in DI water prior to dipping in alternate solutions. 

Silicon substrate pre-cleaned in Piranha (for mechanical tests), or polyethylene (PE) films treated 

in oxygen plasma for 5 min (for biocompatibility tests), were coated with eight alternating layers 

of PSS and PDADMA in the same manner as described above (for PSS-PAH coating). The 

multilayer was rehydrated with 5 μL of DI water and a BSA-TA or PSS-PAH coated PMMA 

template was pressed onto it at 1 MPa and 30 °C for 60 min in the pressurized chamber of an 
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Obducat EITRE® Nano Imprint Lithography System (Sweden). Subsequently, the PMMA 

template was dissolved in toluene to reveal microchambers. At this point, some samples were 

loaded with an oil-based solution of THCP, using a previously reported solvent-exchange 

approach.7,10  THCP solution in sunflower oil (0.1 mL, 3 mg/mL) was overlaid onto the 

microchambers for 1 hour at room temperature. Lastly, the excess oil was flushed away with 

toluene and the samples were allowed to air-dry in a fume hood. 

Characterization 

The mechanical properties of the manufactured microchambers were tested under uniaxial 

compression using a nanoindentation system (Agilent G200 Nanoindenter, USA). A diamond flat-

punch indenter tip (cylindrical, diameter 10 µm) was positioned over individual microchambers 

and compressive force was increased from 0 mN to a specific value within 15 s, then fixed for 10 

s and decreased back to 0 mN within 15 s. Each experiment was repeated at least ten times with 

different microchambers; individual strain-stress curves are reported in the supporting 

information, Figures S1, S2. 

The morphology of the films were investigated by scanning electron microscopy (SEM) with 

field emission gun scanning electron microscopy (JEOL JSM 7600F) at accelerated voltage 5.0 or 

15.0 keV. Before analysis, the samples were sputter-coated (JEOL, JFC-1200) with gold for 20 

seconds.  

Raman spectra were captured using a Witec confocal Raman microscope (CRM, Ulm, Germany) 

equipped with 100x objective (Nikon E Plan, 0.9 NA, Nikon Corp, Japan). 

Thermal decomposition of the multilayer films was evaluated using thermogravimetric analysis 

(TGA, Perkin Elmer). Samples were heated under nitrogen from room temperature to 895 °C at a 
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rate of 10 °C per min. The weight percentage of MMT incorporated was calculated from the weight 

loss of completely dried samples.  

Biocompatibility studies  

Preparation of de-epidermized dermis. Biocompatibility studies were performed using skin 

composites constructed using human de-cellularized, de-epidermized dermis populated with 

human keratinocytes (Asian Skin Bank, Institute of Medical Biology, Singapore) and forming a 

functional epidermis. These ex vivo reconstructed skin tissue is referred to hereafter as human skin 

equivalents (HSE). The protocol was approved by the National University of Singapore 

Institutional Review Board, IRB reference B-16-135E.  

Skin allocated for the composites was trimmed to ~1.2 × 1.2 cm, to allow overlaying with metal 

rings (0.5 mm diameter) as described previously.29 The pieces of skin were then placed in 1 M NaCl 

at 37 oC for approximately 18 h, or until the epidermis separates easily from the dermis, yielding a 

de-cellularized, de-epidermized dermis (DED). To remove any residual sodium chloride, DED 

was then washed in Dulbecco’s Modified Eagle’s Medium (DMEM) supplemented with 20 mL 

Antibiotic/ Antimytotic (ABAM) and 160 mg gentamycin (3.2 mL of 50 mg/mL stock, GIBCO) 

per 500 ml for the first 48 h; then washed in DMEM plus 10 mL ABAM for the next 48 h; and 

washed finally in DMEM plus penicillin/streptomycin only for another 48 h, or until use. Before 

use, the media containing antibiotics was discarded and replaced with ‘Greens’ medium.30 

 Assembly of skin composite. Individual DED pieces were placed, papillary face upward, into 

individual wells of a 24-well culture plate. Primary human keratinocytes (Asian Skin Bank, 

Singapore) were seeded onto the apical surface of each DED, which remained submerged due to 

the placement of the metal rings on top of the DED, and allowed to attach. The DED-HSE 

constructs were incubated at 37 °C in 95 % air/5 % CO2 submerged in Green’s medium to facilitate 
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cell attachment. After 48 h the constructs were elevated onto stainless steel racks at the air-liquid 

interface and further incubated to facilitate keratinocyte differentiation. After 7 days, when the 

neo-epidermis was visible, the samples with microchambers, or control samples, were overlayered 

onto the epidermis of replicate DED-HSE and incubated at 37 °C in 95 % air/5 % CO2. After a 

further 48 h incubation, each DED-HSE was recovered and transferred into a new 24-well plate 

containing 300 µL of Alamar Blue [6 µM] to determine cell viability. The DED-HSE samples 

were incubated at 37 oC in 95 % air/5 % CO2 for 90 min. Following incubation, 150 µL of the 

solution was recovered from each sample/well and transferred into a 96-well black-walled plate 

and fluorescence determined at 560 nm (excitation) and 590 nm (emission) using a SpectraMax 

M5 Multi-Mode spectrophotometer (Molecular Devices, USA)  and Softmax Pro software 

(Molecular Devices, USA).  

Immunohistochemistry. Following assays for viability, DED-HSE constructs were recovered 

and transferred into a new 24-well plate containing 300 µL 3.7 % neutral buffered formalin and 

fixed for 12-18 h at 4 °C. After fixation, samples were placed into individual tissue cassettes and 

embedded in paraffin wax. Wax–embedded samples were cut to yield 5 mm–thick DED-HSE 

sections and processed for histologic analyses. In brief, DED-HSE sections were deparaffinised in 

xylene, rehydrated in a series of decreasing concentrations of ethanol to water, subjected to heat-

induced epitope retrieval (HIER) in DAKO Citrate 10X buffer, pH 6, and left to cool overnight. 

After cooling, the samples were washed three times with phosphate-buffered saline with 0.05 % 

Tween-20 (PBS-T). Hydrogen peroxide (1 %) was then added to quench residual endogenous 

peroxidase activity, followed by rinsing in water and PBS-T. Samples were incubated in 10% goat 

serum for 30 min to reduce non-specific antibody binding, and incubated overnight with primary 

antibodies to Ki67 (1:50, SP6, Invitrogen), Keratin 10 (1:50, DE-K10, Dako-Agilent), Keratin 14 
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(hybridoma supernatant, LL001) and p63 (1:50, 4A4 , Abcam). Samples were again washed three 

times with phosphate-buffered saline with 0.05 % Tween-20 (PBS-T) and subsequently incubated 

with target-approriate secondary antibody-HRP conjugates for 30 min. Antibody binding was 

visualized using DAB-chromogen substrate for 2 min each, and stopped by submersion in running 

water. Stained tissue sections were then counterstained with haematoxylin for 10 min, developed 

with acid alcohol for 10 s and Scott’s Blue solution for 2 min. After staining, each sample was 

again dehydrated through a gradient series of ethanol and final equilibration in xylene. Finally, the 

samples were mounted in a synthetic resin (Richard-Allan Scientific™ Cytoseal, ThermoFisher) 

and left to dry overnight. Images were captured using an Olympus BX43 (Olympus, Japan) under 

bright field illumination.   

 

RESULTS AND DISCUSSION 

Fabrication of the array of microchambers made of BSA-TA and BSA-TA-MMT 

multilayer films.  

Figure 1 reports SEM images of PMMA templates before (a), and after (b) LbL assembly of 

(BSA-TA)40 multilayer film. The surface of the bare PMMA template was smooth with arrays of 

imprinted microwells. The microwells retained the shape of the truncated square pyramids with 

rounded corners; the width of the square opening was 13.5 ± 0.04 µm, while the width of the 

bottom square was 9.95 ± 0.06 µm. After coating with (BSA-TA)40, the surface became visibly 

rougher. The width of the opening decreased to 12.5 ± 0.4 µm, while the width of the bottom 

square decreased to 9.20 ± 0.07 µm. Assuming the decrease is caused by the film formed on the 

wells’ surface, the thickness of (BSA-TA)40 multilayer film was found to be 0.5 ± 0.2 µm on top of 

PMMA template and 0.38 ± 0.07 µm in the bottom of imprinted wells. The slightly reduced  
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Figure 1. SEM images of imprinted PMMA template (A), after LbL assembly of (BSA–TA)40 (B), 

and [(BSA-TA)8-PLL-MMT-PLL-BSA]4  (C) multilayer films. 
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thickness of coatings evident inside the imprinted wells could be due to hindered access of 

macromolecules, particularly BSA, inside the wells upon dip-coating. A similar effect has been 

reported before,31 with thinner PEM films evident inside pores etched in silicon.  

In the next step, the PMMA template coated with (BSA-TA)40 multilayer film was sealed toward 

a silicon substrate followed by the PMMA dissolution in toluene revealing the microstructures. 

Figure 2 (a) reports corresponding SEM image of the (BSA-TA)40 film. It is evident that all 

microchambers were collapsed. Thus (BSA-TA)40 multilayer film appeared to be too thin and soft 

to provide sufficient mechanical support to prevent collapse of the microchambers. 

 

 

 

 

 

 

 

 

 
 
Figure 2. SEM images of microchambers made of (A) (BSA-TA)40, (B) [(BSA-TA)8-PLL-MMT-

PLL-BSA]4, and (C) (PAH-PSS)50 multilayer films.  
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One way to achieve mechanically robust microchambers is to increase the multilayer film 

thickness, as has been shown before for PAH-PSS multilayer films.7,13  However, assembling 

multilayer films with a high number of layers requires prohibitory long fabrication times. A more 

practical approach to improve films stiffness is to reinforce them with inorganic components, e.g. 

graphene oxide,14 or calcium carbonate32. Clays, for example montmorillonite (MMT), is another 

abundant, inexpensive and environmentally friendly mineral that is commonly used to improve the 

stiffness of PEM films. MMT consists of a stack of plates, each ~ 1 nm in thickness, and 0.2 - 2 

µm in diameter.33 Multilayer films made of MMT and synthetic polycations yield tensile strength 

up to 320 MPa and Young’s modulus up to 60 GPa.34,35 

 In the work reported herein, PLL was used as a polycation to facilitate MMT incorporation in 

BSA-TA films, while a PLL-MMT-PLL sequence substituted one BSA-TA sequence in every ten 

bi-layers. As a result, a [(BSA-TA)8-PLL-MMT-PLL-BSA]4 (further referred to as protein-

polyphenol-clay, PPC) multilayer film has been assembled onto the PMMA template. TGA 

analysis of the films indicates that the content of MMT in the PPC multilayer film was 1.2 wt. %.  

Figure 1-c depicts SEM images of a PPC film assembled on a patterned PMMA template. The film 

surface is evidently rougher than that of the BSA-TA multilayer film, and the microwells openings 

are visibly rounded.  We measured the width of the openings and found them to be 12.0 ± 0.3 µm, 

while the width of the bottom squares was 8.7 ± 0.1 µm; this translates to a film thickness of 0.75 

± 0.2 µm on the surface of PMMA template and 0.6 ± 0.1 µm inside the microwells. Figure 2 (b) 

shows SEM images of microchambers revealed upon the film sealing toward a silicon substrate 

followed by dissolving the PMMA template. The microchambers are evidently robust retaining 

their shape and dimensions.  
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Deformation of BSA-TA-MMT and PAH-PSS microchambers under uniaxial 

compression.  

The mechanical properties of PPC microchambers were further characterised using 

nanoindentation analysis. They are compared to those made of a standard polyelectrolyte 

multilayer film, (PSS-PAH)50, described in a number of previous publications.7,10,14 (PSS-PAH)50 

multilayer has a thickness of ~0.55 µm,7 the microchambers prepared of this material retain their 

shape and dimensions, as is evidenced by SEM analysis (Figure 2-c). 

Figure 3 illustrates the averaged stress-strain profiles of microchambers made of PPC (in solid 

symbols) and PSS-PAH (in hollow symbols) (all individual stress-starined profiles are shown in 

the Supporting information, Figures S1, S2). Here strain, ε, is defined as the ratio between 

displacement of the nanoindenter tip compressing microchamber, ΔL, and the initial height of the 

microchamber L0 (10 µm), as shown in equation (1). At the same time, stress, σ, is the ratio between 

the applied load, F, and the contact area, A, of the nanoindenter tip with the microchamber roof in 

the direction normal to the applied load, as shown in equation (2). The contact area A was taken 

as an area of the flat punch type nanoindenter tip, which was a circle with a diameter 10 µm. 

ε = ΔL/Lo   (1) 

σ = F/A    (2) 

At very low loading rates (0.03, 0.07 mN/s) in Figure 3A, it is evident that the stress was 

proportional to the square root of strain, indicating elastic bending of the microchambers walls in 

a bending line around the tip.7,36 The bending line may be seen at the SEM image of the 

microchamber compressed in this regime (highlighted with a red dashed circle). At higher loading 

rates (3.33, 6.67 mN/s) in Figure 3b, stress and strain are linearly related. Evidently, in this regime 

loading happens within a time shorter time than relaxation time required for a PPC or PSS-PAH 

wall to bend. As a result, the microchambers compress in an elastic manner, acting like a spring  

Deleted: films with imprinted 
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Figure 3. Compression stress-strain behavior of the microchambers made of [(BSA-TA)8-PLL-

MMT-PLL-BSA]4 (solid symbols) and (PSS-PAH)50 (open symbols). A - low strain regime: squares 

– 0.03 mN/s, triangles – 0.07 mN/s. Insert show same data in σ (ε1/2) coordinates. B – high strain 

regime:  squares – 6.7 mN/s, triangles – 3.3 mN/s. Red lines represent a linear fit of experimental 

data. SEM images of microchambers at different levels of compression strain are added for 

illustrative purposes. Dashed circle demonstrate a bending line formed upon the microchamber’s 

walls bending around the pressing down roof.   
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against the applied load. The slope within this linear regime is the effective Young’s modulus of 

the microchambers made of PPC and PSS-PAH multilayers, which was found to be 166 ± 53 MPa 

and 245 ± 52 MPa, respectively. In spite the fact MMT is known to drastically increase the 

Young’s modulus of polyelectrolyte multilayers,34,35 PPC microchambers demonstrate lower 

effective modulus. One possible reason could be very low MMT content in the final films, only 

four layers or 1.2 wt.%.  

The microchambers’ capacity to elastically absorb energy, Uel
max, is defined in equation (3) as the 

total area under the stress-strain curves’ linear elastic regime:  

Uel
max = ½ σy εy      (3), 

where σy and εy are the yield stress and yield strain at which linear elastic behavior ceases. For the 

microchambers made of PPC and PSS-PAH multilayers, the capacity was found to be 2.4 ± 1.0 

MPa and 2.0 ± 1.3 MPa, respectively. At higher strains, plastic deformation of the microchambers 

develops with excessive buckling of their walls folding around the compressing tip, which is 

evident in the corresponding SEM image. 

It is worth noting that the effective Young’s modulus, and capacity to elastically adsorb energy 

measured here are the characteristics of microchambers of the particular geometry made of PPC 

or PSS-PAH multilayers, not the properties of the corresponding multilayer films. The latter may 

be derived from the experimental data using theory of elasticity well-developed for the 

deformations of thin plates and spherical or cylindrical shells.36,37 To the best of our knowledge, there 

is no mathematical model describing deformations of truncated square pyramids and such analysis 

was beyond the scope of this work. However it is the deformation of microchambers that is 

important for any practical application of the developed system.     
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Thus microchambers made of protein-polyphenol multilayer films reinforced with layers of 

clays are robust enough to withstand ground collapse and have capacity to elastically adsorb 

compressive energy comparable to those made of synthetic polyelectrolyte multilayer films. 

In the next step, we loaded the microchambers with a model drug, a solution of THCP in 

sunflower oil. A fluorescent microscopy image of the array and a confocal Raman microscopy 

image of the cross-section of two neighboring PSS-PAH microchambers are shown in Figure 4. A 

photo and a fluorescent microscope image of PPC microchambers filled with the model drug is 

shown in the Supporting information, Figure S3.   

                                

 
 

Figure 4. A - fluorescent microscope image of an array of (PSS-PAH)50 microchambers loaded 

with oil-based THCP solution. B - Confocal Raman microscope cross-sectional image of two 

neighboring microchambers filled with oil. Color code of the image: yellow = oil (1660 cm-1 band 

is assigned to double bond, C=C stretching); red = PSS-PAH film (1604 cm-1 band is assigned to 

C–C stretching in the aromatic ring of PSS).         

It is evident that the array is evenly loaded with the oil-based solution, although a few distinct 

defects are evident. Inspection of individual chambers by confocal Raman microscopy suggests 

100µm 
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that the oil droplets do not fully occupy the microchambers, rather, they are concentrated as 

spherical droplets that hang from the ceiling of the microchambers. 

Biocompatibility of the arrays of PPC and PAH-PSS microchambers in skin equivalent 

model.  

We tested the biocompatibility of the arrays of PPC and PSS-PAH microchambers sealed onto 

a PE backing using an in vitro human skin equivalent model. The arrays of microchambers, both 

empty and loaded with oil-based THCP solution, as well as a droplet of THCP solution used as 

control, were placed onto the epidermis of human skin equivalent constructs. After 48 h of direct 

physical contact the skin models were assayed for viability using the Alamar Blue assay to quantify 

cellular metabolic activity. Alamar Blue assay is used widely to demontrate the metabolic activity 

of viable cells.38 Figure 5 depicts the effect of the different manufactured films on the viability of 

intact mature epidermis.     

The THCP solution in oil, as predicted, had no detectable effect on skin cell viability. We were 

pleased to observe that the response of replicate DED-HSEs to both tested films were 

indistinguishable to empty microchambers, and to microchambers loaded with the model drug, 

THCP solution. The DED-HSE response to PPC microchambers was also found to be statistically 

insignificant. However, the PSS-PAH microchambers were found to reduce DED-HSE viability 

significantly. To characterise the response of replicate DED-HSE to PPC microchambers, and 

PSS-PAH microchambers, we analysed the DED-HSEs using classical histology and 

immunohistochemistry (Figure 6).  
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Figure 5. Viability of skin cells upon placement of samples for the period of 48 hrs followed by 

the treatment with Alamar blue: 1 – control; 2 – THCP solution in sunflower oil; 3 – empty (PSS-

PAH)50 microchambers; 4 – (PSS-PAH) microchambers loaded with THCP solution; 5 – empty 

[(BSA-TA)8-PLL-MMT-PLL-BSA]4 microchambers; 6 - [(BSA-TA)8-PLL-MMT-PLL-BSA]4 

microchambers loaded with THCP solution. Bars with P-value ≤  0.05 are highlighted with * as 

statistically significant.  
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Figure 6. Histology analysis of human skin equivalent constructs (DED-HSE) after direct 

exposure to the following samples for 48 hrs. Thin tissue sections were fixed in formalin and 

processed for H&E staining: 1 – control; 2 – THCP solution in sunflower oil; 3 – empty (PSS-

PAH)50 microchambers; 4 – (PSS-PAH) microchambers loaded with THCP solution; 5 – empty 

[(BSA-TA)8-PLL-MMT-PLL-BSA]4 microchambers; 6 - [(BSA-TA)8-PLL-MMT-PLL-BSA]4 

microchambers loaded with THCP solution.  

 
PPC microchambers, empty and loaded with THCP solution, as well as TCHP solution alone 

did not cause visible changes in DED-HSE. In contrast, PSS-PAH microchambers stimulated 

reduced cell density in the epidermis and significantly affected epidermal-dermal attachment, large 

voids are clearly evident in Fig. 6-3, 4. We interpret these represent artefacts of the fixation and 

staining process, however, they do suggest the strength of dermal and epidermal attachment to the 

basement membrane is altered. Immunohistochemical analysis of the skin equivalents for Keratin-

10 (a structural marker of immature keratinocytes), p63 (a genetic marker of proliferating cells) 

and Ki-67 (a functional marker of proliferating cells) expression are reported in Supporting 
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information, Figs S4-S6. The detection of Ki-67 were found to be invarient for all treatments, 

indicating the materials did not alter skin cell proliferation. However, every treatment group 

exhibited reduced presence of Keratin-10 and p63 compared to control, suggesting that application 

of films / oil for the period of 48 hrs may affect skin cell differentiation and thus possibly also 

affect skin barrier function. We interpret that rather than affecting epidermal barrier function, these 

data suggest the microchamber arrays affect transpiration, normoxia and moisture exchange.  

 

CONCLUSION 

In this work, we have shown that PPC multilayer material is strong enough to provide 

mechanical robustness to the microstructures, such as arrays of truncated square pyramids, so that 

microchambers are able to retain their shape and dimensions. At low loading rates (0.03, 0.07 

mN/s), elastic bending of the microchambers walls happens with a bending line formed around the 

compressing tip of nanoindenter. At higher loading rates (3.33, 6.67 mN/s), microchambers 

compress in an elastic manner. The effective Young’s modulus of PPC microchambers, 166 ± 53 

MPa, is found to be lower than that of PSS-PAH microchambers, 245 ± 52 MPa. The capacity to 

elastically absorb the energy of the former, 2.4 ± 1.0 MPa, is marginally higher than of the latter, 

2.0 ± 1.3 MPa. Arrays of both PPC and PSS-PAH microchambers were successfully loaded with 

a model oil-soluble drug, THCP, and sealed onto a PE film, demonstating no visible leaching. 

However, the biggest advantage of the PPC material is its biocompatibility as it was shown to have 

no cell toxicity and caused no visible deterioration in skin equivalents, while PSS-PAH multilayers 

demonstrated significant toxicity and suppressed epidermal-dermal attachment. 

Ability of the PPC microchambers to elastically absorb compressive energy until a certain 

threshold, and the absence of skin toxicity make them a promising system that may signal a level 
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of pressure, e.g. in compression therapy of leg ulcers. The effectiveness of this therapy is sensitive 

to the level of delivered pressure. Too much pressure damages local tissues that can result in 

serious complications, such as ischemia and loss of limb. As a result, many nurses are reluctant to 

apply compression for fear of causing harm making the therapy ineffective. If tuned properly, the 

array of microchambers would collapse when the pressure achieves therapeutic level releasing 

encapsulated dye that would penetrate bandages providing a long-needed guidance to the nurses 

and promoting effective healing.  

 

ASSOCIATED CONTENT 

The Supporting Information is available free of charge. Figures S1, S2 - individual stress (σ)-

strain (ε) curves for microchambers made of [(BSA-TA)8-PLL-MMT-PLL-BSA]4 and (PSS-

PAH)40, respectively, at loading rates of 0.03, 0.07, 3.3, and 6.7 mN/s. Figure S3 – photo and 

fluorescent microscope image of an array of [(BSA-TA)8-PLL-MMT-PLL-BSA]4 microchambers 

sealed onto a PE film and loaded with oil-based THCP solution. Figure S4-S6 - Keratin 10, p63 

and Ki67 expression in human skin equivalent constructs after direct exposure to the following 

samples for 48 hrs: control, THCP solution in sunflower oil, empty (PSS-PAH)50 microchambers, 

(PSS-PAH) microchambers loaded with THCP solution, empty [(BSA-TA)8-PLL-MMT-PLL-

BSA]4 microchambers, [(BSA-TA)8-PLL-MMT-PLL-BSA]4 microchambers loaded with THCP 

solution. 
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ABBREVIATIONS 

ABAM, Antibiotic/ Antimytotic (10,000 units penicillin, 10 mg streptomycin, 25 μg amphotericin 

B, per mL); Alamar Blue, 7-Hydroxy-3H-phenoxazin-3-one-10-oxide sodium salt; BSA, bovine 

serum albumin; DAB, 3,3′-Diaminobenzidine; DED, de-cellularized, de-epidermized dermis; DI, 

Deionized water; DMEM, Dulbecco’s Modified Eagle’s Medium; FDTS, 1H, 1H, 2H, 2H-

perfluoro-decyl trichlorosilane; GPa, gigaPascals; h, hours; H&E, Haemotoxylin & Eosin; HRP, 

Horseradish peroxidase; HSE, human skin equivalent, keV, kilo electron volts; LbL, Layer -by-

Layer; MEMS, microelectromechanical systems; min, minute; MMT, montmorillonite; MΩ-cm, 

megaohm – centimeter; MPa, megaPascals; µS/cm, microSiemens per centimeter; PAH, 

poly(allylammonium) hydrochloride; PDADMAC, poly(diallyldimethylammonium) chloride; PE, 

polyethylene; PECs, polyelectrolyte complexes; PEI, poly(ethyleneimine); PEMs, polyelectrolyte 

multilayers; PLA, polylactic acid; PLC, polycaprolactone; ppb, parts per billion; PLL, poly-L-
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Lysine hydrochloride; PMMA, poly(methylmethacrylate); PPC, protein – polyphenol – clay; PSS, 

poly(styrene sulfonate); rpm, revolutions per minute;  s, seconds; SEM, scanning electron 

microscopy; TA, tannic acid; THCP, 3,4,9,10-tetra-(hectoxy-carbonyl)-perylene; Tris-HCl, Tris 

(hydroxymethyl) aminomethane hydrochloride; Tween-20, Polyethylene glycol sorbitan 

monolaurate. 
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