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ABSTRACT: We report the assembly of metal-polyphenol complex (MPC) films and capsules through the sequential dep-
osition of iron (III) ions (Fe(III)) and a natural polyphenol, tannic acid (TA), driven by metal-ligand coordination. Stable 
Fe(III)/TA films and capsules were formed, indicating lateral and longitudinal crosslinking of TA by Fe(III) in the film struc-
ture. Quartz crystal microbalance, UV-vis spectrophotometry, and X-ray photoelectron spectroscopy were carried out to 
quantitatively analyze the film growth. A comparison of the MPC capsules prepared through multistep assembly with 
those obtained through single-step deposition, as reported previously (Ejima et al., Science 2013, 341, 154-156), reveals 
substantial differences in the nature of complexation and in their physicochemical properties, including permeability, 
stiffness, and degradability. This study highlights the importance of engineering MPC films with different properties 
through implementing different assembly methods. 
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Introduction 
Tannic acid (TA), homologous to hydrolysable tannin, 

is a high molecular weight polyphenol that contains five 
digalloyl ester groups covalently attached to a central 
glucose core. TA commonly occurs in nature and exhibits 
antioxidant, antibacterial, antimicrobial, antimutagenic, 
and anticarcinogenic properties.1-4 It is widely used for 
diverse industrial, pharmacological, biomedical and food 
additive applications.5-9 Furthermore, TA has unique 
structural properties that facilitate interactions with a 
variety of materials via multiple reaction pathways, in-
cluding electrostatic, hydrogen bonding, and hydrophobic 
interactions.10-12  

Metal chelation is a salient feature of TA (like many 
other polyphenols), upon which it acts as a polydentate 
ligand for metal ion coordination. The antioxidant ability 
of polyphenols is attributed to their iron chelating13,14 and 
radical scavenging15 mechanisms. Generally, the catechol 
or galloyl groups present in phenolic compounds provide 
binding sites for metal ions to chelate.16,17 Therefore, TA, 
which contains galloyl groups, can form highly stable 
complexes with iron (III) ions (Fe(III)), ranging from 
mono- to tris-type complexes.18 At a given pH, the nature 
of the complex depends mainly on the concentration of 
TA and its degree of ionization.  

Recently, we reported a one-step approach for capsule 
assembly via the formation of metal-polyphenol complex-
es (MPCs) using TA and Fe(III).19 The diverse structural and 
functional properties of TA, combined with its pH de-
pendent chelating interactions with Fe(III), prompted us to 

examine the possibility of utilizing TA and Fe(III) as com-
ponents for the sequential (multistep) assembly20,21 of 
films and capsules. We postulated that the different as-
sembly protocols (multistep vs. one-step) would yield 
films and capsules with different properties, which is 
important for the use of such materials in a range of ap-
plications.19 Previous reports have shown that transition 
metal ions and monodentate organic ligands, including 
cobalt ions and diisocyanide ligands,22 zinc ions and 
bisquinoline ligands,23 and iron ions and resorcinol lig-
ands24 can be used to form planar films. However, few 
studies have focused on the sequential assembly of metals 
and polydentate ligands.25-27 TA has been used in alterna-
tion with a positively charged polyelectrolyte (PE) to 
prepare multilayered films, utilizing electrostatic interac-
tions for film buildup.12 TA has also been used to assemble 
multilayered films with neutral polymers28 and proteins29 
via hydrogen bonding and hydrophobic interactions, 
respectively. A recent study has assembled TA with Fe(III) 
to form multilayers;30 however, that work involved deposi-
tion of the TA and Fe(III) coatings from ethanolic solutions 
and on polydopamine-coated substrates. These experi-
mental differences can yield films with different charac-
teristics. A main aim of our study was to examine differ-
ences between one-step and multistep TA/Fe(III) coatings, 
hence it was essential that the films were assembled from 
similar adsorption solutions (i.e., water). 

In the current study, film assembly was monitored in 
detail by several methods (including quartz crystal micro-
gravimetry (QCM), UV-vis spectrophotometry and X-ray 



 

photoelectron spectroscopy (XPS)) to elucidate the 
growth behavior of the MPC films. Multistep MPC cap-
sules were obtained by templating spherical particles and 
the subsequent template dissolution step, and analyzed 
using atomic force microscopy (AFM). The nature of 
complexation in the multistep films was observed to be 
remarkably different to those prepared via one-step as-
sembly. Further, examination of the physicochemical 
properties of the MPC capsules, including permeability, 
stiffness and degradability, were found to be significantly 
different from those of one-step MPC capsules, thus 
opening opportunities to tailor the properties of MPC 
films/capsules for specific applications.  

 

Experimental Section 
Materials. Tannic acid (TA, ACS reagent, Mw = 1701.23 
Da), iron (III) chloride hexahydrate (FeCl3.6H2O), poly-
ethyleneimine (PEI, Mw = 25 000 Da), fluorescein isothio-
cyanate (FITC), FITC-dextran with various average mo-
lecular weights (10, 70, 500, and 2000 kDa), and ethylene-
diaminetetraacetic acid (EDTA) were purchased from 
Sigma-Aldrich and used as received. Polystyrene (PS) 
particles (D = 3.55±0.07, 10% w/v in water) were obtained 
from Microparticles GmbH, Germany. High-purity water 
(Milli-Q) with a resistivity greater than 18 MΩ cm was 
obtained from an in line Millipore RiOs/Origin water 
purification system. 
Multistep Preparation of TA/Fe(III) Films on Planar 
Substrates. Planar films were prepared on quartz crystal 
microbalance (QCM) resonators (silicon dioxide- and 
gold-coated) and quartz plates (ProSciTech, Australia) 
with or without a PEI precursor layer. All substrates were 
cleaned with piranha solution (1:3 ratio of 30% H2O2/98% 
H2SO4) for 2 min (QCM resonators) or 5 min (quartz 
plates) (Caution! Piranha solution reacts violently with 
organic material and should be handled carefully), rinsed 
with copious amounts of Milli-Q water, and dried in a 
stream of nitrogen. For in situ QCM studies, silicon diox-
ide-coated 5 MHz AT-cut crystals (Q-Sense AB, Västra, 
Frölunda, Sweden) were used and measurements were 
conducted using a QCM-D E4 device with four flow cells 
(Q-Sense AB, Västra, Frölunda, Sweden). Multistep 
buildup was commenced by injecting TA solutions (0.2 
mg mL-1, pH adjusted between 2 to 10) into the cells for 1 
min. Following TA adsorption for 10 min, rinsing solu-
tions (Milli-Q water, pH adjusted to those of the TA solu-
tions) were injected for 1 min. Aqueous solutions of 
FeCl3.6H2O (0.05 mg mL-1, pH = 3.3) were then injected 
into the cells, 10 min allowed for adsorption, followed by 
injection of rinsing solutions (Milli-Q water, pH adjusted 
to those of the FeCl3.6H2O solutions) for 1 min. A flow 
rate of 200 µL per min was maintained for every step. The 
process was repeated until the desired number deposition 
steps were achieved. All frequency values quoted here are 
those of the third overtone.  

For “air-dried” QCM and UV-vis absorption measure-
ments, cleaned substrates were primed with a PEI layer by 
dipping the substrates into a PEI solution (1 mg mL-1, 0.5 
M NaCl) for 15 min, rinsing in Milli-Q water three times, 

and drying under a stream of nitrogen. The PEI-coated 
substrates were then immersed in a TA solution (0.2 mg 
mL-1, pH = 3.3, 6.0, 8.0 or 10.0) for 10 min, rinsed three 
times with Milli-Q water and dried under a stream of 
nitrogen. The pH values of the rinsing solutions (pH = 3.3, 
6.0, 8.0 or 10.0) were kept identical to those of the TA 
solution. The resulting TA-terminated substrates were 
then immersed in the FeCl3.6H2O solution for 10 min 
(0.05 mg mL-1, pH = 3.3), rinsed three times with Milli-Q 
water and dried under a stream of nitrogen. The pH of the 
rinsing solution (pH = 3.3) was kept identical to that of 
the FeCl3.6H2O solution. The last two steps were repeated 
until the desired number of deposition steps was 
achieved. QCM frequency shifts (“air-dried”, gold-coated 
9 MHz AT-cut crystals, Kyushu Dentsu, Japan) and UV-
vis absorbance data (quartz plates) were recorded after 
each adsorption step. 
Multistep Preparation of TA/Fe(III) Capsules. For cap-
sule preparation, 50 µL of polystyrene (PS, D = 3.55±0.07) 
particles were first washed twice with Milli-Q water. 
Then, 500 µL of the TA solution (0.2 mg mL-1, pH = 6.0, 
8.0 or 10) was added to the PS particles and an adsorption 
time of 10 min was used. The particles were then washed 
three times with Milli-Q water (adjusted to pH = 6.0, 8.0 
or 10.0). FeCl3.6H2O solution was then added (0.05 mg 
mL-1, pH = 3.3) to the resulting TA-terminated PS particles 
and adsorbed for 10 min, followed by washing three times 
with Milli-Q water (adjusted to pH = 3.3). In the washing 
steps, the particles were spun down by centrifugation 
(1600 g, 1 min) and the supernatant was removed. The last 
two steps were repeated until the desired number of dep-
osition steps was achieved. Dissolution of the PS cores 
was accomplished by adding THF to the particle disper-
sion and centrifuging for 1000 g for 3 min. The obtained 
hollow capsules were resuspended in 500 µL of Milli-Q 
water.  
Permeability Experiments. Multistep capsule suspen-
sions, (TA/Fe(III))4.5 (~4 × 107 capsules mL-1), were mixed 
with an equal volume of FITC-dextran solution (2 mg mL-

1). Confocal laser scanning microscopy (CLSM) images of 
the capsules were obtained within 10 min. 100 capsules 
were examined for each FITC-dextran Mw. The capsules 
with dark interiors were considered to be impermeable 
and those with similar inner and outer environments 
were considered to be permeable.  
Disassembly Experiments. Multistep capsule suspen-
sions, (TA/Fe(III))4.5 (~4 × 107 capsules mL-1), in 100 mM 
EDTA (pH 7.4), 50 mM Gly-HCl (pH 3.0), 50 mM Gly-HCl 
(pH 2.0), and 1 M HCl were incubated in a thermostated 
shaker bath at 37 °C for the required time. The suspen-
sions were diluted with Milli-Q water and flow cytometry 
assays were performed to count the number of capsules. 
Differential interference contrast (DIC) microscopy imag-
es were taken on an inverted Olympus IX71 microscope 
equipped with a DIC slider (U-DICT, Olympus) with a 
60× objective lens. 
Capsule Deformation Experiments. Details of the AFM 
force spectroscopy measurements can be found else-
where.19 In brief, the measurements were performed in 
Milli-Q water using colloidal probe (D = 35 μm)-modified 



 

cantilever tips (spring constant = 52.5 mN m-1). To fabri-
cate the modified cantilevers, tipless cantilevers were first 
calibrated on a cleaned glass substrate to determine the 
inverse optical lever sensitivity (InvOLS), and the spring 
constant was determined using the thermal noise meth-
od. A spherical glass bead (Polysciences) was attached to 
the cantilever using an epoxy resin (Selleys Araldite Super 
Strength, Selleys) via careful micromanipulation using the 
AFM and associated optics. The probe was then allowed 
to dry overnight. Glass slides and cantilevers were cleaned 
with isopropanol, water, and plasma treatment to remove 
any contaminant material. PEI-coated glass slides were 
used to immobilize the capsules prior to the measure-
ments. Force-distance curves were obtained by optically 
positioning the probe on individual multistep capsules 
((TA/Fe(III))4.5) and an approach-retract cycle was initiat-
ed. The temperature was controlled within 19–21 °C dur-
ing the force measurements (JPK BioCell). Collected force 
spectra were analyzed using JPK data processing software. 
A baseline was first subtracted from the non-contact z-
range of the force-displacement data and a probe/surface 
contact point was assigned. After subtracting the effect of 
the cantilever bending, force-deformation (F-δ) data were 
obtained. The EY of the spherical capsules could be esti-
mated using the Reissner model for thin-walled spherical 
shells. Using the Reissner equation with a wall thickness 
(h) of 10.2 nm, a Poisson ratio (ν) of 0.5, and an effective 
radius (Reff) of 1.60 μm, the EY of the multistep capsules 
was determined. Only the deformation data over the 
capsule shell thickness was used. This result was also 
confirmed with measurements using a stiffer cantilever 
(spring constant 90.2 mN m-1, probe diameter 32.4 μm). 
Instrumentation. For the mass adsorption studies in air, 
a QCM device (Hewlett-Packard) with ~9 MHz electrodes 
(resonance frequency) was used. UV−vis absorption spec-
tra were recorded on a Varian Cary 4000 UV-visible spec-
trophotometer. Zeta-potential measurements were per-
formed on a Malvern Nano-ZS zetasizer (Malvern Instru-
ments, UK) at room temperature. For atomic force mi-
croscopy (AFM) measurements (topographic imaging), 
capsule dispersions were cast and air dried on clean glass 
slides and mounted on a NanoWizard II AFM (JPK In-
struments, Berlin, Germany). Images were taken in tap-
ping mode with MikroMasch silicon cantilevers 
(NSC15/AIBS, spring constant = 46 N m-1) with a resonant 
frequency of 325 kHz. Force spectroscopy measurements 
were also performed on the same instrument. X-ray pho-
toelectron spectroscopy (XPS) spectra were obtained 
using a VG ESCALAB 220i-XL spectrometer equipped 
with a monochromated Al Kα X-ray source with an emit-
ted photon energy of 1486.6 eV at 10 kV and 12 mA. Meas-
urements were processed at a step size of either 1 eV 
(wide scans) or 0.1 eV (region scans). Film samples (on 
quartz) were screwed down to Al holders and samples 
were measured in the analysis chamber at a typical oper-
ating pressure of ~1 × 10−9 Pa. 

 

Results and Discussion 
Experiments using QCM were performed to follow the 

multistep growth of the TA and Fe(III) films. Sequential 
assembly was conducted at different pH conditions of the 
TA solution, as displayed in Figure 1. The pH of the Fe(III) 

solution was kept constant at 3.3. By alternately deposit-
ing the TA and Fe(III), with intermediate rinsing steps, the 
QCM resonance frequency gradually decreased, indicat-
ing the successful deposition of each component. Film 
assembly was found to be pH-dependent, with the depos-
ited amount increasing with increasing pH (after the first 
TA layer). However, the first TA layer showed a reverse 
trend due to the enhanced electrostatic repulsion be-
tween the substrate (silica) and TA (acid dissociation 
constant, pKa = ∼8.5, see later) with higher pH values. 

 
Figure 1. MPC film growth via multistep assembly (10 steps, 
(TA/Fe(III))5) at different pH values of the TA solution, moni-
tored in situ by QCM. 

QCM measurements in the “dry state” (i.e., in air) 
were also performed. The pH values of the TA solution 
were selected to be 3.3 and 6.0, while the pH of Fe(III) solu-
tion was kept at 3.3. The pristine pH for Fe(III) solution 
(0.05 mg mL-1) is 3.3 and above pH 4.3 Fe(III) forms insolu-
ble hydroxide species (solubility product, Ksp for Fe(OH)3 
is ~6 × 10-39).31 For this reason, the pH of the Fe(III) solution 
was not altered. The pH values of the rinsing solutions 
were adjusted accordingly (see Experimental Section for 
details). Moreover the substrate was made positively 
charged by a polyethyleneimine (PEI) precursor layer for 
better adhesion of the first TA layer. Under these set con-
ditions, in-air QCM measurements were performed after 
each deposition step, as shown in Figure 2. Consistent  
 

 
Figure 2. QCM frequency shift with each deposition step 
in the “dry state” at a pH of 3.3 or 6.0 for the TA solution, 
and the corresponding mass adsorbed (inset) in each step. 



 

with the in situ (in liquid) QCM results (Figure 1), the 
frequency decreased with each deposition step at both pH 
values, indicating gradual mass adsorption, but not as 
significant as those observed in the in situ experiments, 
suggesting that film hydration contributes to the in situ 
film buildup. However, the differences in frequency shifts 
at pH 3.3 and 6.0 in the “dry state” measurements were 
less pronounced than in the in situ growth of the films. 
After the deposition of the first layer of Fe(III), the fre-
quency increased slightly, indicating desorption of some 
materials. This can be explained by the fact that in the 
presence of Fe(III) ions, the apparent pKa (i.e., the degree 
of ionization) of the underlying TA and PEI layer varied in 
such a way that the electrostatic attraction between TA 
and PEI became weaker. As a result, some preadsorbed 
TA detached from the surface. However, the adsorbed 
mass was larger than the mass desorbed by the Fe(III) step, 
resulting in a net increase in frequency. The remaining 
steps showed a steady and linear film growth. The mass 
deposited for each layer, calculated from the frequency 
change, is presented in the inset of Figure 2. For 10 steps 
of TA/Fe(III) deposition, the adsorbed mass ratio of TA to 
Fe(III) was found to be approximately 1:1.1 and 1:1.2 at pH 
3.3 and 6.0, respectively (assuming a Mw of TA =1701.19 
Da). Although the chemical formula of TA is generally 
considered to be that of decagalloyl glucose (C76H52O46), it 
exists as a mixture of polygalloyl glucose molecules with 
different degrees of esterification.32 Hence, the exact mo-
lecular weight of TA is uncertain. 

To further investigate film formation at pH 3.3 and 
6.0, UV-vis absorption spectrophotometry was used to 
follow the multistep assembly (Figure 3). Prior to film 
assembly, the absorbance of the TA in solution as a func-
tion of pH was measured to determine its pKa (Figure S1). 
The reported pKa of TA varies significantly, from 2.5 to 
8.5.12,28 This discrepancy is probably caused by the use of 
different tannin sources. At pH 4, the UV-vis absorption 
spectrum of TA in solution exhibited two peaks centered 
at ∼225 nm and ∼274 nm. These peaks can be assigned to 
the neutral (i.e., protonated) form of TA.12,33 However, 
both peaks shifted slightly to longer wavelengths with 
increasing pH. At pH 7 and 8, a concomitant shoulder 
appears around ∼325 nm. With further elevation in pH, a 
clear peak emerged at ∼325 nm and its intensity reaches a 
maximum at pH 10. The absorption peak at ∼325 nm 
corresponds to the phenolate form of TA resulting from 
ionization of the phenolic hydroxyl groups in basic solu-
tion.12,33 To determine the pKa of TA, the ratio of peak 
intensities at 325 and 274 nm (denoted by A325/A274) at 
different pH were calculated and plotted in Figure S1 
(inset). The calculated ratio showed a sharp increase be-
tween pH 8 and 10. Similar TA ionization behavior was 
observed earlier by Erel-Unal and Sukhshivili.28 Assuming 
a negligible difference in the extinction coefficients of 
neutral and ionized forms of TA (at 274 nm and at 325 
nm, respectively), the pKa was calculated from the equiva-
lence point on the curve, giving an estimated value of 
∼8.5, which agrees well with other reports.11,28  

Analogous to the behavior of TA in solution, the  

  
Figure 3. UV-vis absorption spectra of MPC films (up to 11 
deposition steps) assembled at pH = 3.3 (a) and pH= 6.0 (b). 
The arrows indicate an increasing number of deposition 
steps. 

absorbance of the films can be attributed to: (i) the neu-
tral (i.e., protonated) form of TA showing a peak around 
215 nm and a broadened peak around 270 nm; and (ii) the 
phenolate (i.e., deprotonated) form of TA showing a 
shoulder around 305 nm. However, in the Fe(III) deposi-
tion step, the latter peak shifted slightly to longer wave-
lengths, suggesting conjugation between Fe(III) and the 
deprotonated form of TA. The degree of ionization of TA 
at both pH values appeared to be much higher in the 
films than in solution, and oscillated approximately be-
tween 40% and 45% (calculated from the ratio of absorb-
ance at 305 and 270 nm) when TA and Fe(III) were the 
adsorbing species, respectively. Evidently, the presence of 
Fe(III) in the film decreased the apparent pKa of TA in the 
film and shifted the degree of ionization. This observation 
is consistent with what is generally observed in polyelec-
trolyte multilayer films, and can be described by the in-
ternal charge adjustment of the components in the film.34 
It is also noted from Figure 3 that after a certain number 
of deposition steps, the absorbance values generally in-
creased following Fe(III) adsorption. This behavior was 
more pronounced in films assembled at pH 6.0 compared 
with those prepared at pH 3.3. There are three possible 
explanations for the observed phenomenon: (i) a hyper-
chromic shift due to changes in the nature of TA and 
Fe(III) conjugation; (ii) a change in refractive index of the 
film; and/or (iii) an additive effect from the absorbance of 
different Fe(III) species in the film. Since Fe(III) in solution 
showed a broad spectrum with an absorption maxima 
around 295 nm (Figure S2), the additive effect is likely to 
be the major factor. However, this peak was not well re-



 

solved in the film structure due to overlap with TA peaks. 
UV-vis absorption spectra of films assembled from TA 
solutions at basic pH values (pH 8.0 and pH 10.0) are 
presented in Figure S3. We note that at these pH values 
polyphenolic (TA) polymerization occurs.35  

Recently, we reported a one-step assembly technique 
for the preparation of capsules (denoted as “one-step” 
MPC capsules) based on the same MPC system (TA and 
Fe(III)).19 Visible inspection of capsules prepared by one-
step and multistep assembly revealed a remarkable color 
difference (Figure S4). The color of the one-step MPC 
capsules was blue-black with a well-resolved (but broad) 
ligand to metal charge transfer band (LMCT; here ligand 
refers to TA) in the UV-vis absorption spectrum at around 
570 nm (Figure S5). In contrast, the reported multistep 
system herein shows a faint yellow-brownish color with 
no resolvable LMCT band. The LMCT band of the one-
step MPC system can be explained by the formation of 
tris-type complexes commonly observed in solution sys-
tems.18,36 Low and high ligand concentrations (metal-to-
ligand ratio, high and low, respectively), along with the 
pH and final concentration of the solution, were found to 
be the major factors governing the formation of different 
types of metal-polyphenol complexes in solution.18,36,37  

The absence of both a well-resolved LMCT band and 
the blue-black color in the multistep-assembled films can 
be visualized by the aforementioned low ligand (when 
Fe(III) species adsorb) and high ligand (when TA adsorbs) 
concentrations and the corresponding pH values. Switch-
ing between these two concentrations regulates the mo-
lecular interactions between TA and Fe(III) during film 
  
Scheme 1. Illustration showing the different interaction 
modes of TA and Fe(III) at low and high ligand concentra-
tions. 

 

formation, as depicted in Scheme 1. When the Fe(III) spe-
cies deposit on a preadsorbed TA layer (low ligand con-
centration, pH 3.3), Fe(III) occupies the available binding 
sites (deprotonated galloyl groups) provided by TA. 
Hence, the formation of complexes with a low metal to 
ligand (TA) ratio is unlikely. Previous studies on Fe(III) and 
gallic acid (a major constituent of TA) suggested a 1:1 
complex formation in acidic pH38 and the absence of a 
LMCT band (gallic acid as the ligand here) at low ligand 
concentration.39 However, lateral crosslinking (top left 
panel, Scheme 1) might occur between two galloyl groups 
from different TA molecules. On the other hand, when 
TA adsorbs on preadsorbed Fe(III) (top right panel, Scheme 
1), TA is only able to interact with Fe(III) that is bound to 
the top of the underlying TA layer. This creates longitudi-
nal crosslinking where Fe(III) is sandwiched between two 
galloyl groups from lower and upper TA molecules. Here, 
due to steric hindrance (indicated by a green cross over 
the arrow), even the formation of a local tris-type com-
plex is unlikely. A similar situation can be presented in 
analogous solution systems (bottom panel, Scheme 1), 
where the main difference is that TA is mobile in the high 
ligand concentration (right bottom panel, Scheme 1) and 
can form tris-type complexes (indicated by a violet 
sphere) locally or as a whole, depending on the pH and 
concentration of the solution. UV-vis absorption spectra 
of TA-Fe(III) complexes at low ligand concentrations in 
solution (pH = 3.3) (Figure S6) further support this as-
sumption: no blue-black color or well-resolved LMCT 
band appeared, even if the Fe(III):TA ratio was as high as 
1:0.05. 

XPS was performed to determine the stoichiometry of 
TA and Fe(III) in the films. As displayed in Figure 4, C 1s, O 
1s, N 1s, and Fe 2p peaks were detected in the survey spec-
tra and this is in agreement with the film compositions at 
both pH values. From the C 1s core-level photoelectron 
spectrum, the binding energy (BE) was observed to be 
 

 
Figure 4. XPS spectra of a MPC film ((TA/Fe(III))5) assembled 
at pH = 3.3: (a) survey spectrum; (b) C 1s core-level spectrum; 
(c) Fe 2p core-level spectrum. 

 



 

Scheme 2. Illustration of the proposed growth mechanism for multistep assembly of MPC films. Crosslinking and non-
crosslinking Fe(III) species are shown in different colors for clarity. Molecular structure of TA (right panel), and small black 
dots represent the gallol groups. 

 
 

around 285 eV and can be attributed to the presence of 
hydrocarbons in TA and PEI.40 For both types of films (pH 
3.3 and 6.0), the Fe 2p3/2 signal showed a main peak at 
around ~711 eV with a 2p peak separation of ~12–14 eV, 
consistent with the presence of Fe(III) species.40 From the 
deconvoluted O 1s spectra (Figure S7), peaks appearing at 
~531.2 eV and ~533 eV can be assigned to Fe-O and Fe-OH 
species, respectively. Fe-O arises from the coordination 
between TA and Fe(III), as reported previously.40-42 By inte-
gration of the elemental peaks with respect to their indi-
vidual sensitivity factors, the atomic compositions of the 
films were calculated: TA:Fe(III) ratios of ~1:2.5 and ~1:3 
were obtained for films assembled at pH 3.3 and 6.0, re-
spectively. XPS spectra for the pH 6.0 film are displayed 
in Figure S8. This result further confirmed the absence of 
tris-type TA-Fe(III) (TA:Fe = 3:1) complexes in the film. 

The experimental observations presented above con-
tribute to the film growth mechanism shown in Scheme 2. 
Confirmation by XPS, and the absence of a LMCT band, 
suggests that tris-type complexes with a molar ratio of 
~3:1 (TA:Fe(III)) are not the dominant species in the film. 
The adsorbed mass ratio of TA and Fe(III) from the QCM 
results is approximately 1:1. According to these results, the 
adsorbing Fe(III) species bound to TA in the film might 
range from a combination of monomeric, dimeric and 
trimeric ferric aqua hydroxo complexes.43,44 Moreover, 
outer shell hydration45 (second hydration sphere, not 
shown) might occur due to hydrogen bonding interaction 
of the water (H2O) molecules coordinated to Fe(III) ions, 
which contributes significantly to the mass of the films. 
Since ferric hydroxo dimers show an absorption maxi-
mum at ~335 nm,46 the existence of the hydroxo complex-
es in this system is confirmed by the broad absorption 
spectrum of Fe(III) in aqueous solution (deconvoluted 
spectra, Figure S2). Moreover, the concentration (0.05 mg 
mL-1) and pH (3.3) of the Fe(III) solution (used in this 
study) further supports the existence of multinuclear 
Fe(III) entities.38,44 Hence, the presence of such species in 

the films can be justified. However, for the crosslinking 
Fe(III) species, the coordinated H2O should be largely sub-
stituted by TA ligands compared to the non-crosslinking 
Fe(III) species. Additionally, the formation and stability of 
the hollow microcapsules (see Figures 5 and 6) demon-
strate excellent lateral and longitudinal crosslinking by 
Fe(III) species. Following successful film assembly on pla-
nar substrates, microcapsules were prepared using spheri-
cal sacrificial polystyrene (PS) templates (D = 3.6 µm). 
These templates were removed by exposure to tetrahydro-
furan (THF).47-49 Optical micrographs show the successful 
formation of monodispersed capsules with no apparent 

 

 
 

Figure 5. Optical microscopy and AFM topographic im-
ages of (TA/Fe(III))4.5 and (TA/Fe(III))6.5, capsules (a, c) and 
(b, d), respectively.  



 

 
Figure 6. ζ-potential measurements for the growth of 
(TA/Fe(III))5 films on polystyrene (PS) particles. 

aggregation (Figure 5a, b). Two types of capsules were 
prepared (using either 9 or 13 deposition steps) at pH 6.0 
for the TA solution and are denoted as (TA/Fe(III))n, where 
n = 4.5 or 6.5, respectively. Figure 5c, d represent the AFM 
images of air-dried capsules of (TA/Fe(III))4.5 and 
(TA/Fe(III))6.5, respectively. The average shell thicknesses 
was determined to be 10.2 ± 0.5 nm for (TA/Fe(III))4.5 and 
14.1 ± 0.2 nm for (TA/Fe(III))6.5. The average (TA/Fe(III))1 
thicknesses in both (TA/Fe(III))4.5 and (TA/Fe(III))6.5 films 

were found to be in good agreement with each other (~2.2 
nm). Moreover, the difference between the total shell 
thickness of (TA/Fe(III))6.5 and (TA/Fe(III))4.5 capsules gave 
an average (TA/Fe(III))1 thickness of ~2 nm. This value is 
slightly lower than the 2.7 nm per layer thickness report-
ed for (Fe(III)/TA)10 films assembled from ethanolic solu-
tions.30 The reported average molecular diameter of TA 
varied from 1.7 to 3 nm.12,50,51 In addition, no appreciable 
shrinking or swelling of the capsules was observed after 
template removal.  

Microelectrophoresis was used to examine zeta-
potentials (ζ-potential) of the TA/Fe(III) films during 
growth (Figure 6). Bare PS particle showed a ζ-potential 
of -42.6 mV. Next the TA was adsorbed and the ζ-
potential was found to be –40.6 mV. However, the succes-
sive steps of Fe(III) did not result in charge reversal of the 
particle and the ζ-potential oscillated around -42 mV. 
This implies that most of the Fe(III) adsorbed inside the 
film structure and the amount retained on the surface was 
not sufficient enough to overcome the negative potential 
created by TA and resulted in a net negative potential. 
Moreover, UV-vis absorbance spectra for the planar film 
suggested increased ionization of TA due to the adsorp-
tion of Fe(III), which may shift the ζ-potential value to 
more negative, and may explain the slight oscillation in 
negative ζ-potential after the alternative deposition steps. 
For the MPC films, where very small molecules as TA and 
metal ions are assembled via complexation through coor-
dination bonds, charge compensation and overcompensa-
tion may not play a significant role for multistep growth. 
This is consistent with an earlier report,52 which shows 
the absence of complete charge reversal for terbium 
ion/polystyrene sufonate (Tb(III)/PSS) multilayers.  

We also investigated several macroscopic properties of 

the multistep system and the results compared with those 
of our previously reported one-step system.19 For compar-
ison, we chose equivalent shell thicknesses of capsules for 
both systems. The reported mean shell thickness for one-
step capsules was ~10 nm, hence we performed the exper-
iments with the multistep capsules of (TA/Fe(III))4.5, which 
exhibit a shell thickness of ~10 nm. First, the permeability 
of the multistep system was investigated. As shown in 
Figure 7, multistep capsules were completely impermea-
ble to 500 kDa FITC-Dextran and over 80% of the cap-
sules were impermeable to 70 kDa FITC-Dextran. Howev-
er, they were fully permeable to 10 kDa FITC-Dextran. In 
contrast, the one-step system was reported to be semi-
permeable to 70 kDa and 500 kDa FITC-Dextran (~40% 
and ~30%, respectively), and impermeable to 2000 kDa 
FITC-Dextran.19 These results indicate that the multistep 
MPC films have smaller mesh size than the one-step 
films. 

Next, we compared the shell stiffness of the multistep 
capsules to the one-step capsules previously reported. 
AFM force measurements using a colloidal indenter were 
performed to determine the Young’s modulus (EY) of the 

 

 
Figure 7. CLSM images of (TA/Fe(III))4.5 multistep capsules 
incubated with FITC-dextran (2000, 500, 70, and 10 kDa, 
a-d, respectively). The percentage of permeable capsules 
plotted against different molecular weights of FITC-
dextran. 



 

 
Figure 8. Representative force-deformation (F-δ) curves for 
the small deformation regime of (TA/Fe(III))4.5 multistep 
capsules (blue). Force-deformation curves (data taken from 
ref 18. Copyright 2013 by the American Association for the 
Advancement of Science) for one-step capsules (red) are also 
presented for comparison. Four separate F-δ curves are 
shown for both systems. 

 
multistep capsules. Figure 8 shows four separate force-
deformation curves for the (TA/Fe(III))4.5 multistep cap-
sules and curves for the one-step capsules19 are also pre-
sented for comparison. The variation in slope for the two 
systems implies that the multistep capsules are signifi-
cantly more compliant than the one-step capsules, as the 
indenter geometry was constant between both measur-
ments. The EY for the multistep capsules was calculated to 
be 420 ± 30 MPa, which is approximately 40% of the EY 
reported for the one-step capsules (1 ± 0.2 GPa).19 This 
result also suggests that tris-type complexes (TA:Fe(III) = 
~3:1), being a dominant species, might give rise to the 
higher stiffness of such films in the one-step system. It is 
noteworthy to mention that the EY observed for the mul-
tistep capsules sits in the intermediate range reported for 
layer-by-layer (LbL) polyelectrolyte capsule shells (10 to 
1000 MPa) interrogated using equivalent methodologies.53 

Finally, the degradability of the multistep capsules, 
(TA/Fe(III))4.5, was examined. Interestingly, multistep cap-
sules were found to be nondegradable when incubated in 
pH 2, pH 3 and EDTA solutions for at least three days. 
However, their colloidal stability was lost in those solu-
tions and the capsules aggregated (Figure S9). Multistep 
capsules were, however, degradable in 1 M HCl solution. 
In contrast, one-step capsules showed rapid degradation 
under the same conditions (pH 2, pH 3 or EDTA solu-
tions).19 The reason for this enhanced stability of the mul-
tistep system is not clear; however, it may be possible that 
the Fe(III) ions induce intermolecular oxidative C-C cou-
pling54,55 of TA molecules in the film. These covalent 
cross-links might contribute to enhance the stability of 
the films. Further studies are currently underway to ex-
amine the crosslinking in the films.  

 
Conclusion 

Metal-polyphenol film formation utilizing coordina-
tion bonding between TA and Fe(III) through multistep 

assembly has been explored. A growth mechanism of the 
coordination-driven film buildup was postulated, consid-
ering the stoichiometry of TA and Fe(III) inside the film 
and the interchange between low and high ligand concen-
trations. The growth behavior and nature of complexation 
of the presented multistep MPC film deviate in several 
aspects from one-step MPC films;19 this provides insights 
into how film formation for the MPC systems can be tai-
lored by exploiting different assembly protocols (one-step 
or multistep). In addition, we have also demonstrated 
that the properties exhibited by multistep MPC capsules 
differ remarkably to those of one-step MPC capsules. 
Since MPC systems possess useful bioactive features due 
to the presence of natural polyphenols, they can be useful 
for a range of applications including drug delivery, bio-
sensing, and bioimaging. A judicious choice can be made 
between the two protocols, one-step or multistep, consid-
ering their relative nature of complexation and properties 
presented here for case specific applications. 
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