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ABSTRACT: We report the design and characterization of Fe-containing soft materials that 
respond to, interface with, and/or sequester Fe-chelating ‘siderophores’ that bacteria use to 
scavenge for iron and regulate iron homeostasis. We demonstrate that metal-organic network 
coatings fabricated by crosslinking tannic acid with iron(III) are stable in bacterial growth media, 
but erode upon exposure to biologically relevant concentrations of enterobactin and 
deferoxamine B, two siderophores produced by Gram-negative and Gram-positive bacteria, 
respectively. Our results are consistent with changes in network stability triggered by the 
extraction of iron(III) and reveal rates of siderophore-induced disassembly to depend upon both 
siderophore concentration and affinity for iron(III). These coatings also disassemble when 
incubated in the presence of cultures of wild-type Escherichia coli. Assays using genetically 
modified strains of E. coli reveal the erosion of these materials by live cultures to be promoted 
by secretion of enterobactin and not from other factors resulting from bacterial growth and 
metabolism. This stimuli-responsive behavior can also be exploited to design coatings that 
release the Fe-chelating antibiotic ciprofloxacin into bacterial cultures. Finally, we report the 
discovery of Fe-containing polymer hydrogels that avidly sequester and scavenge enterobactin 
from surrounding media. The materials reported here are (i) capable of interfacing or interfering 
with mechanisms that bacteria use to maintain iron homeostasis, either by yielding iron to or by 
sequestering iron-scavenging agents from bacteria, and can (ii) respond dynamically to or report 
on the presence of populations of iron-scavenging bacteria. Our results thus provide new tools 
that could prove useful for microbiological research and enable new stimuli-responsive strategies 
for interfacing with or controlling the behaviors of communities of iron-scavenging bacteria.  
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Introduction 
 

In this paper, we report the design of iron-containing soft materials, including metal-

organic network coatings and polymer-based hydrogels, that can interact with, respond to, and 

sequester chemical ‘siderophores’ that many bacteria use to scavenge for iron and carry out 

important biological processes. The materials and approaches reported here provide tools that 

could prove useful for microbiological research and provide guidance for the design of new 

stimuli-responsive materials that can interface with or directly influence the behaviors of 

communities of iron-scavenging bacteria.  

Bacteria have evolved sophisticated mechanisms to assess their environment and carry 

out processes vital for survival and adaptation to hostile or changing environments. One such 

mechanism is the regulation of iron homeostasis, which bacteria use to manipulate 

concentrations of intracellular iron.1 In iron-rich environments, this process helps bacteria 

maintain amounts of iron needed for metabolism, biosynthesis, and other processes without 

exceeding levels that are toxic.1 In iron-poor environments, bacteria use several mechanisms to 

forage for iron, including lowering environmental pH to increase ferric iron (FeIII) solubility.1,2 

When iron is scarce, many species of bacteria also upregulate the synthesis and secretion of iron-

chelating ‘siderophores’ that can coordinate strongly to extracellular FeIII and re-enter cells via 

active transport.1-3 This latter process is regulated predominantly by the ferric uptake regulator 

(FUR) protein,1-5 but an emerging body of work suggests that siderophore production, and thus 

iron homeostasis, may also be regulated in some species by control of quorum sensing.2,6-10 

Regardless of the governing mechanism, siderophores play critical roles in enabling bacterial 

virulence and constitute shared tools for the gathering of resources within bacterial communities 

by providing an essential nutrient needed for bacterial growth and biosynthesis.1,11  



 

 3 

The most commonly exploited triggers used to design materials that respond to the 

presence of bacteria include changes in environmental pH, the expression of enzymes (e.g., 

lipases, phosphatase, and hyaluronidase), and the production of pore-forming toxins.12-19 Despite 

a growing body of knowledge highlighting links between iron homoeostasis and bacterial 

virulence,11,20 the design of materials that can interface with bacteria by exploiting the functions 

of siderophores has not been widely explored. Siderophores are produced by many different 

Gram-negative and Gram-positive bacteria and are avid binders of environmental iron; some are, 

indeed, among the strongest chelators of FeIII known (e.g., ka = 1049 for enterobactin, a 

siderophore produced by Escherichia coli; Figure 1, left).21 We reasoned that siderophores could 

be used to extract iron from iron-containing materials and that, if designed appropriately (e.g., if 

iron were used as a key structural element of the material) it should be possible to create 

materials that undergo changes in properties or behavior upon exposure to iron-scavenging 

 

Figure 1. Structures of enterobactin and deferoxamine B, the two bacterial siderophores used 
in this study (left). Structures of tannic acid and alginate, small-molecule and polymeric iron-
binding organic building blocks used in this study (right). 
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bacteria in ways that could be useful in fundamental and applied contexts (Figure 2A). More 

broadly, the ability to control the exchange of iron between bacteria and soft materials could also 

provide new tools useful for interfacing with and influencing the behaviors of bacterial colonies 

by controlling, disrupting, or hijacking elements of iron homeostasis pathways that are important 

for growth and virulence (Figure 2B).11  

The work reported here builds from the results of past studies demonstrating that ferric 

iron can be used to promote the coordination-driven assembly of polyphenols into thin films and 

 

Figure 2. (A) Schematic illustration of interactions between an iron-scavenging bacterium in 
which siderophores (open hexagons) are secreted and interact with a material containing iron 
(orange spheres) as a structural element. Extraction of the iron by siderophores results in a 
physical change in the material from State A to State B, and siderophores shuttle extracted 
iron to the bacterium. (B) Schematic illustration of interactions between an iron-scavenging 
bacterium in which siderophores are secreted and interact with a material containing iron in a 
manner that results in the retention of the siderophore on or within the material, resulting in 
sequestration of the siderophores.  
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coatings.22,23 These metal-organic networks can be deposited onto a diverse array of substrates 

and are of broad technological interest due to their mechanical and thermal stability,24-26 selective 

permeability,27-29 and responsiveness to changes in pH30-32 that arise from their highly 

crosslinked structures and the reversible nature of the metal coordination chemistry that drives 

assembly.23 Here, we demonstrate that thin metal-organic coatings fabricated from the 

crosslinking of the natural polyphenol tannic acid (TA; Figure 1, right) and ferric ions (referred 

to from hereon as TA-FeIII films) that are physically stable in many aqueous environments erode 

slowly upon exposure to biologically relevant concentrations of two model bacterial 

siderophores. Our results demonstrate that siderophore-induced disassembly occurs with kinetics 

controlled by siderophore concentration and the affinity of the siderophores for FeIII. These 

materials also disassemble gradually when incubated in the presence of cultures of wild-type E. 

coli. The results of additional bacterial assays using genetically modified knock-out strains of E. 

coli reveal the erosion of these materials in live cultures to be promoted predominantly by 

secretion of enterobactin as the bacteria forage for iron and not by other factors, such as changes 

in environmental pH. We further demonstrate that this stimuli-responsive behavior can be 

exploited to design TA-FeIII films containing antibiotics that are released into bacterial cultures 

upon contact with siderophores. Finally, we report the unexpected discovery of Fe-containing 

polymer hydrogels of the natural polymer alginate that do not disassemble upon exposure to 

enterobactin but, instead, avidly sequester enterobactin and scavenge it from surrounding media. 

When combined, these results provide guidance for the design of new metal-containing materials 

that can respond to the presence of iron-scavenging bacteria, interface with and influence 

processes that govern bacterial iron homeostasis, and attenuate the behaviors of communities of 

bacteria.  
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Materials and Methods 

Materials. Tannic acid (TA, ACS reagent grade), enterobactin (derived from Escherichia coli, 

≥98%), diethyl ether (ACS reagent grade, 99%), acetonitrile (HPLC grade, 99.9%), sodium 

hydroxide (NaOH; ACS reagent grade, 97%), hydrochloric acid (HCl, ACS reagent, 37%), 

sodium phosphate dibasic (Na2HPO4; ACS reagent grade, 99%), Gallium (III) nitrate (99.9%), 

and dimethyl sulfoxide (DMSO; BioReagent grade, 99.9%) were all purchased from Sigma 

Aldrich (Milwaukee, WI). Citric acid (99%), iron (III) sulfate pentahydrate (97%), and sodium 

molybdate (VI) dihydrate (99%) were purchased from Acros Organic (New Jersey, US). Sodium 

nitrite (lab grade, 99%) was obtained from Ward’s Science+ (Rochester, NY). Deferoxamine 

mesylate (DFO, 97%) was purchased from Santa Cruz Biotechnology Inc. (Dallas, TX). 

Ciprofloxacin HCl (molecular biology grade) was purchased from GoldBio (St. Louis, MO). 

Sodium alginate was obtained from Spectrum Chemical (New Brunswick, NJ). Phosphate-

buffered saline (PBS, pH = 7.4, ionic strength = 154 mM) was prepared by diluting 

commercially available liquid concentrate (OmniPur® 10X PBS) purchased from EMD 

Millipore (Burlington, MA). BacTiter-Glo™ microbial cell viability assay was purchased from 

Promega (Madison, WI). All chemicals were used as received unless otherwise noted.  

 

General Considerations. Deionization of distilled water was performed using a Milli-Q system 

(Millipore, Bedford, MA) to give water with a resistivity of 18.2 MΩ cm. Glass slides were 

purchased from VWR (Batavia, IL). Prior to coating with iron-crosslinked tannic acid (TA-FeIII) 

films, glass slides were rinsed with acetone, methanol, ethanol, and water and then dried under a 

stream of filtered air before subjecting the substrates to plasma oxidation for 10 minutes (plasma 
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power 250 mW and oxygen flow rate of 50 cm3/min). Sonication was performed using a Branson 

2510 water bath sonicator at ambient temperature. Citric acid-Na2HPO4 buffer (pH = 2.8) was 

prepared by mixing 408.7 mL of 0.1M citric acid with 50 mL of 0.2M Na2HPO4. Absorbance 

readings of coatings and solutions of culture supernatants analyzed by Arnow’s test were made 

using a Tecan Infinite M200 Pro microplate reader (Tecan, Grӧdig, Austria). Absorbance values 

were measured in five different locations set by the plate reader software, i-control 1.12, in the 

circle-filled configuration with a distance from the plate wall of 5000 µm for 12-well plates and 

750 µm for 24-well plates. UV/vis measurements were made using an Eppendorf 

BioSpectrometer  basic spectrophotometer (Hauppauge, NY). The optical thicknesses of TA-FeIII 

films fabricated on silicon wafers were characterized using a Gaertner LSE ellipsometer (632.8 

nm, incident angle = 70°). Data were processed using the Gaertner Ellipsometer Measurement 

program. To determine the relative thickness of TA-FeIII films, an average refractive index of 

1.56 was assumed. The silicon substrates were determined to have a refractive index of 3.85 and 

an extinction coefficient of -0.1342. Thicknesses for each deposition cycle were determined in at 

least five standardized locations on each substrate, and are reported as the average of 

measurements made on three independent coatings. 

 

Bacterial Strains and Growth Conditions. Unless stated otherwise, E. coli strains were 

routinely grown aerobically in M9 minimal medium (1 × M9 salts [8.55 mM NaCl, 22 mM 

KH2PO4, 47.7 mM Na2HPO4·7H2O, 18.7 mM NH4Cl] supplemented with 2 mM MgSO4, 0.4% 

[w/v] glucose, 0.1 mM CaCl2, and 2 mM all essential amino acids) (pH 7.0) or in lysogeny broth 

(LB) (1% [w/v] tryptone, 0.5% [w/v] yeast extract, and 1% [w/v] NaCl) at 37 °C. Kanamycin (30 
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µg/mL) was added to the medium or agar as needed. Bacterial strains and plasmids used in this 

study are listed in SI Table 1. 

 

Preparation of TA-FeIII and TA:CP-FeIII Coatings. Glass slides were coated with (TA-FeIII)n 

following a procedure published by Ejima et al. with the following modifications.22 Glass slides 

were cut to desired dimensions (1.3 cm x 7.5 cm with horizontal scoring every 1.5 cm to 

facilitate subsequent separation into smaller pieces after coating) and cleaned as described in the 

General Considerations section. Individual substrates were then placed in a 15 mL centrifuge 

tube and 0.02 M Fe2(SO4)3 (704 µL) was added and diluted up to ~13 mL with milliQ water. An 

aqueous solution of tannic acid (1.5 mL, 4 mg/mL) was then added, after which the solution 

turned from a light orange to a deep blue color. The tube was immediately vortexed for 10 s, 

followed by the addition of 1 M NaOH (130 µL). After addition of the base, the tube was 

continuously vortexed for one minute. The supernatant was then decanted, and the glass slides 

were rinsed under a stream of milliQ water before repeating this process for the desired number 

of deposition cycles (n). To fabricate iron-crosslinked tannic acid coatings loaded with 

ciprofloxacin (TAx:CPy-Fe)n, the same method described above was followed with the exception 

that mixtures of tannic acid and ciprofloxacin HCl with molar ratios of 1:1 or 1:3 (TA:CP) (i.e., 

2.35 mM : 2.35 mM, and 2.35 mM : 7.05 mM, respectively) were used instead of pure tannic 

acid. 

 

Characterization of TA-FeIII Film Erosion Induced by Enterobactin and DFO. TA-FeIII 

coated glass slides were prepared as described above, placed in separate 50 mL centrifuge tubes, 

and solutions (25 mL) of enterobactin dissolved in 10% (v/v) acetonitrile in water were added. 
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The tubes were incubated at 37 °C, and film erosion was monitored at pre-determined time 

intervals by removing the slides, rinsing with milliQ water, and air drying before analyzing the 

absorbance at 315 nm in 10 different positions on each slide (Beckmann Coulter DU520). 

Control experiments in the absence of siderophore were run in parallel by adding a coated slide 

to 25 mL of solvent consisting of 10 % (v/v) acetonitrile in water. 

 

Quantification of Enterobactin Concentration Bacterial Culture Supernatants. Standard 

solutions of enterobactin were prepared in M9 media by preparing 100 times more concentrated 

serially diluted stocks in DMSO and a subsequent dilution in M9 to achieve the final desired 

concentration containing 1% DMSO (to aid with enterobactin solubility). These solutions were 

then used to perform Arnow’s assay, following previously described methods,33,34 to correlate 

enterobactin concentrations with the absorbance signal (λmax = 505 nm) that results from the 

nitrosation of the catechol rings.34 Briefly, 500 µL of enterobactin solution were added to a glass 

test tube and mixed with 500 µL of 0.5 M HCl. This was followed by the addition of 500 µL of a 

mixture of sodium nitrite (0.1 g/mL) and sodium molybdate (0.1 g/mL), and subsequent addition 

of 500 µL of 1M NaOH. Samples were mixed by vortexing between each addition, and the 

absorbance of this final mixture was recorded 5 min after the addition of NaOH. This same 

process was performed on E. coli culture supernatants that were obtained by centrifuging 

cultures for 5 min at 2000 x g, collecting the supernatant, and then filtering it using a 0.22 µm 

PES syringe filter. 

 

Characterization of the Release of Ciprofloxacin from TA:CP-FeIII coatings. Standard 

calibration curves correlating ciprofloxacin fluorescence with concentration were obtained using 
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milliQ water or citric acid-Na2HPO4 buffer and a 24-well plate containing 1 mL of serially 

diluted solutions; fluorescence was measured (emission 454 nm, excitation 280 nm) using a 

Tecan well plate reader with gain set to 89. Glass slides coated with 10 deposition cycles of 

(TA1:CP1-Fe)10 and (TA1:CP3-Fe)10 were cleaned immediately after fabrication by rinsing with 

water followed by ethanol. The coated glass slides were then immersed in a 12-well plate 

containing 2 mL of milliQ water and incubated for pre-determined times, at which 1 mL aliquots 

were removed for fluorescence intensity readings. The release of ciprofloxacin in water was 

measured in this manner over a period of 48 hours, after which the coatings were immersed in 2 

mL of citric acid-Na2HPO4 buffer (pH = 2.8) for one hour to promote complete coating 

disassembly to measure the amount of ciprofloxacin remaining in the structure. Citric acid was 

used here because of its Fe-chelating properties and was buffered at pH 2.8 to promote complete 

erosion within one hour. We also used citric acid for these studies because when enterobactin 

was used to induce erosion we observed the subsequent release and quenching of ciprofloxacin 

fluorescence, preventing accurate measurements of the amount of ciprofloxacin released from 

the coatings. After one hour of incubation the coatings were removed, and the fluorescence of 

release solution was measured. 

 

Characterization of Antimicrobial Activity of TA:CP-FeIII Coatings. Coatings of (TA1:CP1-

Fe)10 or (TA-Fe)10 (negative control) were cleaned by rinsing with water, sterilized by rinsing 

with ethanol, dried by evaporation, and placed on a sterile 12-well plate. To each well containing 

the coatings, 1 mL of M9 media with 1% DMSO or 10 µM enterobactin in M9 with 1% DMSO 

was added. Then, wells were inoculated with E. coli ΔentC (OD600 = 1.00) and allowed to grow 

at 37 °C with orbital shaking at 200 rpm for 24 hours. After this, the viability of cells was 
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determined following the BacTiter-Glo manufacturer’s provided protocol. Luminescence of cells 

after 5 minutes of incubation at 37 °C with orbital shaking was measured using Tecan well plate 

reader. 

 

Preparation of Iron-Crosslinked Alginate Beads. Iron-crosslinked alginate beads were 

prepared using an extrusion dripping method. First, a 1% (w/v) alginate solution was prepared by 

dissolving dry alginate in milliQ water, facilitated by stirring overnight at ambient temperature. 

To prepare the Fe-alginate beads, 3 mL of the 1 % (w/v) alginate solution was collected using a 5 

mL syringe, and the solution was dispensed dropwise through a 20 gauge needle into a 50 mL 

stirred solution of 25 mg/mL Fe2(SO4)3·5H2O. The iron(III) sulfate solution was prepared by 

dissolving 1.25 g of Fe2(SO4)3·5H2O in 50 mL of phosphate-reduced M9 or in milliQ water. 

Alginate beads crosslinked with GaIII were prepared following the same procedure using 

gallium(III) nitrate dissolved in ultrapure water (25 mg/mL). The M9 was prepared as described 

above with the exception that the recipe was adjusted for phosphate ions by decreasing KH2PO4 

to 4.4 mM and Na2HPO4·7H2O to 9.5 mM. The beads were allowed to cross-link for one hour, 

the Fe2(SO4)3·5H2O was decanted, and the beads were washed with milliQ water five times. The 

beads were then incubated in milliQ water for 24 hours, washed once more, and then stored in 

milliQ water and used within three days of preparation. This process yielded over 100 Fe-

containing beads with diameters of 2.7 ± 0.4 mm. 

 

Sequestration of Enterobactin Using Metal-Crosslinked Beads. Fe-alginate or Ga-alginate 

beads fabricated as described above were incubated in 1 mL of M9 buffer or water and in 

solutions of enterobactin at a concentration of 100 µM prepared in either water or M9 buffer. 
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The beads were incubated with moderate shaking at 37 °C and the supernatant was removed at 

pre-determined time points to record its UV/vis absorbance from 250 nm to 800 nm. 

Enterobactin solutions were prepared from a concentrated stock dissolved in DMSO at 10 mM 

and further diluted to achieve a concentration of 100 µM containing 1% (v/v) of DMSO in either 

water or M9. For experiments in which Fe-alginate beads were incubated directly with bacteria, 

beads were prepared as described above with the exception that sterile milliQ water was used to 

prepare alginate solutions and aseptic conditions were maintained during the preparation and 

subsequent handling of beads. For these experiments, three beads were transferred to the wells of 

a 24-well plate containing 1 mL of M9 media inoculated with E. coli ΔentC (OD600 = 1.00), Δfur 

(OD600 = 1.00), or M9 (control) and maintained at 37 °C with orbital shaking at 200 rpm for 24 

hours. Images of the beads and the wells were recorded using a digital camera. 

 

Characterization of the Reversibility of Enterobactin Sequestration on Fe-Alginate Beads. 

A total of five alginate beads crosslinked with FeIII, prepared as described above in water, were 

incubated in 1 mL of a 100 µM enterobactin solution in water for 72 hours. After this pre-

incubation period, Fe-alginate beads were removed from the enterobactin solution and 

transferred to fresh water for an additional 24 hours, at which UV/vis absorption spectra of the 

supernatant were recorded from 250 nm to 800 nm periodically over 24 hours. 
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Results and Discussion 

Siderophores Trigger the Disassembly and Erosion of TA-FeIII Films in Aqueous Buffer 

We performed a series of initial experiments to assess the impacts of bacterial 

siderophores on the behaviors of thin film coatings fabricated by the metal coordination-induced 

crosslinking and precipitation of TA and FeIII (see schematic illustration in Figure 3A). Although 

a broad range of natural and synthetic small-molecule and macromolecular polyphenols have 

been used to design these types of metal-organic networks,22,30,35-37 we selected TA for use in 

these proof-of-concept studies for several reasons: (i) coatings fabricated from TA and FeIII 

adhere strongly to a broad range of substrates and materials, (ii) these materials can be designed 

to be physically stable in a variety of aqueous and physiologically relevant environments, but can 

be disrupted in the presence of synthetic iron-chelating agents such as EDTA,22 (iii) TA is a 

natural building block that leads to Fe-crosslinked coatings that are reported to be generally 

biocompatible,35,36,38 and (iv) materials derived from TA and FeIII exhibit properties and 

behaviors that are attractive in biotechnological, pharmaceutical, and food science contexts 

where materials that respond to contact with iron-scavenging bacteria could be useful.39-43  

As model siderophores, we selected enterobactin, a ubiquitous catechol-type siderophore 

found in Gram-negative bacterial species including E. coli and Salmonella typhimurium, and the 

hydroxamate-based siderophore deferoxamine B (DFO), which is produced by the Gram-positive 

species Streptomyces pilosus (Figure 1).20,44 As noted above, enterobactin is one of the strongest 

known naturally occurring iron-chelators (ka = 1049).21 DFO is also a strong chelator of iron, but 

it has an affinity constant that is 19 orders of magnitude lower than that of enterobactin (ka = 

1030) for 1:1 complexes.45 For all experiments described below, TA-FeIII films were fabricated 

on the surfaces of glass slides using a TA:FeIII ratio of 1 to 20 (conditions determined to lead to 
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coatings that were substantially stable in bacterial growth buffer; vide infra). We estimate the 

thicknesses of these films after the deposition of five cycles of TA and FeIII to be ~15 nm based 

on measurements made using ellipsometry on otherwise identical films fabricated on reflective 

silicon substrates (see Figure S1 of the Supporting Information). 

 
Figure 3. (A) Schematic representation of siderophore-induced erosion of iron crosslinked 
tannic acid coatings (TA-FeIII). (B) UV/vis analysis of TA-FeIII coated glass slides 
demonstrated that erosion takes place in the presence of enterobactin aqueous solutions 
containing 10% (v/v) acetonitrile at various biologically-relevant concentrations: 2 µM 
(filled circles), 4 µM (filled squares), and 8 µM (filled triangles); results for M9 medium are 
shown as open circles. (C) UV/vis analysis of TA-FeIII coated glass slides showing erosion 
as a percentage of the coating remaining when incubated with E. coli strains, WT (open 
triangles), Δfur (filled triangles), ΔentC (open circles), and M9 control (filled circles). (D) 
Enterobactin concentrations produced by different E. coli strains, WT (open triangles), Δfur 
(filled triangles), and ΔentC (open circles) after 24 and 48 hours of growth quantified by 
using the liquid Arnow’s test on culture supernatants. All data points in each plot represents 
the mean ± SEM (n = 3). 
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Substrates coated with TA-FeIII films were incubated in solutions of enterobactin 

prepared in aqueous M9 buffer (containing 10% (v/v) CH3CN to aid solubility) at concentrations 

of 2 to 8 µM relevant to those found in cultures of E. coli46 (Figure 3B; vide infra), and we 

characterized the stability of the films over time by measuring changes in UV/vis absorption 

[these materials exhibit absorbance at 315 nm that is characteristic of the phenolate form of TA47 

and correlates with the thickness of TA-FeIII coatings as previously described22 (Figure S2)]. 

Inspection of Figure 3B reveals these films are physically stable in M9 medium for at least 24 

hours, but that the presence of enterobactin leads to large decreases in the absorbance of TA that 

we interpret to result from the gradual erosion and loss of TA from these materials. The decrease 

in absorbance at 315 nm was also accompanied by a concomitant decrease in the original dark 

purple color of the film-coated substrates that is characteristic of TA-FeIII complexes (by visual 

inspection; Figure S3 shows a representative example). These observations are generally 

consistent with past reports on the degradation of hollow TA-FeIII microcapsules upon the 

addition of EDTA22 and a recent report describing the erosion of Fe-containing metal-organic 

frameworks (MOFs) upon the addition of the iron-chelating agent citrate.48  

Further inspection of Figure 3B reveals that the rates and extents of film erosion were 

influenced strongly by enterobactin concentration. Film erosion was fastest at concentrations of 8 

µM, with >80% of film having eroded within 5 hours. Film erosion also occurred rapidly at 4 

µM enterobactin (~80% erosion after 10 hours). In contrast, films eroded much more slowly at 

concentrations of 2 µM enterobactin—film erosion was only ~25% complete after 24 hours 

(Figure 3B), and only ~35% complete after 48 hours (Figure S4; transfer of these partially 

eroded coatings to fresh solutions of 2 µM enterobactin resulted in continued erosion, resulting 

in ~80% of film loss after 72 hours of incubation). Finally, additional results shown in Figure S5 
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demonstrate that the erosion of these materials can be arrested by removing them from 

enterobactin solutions and placing them in fresh buffer, and that further erosion can be triggered 

by subsequent re-exposure to siderophore. These observed erosion behaviors present the 

potential to trigger material changes in a siderophore concentration-dependent manner, thus 

enabling the design of biosensors that respond to bacterial populations via secreted siderophores 

in solution.  

The results above demonstrate that the strong FeIII chelator enterobactin can scavenge 

iron from TA-FeIII based materials and promote disassembly in a concentration-dependent 

manner. We note that the stability constant of TA-FeIII complexes has been reported to be on the 

order of 109 at pH 5 and 1017 at pH 8.49 These values are substantially smaller than the iron 

affinity of enterobactin, leading to relatively fast film erosion when these materials are exposed 

to relatively low concentrations of enterobactin. To determine the impact of siderophore iron 

affinity on film erosion, we conducted a second set of experiments using the hydroxamate 

siderophore DFO, which has an iron association constant (1030 at neutral pH)45 that is much 

lower than enterobactin. Films eroded much more slowly in the presence of DFO and required 

substantially higher concentrations of siderophore. As shown in Figure S6, film erosion was only 

50% complete after 48 hours at concentrations of 200 µM DFO and required ~90 hours to erode 

completely under these conditions. These differences in erosion profiles are consistent with the 

large differences in the iron affinities of DFO and enterobactin, and are consistent with the view 

that the physical erosion observed in these experiments is the result of the extraction of iron by 

the siderophores.  
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Disassembly of TA-FeIII Films is Promoted by Enterobactin Produced in Cultures of E. coli 

We next performed a series of experiments to determine whether growing cultures of 

siderophore-producing bacteria could promote the erosion of TA-FeIII coatings. We selected E. 

coli as a model organism for these studies, because the iron uptake and regulation mechanisms of 

this species are well characterized,4,50 and we used an iron-poor M9 minimal growth medium 

that should result in increased production of siderophore.46 The red curve in Figure 3C shows the 

erosion profile of TA-FeIII coatings incubated with cultures of wild type (wt) E. coli for two 

days. Inspection of these results shows the films to erode gradually over this time period, with a 

decrease in absorbance of ~70% after 48 hours. This erosion profile contrasts with that of the M9 

medium control (no bacteria), which was relatively stable under these conditions and exhibited a 

decrease in absorbance of ~10% over the same time period (Figure 3C; blue curve). 

Characterization of bacterial growth media using Arnow’s test, a colorimetric assay used in 

many past studies to quantify concentrations of catecholate-type siderophores,33,34 revealed a 

steady increase in the concentration of siderophore, to ~5 µM after 24 hours and ~10 µM after 48 

hours (Figure 3D; red curve). These values are similar to the concentrations of enterobactin used 

to promote the erosion of otherwise identical coatings in the controlled buffer experiments 

described above (2-8 µM; Figure 3B).  

Taken together, these results are consistent with disruption and disassembly promoted by 

the secretion of siderophores during bacterial growth. However, these results themselves do not 

rule out other possibilities, such as other changes to growth medium composition, that could 

arise during bacterial culture. We therefore conducted a series of additional experiments using 

two strains of E. coli that have been genetically modified to either amplify or disrupt the 
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production of enterobactin: (i) ΔentC, a strain that is unable to synthesize enterobactin under any 

conditions, and (ii) Δfur, a strain that has been engineered to constitutively overproduce 

enterobactin. The results of these experiments are shown in Figure 3C, and reveal coatings 

incubated in cultures of the ΔentC mutant strain to exhibit stabilities similar to those of coatings 

incubated in buffer alone (Figure 3C, light blue curve). In contrast, films incubated in the 

presence of the Δfur mutant eroded more rapidly than those incubated in the wt E. coli control 

(Figure 3C; green curve). Additional characterization of enterobactin concentrations using 

Arnow’s test revealed these differences in erosion rate to correlate with large differences in the 

production of enterobactin by these mutant strains (Figure 3D; <1 µM for the ΔentC strain and 

~30 µM for the Δfur strain after 48 hours of growth).  

Overall, the relative rates of erosion observed in Figure 3C for the wt, ΔentC, and Δfur 

strains are consistent with differences in the concentration of enterobactin produced in cultures 

of these bacteria. Further inspection of the results of experiments using the ΔentC mutant reveal 

a small increase in film erosion relative to the buffer control. We note that while this strain has 

been engineered to be unable to produce enterobactin, it is still able to biosynthesize small 

amounts of other, non-catecholate siderophores that could also have the potential to extract iron 

from these materials.46 Regardless, we conclude on the basis of these mutant-strain studies that 

cultures of E. coli can trigger the stimuli-responsive disruption and erosion of TA-FeIII coatings 

through a mechanism that is mediated by the production and secretion of iron-scavenging 

enterobactin. The results of additional experiments revealed that the large differences in erosion 

shown in Figure 3C did not arise from changes in environmental pH or differences in the rates of 

growth of these three bacterial strains (Figures S7-9).  
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Siderophore-Induced Release of an Antibiotic Agent  

We next conducted studies to evaluate the potential of TA-FeIII coatings as a platform for 

the design of bacteria-responsive materials useful for the siderophore-triggered release of active 

agents. To explore the feasibility of this approach and demonstrate proof of concept, we focused 

on the design of TA-FeIII coatings loaded with the broad-spectrum antibiotic ciprofloxacin (CP) 

for several reasons. First, CP is a potent antimicrobial agent that could serve as a model for the 

design of new bacteria-responsive coatings that prevent biofouling.51 Second, CP is a 4-

quinolone that has been found to form 3:1 (CP-FeIII) coordination complexes with ferric ions 

through its pyridine and carboxylate oxygen atoms.52 Relative to other small-molecule antibiotic 

agents, we hypothesized that the ability to coordinate to iron could provide a means to anchor CP 

into the structures of TA-FeIII coatings and minimize or possibly prevent premature diffusion-

based burst release prior to film disassembly. Third, CP exhibits fluorescence that can be used to 

monitor controlled release profiles. While past studies have demonstrated the use of TA-FeIII 

coatings to coat drug crystals or design hollow capsules or coated particles for the slow or 

triggered release of loaded agents,40,42,53,54 we are not aware of past studies in which these 

materials have been used to trap diffusible, small-molecule active agents within these materials 

or use them as building blocks and structural elements to design materials for controlled release. 

We note, however, that structurally ordered Fe-containing MOFs have been widely used to host 

and release bioactive agents.48,55-58  

Subsequent experiments demonstrated that CP could be loaded readily into TA-FeIII 

coatings during film assembly. For these experiments, we used a fabrication protocol similar to 

the one used in the studies described above, with the exception that TA solutions were 

substituted with solutions containing mixtures of TA and CP at different molar ratios. Coatings 
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fabricated using this approach are referred to from here on using the notation (TAX:CPY-Fe)n, 

where “X” and “Y” indicate the molar ratios of TA and CP, and “n” denotes the number of 

deposition cycles. We note, for clarity, that this notation refers only to molar ratios of TA to CP 

used during assembly and not the amounts of these two agents measured in the films after 

assembly. 

 
Figure 4. (A) Plot showing the release of ciprofloxacin (CP) from iron-crosslinked TA-FeIII 
coatings fabricated using two different molar ratios of TA:CP. The data correspond to results 
using (TA1:CP3-Fe)10 films (green triangles) and (TA1:CP1-Fe)10 films (red squares) after 
incubation in 1 mL of water for 48 hours and subsequent incubation for one hour in a solution of 
citric acid at 37 °C. (B) Plot showing the normalized metabolic activity of E. coli strain ΔentC 
after incubation for 24 hours at 37 °C with (TA-Fe)10 or (TA1:CP1-Fe)10 coatings in M9 (white 
bars) and in M9 containing 10 µM enterobactin (grey bars). Results are normalized respect to 
control consisting of E. coli ∆entC cultures grown in M9 with (TA-Fe)10 coatings. All results 
represent the mean ± SEM (n = 3). The asterisk (*) indicates that the differences between the 
mean value of the result for the (TA1:CP1-Fe)10 coatings incubated with 10 µM enterobactin is 
significantly different compared to all other conditions at a 95% confidence interval (p < 0.05) by 
one-way ANOVA using Tukey’s multiple comparison test.  
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 In a first series of experiments, we fabricated coatings having the nominal structure 

(TA1:CP1-Fe)n, fabricated by solutions containing equimolar amounts of TA and CP. The growth 

profiles of these coatings, as determined by ellipsometry, were similar to those of TA-FeIII 

coatings fabricated in the absence of CP (Figure S10), and these films were physically stable and 

released only very small amounts of CP into solution upon incubation in water for up to two days 

(as determined by fluorometry; see Figure 4A, red squares). These (TA1:CP1-Fe) films 

disassembled when exposed to solutions containing enterobactin, however we were unable to 

accurately measure the amount of CP released into solution under these conditions because the 

presence of enterobactin resulted in the quenching of ciprofloxacin fluorescence. We therefore 

conducted a series of similar experiments using solutions of citric acid (an Fe-chelating agent; 

buffered to pH 2.8) to induce complete erosion of the coating and estimate the amount of CP 

loaded into the coatings. The addition of citric acid to these materials resulted in triggered 

erosion and the release of CP into solution (Figure 4A). On the basis of these results, we estimate 

the total amount of CP loaded into these materials to be 0.29 ± 0.24 µg/cm2. We note here that 

incorporation of CP into these materials could occur in at least three ways, including (i) physical 

entrapment within the network structure, (ii) by hydrogen bonding with TA, or (iii) by 

coordination to FeIII in competition with TA. While our results do not permit conclusions related 

to the specific nature of the interactions in the materials used here, the results in Figure 4A 

indicate that < 5% of the incorporated CP is released prior to the addition of citric acid, and that 

~95% is released only after triggered disassembly. We interpret these results to suggest that CP 

is at least partially bound to film components and cannot readily escape by passive diffusion. 

Additional experiments demonstrated that the amount of CP incorporated into these 

materials could be tuned by adjusting the ratio of TA:CP used during film assembly. Figure 4A 
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also shows results for the incubation and release of CP from films fabricated using a 1:3 molar 

ratio of TA:CP (referred to as (TA1:CP3-Fe)10 coatings; green triangles). Inspection of these 

results reveals the total amount of CP loaded into these materials to be 0.61 ± 0.29 µg/cm2, a 

two-fold increase over the loading of the (TA1:CP1-Fe) films. Further inspection of these results 

also reveals, however, a small and rapid burst release during the first four hours of incubation of 

the (TA1:CP3-Fe)10 coatings. This amount of initial release is greater than that observed for 

(TA1:CP1-Fe) films and corresponds to ~15% of the total CP loaded. Thus, while fabrication at 

higher molar ratios of CP can be used to increase the overall loading of CP, these loading 

conditions also lead to more loosely bound CP that can passively diffuse out of the films prior to 

triggered disassembly. We note that it should also be possible to increase the total amount of CP, 

or any other incorporated agent, on a surface by increasing the total thickness of the deposited 

material. Overall, our results indicate that the addition of an iron-chelating agent can be used as a 

trigger to promote the release of CP contained within these TA-FeIII coatings, and that the 

amount of loaded agent can be tuned based on fabrication conditions.  

 CP is a potent broad-spectrum antibiotic active against E. coli that is known to inhibit 

bacterial replication by inhibiting the activity of DNA gyrase and topoisomerase IV enzymes.51 

Building upon the results above, we evaluated the potential of the triggered release of CP from 

(TA1:CP1-Fe)10 coatings to kill E. coli cells. Although these (TA1:CP1-Fe)10 films contained 

lower overall loadings of CP than the (TA1:CP3-Fe)10 coatings described above, we used them 

for these experiments because they do not passively release significant amounts of CP prior to 

siderophore-induced disassembly. Initial experiments using wt E. coli conducted by placing film-

coated substrates into fresh inoculum did not result in significant cell death after 24 hours (data 

not shown). We note here that in cultures of wt E. coli, enterobactin concentration is generally 
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low at low population densities and it increases as the cells grow and reach high population 

densities associated with the stationary phase. The apparent lack of activity in these preliminary 

experiments thus likely reflected the fact that the release of CP was not triggered immediately at 

inoculation. Instead, under these experimental conditions, it is likely that CP would be released 

substantially once the cells were at or near stationary phase (conditions of high population 

density relative to the amount of CP used here). While it is not surprising that higher 

concentrations of antibiotic would generally be required to cause cell death once cells have 

reached the stationary growth phase, past studies have also shown that, for certain strains of E. 

coli, there is a significant decrease in the biocidal efficacy of CP at high population densities,59 

likely related to the mechanism of action of this antibiotic. 

  In view of the above observations and considerations, we devised a proof-of-concept 

experiment using cultures of the E. coli ΔentC mutant strain that is unable to produce 

enterobactin and supplemented the media with known concentrations of exogenous enterobactin 

(this strain itself promotes only minimal erosion of TA-FeIII coatings; see Figure 3C). For these 

experiments, (TA1:CP1-Fe)10 and control (TA-Fe)10 coatings lacking CP were incubated with 

cultures of ΔentC in the presence or absence of 10 µM enterobactin for 24 hours and the 

metabolic activity of the cells was characterized using a commercial luciferase assay. Figure 4B 

shows the results of these experiments normalized to the viability of cells incubated in the 

presence of control films and buffer only (left side, white bar).  

We observed a small but statistically insignificant reduction in cell viability when 

cultures were incubated in the presence of CP-containing coatings in buffer only (left side, grey 

bar). However, we observed a large and statistically significant ~90% reduction in cell viability 

in cultures incubated with CP-containing coatings in the presence of enterobactin (right side, 
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grey bar) compared to cells grown in the presence of (TA-Fe)10 films alone (and an ~75% 

reduction in cell viability relative to cells grown in the presence of (TA1:CP1-Fe)10 coatings 

without added enterobactin). We also observed a reduction in cell viability in cultures incubated 

with control (TA-Fe)10 films in the presence of enterobactin (right side, white bars) relative to 

cultures incubated with control films in the absence of enterobactin (left side, white bar; no 

significant difference). The reasons for this latter observation are not clear, however we note that 

the level of viability observed upon triggered disassembly of the CP-containing coatings was ~9 

times lower than the levels in those control samples. Overall, these results are consistent with 

siderophore-induced disassembly and the resulting triggered release of CP at concentrations that 

are sufficient to substantially kill the populations of cells used in these in vitro experiments.  

 

Iron-Crosslinked Alginate Beads Bind to and Sequester Enterobactin  

 The results above demonstrate that metal/organic networks constructed using iron as a 

structural building block can be disassembled when exposed to bacterial siderophores that 

coordinate competitively with and, as a result, extract iron. In that system, the iron extracted by a 

siderophore can be shuttled into E. coli cells and used as a resource, and resultant changes in the 

composition of the material can lead to large changes in the behaviors of the material. For 

example, in the studies above, extraction of iron from TA-FeIII coatings can result in complete 

disassembly of the materials or be used to promote a stimulus-induced response (e.g., the 

triggered release of an agent that kills cells). Depending on the structure of a given iron-

containing material and the importance of FeIII to its overall stability, structure, or 

physicochemical properties, we foresee new opportunities to exploit elements of iron 

homeostasis pathways more broadly to design other types of materials platforms that can respond 
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to, report on, or interact dynamically with communities of iron-scavenging bacteria. In this 

section, we report the unexpected discovery of an iron-crosslinked polymer hydrogel that binds 

to and sequesters enterobactin from surrounding media. 

During the course of the studies above, we conducted a series of exploratory experiments 

to determine whether principles and methods developed for those small-molecule networks could 

be translated to macromolecular networks crosslinked using FeIII. To evaluate the potential of 

this approach, we characterized the responses of polymer-based hydrogels, synthesized by the 

FeIII-induced crosslinking of alginate, to the presence of enterobactin. Alginate is a naturally-

derived polysaccharide possessing carboxylate functionality (Figure 1, right) and readily forms 

hydrogels by ionic crosslinking upon addition of multivalent metal ions.60 Thus, we hypothesized 

that the structural and mechanical properties of FeIII-crosslinked alginate gels might be altered by 

the competitive removal of iron by siderophores. To test this hypothesis, we prepared spherical 

alginate hydrogel beads ~3 mm in diameter by the extrusion-dripping of a 1% (w/v) alginate 

solution into a solution of iron sulfate prepared in M9 media (see Materials and Methods section 

for additional details). After fabrication, these beads were incubated in M9 solutions containing 

enterobactin at a concentration of 100 µM, a concentration 10 times higher than what is 

produced by wt E.coli cultures after 48 hours of growth (Figure 3D). After one hour of 

incubation, the appearance of the Fe-alginate beads changed from a characteristic pale orange 

color to a dark purple color, and after 24 hours of incubation the beads were uniformly dark 

(Figure 5A).  

This dark purple color corresponds to the color previously reported for solutions of 

enterobactin-FeIII complexes, and suggests the formation of these coordination complexes under 

these conditions.61,62 Surprisingly, however, we did not observe the formation of purple color in 
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solutions surrounding the beads; instead, we observed the color to be confined to the beads 

themselves. In addition, the beads appeared to be physically stable upon exposure to siderophore; 

we observed no changes in size or swelling or any other hallmarks of erosion or disassembly of 

 
 
Figure 5. (A) Photographs of Fe-crosslinked alginate beads after incubation for 24 hours in 
M9 (left; orange color) and in a solution of 100 µM enterobactin in M9 (right; dark purple 
color). The image in the top photograph shows the beads in vials immediately following 
preparation/treatment. For clarity, the bottom image shows groups of these beads arranged on 
a clean white background. (B) UV/vis absorption spectra as a function of time for a solution 
of enterobactin (100 µM) in M9 incubated with alginate-iron crosslinked beads at 37 °C. (C) 
Representative photograph of wells of a 24-well plate containing Fe-crosslinked alginate 
beads incubated with E. coli strains ∆entC (left) and ∆fur (right) for 24 hours at 37 °C in M9 
media. Scale bars in (A) and (C) are 3 mm. 
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the beads by visual inspection under these conditions, suggesting that exposure to enterobactin 

did not substantially alter the density or distribution of crosslinks in the beads. Although this 

latter observation could potentially stem from the formation of additional crosslinks formed by 

calcium ions during assembly, as calcium is a component of M9 media and is widely used to 

form crosslinked alginate hydrogels for other applications, we also observed alginate beads 

prepared by crosslinking with FeIII in water to be stable under these conditions and exhibit the 

same behavior. We note, however, that crosslinked alginate beads prepared using FeIII in water, 

instead of M9, swelled and dissolved when exposed to M9 and were thus insufficiently stable to 

be used in subsequent experiments. The methods used here resulted in crosslinked alginate beads 

that were stable in bacterial growth media and at temperatures of 37 °C for at least 72 hours and 

were suitable for use in all other experiments described below. 

When combined, the results above are consistent with the sequestration of enterobactin 

and/or enterobactin-FeIII complexes on or within these hydrogel beads. To provide additional 

insight into processes underlying this behavior, we used UV/vis spectrophotometry to 

characterize changes in the absorbance of solutions of enterobactin incubated in the presence of 

FeIII-crosslinked alginate beads (at 320 nm, an absorption band characteristic of free 

enterobactin).61,62 Inspection of the results in B shows absorbance at 320 nm to decrease steadily 

over a period of 48 hours, consistent with the removal of enterobactin from solution. Further 

inspection of these results, however, reveals the appearance of a small absorbance peak at 534 

nm, which corresponds to spectra previously reported for enterobactin-FeIII charge-transfer 

complexes in solution.61,62 This latter peak is not present in enterobactin solutions (Figure 5B, 

blue curve), but is present after two hours of incubation with beads (green curve), and then 

decreases steadily in intensity upon further incubation.  
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We also observed similar behavior when beads crosslinked in water, rather than M9, 

were incubated in solutions of enterobactin in water. However, decreases in solution absorbance 

occurred much more rapidly (~90% reduction in absorbance at 320 nm after only 4 hours of 

incubation; Figure S11). In addition, we note that the sequestration of iron appeared to be largely 

irreversible under these conditions. Supernatants incubated with dark purple beads containing 

sequestered enterobactin-FeIII complexes for 24 hours did not exhibit significant increases in 

absorption at wavelengths ranging from 320-800 nm (Figure S12). Finally, experiments 

conducted using alginate beads that were crosslinked with GaIII instead of FeIII did not change 

color by visual inspection or promote decreases in solution absorbance at 320 nm after 48 hours 

of incubation with enterobactin in water (Figure S13). We conclude from these experiments that 

the presence of iron is necessary to promote the sequestration of enterobactin, and that factors 

associated with the preparation and deployment of these beads (e.g., the composition or ionic 

strength of the solutions used for crosslinking or to perform sequestration assays) can be used to 

tune the behaviors of these materials.  

The observation of enterobactin-FeIII complexes in solution at early time points in the 

sequestration experiments above is consistent with at least two possibilities. One possibility is 

that these complexes could form in solution, facilitated by the initial release of small amounts of 

FeIII from the beads. Alternatively, these complexes could result from the extraction of FeIII from 

the beads through a process that involves the penetration of siderophore into the gel and the 

subsequent diffusion of enterobactin-FeIII complexes back into solution. We consider this latter 

possibility to be less likely, because (i) the absorption of these enterobactin-FeIII complexes is 

subsequently observed to decrease, rather than increase, over time and (ii) the purple color 

associated with the formation of these complexes does not appear to leach from these beads 
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when they are incubated for prolonged periods in fresh media. We interpret the results above to 

suggest that any enterobactin-FeIII complexes that do form in solution at early time points are 

sequestered and removed from solution by the alginate beads. Further support for this possibility 

is provided by the results of experiments in which solutions containing an equimolar mixture of 

enterobactin and FeIII were incubated with alginate beads (Figure S14A-B). In those experiments, 

absorbance at 320 nm was observed to decrease over time (Figure S14B; with associated 

dynamics of adsorption at 534 nm similar to those discussed above and shown in Figure 5B), the 

beads were observed to change from pale orange to dark purple in color, and the color of the 

supernatant solution changed from dark purple to colorless after 72 hours of incubation (Figure 

S14A).  

Our current results do not rule out alternative or other concurrent mechanisms for the 

sequestration of enterobactin, including mechanisms that may involve the penetration of 

enterobactin into the gel followed by the formation of enterobactin-FeIII complexes that then 

remain physically constrained within it. However, we note that the formation of dark purple 

beads in each of the experiments above is consistent with mechanisms that involve the 

sequestration of enterobactin-FeIII complexes rather than free enterobactin. Additional studies 

will be required to understand more completely the factors that govern the interactions of 

enterobactin and enterobactin-FeIII complexes with these alginate beads. In the context of this 

current study, however, our results demonstrate materials that can sequester or behave as a 

“sink” for molecules that bacteria use to scavenge for resources and carry out important 

biological processes.  

Additional support for this view is provided by the results in Figure 5C, which shows 

alginate beads after incubation with 24-hour inoculums of the ΔentC or Δfur E. coli strains. 
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These images show that beads incubated with the Δfur strain, which continuously expresses 

enterobactin, turned a dark purple color similar to that observed when beads were incubated with 

prepared solutions of enterobactin. In contrast, beads incubated with the ΔentC strain, which is 

unable to synthesize enterobactin, retained their original orange color after 24 hours of 

incubation. We interpret these differences to result from differences in the enterobactin 

production between these two strains, and conclude that these materials can be used as 

colorimetric indicators of bacterial enterobactin production. Because these beads are stable in 

bacterial culture media for prolonged periods, the approaches described here could provide new 

tools for basic microbiological research. Although not examined as part of this study, the results 

described here could also provide additional guidance for the design of materials that can 

interface with, interfere with, or potentially help control the behaviors of communities of iron-

scavenging bacteria.  

 

Summary and Conclusions 
 
 We have reported the design and characterization of two model Fe-containing soft 

materials systems that can respond to or interface with bacterial siderophores. Our results 

demonstrate that metal-organic networks fabricated by crosslinking tannic acid with FeIII 

disassemble and erode physically when placed in contact with enterobactin or deferoxamine B 

through a mechanism that involves the extraction of iron. Our results also demonstrate that 

cultures of wild-type E. coli, which naturally produce enterobactin to scavenge iron from their 

environment, can also trigger the disassembly of these TA-FeIII networks. Additional 

experiments using mutant strains of E. coli revealed erosion by bacterial cultures to occur 

through a mechanism involving the secretion of enterobactin and not other factors associated 
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with bacterial growth. This stimuli-responsive behavior was also exploited to design coatings 

that release the antibiotic CP into bacterial cultures. In a second series of studies, we 

demonstrated that polymer hydrogels fabricated by the crosslinking of alginate with FeIII do not 

disassemble in the presence of siderophores, but instead sequester and scavenge enterobactin 

from surrounding media.  

The results reported here provide novel approaches for the design of soft materials that 

are capable of interfacing with or interfering with biomolecular mechanisms that bacteria use to 

maintain iron homeostasis, either by yielding useful forms of iron to bacteria or by sequestering 

iron-scavenging agents from bacteria. Communities of bacteria use siderophores to acquire 

environmental iron and enable biosynthesis and other life processes, including virulence. Our 

results thus reveal new bases for the design of soft materials that can respond to or interact 

dynamically with cultures of iron-scavenging bacteria and, potentially, control their behaviors. 

The proof-of-concept examples reported here demonstrate materials that respond to siderophores 

by physically eroding, changing color, or by releasing an active agent. We foresee future 

opportunities to exploit elements of iron homeostasis pathways to design other types of materials 

that exhibit other coupled behaviors, thereby enabling new ways to respond to, report on, or 

influence the behaviors of communities of iron-scavenging bacteria. Polymeric materials that can 

scavenge siderophores could also provide new tools useful for microbiological research or the 

development of new clinical treatments to prevent infection.  
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