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Abstract

Attenuated total reflectance (ATR) Fourier transform infrared (FTIR) spectroscopy has been used

to probe the binding of bacteria to hematite (α-Fe2O3) and goethite (α-FeOOH). In situ ATR-

FTIR experiments with bacteria (Pseudomonas putida, P. aeruginosa, Escherichia coli), mixed

amino acids, polypeptide extracts, deoxyribonucleic acid (DNA), and a suite of model compounds

were conducted. These compounds represent carboxyl, catecholate, amide, and phosphate groups

present in siderophores, amino acids, polysaccharides, phospholipids, and DNA. Due in part to the

ubiquitous presence of carboxyl groups in biomolecules, numerous IR peaks corresponding to

outer-sphere or unbound (1400 cm−1) and inner-sphere (1310-1320 cm−1) coordinated carboxyl

groups are noted following reaction of bacteria and biomolecules with α-Fe2O3 and α-FeOOH.

However, the data also reveal that the presence of low-level amounts (i.e., 0.45-0.79%) of

biomolecular phosphorous groups result in strong IR bands at ~1043 cm−1
, corresponding to

inner-sphere Fe-O-P bonds, underscoring the importance of bacteria associated P-containing

groups in biomolecule and cell adhesion. Spectral comparisons also reveal slightly greater P-O-Fe

contributions for bacteria (Pseudomonad, E. coli) deposited on α-FeOOH, as compared to α-

Fe2O3. This data demonstrates that slight differences in bacterial adhesion to Fe oxides can be

attributed to bacterial species and Fe-oxide minerals. However, more importantly, the strong

binding affinity of phosphate in all bacteria samples to both Fe-oxides results in the formation of

inner-sphere Fe-O-P bonds, signifying the critical role of biomolecular P in the initiation of

bacterial adhesion.

Keywords

ATR-FTIR spectroscopy; bacterial adhesion; biofilm; goethite; hematite

1. Introduction

Bacterial adhesion and the initiation of biofilm formation are critical processes for a wide

variety of industrial and environmental processes. The effective development of soil
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bioremediation strategies, improved water treatment facilities, and reduced biofouling of

pipelines require a comprehensive understanding of microbial interactions with solid

surfaces. Bacterial adhesion to mineral surfaces can be initiated by biomolecules which are

membrane bound or present in the extracellular polymeric substances (EPS). Although

proteinaceous moieties (e.g., enzymes) are believed important for cell adhesion to negatively

charged surfaces [1,2], binding to positively charged surfaces (e.g., metal oxides at

environmental pH values) is likely facilitated by carboxyl groups [3-5], catecholate [6-8],

and phosphate [1,5,9,10] groups associated with the EPS or cell surfaces. Included in the

EPS are extracellular deoxyribonucleic acid (DNA), containing phosphodiester bonds,

which have been shown to be key components in microbial biofilms [11].

Due to the high affinity of P for Fe-oxides, a number of P-containing functional groups

originating from phospholipids, extracellular DNA, lipopolysaccharides, and other

biomolecules all provide potential binding sites to initiate bacterial adhesion to metal-oxide

surfaces. The favorable, and strong, interactions of phosphate with Fe-oxide surfaces have

been well documented in numerous spectroscopic studies [5,12-15]. Regarding biomolecular

P-groups, Omoike et al. used a combined attenuated total reflectance (ATR) Fourier

transform infrared (FTIR) spectroscopy and modeling approach to demonstrate the

occurrence of Fe-O-P bonds for extracted EPS reacted with goethite (α-FeOOH) and

suggested that phosphodiester bonds in DNA mediate this process [9]. Another study

revealed that phospholipid interactions with both α-FeOOH and hematite (α-Fe2O3) are

facilitated by inner-sphere coordination of phosphate groups [13]. The importance of

bimolecular-P interactions with Fe-oxides was also demonstrated with ATR-FTIR for live

bacterial adhesion to α-Fe2O3 [5,10].

Although there is a growing evidence for biomolecular phosphate groups mediating cell

adhesion to Fe-oxides, carboxyl groups present in EPS and on cell surfaces can also be

important for cell adhesion to minerals. Recent studies by Gao and coworkers demonstrate

that carboxyl groups mediate adhesion of Cryptosoridium parvum oocysts to a α-Fe2O3

[3,16]. The binding mechanisms of carboxyl groups in amino acids [17-20] and carboxylic

acids [21-23] to metal-oxides has been well studied; with the inner-sphere complexes

favored at slightly acidic pH [3,21,23,24].

Siderophores released by bacteria could also play an integral role in initiation of cell

adhesion to Fe-oxides. For example, E. coli produces the siderophore enterobactin

(salicylate and catecholate groups) [7] and P. aeruginosa produces pyoverdine (carboxyl,

hydroxyl, hydroxamate, and catecholate groups) that readily bind Fe3+ [6,8] and have been

shown to mediate cell adhesion to metal oxides surfaces [6-8], primarily through inner-

sphere binding of catecholate groups to metals (e.g., Fe, Ti). Studies of model siderophores

(i.e., desferroxamine B [DFOB], aerobactin) with lepidocrocite (γ-FeOOH) demonstrate

possible inner-sphere sorption mechanisms through hydroxamate and outer-sphere

coordination via carboxyl groups [25]. Another study on DFOB sorption to goethite, has

revealed that following binding, DFOB can undergo metal-enhanced hydrolysis and promote

the dissolution of the mineral surface [26].
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The primary objective of the current study is to investigate the mechanisms of bacterial

adhesion to Fe-oxides, with particular emphasis given to comparing the potential

interactions of biomolecular carboxyl, catecholate, and phosphate groups. To conduct this

research, ATR-FTIR spectroscopy has been used to investigate the binding of P. aeruginosa,

P. putida, and E. coli and a suite of model compounds, mixed amino acids and peptides, and

DNA to α-Fe2O3 and α-FeOOH films on an internal reflection element (IRE). The model

compounds were chosen to consider the possible interactions of reactive functional groups

present in siderophores, amino acids, polysaccharides, phospholipids, and DNA.

2. Experimental Methods

2.1 Chemical supplies

All solutions and suspensions were prepared in acid-washed lab-ware using 18.2 MΩ·cm

Barnstead Nanopure water. Sample pH was adjusted with 100 mmol L−1 NaOH or HCl.

Casamino acids (CA; Fisher Scientific; mixture of free amino acids), tryptone (Fisher

Scientific; amino acids with oligopeptides present), and deoxyribonucleic acids (DNA; fish

sperm) were used for experiments. In addition, commercially available model compounds

were also used to aid in spectral interpretation of mixed systems. These compounds include

L-glutamic acid (GA; Sigma-Aldrich), L-arginine (Sigma-Aldrich), L-dopamine (Sigma

Aldrich), 4-guanidinobutyric acid (GBA; Sigma-Aldrich), benzoic acid (BA; Sigma-

Aldrich), catechol (Sigma-Aldrich), ethylenediamine (EDA; Fisher Scientific), inosine-5′-

monophosphate (IMP; Arcos Organics), and alginic acid (AA; Arcos Organics). Chemical

structures for these compounds are given in the appendix (Appendix Fig. A1). In order to

mimic the high functional group concentration present when bacteria encounter a surface,

each compound was dissolved in 10 mmol L−1 NaCl at a concentration of 8 mg mL−1 and

adjusted to pH 7 ± 0.2. Due to lower compound solubility the concentrations of DNA, AA,

and BA were set at 5, 4.5, and 2.5 mg mL−1, respectively. Additional experiments with GA

were also conducted at 1.6 and 0.15 mg mL−1 to compare the impact of aqueous

concentration on FTIR spectra following reaction with α-Fe2O3. Concentrations of C and N

in model compounds (1 mg) were determined by total combustion (Costech ECS 4010).

Total dissolved P in aqueous samples of model compounds was determined by persulfate

digestion [27].

2.2 Bacteria and cultivation conditions

P. putida (GB-1), P. aeruginosa (PAO1, PDO300), and Escherichia coli (80LIS, 90SHS,

78SHS) were used in the current study. These generic E. coli strains were collected from the

San Joaquin-Sacramento Delta (Table A2). Bacteria suspensions were prepared using

previously established methods [10]. Briefly, bacteria strains were inoculated into Luria

broth growth media and grown aerobically ( at 150 rpm) at 25 °C to the early stationary

phase (~105 cell mL−1). After 24 h, cells were harvested by centrifugation (3000 RCF, 20

min, 4° C), washed with 10 mmol L−1 NaCl, and resuspended to 105 cell mL−1 in 10 mmol

L−1 NaCl.
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2.3 Fe-oxide synthesis and analysis

Synthesis of α-Fe2O3 followed Schwertmann and Cornell [28], which entailed dropwise

addition of 100 mL of 1.0 mmol L−1 Fe(NO3)3 to 1 L of boiling water for 4 h and cooling

overnight at room temperature. Excess nitrate was removed by flocculation (100 mmol L−1

NaCl) and supernatant discarded (four times). Particles were suspended in water (pH 4) and

dialyzed (Fisherbrand regenerated cellulose; 3,500 MWCO) with exterior water (pH 4)

changed twice daily. Dialysis was complete when the electrical conductivity and pH were

unchanged over a 12 h period.

Synthesis of α-FeOOH was based on the method by Atkinson et al. [29]. Briefly, 20 mL

increments of 2.5 mol L−1 KOH were added to 825 mL of 0.146 mol L−1 Fe(NO3)3 · 9H2O

until pH 12. The solution was then aged at 60 °C for 24 h. The precipitant was centrifuged

and washed thrice with 1 mmol L−1 HCl (30,000 RCF, 20 min). Particles were suspended in

water and dialyzed as discussed for α-Fe2O3.

X-ray diffraction (XRD) was performed using a Rigaku Ultima IV with a Cu X-ray source

(40 kV, 40 mA). Transmission electron microscopy (TEM) was carried out on a Philips

CM12 100 kV electron microscope after depositing particles onto 300 mesh copper grids

coated with lacey formvar/carbon (Ted Pella, Inc.). A Bruker RFS 100/s Fourier-transform

(FT) Raman spectrometer with a frequency doubled Nd:YAG laser (operating at 1064 nm)

was used to collect Raman spectra (256 scans, 100 mW, 4 cm−1 resolution). Fourier

transform infrared (FTIR) spectra of the Fe-oxide particles were collected by: 1) diffuse

reflectance (DRIFT; PIKE Technologies EasiDiff) with 10% α-Fe2O3 (air dried) diluted

with KBr (DTGS detector); 2) single bounce attenuated total reflectance (ATR) using a

diamond internal reflection element (IRE) (PIKE Technologies GladiATR; DTGS detector);

and 3) multi-bounce ATR-FTIR with a 45° ZnSe ATR crystal (HATR, PIKE Technologies)

of dried suspension. All FTIR spectra in this study were collected using a Thermo Nicolet

6700 FTIR spectrometer (Thermo Scientific; 128 scans, 4 cm−1 resolution).

2.4 Bacteria and Biomolecule interactions: ATR-FTIR spectroscopy

Spectra of bacteria and biomolecule samples were collected after deposition on the ZnSe

IRE and also onto a α-Fe2O3 or α-FeOOH coated IRE. Spectra for all bacteria on both Fe-

oxide minerals were collected; however, based on these results and from biomolecule

deposition on α-Fe2O3, only selected biomolecules (i.e., GA, DNA, CA, tryptone) were

reacted with α-FeOOH. A bacteria suspension (1 mL, 105 cell mL−1) or biomolecule

solution (2.5 – 8.0 mg mL−1) at pH 7 (± 0.1) in 10 mmol L−1 NaCl was deposited on the

IRE. Spectra were collected every 15 min for a period of 2 h (spectra unchanged) and final

pH determined (pH 7.0 ± 0.5). Fe-oxide coatings were prepared by depositing 1 mL of a 2 g

L−1 mineral suspension on the ZnSe IRE and dried overnight and gently rinsed with water to

remove loosely adhered material. Fe-oxide coatings were prepared for each experiment.

Appropriate background spectra (i.e., 10 mmol L−1 NaCl, Fe-oxide coating) and all

experiments were conducted a minimum of two times. Analysis of IR spectra for model

compounds included calculation of Δψ of carboxylates by determining the separation

distances between peaks corresponding to asymmetric carboxylate [ψas(COO−)] and
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symmetric carboxylate [ψs(COO−)] stretching vibrations [i.e., Δψ = ψas(COO−) - ψs(COO−)]

[30-32].

3. Results and Discussion

3.1 Analysis of α-Fe2O3 and α-FeOOH Particles

The synthesis of α-Fe2O3 and α-FeOOH was confirmed via XRD, TEM, FT-Raman, and

FTIR (Appendix Fig. A2 and A3). X-ray diffraction patterns show a variety of sharp peaks

with d-spacings consistent with those previously observed for crystalline α-Fe2O3 [33] and

α-FeOOH [28]. TEM micrographs reveal particles of 5 to 12 nm with a hexagonal

morphology often considered diagnostic for α-Fe2O3 [28,33,34] and 1 to 4 μm needle

shaped particles, characteristic of α-FeOOH [28]. FT-Raman spectra confirm crystalline α-

Fe2O3 and α-FeOOH [35,36]. The α-Fe2O3 DRIFT, andATR, spectra display peaks at 578

(525) and 480 (443) cm−1 corresponding to Fe-O vibrations in α-Fe2O3 [28,34] and IR

bands at 892 and 792 cm−1 are diagnostic for OH bending modes in α-FeOOH [28,37].

3.2 Bacterial Attachment to α-Fe2O3 and α-FeOOH

FTIR spectra of P. aeruginosa (PAO1, PDO300), P. putida (GB-1), and E. coli strains on a

ZnSe IRE and α-Fe2O3 coated IRE have distinct bands corresponding to proteinaceous,

carbohydrate, and phosphate moieties (Fig. 1, 2 and Appendix Table A3). Spectra of

bacteria samples on ZnSe are similar (Fig. 1a and 2a). Minor differences include a peak at

1027 cm−1 for E. coli which is absent for Pseudomonad species and a band at 1147 cm−1 in

all E. coli spectra is shifted to 1157 cm−1 for Pseudomonad species. Specific identification

of these peaks is difficult as this region has a number of C-O, C-C, and P-O vibrations which

overlap between 1000 to 1300 cm−1 [38]. Regardless, overall these spectra are similar and

resemble those of various bacteria from the literature [10,39,40]. Since ATR-FTIR measures

IR absorbing molecular bonds at the IRE interface (depth of penetration is ~1 μm), the

spectra is biased towards the composition of cell exteriors [e.g., 2]. Therefore these results

suggest that the EPS and exterior composition of these bacteria are chemically similar.

At environmentally relevant pH values bacteria typically exhibit a net negative charge [41]

and the point of zero charge (PZC) of the ZnSe IRE is < 4 [42]. Therefore, adhesion of

bacteria and biomolecules to ZnSe at pH 7 is limited and spectra represent unbound/aqueous

phase samples. However, the PZC for α-Fe2O3 and α-FeOOH are typically around 8.5 and

7.5, respectively [43,44], and thus these Fe-oxides are primarily positively charged at pH 7.

Therefore binding interactions between bacteria and these minerals are electrostatically

favored.

The shifts in band locations (Fig. 1b-c, 2b-c) in spectra after depositing cells on α-Fe-oxide

films is indicative of bacteria or biomolecule binding [45]. Although there are some notable

differences in the spectra of bacteria on the α-Fe2O3 and α-FeOOH coatings, the general

trends are consistent for all bacteria on both surfaces. Of most significance is the reduced

intensity of the υas(PO2
−) band (1230 cm−1) with the appearance of an IR band at ~1040

cm−1 that has been observed in prior studies examining EPS and bacterial adhesion to Fe-

oxides, and attributed to phosphate groups from biomolecules binding to Fe [5,9,10]. Similar
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peaks were also previously observed for aqueous Fe(III)-phosphonate complexes of

methylphosphonic acid (MPA), aminomethylphosphonic acid, and N-

phosphonomethylglycine (glycophosphate) [46] and for MPA on α-FeOOH [12]. The most

notable difference between bacteria on the two Fe-oxides is that the α-FeOOH spectra have

less relative contributions from the amide and carboxyl peaks (1350-1800 cm−1) and a new

peak centered at 1041 cm−1 dominates the spectra. There is more separation between the

peaks arising from C-C and C-O vibrations (~1081 cm−1) and the Fe-O-P peak (~1040

cm−1), suggesting a greater Fe-O-P binding for bacterial on α-FeOOH.

The IR band at 1400 cm−1, which represents υs(COO−), is present in spectra of bacteria on

ZnSe and both Fe-oxides. In spectra of bacteria deposited on the Fe-oxide films, the fact that

this prominent peak remains suggests a substantial amount of unbound, or outer-sphere

coordinated, carboxyl groups are present. However, increased spectral intensity assigned to

υs(COO−) is noted between 1299-1309 cm−1 for the Psedomonads species and 1313-1319

cm−1 for E. coli, translating to a υs(COO−) peak shift ranging from 81 to 101 cm−1. The

identification of inner-sphere complexes between COO− and surfaces is determined by shifts

(25 to 150 cm−1) in the frequency of υs(COO−) and υas(COO−) relative to a spectrum of the

aqueous adsorptive [e.g., 47,48,49]. Similar shifts have been observed for carboxylic acids

reacted with TiO2, ZrO2, Al2O3, and Ta2O5 films [31]. This evidence suggests that inner-

sphere complexation of bacterial carboxyl groups occurs during bacterial adhesion to the Fe-

oxide films.

Carboxylate binding mechanisms can often be inferred through the separation differences

(Δψ) between the asymmetric carboxylate [ψas(COO−)] and symmetric carboxylate

[ψs(COO−)] stretching vibrations [i.e., Δψ = ψas(COO−) - ψs(COO−)] [30-32]. The typical

ranges of Δv for chelating bidentate, bridging bidentate, and monodentate binding are 60 to

100 cm−1, 150 to 180 cm−1, and >200 cm−1, respectively [22,32]. However, separation

distances can also be evaluated by comparing the Δv of unbound carboxylate groups

(Δvionic) with those representing metal-carboxyl complexes (Δvcom) such that Δvcom >

Δvionic for monodentate binding, Δvcom < Δvionic for bridging bidentate, and Δvcom <<

Δvionic for chelating bidentate [50]. Although the use Δv to determine carboxyl coordination

on mineral surfaces has previously been used to evaluate bacteria [4] and oocyst [3] binding

to hematite, this approach was developed for simple organic acids and additional verification

via chemical modelling approaches for chemically heterogeneous systems is warranted.

Therefore, at present the use of Δv for bacteria binding should only be used to suggest

potential binding mechanisms which are an average for all carboxyls present in the system.

In the current study, for the new peak at 1299-1319 cm−1
, Δv ranges from 230 to 247 cm−1

for bacteria on α-Fe2O3 and α-FeOOH surfaces and thus suggests monodentate

coordination. However, overlapping bands for the amide I and the ψas(COO−) centered at

1550 cm−1 in spectra of bacteria samples may further compromise this analysis of

carboxylate coordination. [3,4]

The current data highlight the combined importance of carboxyl and phosphate moieties in

live cell adhesion to Fe-oxide surfaces. As the binding of phosphate groups to Fe-oxide

centers is typically favored over carboxyl groups [41,46] it is possible that phosphate

moieties could serve to anchor cells, allowing for increased interaction with carboxyl groups
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present on bacteria surfaces. This is in agreement with a prior ATR-FTIR study (Shewanella

putrefaciens on α-Fe2O3) where P-containing functional groups initiated cell adhesion with

cell wall proteins and carboxyl group peaks increasing with reaction time [5]. This is also

supported by an atomic force microscopy study which showed that, at pH 7, the bond

strength of phosphate groups to a hydrous Fe-oxide (~115 nN) exceeded the bond strength

of carboxyl groups (~90 nN) to the same surface [51]. These results are also in general

agreement with surface complexation models for metal adsorption to bacteria [52-54] and

for bacteria to binding corundum [55]. In these studies, considerations of metal interactions

with bacteria carboxyl groups was determined to be critical for the modeling the binding

[xe.g., 53,55]; however, phosphate groups were also found to be important for metal binding

at low bacteria:metal ratios and as the pH of the system increased toward pH 7 [52,56].

3.3 Analysis of Biomolecules and Model Compounds Interactions with Fe-oxides

Reactive functional groups present in amino acids, siderophores, and nucleic acids are

investigated through the use of a suite of model compounds (Appendix Fig. A1), mixed

amino acids and peptides, and DNA. Due to the defined composition of these biomolecules,

and greater clarity of IR spectra, careful analysis of IR spectra can be used to evaluate

potential binding mechanisms for bacteria. Of the biomolecules studied, tryptone and CA

(both digests of casein) are the most heterogonous. Tryptone is a mixture of polypeptides

with few free amino acids, whereas CA are mainly free amino acids with few peptides - both

representing biomolecule mixtures with some P content [57,58]. Analysis of experimental

solutions for the current study reveal P contributions to CA and tryptone are 0.45 and

0.79%, respectively (Table A1). AA is also an extracted biomolecule and has some

impurities as observed from its 0.40% N content (Table A1). DNA also represents extracted

biopolymers of nitrogenous nucleosides with a sugar backbone linked via phosphodiester

bonds. Knowledge regarding the precise structures of model compounds permits exploration

of the roles of specific functional groups, and group arrangements, in bacterial and

biomolecular adhesion.

3.3.1. Biomolecule Binding—Similar to bacterial attachment to α-Fe2O3 and α-FeOOH,

increased peak intensities were observed following biomolecule deposition on these Fe-

oxide films (e.g., for α-Fe2O3 in Appendix Fig. A5). For the targeted biomolecules (i.e.,

tryptone, CA, DNA, GA) reacted with α-FeOOH films similar results were noted. Although

not quantitative, increasing peak intensity can be used as a qualitative measure for sorption

to the solid interface [45]. Due to the fact that CH2 groups are not expected to bind to the

Fe-oxide surfaces, bands assigned to CH2 (i.e., 1454-1484 cm−1) are used to estimate

biomolecule concentration on the IRE surface. Utilizing IR bands around 1450 cm−1, the

increase in the peak absorbances on the α-Fe2O3-coated IRE (compared to ZnSe)

demonstrate compound accumulations at the coated IRE-water interface.

3.3.2. Carboxyl Involvement in Binding—Analysis of FTIR spectra of bacteria

deposited on α-Fe2O3 and α-FeOOH indicate that cell adhesion occurs, in part, through

COO− groups. Model compounds with COO− groups have therefore been used to evaluate

their potential role in cell adhesion to Fe-oxide surfaces. Spectra for these model compounds

(BA, GA, arginine, GBA) and amino acid and polpeptide mixtures (CA, tryptone) reveal
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increased peak intensities, compared to ZnSe, indicating sorption with the Fe-oxide coated

IREs (Fig. 3ab, 4c, 5 and Appendix Fig. A4b-d). Investigations of GA interaction with α-

Fe2O3 as a function of GA concentration (8, 1.6, 0.15 mg mL−1) did not result in noticeable

differences to the IR spectra (Appendix Fig. A6), and therefore concentration does not

impact surface coordination to α-Fe2O3, as has been shown for GA on rutile [17,59].

Although the spectra of BA, GA, arginine, and GBA on ZnSe and following reaction with

α-Fe2O3 (and α-FeOOH for GA) are similar, slight shifts in COO− suggest inner-sphere

complexation. Analysis of Δψ for the carboxyl region is complicated due to the prevalence

of C-N and N-H bonds which absorb in the same region as ψas(COO−). Since BA has no

overlapping bands, Δψ can be reliably calculated, decreasing from 154 (Δvionic) to 139 cm−1

(Δvcom) and indicate bidentate bridging coordination. GA, arginine, and GBA have too

much spectral influence from C-N and N-H bonds for confident analysis of Δψ.

Inner-sphere binding is typically accompanied by a shift or splitting in the υs(COO−) band

(~1400 cm−1) and is favored below pH ~6 [3,21,23,24] and, therefore, outer-sphere

complexation is favored under the current experimental conditions (pH 7). And indeed, in

spectra of bacteria on α-Fe2O3 and α-FeOOH, the unchanged IR band at 1400 cm−1

suggests outer-sphere, or unbound, carboxyl groups (Fig. 1b,c and 2b,c). However, the

appearance of an IR band between 1299 and 1319 cm−1 following bacteria deposition on the

Fe-oxide coatings are indicative of inner-sphere binding. These bands are not observed for

BA, GA, arginine, and GBA on the Fe-oxide films and thus fail to represent the carboxyl

groups reacting with bacteria and EPS on Fe-oxides.

The carboxyl region of tryptone and CA spectra have a number of similarities to the bacteria

spectra. The υs(COO−) band (~1400 cm−1) remains following reaction with α-Fe2O3 (Fig

3a,b) and α-FeOOH (Fig. 5) and a small band appears at ~1305 cm−1. Consistent with the

bacteria spectra, this suggests a combination of both inner-sphere and outer-sphere carboxyl

coordination to the Fe-oxides. The Δv changes from 160 (Δvionic) to 245 cm−1 (Δvcom) for

tryptone and from 119 (Δvionic) to 226 cm−1 (Δvcom) for CA. Following prior interpretations,

this corresponds to monodentate carboxyl coordination [3,4,22,32], which was also observed

for bacteria deposited on the Fe-oxide films. However, like bacteria, these samples contain

carboxyl groups in diverse chemical environments and the FTIR spectra represent the

average absorbances of the carboxyl groups.3.3.3. Catecholate Binding to α-Fe2O3. FTIR

spectra of catechol and dopamine on α-Fe2O3 are notably different from the corresponding

solution phase spectra (ZnSe) and suggest a change in molecular conformation concomitant

with binding to the α-Fe2O3 (Fig. 4b and Appendix Fig. A4a). The resulting spectra have

sharp bands at ~1480 and 1260 cm−1 present only for corresponding α-Fe2O3 spectra. This

indicates inner-sphere coordination of catecholate groups with α-Fe2O3, and is consistent

with prior studies examining catechol and siderophore (pyoverdine, enterobactin) sorption to

TiO2 and Fe2O3 [6-8]. The fact that these peaks are not present in spectra of bacteria reacted

with Fe-oxides (Fig. 3, 4) suggest that catecholate groups are not fundamental for bacteria

attachment in this case. Siderophore production by bacteria is typically induced under

conditions of Fe scarcity [60] and in studies where siderophores are involved in cell

adhesion Fe was purposefully omitted to enhance siderophore production [6,8]. In the
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current study, bacteria were cultivated with excess Fe, possibly explaining the absence of

significant contributions from siderophores to spectra of bacteria on the α-Fe2O3 surface.

3.3.4. Amine Interactions with α-Fe2O3—Although the PZC of α-Fe2O3 is around 8.0,

and α-Fe2O3 is primarily positively charged at pH 7 [43], some deprotonated sites will be

present interactions with amine groups. The relative increase in peak intensities for model

compounds with NH2 groups (i.e., GBA, GA, dopamine, arginine) following reaction with

α-Fe2O3 is indicative of sorption; however, contributions from NH2 groups are believed to

be minimal and complexation via carboxyl groups (i.e., GBA, GA, arginine) and catecholate

groups (dopamine) dominate the interactions for the model compounds studied.

Further evidence of the limited interaction between NH2 and α-Fe2O3 is observed via

examination of EDA (Fig. 4d). The spectrum for EDA arises from the IR absorption of C-C,

C-H, C-N, and N-H bonds, all of which are present in bacteria. Since EDA has no carboxyl

or phosphate groups, IR bands attributed to NH2 and CH2 are easily examined. The relative

increase of the aliphatic band at ~1460 cm−1 on the α-Fe2O3 film is the lowest for all

biomolecules studied (Appendix Fig. A5) and indicates that EDA does not have a high

affinity for the Fe-oxide surface. It is asserted that contributions from amine groups in

bacteria do not play a significant role in cell adhesion to Fe-oxides under the conditions

studied. The results from the current study are in general agreement with Barja and Afonso

[46], who demonstrated that the interaction of glyphosphate (N-phosphomethylglycine) with

α-FeOOH is facilitated via inner-sphere Fe-phosphonate complexes with no coordination of

carboxylate and amino groups with the surface (pH 3 to 9).

3.3.5. Phosphate Mediated Binding—Phosphate in IR spectra of bacteria and

biomolecules on ZnSe is noted by peaks between 1247 and 1213 cm−1. For biomolecules,

this is most noticeable for DNA (8.33% P) and IMP (6.03% P) (Appendix Table A1; Fig 3c,

4a) with small peaks noted for CA and tryptone (both < 1% P) (Fig. 3a,b). Following

reaction with the Fe-oxide films, the spectra of tryptone and CA at wavenumbers below

1100 cm−1 are altered (Fig. 3a,b,c, 4a, 5) and most closely match spectral patterns for

bacteria cells on α-Fe2O3 and α-FeOOH (Fig. 1b, 2b). These spectra have a broad IR band,

attributed to Fe-O-P [5,9,10,12], between 1037-1066 cm−1 with spectral contributions at

1078/1087 and 989 cm−1. These peaks are similar to bands at approximately ~1070, 1040,

and 990 cm−1 present in all corresponding bacteria spectra. In the tryptone and CA spectra,

only minor IR bands are observed between 1200 and 1000 cm−1 for data acquired with

ZnSe; however, there is a large increase in relative peak intensity in this region following

interaction with α-Fe2O3 and α-FeOOH. The fact that CA and tryptone have < 1% P content

and IR bands corresponding to Fe-O-P are produced stresses the importance of this

interaction.

4. Conclusions

The data presented in this study demonstrate the importance of P-containing and carboxyl

groups in bacterial adhesion to an ATR crystal coatings of α-Fe2O3 and α-FeOOH. The high

affinity of phosphate for Fe-oxides at pH 7 results in prominent IR bands corresponding to

Fe-O-P molecular vibrations for model compounds with P contents as low as 0.45%. These
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FTIR spectroscopic analyses with bacteria and biomolecules make evident the critical role

of phosphate containing functional groups in bacterial adhesion to both α-Fe2O3 and α-

FeOOH surfaces. Evidence is also provided for additional mechanisms which assist cell

binding to the Fe-oxide surfaces via combined outer- and inner-sphere (monodentate)

sorption of carboxyl groups. Although increased P-O-Fe contributions on α-FeOOH

(compared to α-Fe2O3) during bacterial adhesion are observed, the data suggest that overall

mechanisms for cell attachment to these Fe-oxides are similar. The FTIR investigations of

model compounds and amino acid and peptide mixtures also demonstrate the high affinity of

P-containing functional groups for Fe-oxide surfaces in the presence of competing carboxyl,

amine, and other prevalent bimolecular functional groups. In order to further enhance our

understanding of bacterial adhesion process, additional experiments with additional amino

acids and extracted P-containing biomolecules from bacteria and EPS should be conducted

on a variety of metal-oxide and layer-silicate mineral surfaces.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
ATR-FTIR spectra of P. aeruginosa and P. putda collected on a) ZnSe and b) α-Fe2O3

coated ZnSe in 10 mmol L−1 NaCl at pH 7.
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Fig. 2.
ATR-FTIR spectra of E. coli collected on a) ZnSe and b) α-Fe2O3 coated ZnSe in 10 mmol

L−1 NaCl at pH 7.
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Fig. 3.
ATR-FTIR spectra of extracted biomolecules: a) tryptone, b) casamino acids, c) DNA, and

d) alginic acid in 10 mmol L−1 NaCl at pH 7 on ZnSe and α-Fe2O3 coated ZnSe.
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Fig. 4.
ATR-FTIR spectra of model biomolecules: a) inosine-5′-monophosphate, b) catechol, c)

glutamic acid, and d) ethylenediamine acid in 10 mmol L−1 NaCl at pH 7 on ZnSe and α-

Fe2O3 coated ZnSe.
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Fig. 5.
ATR-FTIR spectra of tryptone, casamino acids, DNA, and glutamic acid in 10 mmol L−1

NaCl at pH 7 on ZnSe and α-FeOOH coated ZnSe.
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